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Abstract: The endothelium is the single-cell monolayer that lines the entire vasculature. The endothe-
lium has a barrier function to separate blood from organs and tissues but also has an increasingly
appreciated role in anti-coagulation, vascular senescence, endocrine secretion, suppression of in-
flammation and beyond. In modern times, endothelial cells have been identified as the source of
major endocrine and vaso-regulatory factors principally the dissolved lipophilic vosodilating gas,
nitric oxide and the potent vascular constricting G protein receptor agonists, the peptide endothelin.
The role of the endothelium can be conveniently conceptualized. Continued investigations of the
mechanism of endothelial dysfunction will lead to novel therapies for cardiovascular disease. In this
review, we discuss the impact of endothelial dysfunction on cardiovascular disease and assess the
clinical relevance of endothelial dysfunction.
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1. Introduction

The defining characteristics of biological systems are a set of functional organs and
hemodynamic systems that facilitate the functioning of organs. A major feature is the
manner in which these compartments are separated and in mammalian systems, this is via
the single cell lining of blood vessels known as the endothelium [1-4]. Although initially
recognized for its barrier function, the understanding of the role of the endothelium has
expanded greatly in the last few decades [2,5]. In its original manifestation, the role of
the endothelium was determined to facilitate the bilateral interchange of nutritional and
waste materials between the blood and the tissues and critically to control clotting of
the blood by routinely preventing clot formation and restricting clot formation to the
healing of injured tissues. In modern times, the endothelium has been recognized as the
source of a variety of highly important biological mediators some of which have been
amongst the most important findings in the history of biology [6-8]. These mediators
are vasoconstrictors, vasodilators and regulators of thrombosis and inflammation. In
recent times, the interest in inflammation in pathology and pathophysiology has increased
enormously and the endothelium has been identified as a key mediator in the regulation
of inflammation [9-11]. The role of the endothelium in diseases and its potential as a
therapeutic target is currently of major interest especially in cardiovascular disease and in
the metastasis of cancer [9,12-14]. Injury to endothelial cells or more broadly disturbance
of the homeostasis in the endothelium is termed “endothelial dysfunction”—this term

Biomedicines 2021, 9, 699. https:/ /doi.org/10.3390 /biomedicines9060699

https://www.mdpi.com/journal /biomedicines


https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com
https://orcid.org/0000-0001-8076-8789
https://orcid.org/0000-0002-5488-5217
https://orcid.org/0000-0002-1089-2829
https://doi.org/10.3390/biomedicines9060699
https://doi.org/10.3390/biomedicines9060699
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/biomedicines9060699
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com/article/10.3390/biomedicines9060699?type=check_update&version=1

Biomedicines 2021, 9, 699

2 0f9

originally related to the reduced vasodilatory capacity but has expanded with the evolution
of the understanding of the role of the endothelium in the chronic inflammation of various
diseases [1,9,11,15-18].

2. History of Endothelial Dysfunction

The endothelium and endothelial cells have been the source of some of the major
discoveries in human biology. The phenomenon of “endothelial dysfunction” has been in
the literature for at least 25 years. Endothelial dysfunction (ED) can be narrowly defined as
the vasoactive property or reduced vasodilatory capacity and more broadly as any changes
that impact the vasoprotective homeostatic function of the endothelium. Endothelial
cells were found to be the source of vasoconstricting 21 amino acid peptides known
as endothelins which were discovered in 1987 by the Japanese group of Masaki and
colleagues who were subsequently awarded the prestigious Tsukuba Prize [7]. The other
mechanistically contrasting factor was a vasodilator and this was the discovery of the
dissolved lipophilic gas, nitric oxide (NO), as the factor designated for many years as
Endothelial-Derived Relaxing Factor (EDRF) [6,19-22]. The discovery that EDRF was
a dissolved gas and that it could mediate a traditional signaling pathway, activation of
cyclic GMP kinase, was a great surprise to the scientific community as many had expected
EDREF to follow on from the discovery of endothelin and to be a peptide. Furchgott,
Ignarro and Murad received the Nobel Prize in Physiology or Medicine in 1998 for the
discovery of EDRF being NO and its signaling properties. NO mediates vasodilation and
numerous other biochemical and cellular responses that are protective of the endothelium
and underlying tissues.

3. Endothelial Dysfunction and Cardiovascular Disease

Several clinical studies speculate that ED leads to accelerated atherosclerosis. The
two driving forces of ED that lead to atherosclerosis include the impact on vaso-regulation
and chronic unresolving inflammation. In response to vascular injury, a plethora of pro-
inflammatory cytokines and chemokines are released. Inflammatory cascades are com-
plex involving pro- and anti-inflammatory molecules and cells. We previously described
the multiple possible inflammatory targets, which represent therapeutic targets in this
area [23,24].

In this review, we referred to the two aspects of ED—the narrow application related to
vasodilatation and the broader context of inflammation. The functional and therapeutic
difference in these two designations are exemplified by the actions of newer anti-diabetes
drugs—these drugs including sodium-glucose transport protein 2 (SGLT2) inhibitors and
glucagon-like peptide-1 (GLP-1) agonists have beneficial effects in large clinical trials where
cardiovascular events and deaths are reduced by treatment with the index agents. It has
however been very difficult to show consistent favorable actions on endothelial function
assessed as enhanced vasodilation [25,26]. This suggests that the favorable cardiovascular
effects arise from anti-inflammatory actions on the endothelium; these anti-inflammatory
actions are more disparate and difficult to characterize than measures of vasodilatory capacity.

One area that very explicitly demonstrates the role of the endothelium is that of erectile
function and dysfunction [27,28]. Erectile dysfunction usually precedes cardiovascular
disease and might be seen as an early marker of clinically relevant cardiovascular disease.
It is perhaps not intuitive that proper functioning involves vasodilatation as opposed to
vasoconstriction. Vasodilatation leads to enhanced blood flow and the necessary biological
response [29]. Clearly, ED, which reduces vasodilatation, inhibits the process of erectile
function. It is highly instructive in understanding the perniciousness of cardiovascular
disease that erectile dysfunction correlates with coronary artery disease [28]. This occurs
because the development of cardiovascular disease occurs throughout the vascular tree but
its manifestation varies greatly from vascular bed to vascular bed and from individual to
individual [30]. In this context, erectile dysfunction serves as an indicator of cardiovascular
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disease and indicates the need for monitoring and assessment of the status of vascular beds
associated with heart disease, strokes and lower limb amputations.

A normal endothelium clearly regulates the biologically desirable quiescence of the
vasculature and protects against atherosclerosis. The effects on the endothelium can
be a very difficult area to study in vitro, especially in the context of blood pressure or
inflammation. In vitro data typically arise from studies on isolated vascular cells, however,
the impact of other factors such as NO, endothelin (ET)-1 and angiotensin (Ang)-II has
multiple actions in driving the development of atherosclerosis. The role of the immune
system and inflammation is very complex involving multiple biochemical and cellular
mediators and, although the knowledge on the immune system is rapidly evolving, more
insights are required before an amenable therapeutic intervention can be described. Human
trials of anti-inflammatory strategies such as the use of anti-interleukin (IL)-1 antibodies
in the CANTOS trial have shown promising results but the initial data arise in high-risk
patients and secondary cardiovascular disease rather than the desirable targets occurring
in younger people with early atherosclerosis [31,32].

SGLT2 inhibitors (SGLT2i) block the renal reabsorption of glucose and have a major
effect on increasing glucose excretion and decreasing hyperglycaemia. SGLT2i reduce
cardiovascular events and death in clinical trials [33]. Emerging data show that SGLT2i,
somewhat surprisingly, have a multitude of favourable actions on the cardiovascular
system to underwrite their actions in preventing events in clinical trials. The favourable
effects of empagliflozin on cardiovascular events [33,34] were followed up by a specific
study of its effects on ED assessed by the reactive hyperaemia peripheral arterial tonometry
index (RHI) in a multicentre double-blind clinical trial in 16 centres and covering over
100 patients given empagliflozin or placebo for 24 weeks (EMBLEM trial) [35]. There was
no difference in RHI in patients given either empagliflozin or placebo [35]. This study
looked at the narrow definition of ED and it may well be that the clinical trial outcomes
result from the studies mentioned above are due to the broader anti-inflammatory actions
on the endothelium. In pre-clinical studies, dapagliflozin improved ED in a mice model of
type 2 diabetes and also altered the gut microbiome which is an emerging determinant of
ED and cardiovascular disease that needs to be followed up.

4. Endothelial Dysfunction and Mechanisms of Atherosclerosis

The critical factor in this area is the relationship between ED and the initiation, de-
velopment, progression and clinical manifestation being the rupture of an atherosclerotic
plaque and a heart attack or stroke [36,37]. There are many examples of this relationship
being assumed or implied, perhaps beyond what the present data allow. This is espe-
cially prescient in that the actual mechanism(s) of atherogenesis remains incompletely
understood and the ranking therapies are those that target risk factors, a blunt approach,
rather than a specific molecular or cellular mechanism [9,38,39]. The very early concepts
expressed in the “response to injury” hypothesis proposed that physical damage to the
endothelium, with consequential disruption of the barrier function, led to the commence-
ment of atherosclerosis [8,40,41]. However, careful studies failed to demonstrate actual
physical damage and the hypothesis was advanced to relate to the biochemical “damage”
implicit in the activation of endothelial cells in ED and their role in inflammation. This and
other proposed mechanisms of atherosclerosis remain under constant investigation.

One of the specific mechanisms that shows some promise is the role of the sub-
endothelial retention of atherogenic lipoproteins being the initiating step in atherogen-
esis [42—44]. This is known as the “response to retention” hypothesis of atherosclerosis
and it is supported by molecular, cellular, animal studies and some compelling human
pathological data [45-49]. Modified glycosaminoglycan (GAG) chains on proteoglycans,
notably biglycan [42], attract and retain all passing cholesterol within the vessel wall.
We demonstrated that hormones and growth factors released from endothelial cells (e.g.,
ET1 and Angll) lead to the modification of the GAG chain on proteoglycans [50,51]. We
originally proposed that this response was a post-inflammatory response but having re-
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cently shown that lipopolysaccharides (LPS) stimulate GAG elongation, we now propose
GAG elongation as one of the earliest steps and possibly a useful marker and predictor
of inflammation in tissues [52]. We observed a highly specific signalling pathway that
regulates GAG chain elongation [50]. Growth factors, hormones and endotoxins acting via
completely different receptor pathways signal specifically via the linker region of Smad2
transcription factor to regulate the genes associated with GAG chain modification [52-58].
Furthermore, animal studies provide proof of principle that treating atherosclerosis-prone
mice fed a high-fat diet an inhibitor of GAG elongation can prevent at least 50 percent
of the lipid deposition [46,59]. More recent data show that the component of lipid de-
position in the vessel wall which is not inhibited by statin treatment can be completely
prevented by the co-administration of a GAG elongation inhibitor (Afroz, Kamato and
Little, unpublished observations).

5. Endothelial Dysfunction—Clinical Aspects

Clinical evaluation of ED corresponds to two expressions, impaired vasoactive reg-
ulation and inflammation and thrombotic response [18] (Figure 1). While ED is char-
acterized pathophysiologically by a state that is prothrombiotic, proimflammatory and
atherogenic [60], the assessment of ED has mainly focused on the vasodilatory function of
the artery and the ability to regulate tone, resistance and blood flow. Early assessments of
coronary artery endothelial function in humans relied on the direct intracoronary artery
infusion of endothelium-dependent vasodilators (such as acetylcholine) accompanied by
quantitative coronary artery angiography [61,62]. This same method is used in the periph-
eral and coronary circulations [63], and arguably the hyperemia or dilation response that is
induced by the direct infusion of acetylcholine represents the criterion or gold-standard
measure of endothelial function. However, the invasive nature of this approach, including
the need for antra-arterial catheterization and medical supervision, limits its utility in re-
search and clinical settings. With this, several non-invasive methods have been developed,
whereby artery shear—stress is manipulated to induce a corresponding increase in blood
flow and/or artery diameter that is, at least in part, endothelial-dependent.

Inflammation and thrombosis-related Endothelial Dysfunction
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Figure 1. Mediators of endothelial dysfunction and endothelium-derived factors that influence the
development and progression of atherosclerosis. Cardiovascular risk factors render the endothelium
susceptible to the generation of atherosclerosis. Endothelial dysfunction affects vascular reactivity.
Cytokines, inflammatory mediators, reactive oxygen species, and pro-thrombotic factors draw
endothelial cells into thrombotic and immune responses. Under pathophysiological conditions,
endothelial cells release hormones, cytokines and growth factors that impact vascular contractility.
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Flow-mediated dilation (FMD) of the brachial artery is a frequently used method in
clinical research that was introduced as a non-invasive measure of endothelial function
in 1992 by Celemejer et al. [64]. While the participant is rested and lying in a supine
position, a forearm blood pressure cuff is inflated for 5 min, and then released to induce
local reactive hyperemia and shear stress. Ultrasound imaging is used to measure the
diameter of the brachial artery at baseline and during the period following cuff-release, and
the difference between these measures represents FMD. This dilation response is attenuated
when the NO-inhibitor L-NMMA is infused locally, which provides some confirmation of
the NO-dependence of FMD [65-67]. Consistent with the notion that ED is involved in
the initiation of atherosclerosis, impaired FMD has been reported as an early biomarker
of the development of atherosclerotic disease, and is associated with the progression
of carotid—-intima thickening [68,69]. Moreover, FMD is impaired in groups of patients
known to be at a high risk of cardiovascular events [70,71]; indeed, FMD is negatively
associated with the risk of cardiovascular events and mortality in those with and without
established cardiovascular disease [72,73]. When FMD is assessed using the recommended
standardized method, a 1-point increase in FMD (e.g., 5 to 6% dilation) is associated with a
9% (95% CI: 4% to 13%) decrease in the future risk of cardiovascular events [73].

Despite its widespread use in research, FMD has not been adopted in routine practice
as a clinical assessment tool. This is likely due to the technical requirements of FMD mea-
surement, including access to suitable ultrasound devices and well-trained sonographers,
as well as the time and expertise required for image analysis. Alternative methods that
may be better suited to clinical settings have been developed and tested, including passive
leg-movement hyperaemia [74,75], which also relies on the use of ultrasound, and reactive
hyperaemia, which can be readily measured at the limbs or digits using plethysmography
or arterial tonometry. The Endo-PAT device provides an automated measure of reactive
hyperaemia at the fingers and is reported to be the only FDA-approved device for the
noninvasive assessment of endothelial function [76]. Interestingly, measures derived from
the Endo-PAT are only modestly correlated with FMD, and each method differs in its
association with classical risk factors. This likely reflects differences in the vasculature
being assessed, where FMD is a measure of macrovascular function and endo-PAT reflects
microvascular function, and may also reflect different pathologies [77].

Many traditional risk factors only account for around 50-60 percent of cardiovascular
events [78]. The uptake of any measure of endothelial function in clinical practice has the
potential to fill this “risk factor gap” and add value to disease classification and prognosis.
To this end, an understanding of the natural variance of endothelial function is needed.
Using standardized assessment methods, age- and sex-specific reference values for brachial
artery FMD were recently published which provides a normative reference for future
research, and potentially for clinical practice [79].

6. Conclusions

In conclusion, the study of ED has provided great insights into the initiation and
progression of cardiovascular disease in patients. Many of the data from cardiovascular
disease clinical trials can be explained by actions of drugs, directly or indirectly through
their actions on risk factors, by their actions on the endothelium. Although the original
concepts focused mostly on the role of the endothelium in vascular tone and the regulation
of blood flow and pressure, it has more recently been recognized that the endothelium
has a profound role in inflammation which underlies many disease states. The expression
of pro-inflammatory molecules on the surface of endothelial cells and the secretion of
pro-inflammatory, pro-atherosclerotic and pro-thrombotic substances indicate a role of
the endothelium beyond its barrier function and role in vascular tone. It is likely that
studies of endothelial function will become more common in the clinic and provide early
insights into the development of atherosclerosis in patients also leading to the basis of early
interventions to treat cardiovascular risk factors which will prevent or delay the occurrence
of cardiovascular events in susceptible patients.
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The clinical assessment of ED may be useful in some circumstances, but as the mech-
anistic links between ED and atherosclerosis remain mostly speculative, this does not
directly point to a mechanism-based therapeutic intervention and treatment remains em-
pirical. Treatment to prevent atherosclerosis and cardiovascular disease should focus on
traditional established cardiovascular risk factors whilst continuing studies delve into the
mechanism of ED and the relationship between ED and the initiation and progression
of atherosclerosis.
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