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Abstract: Endothelial dysfunction is a strong prognostic factor in predicting the development of
cardiovascular diseases. Dysfunctional endothelium loses its homeostatic ability to regulate vascular
tone and prevent overactivation of inflammation, leading to vascular dysfunction. These functions
are critical for vascular homeostasis and arterial pressure control, the disruption of which may lead
to hypertension. Hypertension itself can also cause endothelial dysfunction, as endothelial cells are
susceptible to haemodynamic changes. Although it is unclear which of those factors appear first,
they create a vicious circle further damaging multiple organs, including the heart and vessels. There
are also sex-specific differences in homeostatic functions of the endothelium regarding vessel tone
regulation, which may contribute to differences in arterial blood pressure between men and women.
Even more importantly, there are sex-differences in the development of endothelial dysfunction and
vessel remodelling. Hence, an understanding of the mechanisms of endothelial dysfunction and its
contribution to pathological vascular remodelling during hypertension is of critical importance. This
review addresses immunological and metabolic aspects in mechanisms of endothelial dysfunction
and the resulting mechanisms in vascular remodelling with respect to arterial hypertension, including
the potential role of sex-specific differences.

Keywords: endothelium; inflammation; metabolism; endothelial dysfunction; vessel remodelling;
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1. Introduction

Endothelial and vascular dysfunctions are hallmarks of hypertension. While it is
still unresolved whether endothelial dysfunction leads to development of hypertension
or endothelial dysfunction is merely a consequence of hypertension, inflammation and
metabolic stress are the driving forces of endothelial dysfunction in hypertension. While
endothelial cells are considered a part of the innate immune system, fine physiological
changes in its function are essential for initiation and propagation of inflammation, as well
as in ceasing the inflammatory process. Endothelial dysfunction alters this physiological
interaction between immune and endothelial cells, leading to an imbalance where dys-
functional endothelial cells aggravate inflammatory recruitment into the vessel wall and
inflammatory cells with their cytokines worsen endothelial function. Because hypertension
is often accompanied by metabolic diseases, the separation of the extent of metabolic and
inflammatory burden on endothelial cell function is not an easy task. Furthermore, the
immune system plays a major role in the mediation of cellular and organ dysfunction
irrespective of whether hypertension is manifested with or without metabolic diseases.
Nevertheless, from the therapeutic perspective, it is critical to understand how altered
immune and metabolic states affect homeostatic functions of endothelial cells and cause
disease progression.
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1.1. Basic Structure of the Endothelium

The endothelium, which lines the entire vasculature in all tissues and organs, is made
up of a single layer of cells with an average size of 20–40 µm in length, 10–15 µm in
width, and 0.1–0.5 µm thickness. Originally considered merely a layer of semipermeable
membrane, today the endothelium is estimated to have a total mass of approximately
1.5 kg as the largest endocrine organ in human body, whose normal functioning is critical
for vascular health [1–3]. Conversely, a dysfunctional endothelium is a crucial trigger of
vascular disease. Although the endothelium appears as a homogeneous monolayer of
the vessel wall and shares a molecular signature across the vasculature, organ specific
endothelial heterogeneity and plasticity is evident. This heterogeneity defines differences
in major endothelial functions such as permeability, response to various components of
the circulating blood or tissue microenvironments, and synthesis of various factors [1,2].
With respect to permeability, the endothelium controls transport of molecules across the
capillary wall by different mechanisms. Macromolecules can diffuse within the endothelial
cell layer via connexons, which create channels for intercellular and transcellular transport
(Figure 1). Extracellular diffusion occurs through endothelial gaps made by cell-to-cell
junctions across the endothelial cell layer. In addition, vesicular transport is a mechanism
for delivering macromolecules across the endothelium [4]. As the size of most biomolecules
is large and diffusion coefficients are lower within endothelial cells, diffusion through
intercellular junctions is thought to be a major transport mechanism across the endothelium,
excluding the brain vascular endothelium, which makes up for an important part of the
blood–brain barrier.
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1.2. Basic Functions of the Endothelium
1.2.1. Effects on Vessel Tone and Permeability

For the regulation of local vascular tone, endothelial–smooth muscle cell crosstalk
plays an important physiological role. There are several vessel relaxing factors such as NO,
prostaglandin (PGI2) and endothelium-derived hyperpolarising factors (EDHFs) produced
by endothelial cells (Figure 1) [5,6]. eNOS, a heme-containing enzyme is activated by
calcium–calmodulin and synthesises NO from L-arginine. Despite its very short half-life,
endothelium-released NO effectively acts on smooth muscle cells where it activates the
cGMP/PKG pathway causing Ca2+ sequestration and smooth-muscle cell relaxation with
consequent vasodilatation [7]. The sympathetic neurotransmitter norepinephrine is a
major regulator of vessel tone in the entire vascular tree. Smooth muscle cell-located α-
and β-adrenoceptors are well-known targets for neuronal norepinephrine and humoral
epinephrine causing vasoconstriction and vasorelaxation, respectively. However, besides
smooth muscle cells, α- and β-adrenoceptors are also present on endothelial cells [8–10].
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Upon stimulation with norepinephrine, they exert endothelium-dependent NO-mediated
effects on vessel tone [11–14]. This makes the endothelium a target and a constituent of
sympathetic vessel tone regulation.

The endothelium is well known as a source of NO, which has antioxidant, anti-
proliferative, anti-inflammatory, and platelet inhibitory effects [7,15]. Thereby, NO supports
vascular homeostasis. The most probable relevant stimulus in the regulation of eNOS
activity is shear stress. In accordance with this, shear stress responsive elements are
found in the eNOS promoter region on DNA [16]. eNOS catalytic activity is regulated by
agonists such as bradykinin and thrombin via their respective receptors [17]. Underlying
mechanisms of eNOS activation include changes in endothelial cell Ca2+-concentration or
phosphorylation of the eNOS protein (Figure 1).

Sex hormones are critical regulators of endothelial NO production. Both oestrogen
and testosterone seem to increase eNOS activity and consequently NO bioavailability [18].
Interestingly, testosterone actions are partly mediated after its aromatase-dependent con-
version to 17β-oestradiol [19]. It is worth noting, however, that 6β-hydroxytestosterone,
a metabolite of testosterone, has been reported to mediate endothelial dysfunction and
vessel remodelling in a model of ANGII-induced hypertension [20]. Other hormones, such
as insulin and growth hormone, increase NO bioavailability, whereas progesterone and
glucocorticoids decrease it [18].

In many experimental setups, the combined inhibition of NO and PGI2 does not
completely block vessel relaxation upon pharmacological stimulation, e.g., with acetyl-
choline [5]. The remaining relaxation is attributed to the action of less well-defined EDHF(s).
Functionally, EDHF(s) open K+ channels on smooth muscle cells and increase K+ conduc-
tance/efflux, resulting in smooth muscle cell membrane hyperpolarisation. There are
several factors considered to act as EDHF(s), K+ itself, c-type natriuretic peptide, and
cytochrome P450 metabolites. There is also electrical coupling through myoendothelial
gap junctions, which appears more relevant in small resistant vessels and less in large
conduit arteries [21–23]. Besides their physiological action on vessel tone, EDHF(s) ap-
pear especially important in compensating for decreases in NO bioavailability. Along this
line, despite of a decrease in NO bioavailability, endothelium-dependent dilatation of the
radial artery is maintained in patients with hypertension, which is attributed to a compen-
satory action of EDHF(s) [22,24]. A similar compensatory effect is observed in patients
with hypercholesterolemia, where NO-mediated vessel relaxation is decreased, whereas
EDHF(s)-mediated relaxation is preserved [25]. Atherosclerotic damage of the vessel wall,
however, seems to result in a loss of EDHF(s)-mediated vessel relaxation, pointing to the
potential importance of the extent or mode of endothelial damage as critical factors in loss
of its function [25].

Besides vasodilators such as NO, PGI2, and EDHFs, the endothelium produces
endothelin-1 (ET-1), the most relevant form of ETs in vasculature, which is cleaved from its
inactive pro-endothelin via endothelin converting enzyme (ECE) [26]. ET-1 is a very potent
vasoconstrictor mediating its effects via ETA and ETB receptors, which are both expressed
on vascular smooth muscle cells. Interestingly, ETB receptors are also expressed on endothe-
lial cells, which, upon activation, stimulate endothelial PGI2 and NO release [26,27]. Under
physiological conditions, ET-1 and NO mediate opposing effects in terms of vessel tone
regulation. In addition, they are interdependent. NO ameliorates ET-1 production, whereas
ET-1 is a strong antagonist to NO-dependent vasodilatation. Under baseline physiological
conditions, endothelial ET-1 formation is low. However, in endothelial dysfunction, ET-1
production is enhanced, while NO availability is reduced. In addition to its immediate
vasoconstrictive effect, ET-1 may also promote vascular smooth muscle cell hypertrophy
and proliferation and exert pro-inflammatory actions in vessels [28,29]. Hence, pharma-
cological ETA and ETB receptor blockade is used in the management of vascular disease
associated with vessel wall remodelling [30].
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1.2.2. Constitutive Role in Arterial Pressure Control

In addition to vasoconstrictive ET-1, the endothelium regulates the formation of an-
giotensin II (ANGII), by expressing angiotensin converting enzyme (ACE), which converts
inactive ANGI into effector ANGII. Angiotensin II (ANGII) is another strong vasocon-
strictor that belongs to the arterial pressure controlling renin–angiotensin system (RAS).
Although ANGII is not produced by endothelial cells, they express the critical enzyme
ACE, which converts inactive ANGI to effector ANGII [31]. Besides systemic RAS, which
produces circulating ANGII, local RAS is present in tissues. All components of RAS, except
renin, are produced in the vasculature (Figure 1). Therefore, endothelial ACE regulates pro-
duction of ANGII both systemically in the circulating blood and locally in the tissue. ANGII
exerts its effects via ANGII type 1 (AT1R) and type 2 (AT2R) receptors. Both receptors
are expressed in endothelial cells, making them not only a critical contributor to systemic
and local formation of ANGII, but also a target of this factor [32,33]. ANGII typically
derails protective and vasodilatory functions of endothelium, generally by supressing NO
production, enhancing formation of reactive oxygen species (ROS) [34], and expressing
inflammatory adhesion molecules, which favour vascular inflammation [35]. Finally, the
endothelium also produces vasoconstrictive prostaglandins, e.g., PGF2α.

2. Mechanisms of Endothelial Dysfunction
2.1. ANGII-Induced Hypertension and Endothelial Dysfunction

ANGII, the key effector of RAS, has multiple actions on the cellular and organ levels.
ANGII is a strong vasoconstrictor acting especially on small resistance vessels. Its con-
strictive action increases total peripheral resistance and thus arterial pressure. ANGII also
induces the release of aldosterone, which in turn causes sodium and water retention. This
ultimately increases intravascular volume, an important variable in long-term regulation of
arterial pressure. Acting through its AT1R, ANGII exerts many other effects besides con-
trolling arterial pressure. ANGII induces hypertrophy and hyperplasia of vascular smooth
muscle cells, leading to vessel media hypertrophy. It also has hypertrophy stimulating
actions on cardiomyocytes, leading to concentric cardiac hypertrophy [36]. ANGII increases
basal ROS production and aggravates oxidative stress by PKC and PLA2 pathways, which
are upstream regulators of NADPH oxidase [37–39].

Several studies demonstrate that ANGII promotes endothelial dysfunction by decreas-
ing NO production [40–44]. Acting via its AT1R, ANGII increases eNOS phosphorylation at
Thr and decreasing Ser phosphorylation (Figure 2). Increase in the Thr/Ser phosphorylation
ratio inhibits eNOS activity and decreases NO production. The endothelial ANGII/AT1R
axis acts via several downstream kinases. Taguchi et al. demonstrated that ANGII/AT1R
activates GRK2 followed by AktThr and eNOSThr phosphorylation and inhibition of NO pro-
duction [42]. Loot et al. demonstrate activation of another kinase, PYK2, acting downstream
of the ANGII/AT1R axis [40]. These two reports complement each other because PYK2 is
upstream of Akt. Collectively, these studies demonstrate endothelial ANGII/AT1R/GRK2
and PYK2 as mechanistic links leading to adverse phosphorylation of eNOS and consequent
inhibition of NO production. Because the endothelial Akt/eNOS axis is of importance for
physiological production of NO, ANGII via AT1R and subsequent signalling pathways
hijack this axis resulting in phosphorylation of eNOS on its inhibitory Thr residue, thereby
decreasing NO production. Besides directly hijacking this physiological mechanism of
NO production, ANGII also activates endothelial mechanisms supressing NO bioavail-
ability. For example, Pang et al. demonstrate that ANGII induces nuclear translocation
of Yes-associated protein, which binds to the transcription factor Tead1 and upregulates
Galectin-3 (Gal-3) expression and supresses NO bioavailability [45].
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Besides acting directly on endothelial AT1R and causing endothelial dysfunction,
ANGII may act indirectly via asymmetric dimethyl arginine (ADMA), which is an en-
dogenous eNOS inhibitor [46]. Increased ADMA levels inversely correlate with forearm
blood flow and are associated with enhanced cardiovascular morbidity and mortality in
patients with various cardiovascular risks [47,48]. ADMA levels also correlate with arterial
remodelling as suggested by the association of ADMA levels with intima-medial thickness
in patients with hypertension [49]. Thus, ADMA is accepted as representing an impor-
tant marker of endothelial dysfunction as well as a prognostic marker for cardiovascular
diseases. Dimethylaminohydrolase 1 (DDAH1) is an endogenous enzyme metabolising
ADMA [50]. Lowering ADMA levels in genetic mouse models overexpressing DDAH1
protects from an ANGII-mediated increase in ADMA levels and cardiovascular remod-
elling [51,52]. These protective effects were associated with improved endothelial function
in transgenic mice compared to WT controls after ANGII infusion. However, the protective
effect of DDAH1 overexpression in endothelial function and cardiovascular remodelling
was dependent on the dose and duration of ANGII infusion. After a high ANGII dose and
long infusion period, transgenic mice did not show protection from endothelial dysfunction
and cardiovascular remodelling. It is noted here that not all studies report increases in
ADMA plasma levels in experimental hypertension models [51–54], which may at least
partly reflect different protocols of the induction of hypertension. It may be of interest
that DDAH1 may protect from endothelial dysfunction also via an ADMA independent
pathway. Along this line, Sun et al. reported that DDAH1 phosphorylates Akt1Ser leading
to eNOS activation and NO production in vascular endothelial cells [55]. Furthermore, Liu
et al. reported supportive findings on pulmonary endothelial cells where DDAH1 increased
AktSer phosphorylation and NO production [56]. Altogether, ANGII is a strong promoter
of endothelial dysfunction acting via the AT1R causing inhibition of eNOS activity and
NO production. The overwhelming evidence derived from experimental studies using
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ANGII-infusion in hypertension models with lower grade RAS activation demonstrates the
association of endothelial dysfunction with cardiovascular remodelling [57].

Decreased NO production is not the only mechanism by which a dysfunctional en-
dothelium contributes to vessel remodelling. Dysfunctional endothelium can differentiate
into fibroblasts or smooth muscle cells and hence contribute to vessel fibrosis or hypertro-
phy. This transition of endothelial cells requires highly complex molecular and phenotypic
changes. Some mechanisms have recently been reported. Pharmacological inhibition or
genetic deletion of myeloid differentiation protein 2 (MD2) attenuates ANGII-induced
endothelial to mesenchymal transition in a mouse model and protects from vascular
dysfunction [58]. MD2 seems to act via endothelial NFkB, which, in turn, is a known pro-
inflammatory transcription factor. Another study by Lin et al. also reported the mechanistic
role of NFkB in endothelial mesenchymal transition [59]. This study, however, proposed a
role of toll like receptor 2 (TLR2) and an ANGII/TLR2/NFkB mechanistic model in endothe-
lial mesenchymal transition. Finally, Shengban et al. demonstrate that non-pharmacological
inhibition of NFkB ameliorates ANGII-induced endothelial mesenchymal transition in mice
and protects from vascular remodelling [60].

2.2. Inflammation and Oxidative Stress
2.2.1. Reactive Oxygen Species

ROS are important by-products of cellular metabolism. They act as second messen-
gers in cellular signalling and represent important protective factors in the anti-bacterial
immune defence system. Hence, under homeostatic conditions, ROS play important phys-
iological roles. However, if ROS production exceeds normal levels in various disease
conditions, it may cause endothelial dysfunction and even promote apoptotic endothelial
cell death [61,62]. ROS cause oxidative cell membrane damage by the process of lipid
peroxidation which removes electrons from lipids and damages phospholipids. Increased
ROS, especially the anion superoxide, result in the formation of peroxynitrite, thereby
eliminating NO and promoting protein nitration.

Besides mitochondrial oxidative metabolism, major sources of ROS in the vasculature
are various forms of NADPH oxidases, with the possible exception of NADPH4, which
decreases ROS [63]. The expression of several isoforms of NADPH oxidase is increased
during hypertension and the increase in ROS may cause dysregulation of endothelium-
dependent vascular homeostasis [64–67]. ROS mediate cellular effects of various stimuli
and can modulate cell function via redox-sensitive signalling transduction, causing vaso-
constriction, vascular smooth muscle cell proliferation, and the promotion of vascular
inflammation [39,68].

Inflammation is closely associated with ROS and hence endothelial dysfunction. It,
however, creates a ‘chicken or egg’ problem because endothelial dysfunction can in turn
promote inflammation. In fact, without modulation or alteration of endothelial function in
physiological or pathophysiological courses of inflammation, neither initiation nor propa-
gation of the inflammatory process is conceivable. To initiate inflammation, endothelial
cells have to be activated to ensure endothelial cell/leukocyte interaction by expressing
adhesion proteins (e.g., P-selectin) and loosening endothelial cellular junctions to enhance
tissue recruitment of inflammatory cells. This activation can either be rapid and transient
or slow and more persistent. During the course of slower and more persistent activation,
endothelial cells may produce pro-inflammatory cytokines (e.g., TNF-α, IL-1) which further
recruit inflammatory cells. Endothelial cell activation and production of these cytokines
enhances the expression of adhesion molecules (ICAM-1, VCAM-1). This creates a milieu
for further activation of inflammatory cells and their recruitment, ultimately leading to
persistent vessel wall inflammation [39,69–71].

2.2.2. Interleukin 17 (IL-17)-Dependent Inflammation

While it is undisputable that modulation of endothelial cell function is essential for
initiation and progression of inflammation, inflammation in turn also affects endothe-
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lial cell function. In this regard, uncontrolled inflammation during hypertension may
cause/aggravate endothelial dysfunction. While all branches of the immune system, from
innate to adaptive immune cells, are involved in inflammation during hypertension [72–74],
particular interleukins mediate the organ damage. Pro-inflammatory IL-17 is known to
mediate inflammatory-target organ damage during hypertension. Ngyen et al. demonstrate
that IL-17 causes endothelial dysfunction during experimental hypertension in mice [75].
IL-17 phosphorylates the inhibitory residue Thr495 of eNOS via activation of Rho-kinase
(Figures 2 and 3). As a result, IL-17 aggravates the rise of arterial blood pressure by
decreasing NO bioavailability. Conversely, genetic knockout or elimination of IL-17 by
antibody treatment blunts the progression of ANGII-induced hypertension and develop-
ment of target organ damage, which is associated with maintained endothelial function
and NO bioavailability [75,76]. Other approaches such as inhibition of IL-17 production
and IL-17-dependent inflammation also protect from endothelial dysfunction, target organ
damage, and progression of hypertension [77]. We showed that the inhibition of pro-
inflammatory recruitment and the activation of anti-inflammatory Tregs suppress vessel
infiltration, production of IL-17, and propagation of inflammation. These effects protect
from endothelial dysfunction and target organ damage, accompanied with the rise in the
systolic blood pressure. Dysregulation of the Th17/Treg axis is an important mechanism
in other models of endothelial dysfunction. Mihalj et al. report the effects of a high-salt
diet (HSD; 4% NaCl) changing the circulating immune cell landscape [78]. While HSD
suppresses Tregs, it increases Th17 cell counts and by that reduces the Treg/Th17 ratio,
which promotes inflammatory vascular damage. Therefore, the stabilisation of Tregs is an
important counter effector in ANGII-induced hypertension organ damage as these cells
produce anti-inflammatory IL-10 which may resolve inflammation [77]. IL12 is produced
via several inflammatory cells, which is another anti-inflammatory interleukin implicated
in pro-resolving actions during hypertension and protecting from ANGII-induced hyper-
tensive vessel remodelling [79].
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2.2.3. Beneficial Effects of Modulation of Inflammation and Oxidative Stress on
Endothelial Function

While the detrimental effects of various stimuli on endothelial function are mediated
via activation of specific intracellular signalling pathways, the suppression of the mechanis-
tic axes, which protect endothelial function, is essential for cellular dysfunction (Figure 4).
Li et al. demonstrate a protective role of dual specificity phosphatase 12 (DUSP12) in
oxidised low-density lipoprotein (ox-LDL)-induced dysfunction in human umbilical vein
endothelial cells (HUVEC) [80]. By overexpressing DUSP12 in ox-LDL treated HUVECs,
the authors demonstrate that the cells were protected from apoptosis. Under this condition,
HUVECs also released less pro-inflammatory cytokines such as TNF-a, IL-1b, and IL-6 indi-
cating amelioration of endothelial pro-inflammatory activation. Overexpression of DUSP12
preserved endothelial function by alleviating ox-LDL-induced decrease in eNOS/NO.
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While all cells physiologically age, inflammation and oxidative stress force the ageing
process, leading earlier to imminent cellular dysfunction. The concept of delaying ageing
to preserve endothelial function and overall vascular health has long been in focus of
experimental research. Recently, Wang et al. reported the protective role of canthaxanthin,
a naturally occurring carotenoid, in isolated arterial and venous endothelial cells, as well
as in ageing mice [81]. The authors could demonstrate that canthaxanthin decreases the
accumulation of Sa-β-galactosidase (cell senescence marker) when applied in cell culture or
in mice. Canthaxanthin also decreased the release of TNF-α, IL-1β, and IL-6 by endothelial
cells under oxidative stress. Mechanistically, canthaxanthin may act via FOXP1 (Forkhead
box P1)-dependent upregulation of Clock1, which in turn may act as a transcription factor
regulating the cellular molecular circadian clock and stem cell senescence [82], indicating
that endothelial and stem cells may share a Clock1-dependent mechanism of cellular
senescence. While Clock1 seems to delay cellular senescence, chemokine C-C motif ligand
4 (CCL4) has been shown to promote it. Chang et al. demonstrate that CCL4 is upregulated
in arterial endothelial cells, as well as endothelial progenitor cells of elderly subjects [83].
Upregulation of CCL4 in these cultured endothelial cells leads to increased production of
reactive oxygen species and pro-inflammatory cytokines (TNF-α, IL-1β, IL-6) along with a
decrease in Sa-β-galactosidase. Inhibition of CCL4 in vitro or use of neutralising antibodies
in mice, improved endothelial function in this experimental model.
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While endothelial cells release pro-inflammatory cytokines during their activation,
when applied, these cytokines have detrimental effects on endothelial function. IL-6 has
been shown to induce endothelial dysfunction and apoptosis largely by mediating oxida-
tive stress and mitochondrial injury [84]. IL-6 induces endothelial release of further pro-
inflammatory cytokines such as TNF-α and IL-1β, thereby aggravating a pro-inflammatory
activation of endothelial cells. IL-6, on the one hand, acts via increased levels of sirtuin
7 (SIRT7) [84], which is a known promoter of apoptosis [85], and on the other hand, by
decreasing miR-148a-3p, a micro RNA opposing effects of SITR7. This relationship of
IL-6 and miR-148a-3p/SITR7 has been tested in human arterial endothelial cells, where
upregulation of miR-148a-3p decreased IL-6/SITR7-mediated mitochondrial damage and
apoptosis [84]. Some miRNAs, however, mediate more detrimental effects in endothelial
cell. TNF-α upregulates miR-155, which in turn leads to SIRT1-dependent endothelial cell
apoptosis in a FoxO-1/p21pathway [86].

In search of protective agents to prevent endothelial dysfunction, a chemical ingredient
of rhubarb—physcion—was tested in mice challenged by a high fat diet [87]. The appli-
cation of physcion in mice with HFD showed better endothelium-dependent relaxation
associated with a low rate of apoptosis and low endothelial oxidative stress. Improved en-
dothelial function seems to depend on activation of eNOS/Nrf2 (nuclear factor-E2-related
factor) signalling and stabilisation of NO production, whereas low apoptosis probably
resulted from inhibition of caspase-12 signalling. Nrf2 has also been implicated in ROCK
2 (Rho-kinase 2) dependent endothelial dysfunction in another model of hypertension
(ANGII-infusion) [88]. The mechanistic axis made up by Akt/eNOS is well known to
regulate NO production and by that maintaining homeostatic functions of endothelial
cells. The high fat diet challenges this pathway leading to decreased NO production and
ultimately to endothelial dysfunction. This process has a long time dynamic, which partly
rests on the resistance of the endothelial cells toward a dysfunctional shift mediated via
protective cellular mechanisms. Adrenomodulin (ADM), a multifunctional peptide, is
elevated in obese individuals. ADM acts via its receptors and stabilises the Akt/eNOS axis
to maintain NO production. A protective role of ADM is supported by a study on HFD
treated mice which showed that application of ADM improved endothelium-dependent
vessel relaxation and blunted the rise in arterial blood pressure [89].

2.3. Metabolic Disorders

Along with hypertension, metabolic diseases such as type 2 diabetes are associated
with endothelial dysfunction. Although not all patients with hypertension are obese or
have type 2 diabetes, many patients have both hypertension and metabolic disorders,
which aggravates endothelial dysfunction (Figure 5). In a limited observational study
Koppara et al. assessed endothelial function and atherosclerotic vessel damage in patients
with chronic kidney disease (CKD) with and without type 2 diabetes [90]. The patients
with type diabetes had worsened endothelial function with decreased NO and increased
IL-6 levels along with more atherosclerotic plaques compared to non-diabetic CKD pa-
tients. This study indicates that the diabetic patients with CKD have profoundly increased
risks of cardiovascular complication compared to CKD patients without type 2 diabetes.
Endothelial dysfunction may even precede development of diabetes. Li et al. assessed
triglyceride-glucose (TyG) index and flow mediated dilatation in over 1000 patients without
diabetes mellitus [91]. TyG is calculated by fasting triglyceride (TG) (mg/dL) × fasting
plasma glucose (FPG) (mg/dL)/2, which is considered a surrogate marker for insulin
resistance. They found that patients with increased TyG index had lower flow-mediated
vasodilatation, possibly due to endothelial dysfunction. This association was stronger in
patients under 60 years old without diabetes mellitus. Zaib et al. assessed markers of
endothelial dysfunction in type 2 diabetic and non-diabetic patients and showed that serum
IL-1, ICAM, and VECAM were profoundly higher in patients with type 2 diabetes [92]. It is
claimed that these markers help to assess the prognosis of developing peripheral artery
disease in type 2 diabetic patients. In fact, anti-diabetic medications such as glucagon-like



Int. J. Mol. Sci. 2024, 25, 13337 10 of 23

peptide-1 receptor agonists (GLP-1 RAs) improve endothelial function during diabetes. It
is well accepted that GLP-1 RAs reduced cardiovascular and renal complications during
diabetes. Recently, He et al. used single cell RNA sequencing and immune staining to
demonstrate that these receptors are downregulated on retinal endothelial cells in diabetic
patients. This effect may critically contribute to diabetic retinopathy [93]. Treatment with
GLP-1 RAs restores GLP-1R expression in endothelial cells and slows the progression of di-
abetic retinopathy. GLP-1 RAs correct endothelial cell function by improving mitochondrial
function. Improvement of mitochondrial and endothelial function were associated with
activation of cAMP-response element binding protein (CREB) and consequent inhibition of
STING signalling, which is involved in autophagy, senescence, and apoptosis.
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Dysfunctional endothelium may affect various physiological processes. Vuong et al.
reported that endothelial dysfunction associated with type 2 diabetes may cause impaired
wound healing [94]. By comparing endothelial cells from healthy and type 2 diabetic
donors, the authors demonstrate that the endothelial cells of healthy donors showed better
cell survival and antigenic abilities compared to those from donors with type 2 diabetes.
The cells of donors with type 2 diabetes were more prone to TGF-β-Smad3-dependent
endothelial mesenchymal transition, an indicator of endothelial dysfunction and pheno-
typic alteration [58–60], than the cells of healthy nondiabetic donors. Type 2 diabetes is
associated with high cerebrovascular permeability, which is considered to be one factor
involved in genesis of cognitive impairment. Gustafson et al. found that extracellular
vesicles collected from plasma of a diabetic mouse model (Leprdb/db) induced rapid dis-
ruption of the endothelial barrier upon injection in non-diabetic mice [95]. This increased
endothelial permeability depended on the endothelial MEK/ROCK pathway. However,
in this study no inflammatory recruitment was observed, most likely due to the short
duration of the experiment. Zhang et al. reported that mechanosensitive signalling is one
of the key mechanisms in high glucose induced endothelial dysfunction [96]. Endothelial
specific conditional Piezo1 knockout mice were protected from endothelial dysfunction and
damage under hyperglycaemic condition. More eNOS and less inflammatory cells were
observed in the thoracic aorta with less adverse remodelling. Using HUVECs, the authors
reported that Piezo1 acts via the Ca2+-induced CaMKII-Nrf2 axis and reduces the activity
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of superoxide dismutase, which in turn aggravates oxidative stress in endothelial cells.
Islam et al. demonstrate that improvement of endothelial function was associated with
protection from metabolic dysfunction [97]. In a mouse model with tamoxifen-induced
knockout of mammalian target of rapamycin (mTOR), which accelerates endothelial senes-
cence and vascular dysfunction [98], there was a decrease in senescence markers and less
oxidative stress and vascular inflammation. Interestingly, knocking out endothelial mTOR
and protection from endothelial dysfunction improved glucose tolerance in mice, which
was associated with reduced hepatic gluconeogenesis and better lipid tolerance. More
importantly, these effects were not dependent on pancreatic beta cell function or improved
insulin sensitivity, which emphasises the role of endothelial cells on glucose transport or
metabolism aside from insulin stimulation. Fawaz et al. demonstrates the protective role
of adiponectin on glomerular endothelial glycocalyx in a mouse model of diabetic kidney
diseases (DKD) [99]. Mice treated with adiponectin were protected from albuminuria
by attenuating shedding of glycocalyx. Adiponectin acts via its receptor and activates
AMPK reducing TNF-α release from glomerular endothelial cells, which in turn inhibits
the expression of matrix metalloproteinase (MMP2 and MMP9), which are associated with
glycocalyx shedding.

3. Endothelial Mechanisms of Vascular Remodelling
3.1. Endothelial AT1 Receptors

ANGII mediates its effects via pharmacologically and functionally identical AT1AR
and AT1BR. Hence, adverse effects of ANGII in cardiovascular tissues (e.g., vessel and
heart) are likely mediated via direct actions on AT1R located on vascular smooth muscle
cells or cardiomyocytes. However, Sparks et al. completely deleted AT1AR on large artery
smooth muscle cells, with a preservation of 50% expression of AT1AR on the smooth
muscle cells of the small resistance vessels [100]. The authors demonstrate that mice
lacking AT1AR on vascular smooth muscle cells were not protected from ANGII-induced
medial hypertrophy. Interestingly, persistent medial hypertrophy was seen despite the
fact that the mice lacking AT1AR exhibited less vascular oxidative stress. Recently, it
has been demonstrated that deletion of AT1AR on cardiomyocytes does not protect from
ANGII-induced cardiac hypertrophy [101]. In mice lacking the AT1AR on cardiomyocytes,
ANGII infusion over 4 weeks resulted in the same extent of cardiac hypertrophy and
fibrosis as in control WT mice challenged with the same ANGII protocol. In both studies,
the authors concluded that AT1ARs on smooth muscle cells or cardiac myocytes are not
required in ANGII-induced cardio-vascular remodelling. On the one hand, these studies
point to possible mechanisms of ANGII-induced remodelling without directly employing
its receptors on target cells like vascular smooth muscle cells or cardiomyocytes. This
would strengthen a potential role of other regulatory systems, such as inflammation, along
with paracrine actions of dysfunctional endothelial cells in the mediation of hypertension-
induced organ remodelling. On the other hand, it is worth noting that in these studies
the authors deleted only the AT1AR without affecting the expression of AT1BR. Therefore,
one might interpret those findings assuming that the deletion of only AT1AR on smooth
muscle cells or cardiomyocytes is not sufficient enough to achieve protection from ANGII-
induced cardio-vascular remodelling. Conversely, these studies may further strengthen the
obligatory role of a dysfunctional endothelium in the progression of target organ damage,
and most importantly, vascular remodelling during hypertension. In this regard, Rateri
et al. demonstrated that deletion of AT1A receptors on endothelial cells protected LDL
knockout mice from the ANGII-induced development of ascending aortic aneurisms [33].
Interestingly, deletion of AT1AR on smooth muscle cells or bone marrow derived-cells did
not protect these mice. The findings point to the specific role of endothelial AT1ARs in the
development of ANGII-induced ascending aortic aneurism. In a later study, the authors
demonstrated that the same mouse strain lacking endothelial AT1AR was not protected
from abdominal aortic aneurism or atherosclerosis [102], suggesting potentially different
roles of the endothelium in various regions of aorta. Altogether, the studies described
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indicate that ANGII induced arterial remodelling may critically depend on activation of
the endothelium via its AT1Rs and may include activation of AT1AR and AT1BR.

3.2. ET-1—A Mediator of Endothelial Crosstalk with Vascular Smooth Muscle Cells and Its Role in
Arterial Remodelling

Although the term endothelial dysfunction entails a number of alterations in endothe-
lial function, the decrease in NO production/bioavailability and consequent overall loss
of endothelial protective effects and maintenance of vascular homeostasis is considered a
prime hallmark of endothelial dysfunction [46]. A most instantaneous result of decreased
endothelial NO production is the increase in vessel tone, which may affect arterial pressure.
Indeed, experimental studies demonstrate that infusion of L-NMMA, a pharmacological
eNOS inhibitor, causes immediate elevation of arterial pressure [103,104]. Likewise, mice
with a genetic deletion of the endothelial eNOS gene exhibit increased arterial blood pres-
sure [105]. NO has an important autocrine inhibitory effect on ET-1 synthesis, whereas
ET-1 in turn inhibits eNOS activity (Figure 2) [106]. Thus, declined NO production may
increase ET-1 release from endothelial cells further increasing vascular tone and arterial
blood pressure. ET-1 acts via ETA and ETB receptors. Selective ETA blockade lowers systolic
blood pressure in hypertensive rats [107]. In patients with primary hypertension, both
selective and combined inhibition of ET-1 receptors lowers arterial pressure [108]. Thus,
rather a dysbalance of NO and ET-1 production may explain the increases in vessel tone
and arterial pressure. Moreover, both the decrease in NO and the increase in ET-1 release
contribute to arterial stiffening, which is important in the vessel remodelling process and
development of sustained hypertension. Wilkinson et al. demonstrate that the infusion of
L-NMMA increases arterial stiffness assessed by increased pulse wave velocity, whereas
supplementation of a NO donor decreases arterial stiffness [109]. Moreover, a single or
combined blockade of ET-1 receptors decreases arterial stiffness [110].

We have recently proposed a novel mechanistic axis entailing the endothelial
AT1R—ET-1/ETA receptor axis for activation of latent pro-matrix metalloproteinase 2
(pro-MMP 2) in the aortic wall (Figure 2) [111,112]. MMP-2 is a gelatinase which degrades
elastin and promotes fibrosis in the arterial wall, causing a major dysbalance between
elastic and non-elastic components [113]. By degrading elastic fibres (combined with frag-
mentation) and forcing collagen deposition it causes arterial stiffening. MMP2 is expressed
both in vascular endothelial and smooth muscle cells. Interestingly, mechanisms regulating
this expression are cell specific. In endothelial cells, ANGII employs AT1R and activates
the JNK/c-jun/AP-1 pathway leading to increased latent pro-MMP2 expression [112]. In
vascular smooth muscle cells, ANGII-induced activation of AT1R/JAK2/STAT3 leads to
augmented pro-MMP2 expression. Pro-MMP2, unlike other MMPs, is hardly activated by
proteases but requires a complex interaction of multiple factors to ensure its activation. In
the vessel wall, upon release as a latent pro-MMP2 into the extracellular matrix, pro-MMP2
is catalytically cleaved (activated) by membrane type MMP 1 (MT1-MMP) expressed on
the vascular smooth muscle cells. We demonstrated that this key process, which can limit
the biological efficacy of MMP 1 is regulated by the endothelial cell [111,112]. Activation
of pro-MMP2 by MT1-MMP is the last step of a precisely regulated activation cascade.
ET-1 released by the endothelium activates furin in smooth muscle cells in a paracrine
manner via acting on ETA receptors. Furin cleaves MT1-MMP and αvβ3 integrin from
their precursors, which then translocate to the cell membrane. αvβ3 integrin binds latent
pro-MMP2 and the MT1MMP catalytically cleaves it to active MMP2 on the smooth muscle
cell membrane. ANGII activates this pathway and causes the expression of pro-MMP2 in
endothelial and smooth muscle cells to increase via two distinct pathways (see above). It
also increases αvβ3 integrin and MT1-MMP expression in smooth muscle cells without
affecting furin activity. However, when furin activity is increased via ET-1 released from
the endothelium, this not only assures a homeostatic regulation of pro-MMP2 activity
in the arterial wall under physiological conditions but, under conditions of endothelial
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dysfunction, stimulates, in the presence of ANGII, the activation of latent pro-MMP2 via
the ET-1/ETA/Furin pathway.

4. Sex-Specific Differences in Endothelial Function and Dysfunction
4.1. Sex-Specific Differences in Endothelium-Dependent Vessel Tone Regulation

Oestrogen has a major impact on vessel tone which is attributed mainly to increased
endothelial NO bioavailability via stimulation of the endothelial PI3K/Akt/eNOS mech-
anistic axis (Figure 6) [114,115]. This increased NO production may also be linked to the
antioxidant effect of oestrogen in endothelial cells by inhibiting NADPH oxidase expression
and decreasing the production of ROS [116]. Oestrogen also increases the production of
vasodilatory PGI2 by increasing the expression of COX-1 in endothelial cells [117]. This
COX-generated PGI2 acts differently in aged male spontaneously hypertensive rats (SHR),
where it causes vasoconstriction because of a preferred action on thromboxane A2 re-
ceptors instead of PGI2 receptors. This, in turn, may contribute to the development of
endothelial dysfunction in male SHR [118]. The importance of the thromboxane receptor
in this sex-specific vasoconstriction was confirmed by alteration in acetylcholine-induced
vasorelaxation in males but not females upon blocking of thromboxane receptor [119].
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Figure 6. Oestrogen acts via its receptors and maintains a balanced production of vasoactive peptides
in favour of relaxing factors. Oestrogen acts partly directly but also via the expression of β1- and
β3-adrenoceptors, which in turn activate eNOS (shown in rat model). The expression of more ACE2
on female endothelial cells allows it to effectively metabolise ANGII to ANG 1-7 and activate eNOS
via MasR and AT2R, which are also expressed in female endothelial cells.

Sex related differences in EDHF mediated relaxation have been uncovered in the
“EDHF mouse”. These mice lack eNOS and COX and develop hypertension. However,
female mice are resistant to hypertension owing to the compensatory effect of EDHF [120].
In young female rats, the EDHF-mediated relaxation of resistance vessels is stronger
compared to postmenopausal rats. This is explained by enhanced EDRFs mediated vessel
relaxation due to oestrogen action, associated with increases in basal and acetylcholine-
stimulated Ca2+ transients in endothelial cells [121]. A role of EDHFs for sex differences in
vessel relaxation was also reported for porcine coronary arteries. Female vessels relax more
strongly than vessels of males [122]. It also appears that there are sex-specific differences in
the mechanisms of EDHFs mediated relaxation. While EDHFs caused relaxation in female
coronary arteries via activation of two distinct calcium activated potassium channels, SKCa
and IKCa, in male vessels only the SKCa was objectified.
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Sex-differences are also demonstrated for the responses of male and female blood
vessels toward adrenergic stimuli. Forearm blood flow in men and women responds
differently toward norepinephrine infusion, which causes a stronger decrease in flow in
men compared to women. Conversely, selective β-adrenergic stimulation increases fore-
arm blood flow more profoundly in women, compared to men [123,124]. An important
mechanism of the sex-specific differences toward adrenergic stimuli may result from sex
differences in endothelial β-adrenoceptors. As previously reported, endothelial cells in
female rat aorta express more endothelial β1- and β3-adrenoceptors compared to age
matched male rats [9,10]. We also demonstrated that these sex-specific expressions of
endothelial β1- and β3-adrenoceptors are oestrogen dependent, whereas other sex hor-
mones do not affect the expression of these adrenoceptors on endothelial cells (Figure 6).
The different expression pattern has a major impact on adrenergic vessel tone regulation
in both small resistance vessels as well as large arteries. Aorta and mesenteric arteries
respond with less vasoconstriction to norepinephrine stimulation, which is explained by
dual α- and β-adrenoceptor stimulation. Because female endothelial cells express more
β1- and β3-adrenoceptors, upon adrenergic stimulation, their NO-dependent relaxation is
enhanced, counteracting the α-constrictive effect or augmenting the β-dilatory effect on
smooth muscle. Of note, the expression of β1- and β3-adrenoceptors is also higher in the
human mammary arteries of women compared to the men in the same age group. This is
accompanied with a sex-related difference in the adrenergic vessel response, where vessels
of women constrict less to norepinephrine but relax more to isoproterenol or selective
β3-adrenoceptor stimulations [9,10].

Besides female sex hormones, androgens also exert effects on endothelial cell function.
Ruamyod et al. report that Ca2+-gated potassium channels mediate the endothelium-
dependent vasodilatory effect of testosterone. Androgen via its G-protein coupled receptors
and PKA activates these potassium channels leading to endothelial cell hyperpolarisation
and release of endothelial vasodilatory factors (NO, PGE) [125]. In a limited clinical study
in patients with androgen excess polycystic ovary syndrome, Usselman et al. propose that
androgen may drive endothelial dysfunction and aggravate cardiovascular risks typically
related to the disease [126]. While androgen in this disease model may have detrimental
effects, oestrogen may play a protective role in preserving endothelial function. Mechanisti-
cally, the authors propose that androgens act via supressing NO production in this disease
model. Androgens also seem to have effects on endothelial progenitor cells. Lam et al.
show that there was a correlation between serum testosterone and the levels of endothelial
cell progenitors in patients with coronary artery disease after catheterisation [126]. Based
on a mouse model of myocardial infarction, the authors propose that testosterone may
promote neovascularisation by enhancing endothelial progenitor cells.

4.2. Sex-Specific Differences in Development of Endothelial Dysfunction and Arterial Remodelling

Based on the above-described sex-specific differences in the production of endothelial
vasoactive factors and their effects on vessel tone, it is conceivable that these differences
may affect the homeostatic role of endothelium with respect to physiological vessel func-
tion and pathological vascular dysfunction. Endothelial dysfunction is observed in the
model of SHR [127,128]. These rats show sex-differences in development of hypertension
associated with differences in cardiovascular remodelling, which are largely attributed to
sex-differences in ACE2, AT2R, and MasR, all of which are found to be stronger expressed
in females than in males [128,129]. ACE2 converts ANGII to ANG 1–7, which in turn acts
on MasR. This mechanistic axis activates eNOS and triggers NO production. Importantly,
AT2R have opposing effects that counteract those of AT1R stimulation. Along with MasR,
ANGII/AT2R also activates eNOS and thereby supports NO production. We advanced
this knowledge by showing that in the rat SHR model, endothelial dysfunction develops
along with two other parameters, namely arterial remodelling and activation of latent
pro-MMP2 [128]. During ageing the endothelium-dependent relaxation declines first in
male SHRs at an age of 14 weeks. Along with endothelial dysfunction, arterial remodelling
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occurs with aortic fibrosis and degradation of elastin first in male SHRs. Further, the
activation, but not expression, of latent pro-MMP2 strongly correlates with the progression
of endothelial dysfunction (r2 = 0.87) [128]. The endothelium controls activation of latent
pro-MMP2 in physiological conditions via ET-1 [111,112], and hence stimulated ET-1 pro-
duction activates latent pro-MMP2 under conditions of endothelial dysfunction. This likely
contributes to vessel remodelling, the onset of which is considerably delayed in female
SHRs, most likely because of longer preservation of endothelial function [128].

5. Evaluation of Endothelial Dysfunction and Its Therapeutic Implications

While endothelial cells may lose their protective function and transform into dysfunc-
tional cells, we lack a clear characterisation of the steps mediating this transition. However,
endothelial type I and type II activations are considered as initial events on the way leading
to endothelial dysfunction [130–132]. Type I activation is rapid and does not necessarily in-
clude irreversible morphological or functional changes. Type II activation on the other hand
involves a phenotype change in endothelial cells, turning more into a pro-inflammatory
phenotype. Along this way of transition, several markers, tested via laboratory or clini-
cal methods, could be helpful to assess endothelial function and cardiovascular risk. A
balanced production of a number of factors by the healthy endothelium, such as NO, von
Willebrand factor, tissue factor, number of adhesion molecules or chemokines, can be as-
sessed with routine laboratory methods. Furthermore, components of the glycocalyx, such
as heparan sulphate and syndecan-1, were shown to reflect endothelial function [133,134].
Lastly, there are circulating endothelial and their progenitor cells, assessment of which may
give insights into the capacity of vascular repair upon endothelial injury [135].

Besides the assessment of markers using laboratory methods, the evaluation of
the endothelial function by the assessment of flow mediated dilatation has long been
used [136]. This non-invasive and cost-effective procedure has permitted the assessment
of the endothelium-dependent NO mediated vessel relaxation by triggering effects of in-
creased shear stress on endothelial NO production. Recently, Holder et al. reported age-
and sex-specific reference values of flow mediated dilatation. While the authors clearly
demonstrate a general age dependent decline in flow mediated dilatation in healthy indi-
viduals, men showed a negative, curvilinear relation between flow mediated dilatation and
age, whereas women revealed a negative linear relation with fast decline [137]. Several
other clinical methods have been employed to test endothelial function, such as venous
occlusion plethysmography, laser Doppler flowmetry, and peripheral artery tonometry. The
latter allows the automated assessment of microvascular endothelial function [138–140].

Irrespective of whether endothelial/vascular dysfunction may be a cause or conse-
quence of hypertension, both the increase in arterial pressure and endothelial dysfunction
are important targets of therapy. While lowering/normalising arterial pressure is a major
target of European and American guidelines, there are no specific recommendations deal-
ing with the improvement of endothelial function. It seems that this is rather appreciated
as a beneficial side effect of antihypertensive or cardiovascular therapy. Nevertheless,
widely used inhibitors of ACE and angiotensin II type 1 receptor (ARBs) largely improve
flow mediated dilatation in patients [141–144]. Lowering ANGII levels may improve en-
dothelial function via direct and indirect effects. Inhibition of adverse effects mediated
by the ANGII/AT1R axis, may stabilise eNOS activity and improve NO production. In
turn, lowering the stimulatory effect of ANGII/AT1R axis on ET-1 production [111], the
balance may be tilted in favour of more NO and less ET-1. This balance may also be sup-
ported by accumulation of bradykinin and stimulation of NO production via bradykinin
receptors 1 and 2 [145]. While the latter has an indirect effect on endothelial function, there
are more direct beneficial effects of inhibition of ANGII, especially by lowering its pro-
inflammatory actions, reducing oxidative stress, improving DDAH1 activity and lowering
ADMA levels [145].

Exercise is one of the most effective non-pharmacological interventions to counter the
risk factors for development of hypertension and cardiovascular diseases [146–150]. Bene-
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ficial effects of exercise on endothelial function were shown as early as 1986 by Sinoway
et al. demonstrating improved forearm blood flow in tennis players [147]. The impact of
endothelial function has also been tested in exercise based cardiac rehabilitation studies in
patients with coronary artery disease, myocardial infarction, and heart failure [151–154].
By testing flow mediated dilatation, improved endothelial function after exercise-based
rehabilitation has also been reported in patients with COPD [155]. Finally, an increased
number of circulating endothelial progenitor cells after exercise-based rehabilitation has
been demonstrated, indicating the role of exercise in endothelial regeneration [151,152].
Various mechanisms including reduced oxidative stress due to increased activity of super-
oxide dismutase and downregulation of NOX, along with increased eNOS phosphorylation
and mobilisation of endothelial progenitor cells, have been proposed [134].

6. Conclusions

Endothelial dysfunction not only results in the loss of its homeostatic functions, but
dysfunctional endothelium may critically augment vascular damage by mediating adverse
vessel remodelling. A decrease in the bioavailability of NO and an enhanced ET-1 produc-
tion have important consequences such as vascular inflammation and enhanced activation
of MMP2. Based on this, endothelial dysfunction may be considered a pathophysiological
factor in vessel remodelling and in overall cardiovascular disease development during
hypertension. Hence, besides the management of arterial blood pressure, a better under-
standing of pathophysiological mechanisms is critical in the development of preventive and
therapeutic strategies of hypertension and related organ damage. Although mechanisms of
endothelial dysfunction are multifactorial, the role of RAS and ANGII in the mediation of
endothelial dysfunction is central. While ANGII exerts direct adverse effects on endothelial
function, additional effects on the immune system and on metabolic pathways lead to
a complex system of interactions eventually resulting in endothelial dysfunction. Since
ANGII exerts its functions via different cell surface receptors, the potentially redundant
roles of endothelial AT1aR and AT1bR need to be better characterised, along with their
downstream signalling pathways. Furthermore, ACE2, MasR, and AT2R exhibit higher
expressions in female as compared to male tissues. Still, these proteins are expressed on
male endothelial cells with no rudimental functional roles as objectified to date. In addition,
it is still unknown whether endothelial ACE2 and MasR contribute to the maintenance of
homeostatic functions of the endothelium and whether the differences in expressions of
ACE2 and MasR play a causative role in the development of endothelial dysfunction, and
hence contribute to overall vessel damage during hypertension.
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Early Low-Grade Inflammation Induced by High-Salt Diet in Sprague Dawley Rats Involves Th17/Treg Axis Dysregulation,
Vascular Wall Remodeling, and a Shift in the Fatty Acid Profile. Cell. Physiol. Biochem. 2024, 58, 83–103. [CrossRef]

79. Ye, J.; Que, B.; Huang, Y.; Lin, Y.; Chen, J.; Liu, L.; Shi, Y.; Wang, Y.; Wang, M.; Zeng, T.; et al. Interleukin-12p35 Knockout
Promotes Macrophage Differentiation, Aggravates Vascular Dysfunction, and Elevates Blood Pressure in Angiotensin II-Infused
Mice. Cardiovasc. Res. 2019, 115, 1102–1113. [CrossRef]

80. Li, Y.; Gu, L.; Zhou, J.; Han, C.; Zang, W. FOXP1-induced DUSP12 Alleviates Vascular Endothelial Cell Inflammation and
Oxidative Stress Injury Induced by Ox-LDL via MAP3K5 Signaling Pathway. Exp. Ther. Med. 2023, 26, 450. [CrossRef]

81. Wang, Z.; Li, L.; Liao, S.; Huang, R.; Jiang, Y.; Fei, J.; Cai, L.; Zhang, K. Canthaxanthin Attenuates the Vascular Aging or
Endothelial Cell Senescence by Inhibiting Inflammation and Oxidative Stress in Mice. Front. Biosci. 2023, 28, 367. [CrossRef]
[PubMed]

82. Liang, C.; Liu, Z.; Song, M.; Li, W.; Wu, Z.; Wang, Z.; Wang, Q.; Wang, S.; Yan, K.; Sun, L.; et al. Stabilization of Heterochromatin
by CLOCK Promotes Stem Cell Rejuvenation and Cartilage Regeneration. Cell Res. 2020, 31, 187–205. [CrossRef] [PubMed]

83. Chang, T.T.; Lin, L.Y.; Chen, C.; Chen, J.W. CCL4 Contributes to Aging Related Angiogenic Insufficiency through Activating
Oxidative Stress and Endothelial Inflammation. Angiogenesis 2024, 27, 475–499. [CrossRef] [PubMed]

84. Anastasio, C.; Donisi, I.; Colloca, A.; D’Onofrio, N.; Balestrieri, M.L. MiR-148a-3p/SIRT7 Axis Relieves Inflammatory-Induced
Endothelial Dysfunction. Int. J. Mol. Sci. 2024, 25, 5087. [CrossRef] [PubMed]

85. Zhang, S.; Liu, Y.; Zhou, X.; Ou, M.; Xiao, G.; Li, F.; Wang, Z.; Wang, Z.; Liu, L.; Zhang, G. Sirtuin 7 Regulates Nitric Oxide
Production and Apoptosis to Promote Mycobacterial Clearance in Macrophages. Front. Immunol. 2021, 12, 779235. [CrossRef]

86. Guo, Q.; Zhang, H.; Zhang, B.; Zhang, E.; Wu, Y. Tumor Necrosis Factor-Alpha (TNF-a) Enhances MiR-155-Mediated Endothelial
Senescence by Targeting Sirtuin1 (SIRT1). Med. Sci. Monit. 2019, 25, 8820–8835. [CrossRef]

87. Wang, Y.H.; Liu, Y.P.; Zhu, J.Q.; Zhou, G.H.; Zhang, F.; An, Q.; Yang, J.; Cho, K.W.; Jin, S.N.; Wen, J.F. Physcion Prevents High-Fat
Diet-Induced Endothelial Dysfunction by Inhibiting Oxidative Stress and Endoplasmic Reticulum Stress Pathways. Eur. J.
Pharmacol. 2023, 943, 175554. [CrossRef]

88. Nair, A.R.; Silva, S.D.; Agbor, L.N.; Wu, J.; Nakagawa, P.; Mukohda, M.; Lu, K.T.; Sandgren, J.A.; Pierce, G.L.; Santillan, M.K.;
et al. Endothelial PPARγ (Peroxisome Proliferator-Activated Receptor-γ) Protects from Angiotensin II-Induced Endothelial
Dysfunction in Adult Offspring Born from Pregnancies Complicated by Hypertension. Hypertension 2019, 74, 173–183. [CrossRef]

89. Liu, S.Y.; Wang, Q.; Zhou, H.; Tong, N.; Chang, R.; Wang, F.Z.; Guo, P.; Li, X.; Zhou, Y.B.; Li, Z.Z. Adrenomedullin Improved
Endothelial Dysfunction via Receptor-Akt Pathway in Rats with Obesity-Related Hypertension. Hypertens. Res. 2024, 47,
2157–2171. [CrossRef]

90. Koppara, N.K.; Medooru, K.K.; Yadagiri, L.A.; Vishnubotla, S.K.; Rapur, R.; Bitla, A.R. A Study of Oxidative Stress, Inflammation,
and Endothelial Dysfunction in Diabetic and Nondiabetic Chronic Kidney Disease Pre-Dialysis Patients. Indian J. Nephrol. 2023,
33, 420–425. [CrossRef]

91. Li, Y.; Yi, M.; Wang, X.; Zhang, Y.; Xiao, K.; Si, J.; Sun, L.; Zhang, H.; Sun, J.; Liu, Z.; et al. Association between Triglyceride-Glucose
Index and Endothelial Dysfunction. Endocrine 2024, 85, 717–723. [CrossRef] [PubMed]

92. Zaib, S.; Ahmad, S.; Khan, I.; Bin Jardan, Y.A.; Fentahun Wondmie, G. An Evaluation of Inflammatory and Endothelial Dysfunction
Markers as Determinants of Peripheral Arterial Disease in Those with Diabetes Mellitus. Sci. Rep. 2024, 14, 15348. [CrossRef]
[PubMed]

93. He, X.; Wen, S.; Tang, X.; Wen, Z.; Zhang, R.; Li, S.; Gao, R.; Wang, J.; Zhu, Y.; Fang, D.; et al. Glucagon-like Peptide-1 Receptor
Agonists Rescued Diabetic Vascular Endothelial Damage through Suppression of Aberrant STING Signaling. Acta Pharm. Sin. B
2024, 14, 2613–2630. [CrossRef] [PubMed]

94. Vuong, C.K.; Fukushige, M.; Ngo, N.H.; Yamashita, T.; Obata-Yasuoka, M.; Hamada, H.; Osaka, M.; Tsukada, T.; Hiramatsu,
Y.; Ohneda, O. Extracellular Vesicles Derived from Type 2 Diabetic Mesenchymal Stem Cells Induce Endothelial Mesenchymal
Transition under High Glucose Conditions Through the TGFβ/Smad3 Signaling Pathway. Stem Cells Dev. 2024, 33, 262–275.
[CrossRef]

95. Gustafson, D.; DiStefano, P.V.; Wang, X.F.; Wu, R.; Ghaffari, S.; Ching, C.; Rathnakumar, K.; Alibhai, F.; Syonov, M.; Fitzpatrick, J.;
et al. Circulating Small Extracellular Vesicles Mediate Vascular Hyperpermeability in Diabetes. Diabetologia 2024, 67, 1138–1154.
[CrossRef]

96. Zhang, X.; Leng, S.; Liu, X.; Hu, X.; Liu, Y.; Li, X.; Feng, Q.; Guo, W.; Li, N.; Sheng, Z.; et al. Ion Channel Piezo1 Activation
Aggravates the Endothelial Dysfunction under a High Glucose Environment. Cardiovasc. Diabetol. 2024, 23, 150. [CrossRef]

97. Islam, M.T.; Hall, S.A.; Dutson, T.; Bloom, S.I.; Bramwell, R.C.; Kim, J.; Tucker, J.R.; Machin, D.R.; Donato, A.J.; Lesniewski, L.A.
Endothelial Cell-Specific Reduction in MTOR Ameliorates Age-Related Arterial and Metabolic Dysfunction. Aging Cell 2024, 23,
e14040. [CrossRef]

98. Liu, G.Y.; Sabatini, D.M. MTOR at the Nexus of Nutrition, Growth, Ageing and Disease. Nat. Rev. Mol. Cell Biol. 2020, 21, 183–203.
[CrossRef]

https://doi.org/10.1172/JCI126155
https://doi.org/10.33594/000000684
https://doi.org/10.1093/cvr/cvy263
https://doi.org/10.3892/etm.2023.12149
https://doi.org/10.31083/j.fbl2812367
https://www.ncbi.nlm.nih.gov/pubmed/38179737
https://doi.org/10.1038/s41422-020-0385-7
https://www.ncbi.nlm.nih.gov/pubmed/32737416
https://doi.org/10.1007/s10456-024-09922-y
https://www.ncbi.nlm.nih.gov/pubmed/38739303
https://doi.org/10.3390/ijms25105087
https://www.ncbi.nlm.nih.gov/pubmed/38791128
https://doi.org/10.3389/fimmu.2021.779235
https://doi.org/10.12659/MSM.919721
https://doi.org/10.1016/j.ejphar.2023.175554
https://doi.org/10.1161/HYPERTENSIONAHA.119.13101
https://doi.org/10.1038/s41440-024-01701-y
https://doi.org/10.4103/IJN.IJN_222_22
https://doi.org/10.1007/s12020-024-03785-5
https://www.ncbi.nlm.nih.gov/pubmed/38514591
https://doi.org/10.1038/s41598-024-65188-w
https://www.ncbi.nlm.nih.gov/pubmed/38961103
https://doi.org/10.1016/j.apsb.2024.03.011
https://www.ncbi.nlm.nih.gov/pubmed/38828140
https://doi.org/10.1089/scd.2023.0262
https://doi.org/10.1007/s00125-024-06120-9
https://doi.org/10.1186/s12933-024-02238-7
https://doi.org/10.1111/acel.14040
https://doi.org/10.1038/s41580-019-0199-y


Int. J. Mol. Sci. 2024, 25, 13337 21 of 23

99. Fawaz, S.; Martin Alonso, A.; Qiu, Y.; Ramnath, R.; Stowell-Connolly, H.; Gamez, M.; May, C.; Down, C.; Coward, R.J.; Butler,
M.J.; et al. Adiponectin Reduces Glomerular Endothelial Glycocalyx Disruption and Restores Glomerular Barrier Function in a
Mouse Model of Type 2 Diabetes. Diabetes 2024, 73, 964–976. [CrossRef]

100. Sparks, M.A.; Parsons, K.K.; Stegbauer, J.; Gurley, S.B.; Vivekanandan-Giri, A.; Fortner, C.N.; Snouwaert, J.; Raasch, E.W.;
Griffiths, R.C.; Haystead, T.A.J.; et al. Angiotensin II Type 1A Receptors in Vascular Smooth Muscle Cells Do Not Influence Aortic
Remodeling in Hypertension. Hypertension 2011, 57, 577–585. [CrossRef]

101. Sparks, M.A.; Rianto, F.; Diaz, E.; Revoori, R.; Hoang, T.; Bouknight, L.; Stegbauer, J.; Vivekanandan-Giri, A.; Ruiz, P.; Pennathur,
S.; et al. Direct Actions of AT 1 (Type 1 Angiotensin) Receptors in Cardiomyocytes Do Not Contribute to Cardiac Hypertrophy.
Hypertension 2021, 77, 393–404. [CrossRef] [PubMed]

102. Rateri, D.L.; Moorleghen, J.J.; Knight, V.; Balakrishnan, A.; Howatt, D.A.; Cassis, L.A.; Daugherty, A. Depletion of Endothelial or
Smooth Muscle Cell-Specific Angiotensin II Type 1a Receptors Does Not Influence Aortic Aneurysms or Atherosclerosis in LDL
Receptor Deficient Mice. PLoS ONE 2012, 7, e51483. [CrossRef] [PubMed]

103. Weldon, S.M.; Winquist, R.J.; Madwed, J.B. Differential Effects of L-NAME on Blood Pressure and Heart Rate Responses to
Acetylcholine and Bradykinin in Cynomolgus Primates. J. Pharmacol. Exp. Ther. 1995, 272, 126–133. [PubMed]

104. Ribeiro, M.O.; Antunes, E.; de Nucci, G.; Lovisolo, S.M.; Zatz, R. Chronic Inhibition of Nitric Oxide Synthesis. A New Model of
Arterial Hypertension. Hypertension 1992, 20, 298–303. [CrossRef] [PubMed]

105. Gödecke, A.; Schrader, J. Adaptive Mechanisms of the Cardiovascular System in Transgenic Mice--Lessons from ENOS and
Myoglobin Knockout Mice. Basic Res. Cardiol. 2000, 95, 492–498. [CrossRef]

106. Lüscher, T.F.; Yang, Z.; Tschudi, M.; von Segesser, L.; Stulz, P.; Boulanger, C.; Siebenmann, R.; Turina, M.; Bühler, F.R. Interaction
between Endothelin-1 and Endothelium-Derived Relaxing Factor in Human Arteries and Veins. Circ. Res. 1990, 66, 1088–1094.
[CrossRef]

107. Naruse, M.; Tanabe, A.; Naruse, K.; Adachi, C.; Yoshimoto, T.; Seki, T.; Takagi, S.; Imaki, T.; Watanabe, T.; Takano, K. Hemodynamic
and Biochemical Effects of Endothelin-A- and -B-Receptor Antagonist TAK-044 in Stroke-Prone Spontaneously Hypertensive
Rats. J. Cardiovasc. Pharmacol. 2000, 36, S334–S336. [CrossRef]

108. Krum, H.; Viskoper, R.J.; Lacourciere, Y.; Budde, M.; Charlon, V. The Effect of an Endothelin-Receptor Antagonist, Bosentan, on
Blood Pressure in Patients with Essential Hypertension. N. Engl. J. Med. 1998, 338, 784–791. [CrossRef]

109. Gkaliagkousi, E.; Gavriilaki, E.; Triantafyllou, A.; Douma, S. Clinical Significance of Endothelial Dysfunction in Essential
Hypertension. Curr. Hypertens. Rep. 2015, 17, 85. [CrossRef]

110. Dhaun, N.; MacIntyre, I.M.; Kerr, D.; Melville, V.; Johnston, N.R.; Haughie, S.; Goddard, J.; Webb, D.J. Selective Endothelin-
a Receptor Antagonism Reduces Proteinuria, Blood Pressure, and Arterial Stiffness in Chronic Proteinuric Kidney Disease.
Hypertension 2011, 57, 772–779. [CrossRef]

111. Otto, S.; Deussen, A.; Zatschler, B.; Müller, B.; Neisser, A.; Barth, K.; Morawietz, H.; Kopaliani, I. A Novel Role of Endothelium in
Activation of Latent Pro-Membrane Type 1 MMP and pro-MMP-2 in Rat Aorta. Cardiovasc. Res. 2016, 109, 409–418. [CrossRef]
[PubMed]

112. Kopaliani, I.; Martin, M.; Zatschler, B.; Bortlik, K.; Müller, B.; Deussen, A. Cell-Specific and Endothelium-Dependent Regulations
of Matrix Metalloproteinase-2 in Rat Aorta. Basic Res. Cardiol. 2014, 109, 419. [CrossRef] [PubMed]

113. Lemarié, C.A.; Tharaux, P.-L.; Lehoux, S. Extracellular Matrix Alterations in Hypertensive Vascular Remodeling. J. Mol. Cell.
Cardiol. 2010, 48, 433–439. [CrossRef] [PubMed]

114. Knot, H.J.; Lounsbury, K.M.; Brayden, J.E.; Nelson, M.T. Gender Differences in Coronary Artery Diameter Reflect Changes in
Both Endothelial Ca2+ and EcNOS Activity. Am. J. Physiol.-Heart Circ. Physiol. 1999, 276, 12–14. [CrossRef]

115. Guo, X.; Razandi, M.; Pedram, A.; Kassab, G.; Levin, E.R. Estrogen Induces Vascular Wall Dilation: Mediation through Kinase
Signaling to Nitric Oxide and Estrogen Receptors α and β. J. Biol. Chem. 2005, 280, 19704–19710. [CrossRef]

116. Wagner, A.H.; Schroeter, M.R.; Hecker, M. 17β-Estradiol Inhibition of NADPH Oxidase Expression in Human Endothelial Cells.
FASEB J. 2001, 15, 2121–2130. [CrossRef]

117. Jun, S.S.; Chen, Z.; Pace, M.C.; Shaul, P.W. Estrogen Upregulates Cyclooxygenase-1 Gene Expression in Ovine Fetal Pulmonary
Artery Endothelium. J. Clin. Investig. 1998, 102, 176–183. [CrossRef]

118. Graham, D.A.; Rush, J.W.E. Cyclooxygenase and Thromboxane/Prostaglandin Receptor Contribute to Aortic Endothelium-
Dependent Dysfunction in Aging Female Spontaneously Hypertensive Rats. J. Appl. Physiol. 2009, 107, 1059–1067. [CrossRef]

119. Chen, H.; Simonsen, U.; Aalkjaer, C. A Sex-Specific, COX-Derived/Thromboxane Receptor Activator Causes Depolarization and
Vasoconstriction in Male Mice Mesenteric Resistance Arteries. Basic Clin. Pharmacol. Toxicol. 2020, 127, 152–159. [CrossRef]

120. Scotland, R.S.; Madhani, M.; Chauhan, S.; Moncada, S.; Andresen, J.; Nilsson, H.; Hobbs, A.J.; Ahluwalia, A. Investigation of
Vascular Responses in Endothelial Nitric Oxide Synthase/Cyclooxygenase-1 Double-Knockout Mice: Key Role for Endothelium-
Derived Hyperpolarizing Factor in the Regulation of Blood Pressure in Vivo. Circulation 2005, 111, 796–803. [CrossRef]

121. Burger, N.Z.; Kuzina, O.Y.; Osol, G.; Gokina, N.I. Estrogen Replacement Enhances EDHF-Mediated Vasodilation of Mesenteric
and Uterine Resistance Arteries: Role of Endothelial Cell Ca2+. Am. J. Physiol.-Endocrinol. Metab. 2009, 296, 503–512. [CrossRef]
[PubMed]

122. Wong, P.S.; Roberts, R.E.; Randall, M.D. Sex Differences in Endothelial Function in Porcine Coronary Arteries: A Role for H2O2
and Gap Junctions? Br. J. Pharmacol. 2014, 171, 2751–2766. [CrossRef] [PubMed]

https://doi.org/10.2337/db23-0455
https://doi.org/10.1161/HYPERTENSIONAHA.110.165274
https://doi.org/10.1161/HYPERTENSIONAHA.119.14079
https://www.ncbi.nlm.nih.gov/pubmed/33390039
https://doi.org/10.1371/journal.pone.0051483
https://www.ncbi.nlm.nih.gov/pubmed/23236507
https://www.ncbi.nlm.nih.gov/pubmed/7529307
https://doi.org/10.1161/01.HYP.20.3.298
https://www.ncbi.nlm.nih.gov/pubmed/1516948
https://doi.org/10.1007/s003950070026
https://doi.org/10.1161/01.RES.66.4.1088
https://doi.org/10.1097/00005344-200036051-00097
https://doi.org/10.1056/NEJM199803193381202
https://doi.org/10.1007/s11906-015-0596-3
https://doi.org/10.1161/HYPERTENSIONAHA.110.167486
https://doi.org/10.1093/cvr/cvv256
https://www.ncbi.nlm.nih.gov/pubmed/26598508
https://doi.org/10.1007/s00395-014-0419-8
https://www.ncbi.nlm.nih.gov/pubmed/24907869
https://doi.org/10.1016/j.yjmcc.2009.09.018
https://www.ncbi.nlm.nih.gov/pubmed/19837080
https://doi.org/10.1152/ajpheart.1999.276.3.H961
https://doi.org/10.1074/jbc.M501244200
https://doi.org/10.1096/fj.01-0123com
https://doi.org/10.1172/JCI2034
https://doi.org/10.1152/japplphysiol.90785.2008
https://doi.org/10.1111/bcpt.13413
https://doi.org/10.1161/01.CIR.0000155238.70797.4E
https://doi.org/10.1152/ajpendo.90517.2008
https://www.ncbi.nlm.nih.gov/pubmed/19126786
https://doi.org/10.1111/bph.12595
https://www.ncbi.nlm.nih.gov/pubmed/24467384


Int. J. Mol. Sci. 2024, 25, 13337 22 of 23

123. Kneale, B.J.; Chowienczyk, P.J.; Cockcroft, J.R.; Coltart, D.J.; Ritter, J.M. Vasoconstrictor Sensitivity to Noradrenaline and
NG-Monomethyl-L-Arginine in Men and Women. Clin. Sci. 1997, 93, 513–518. [CrossRef] [PubMed]

124. Kneale, B.J.; Chowienczyk, P.J.; Brett, S.E.; Coltart, D.J.; Ritter, J.M. Gender Differences in Sensitivity to Adrenergic Agonists of
Forearm Resistance Vasculature. J. Am. Coll. Cardiol. 2000, 36, 1233–1238. [CrossRef]

125. Ruamyod, K.; Watanapa, W.B.; Shayakul, C. Testosterone Rapidly Increases Ca2+-Activated K+ Currents Causing Hyperpolariza-
tion in Human Coronary Artery Endothelial Cells. J. Steroid Biochem. Mol. Biol. 2017, 168, 118–126. [CrossRef]

126. Usselman, C.W.; Yarovinsky, T.O.; Steele, F.E.; Leone, C.A.; Taylor, H.S.; Bender, J.R.; Stachenfeld, N.S. Androgens Drive
Microvascular Endothelial Dysfunction in Women with Polycystic Ovary Syndrome: Role of the Endothelin B Receptor. J. Physiol.
2019, 597, 2853–2865. [CrossRef]

127. Maris, M.E.; Melchert, R.B.; Joseph, J.; Kennedy, R.H. Gender Differences in Blood Pressure and Heart Rate in Spontaneously
Hypertensive and Wistar-Kyoto Rats. Clin. Exp. Pharmacol. Physiol. 2005, 32, 35–39. [CrossRef]

128. Al-Gburi, S.; Deussen, A.J.; Galli, R.; Muders, M.H.; Zatschler, B.; Neisser, A.; Müller, B.; Kopaliani, I. Sex-Specific Differences in
Age-Dependent Progression of Aortic Dysfunction and Related Cardiac Remodeling in Spontaneously Hypertensive Rats. Am. J.
Physiol.-Regul. Integr. Comp. Physiol. 2017, 312, R835–R849. [CrossRef]

129. Reckelhoff, J.F.; Zhang, H.; Srivastava, K. Gender Differences in Development of Hypertension in Spontaneously Hypertensive
Rats: Role of the Renin-Angiotensin System. Hypertension 2000, 35, 480–483. [CrossRef]

130. Pober, J.S.; Sessa, W.C. Evolving Functions of Endothelial Cells in Inflammation. Nat. Rev. Immunol. 2007, 7, 803–815. [CrossRef]
131. Pober, J.S.; Cotran, R.S. Cytokines and Endothelial Cell Biology. Physiol. Rev. 1990, 70, 427–451. [CrossRef]
132. Pober, J.S.; Cotran, R.S. The Role of Endothelial Cells in Inflammation. Transplantation 1990, 50, 537–544. [CrossRef] [PubMed]
133. Medina-leyte, D.J.; Zepeda-garc, O.; Dom, M. Endothelial Dysfunction, Inflammation and Coronary Artery Disease: Potential

Biomarkers and Promising Therapeutical Approaches and New Pharmacological and Non-Pharmacological Promising Th The
Endothelium Is Formed by a Single Layer of EC Located about 1. Int. J. Mol. Sci. 2021, 22, 3850. [CrossRef] [PubMed]

134. Ross, M.D.; Malone, E.; Florida-James, G. Vascular Ageing and Exercise: Focus on Cellular Reparative Processes. Oxid. Med. Cell.
Longev. 2016, 2016, 3583956. [CrossRef] [PubMed]

135. Salmito, F.T.S.; de Oliveira Neves, F.M.; Meneses, G.C.; de Almeida Leitão, R.; Martins, A.M.C.; Libório, A.B. Glycocalyx Injury in
Adults with Nephrotic Syndrome: Association with Endothelial Function. Clin. Chim. Acta 2015, 447, 55–58. [CrossRef] [PubMed]

136. Corretti, M.C.; Anderson, T.J.; Benjamin, E.J.; Celermajer, D.; Charbonneau, F.; Creager, M.A.; Deanfield, J.; Drexler, H.; Gerhard-
Herman, M.; Herrington, D.; et al. Guidelines for the Ultrasound Assessment of Endothelial-Dependent Flow-Mediated
Vasodilation of the Brachial Artery: A Report of the International Brachial Artery Reactivity Task Force. J. Am. Coll. Cardiol. 2002,
39, 257–265. [CrossRef]

137. Holder, S.M.; Bruno, R.M.; Shkredova, D.A.; Dawson, E.A.; Jones, H.; Hopkins, N.D.; Hopman, M.T.E.; Bailey, T.G.; Coombes, J.S.;
Askew, C.D.; et al. Reference Intervals for Brachial Artery Flow-Mediated Dilation and the Relation with Cardiovascular Risk
Factors. Hypertension 2021, 77, 1469–1480. [CrossRef]

138. Klonizakis, M.; Manning, G.; Donnelly, R. Assessment of Lower Limb Microcirculation: Exploring the Reproducibility and
Clinical Application of Laser Doppler Techniques. Ski. Pharmacol. Physiol. 2011, 24, 136–143. [CrossRef]

139. Rubinshtein, R.; Kuvin, J.T.; Soffler, M.; Lennon, R.J.; Lavi, S.; Nelson, R.E.; Pumper, G.M.; Lerman, L.O.; Lerman, A. Assessment
of Endothelial Function by Non-Invasive Peripheral Arterial Tonometry Predicts Late Cardiovascular Adverse Events. Eur. Heart
J. 2010, 31, 1142–1148. [CrossRef]

140. Flammer, A.J.; Anderson, T.; Celermajer, D.S.; Creager, M.A.; Deanfield, J.; Ganz, P.; Hamburg, N.M.; Lüscher, T.F.; Shechter, M.;
Taddei, S.; et al. The Assessment of Endothelial Function. Circulation 2012, 126, 753–767. [CrossRef]

141. Li, K.; Zemmrich, C.; Bramlage, P.; Persson, A.B.; Sacirovic, M.; Ritter, O.; Buschmann, E.; Buschmann, I.; Hillmeister, P. Effect of
ACEI and ARB Treatment on Nitric Oxide-Dependent Endothelial Function. Vasa 2021, 50, 413–422. [CrossRef] [PubMed]
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