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Abstract: Despite recent advances in treatment options, stroke remains a highly prevalent and
devastating condition with significant socioeconomic impact. Recanalization therapies, including
intravenous thrombolysis and endovascular treatments, have revolutionized stroke management
and prognosis, providing a promising framework for exploring new therapeutic strategies. En-
dothelial dysfunction plays a critical role in the pathophysiology, progression, and prognosis of
stroke. This review aims to synthesize the current evidence regarding the involvement of the nitric
oxide (NO)/endothelium pathway in ischemic stroke, with a particular focus on aging, response to
recanalization therapies, and therapeutic approaches. While significant progress has been made in
recent years in understanding the relationship between endothelial dysfunction and stroke, many
uncertainties persist, and although treatments targeting this pathway are promising, they have yet to
demonstrate clear clinical benefits.
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1. Introduction

Ischemic stroke (IS) is one of the leading causes of global disability and mortality [1].
Despite advances in recent decades that have improved stroke care and reduced morbidity
and mortality rates, these rates remain alarmingly high. Combined with the high preva-
lence and incidence of this disease, IS remains a major concern for healthcare systems
worldwide [1].

According to the most recent Global Burden of Disease (GBD) estimates, in 2021,
stroke was the third most common GBD level 3 cause of death (7.3 million [95% UI 6.6–7.8]
deaths; 10.7% [9.8–11.3] of all deaths), and the fourth most common cause of DALYs
(160.5 million [147.8–171.6] DALYs; 5.6% [5.0–6.1] of all DALYs). In 2021, there were
93.8 million (89.0–99.3) prevalent and 11.9 million (10.7–13.2) incident strokes [1].

IS is defined as a neurological deficit resulting from the sudden interruption of blood
flow in cerebral vessels. Its clinical presentation and progression depend on various
pathophysiological factors that converge at the time of the stroke, some of which are related
to blood components and their interaction with vessel walls [2].

Blood vessel walls are composed of three layers: the adventitia, the tunica media, and
the endothelium, which provides a frictionless pathway for blood circulation [3].

The endothelium plays a pivotal role in maintaining vascular homeostasis in both the
cerebral and systemic arterial circulation. Dysfunction or damage to the endothelial layer is
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correlated with conditions such as atherosclerosis, hypertension, and other cardiovascular
diseases [4].

Recanalization therapies, including the intravenous administration of fibrinolytic
agents and endovascular thrombectomy, are the most effective proven treatments for IS.
Endothelial dysfunction can negatively affect the success of recanalization therapies, which
are used to restore blood flow in stroke, by increasing reperfusion injury, compromising
the blood–brain barrier, impairing vasodilation, promoting a prothrombotic state, and
enhancing inflammatory responses [5].

The purpose of this review is to summarize the existing evidence regarding the
involvement of the endothelium in ischemic stroke (IS), highlighting its potential positive
and negative effects during the different phases of the disease. Additionally, it explores the
relationship between endothelial involvement and the use of recanalization therapies and
reviews the various therapeutic approaches that have been tested in this context.

2. The Endothelium and Its Components

The endothelium is a thin layer of cells lining the inner surface of blood vessels,
including arteries, veins, and capillaries [6]. It serves not only as an anatomical barrier
between blood and tissues but also functions as an endocrine organ with various roles [6].

The main components of the endothelium are:

2.1. Endothelial Cells

Endothelial cells (ECs) are ubiquitous within the circulatory system and are his-
tologically distinguished by their characteristic cobblestone shape and single-cell layer
arrangement. ECs have average dimensions of 30–50 µm in length, 10–30 µm in width,
and 0.1–1 µm in height. They are surrounded by smooth muscle cells, or pericytes, which
provide structural support to the vessels [3].

Endothelial cells can produce vasodilator factors like nitric oxide (NO) through en-
dothelial nitric oxide synthase (eNOS) and pro-inflammatory factors such as granulocyte-
macrophage colony-stimulating factor (GM-CSF), granulocyte colony-stimulating factor
(G-CSF), and VEGF. They also produce anti-inflammatory molecules and extracellular
vesicles [7]. While ECs exhibit remarkable tolerance to hypoxia, they are highly susceptible
to reperfusion injury upon the restoration of blood flow [3].

New ECs are generated through the simple duplication of existing endothelial cells.
These cells not only repair and renew the lining of established blood vessels but also create
new blood vessels in a process called angiogenesis [8]. Similarly, endothelial progenitor
cells (EPCs) are circulating cells capable of differentiating into mature endothelial cells. [9].
Various tissue growth factors, such as fibroblast growth factor 2 (FGF2), vascular endothelial
growth factor (VEGF), and bone morphogenetic protein 4 (BMP4), mediate angiogenesis
and the re-reendothelialization of injured vessels.

Functionally, ECs play a pivotal role in regulating the exchange of molecules and
cells into and out of the bloodstream. They are involved in maintaining vascular structure,
the coagulation system, the inflammatory response, and thrombosis. Additionally, the
endothelium modulates vascular tone by regulating vascular smooth muscle cell function
and producing either vasodilation or vasoconstriction through the release of nitric oxide
(NO) [4].

2.2. Nitric Oxide

Nitric oxide (NO) is often considered a toxic gas in nature. However, 40 years ago
it was discovered to function as a signaling molecule, particularly in the endothelium,
where it acts as a primary neurotransmitter. NO is synthesized from L-arginine through the
mediation of the NOS enzyme, with tetrahydrobiopterin (BH4) required as a cofactor. Once
produced, NO activates guanylyl cyclase, which leads to the production of cGMP and the
subsequent activation of various proteins essential for brain function. The fast metabolism
and brief half-life of NO make it challenging to measure in clinical environments. Nitrite
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and nitrate, the byproducts of NO autoxidation, have been utilized as indicators of NO
production [10].

Nitric oxide (NO) regulates vascular smooth muscle tone and inhibits platelet ag-
gregation, leukocyte adhesion, and vascular smooth muscle cell growth [11]. It is widely
acknowledged that the loss of endothelial NO is a central mechanism in the pathogenesis
of endothelial dysfunction (ED). In both cerebral and peripheral vasculatures, reduced
availability of endothelial NO leads to significant detrimental alterations in vascular func-
tions [12].

Reduced endothelial NO availability has been demonstrated to encourage a proinflam-
matory and prothrombotic endothelial phenotype. NO bioavailability is closely linked to
cardiovascular health, and it has been proposed that variations in NO bioavailability may
help differentiate individuals with good vascular health—who are less likely to experience
cardiovascular events—from those with poor vascular health [13].

2.3. ENOS Enzyme

NO is synthesized from L-arginine by nitric oxide synthase, and there are three differ-
ent types of NO synthases: neuronal (NOS1 or nNOS), endothelial (NOS3 or eNOS), and
inducible (NOS2 or iNOS). Unlike NOS1 and NOS3, NOS2 is not constitutively expressed
in most tissues but is induced in response to various inflammatory and immune stimuli [14].
Inducible NOS (iNOS)-derived NO and neuronal NOS (nNOS)-derived NO play neurotoxic
roles, whereas endothelial NOS (eNOS)-derived NO plays a neuroprotective role in acute IS.
The toxic effects of NO produced by iNOS and nNOS are primarily due to the production
of nitrates and the release of free radicals. [14]. Under physiological conditions, eNOS is
responsible for the production of most endothelium-derived NO. For this reason, it plays a
pivotal role in cardiovascular homeostasis, as demonstrated by clinical and experimental
studies [15,16]. Phosphorylation of eNOS at serine 1177 in humans is a major regulator of
eNOS activity [17].

This enzyme is coded by the NOS3 gene, which is located in the 7q35–7q36 region
of chromosome 7. The NOS3 gene spans 21–22 kb and contains 25 introns and 26 exons,
encoding an mRNA of 4052 nucleotides [18]. The NOS3 gene exhibits a variety of polymor-
phic sites, including single nucleotide polymorphisms (SNPs), variable number of tandem
repeats (VNTRs), microsatellites, and insertions/deletions. To date, over 1700 genetic
variations in the human NOS3 gene have been documented in the SNP database. These
variations are known to influence NOS3 regulation, subsequently affecting nitric oxide
(NO) production [19]. Not only individual polymorphisms but also haplotypes, which are
combinations of multiple polymorphisms, have demonstrated functional effects on NOS3
expression [20].

The SNP rs2070744, also known as g.-786T>C, is one of the most extensively studied
polymorphisms. Luciferase reporter gene assays have shown that this polymorphism
reduces NOS3 transcriptional activity [21,22]. This effect is likely due to the increased
binding affinity of a gene repressor protein called replication protein A1 (RPA1) to the
NOS3 promoter when the C allele is present. RPA1 is a single-stranded DNA-binding
protein involved in various aspects of DNA metabolism, including replication, repair,
and recombination [23] (Figure 1). Indeed, inhibition of RPA1 expression using antisense
oligonucleotides restored transcriptional activity in the NOS3 promoter containing the C
allele, while RPA1 overexpression produced the opposite effect [23]. Consistent with these
findings, in vivo studies have shown a tendency for lower levels of circulating NO-related
markers in individuals carrying the C allele compared to those with the T allele, further
supporting the functional role of this SNP [24].

Other polymorphisms reported to be functional are rs1799983, VNTR in intron 4, and
SNP rs3918226 [25–27].
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Figure 1. Functionality of the g.-786T>C polymorphism is mediated by RPA1, a gene repressor
protein that binds to NOS3 promoter with more affinity when the C allele is present. Adapted from
Oliveira-Paula [28].

The eNOS is activated by various physiological mediators, including mechanical shear
stress, estrogens, insulin, and acetylcholine, among others. Post-translationally, eNOS
undergoes phosphorylation at several serine (S) and threonine (T) residues, including T497,
S617, S635, and S1177. Of these, phosphorylation at the S1177 residue is the most crucial
mechanism for the physiological regulation of NO production [17].

2.4. Other Participants in the Endothelial Function

The endothelium also produces a wide range of molecules with opposing properties,
such as procoagulant and anticoagulant, inflammatory and anti-inflammatory, fibrinolytic
and antifibrinolytic, as well as oxidizing and antioxidizing agents.

These molecules include endothelin, von Willebrand factor, soluble cellular adhesion
molecules, thrombomodulin, selectins, plasminogen activator inhibitor, angiotensin II,
prostacyclins, platelet endothelial cell adhesion molecule 1, platelet-activating factor, homo-
cysteine, tissue factor, tissue factor pathway inhibitor, monocyte chemoattractant protein,
endothelial-derived hyperpolarizing factor, thromboplastin, paraoxonase, C-type natri-
uretic peptide, thromboxane A2, reactive oxygen species, endothelium-derived contracting
factor, and cyclooxygenases, among others [4].

L-arginine serves as the substrate for NO synthesis mediated by nitric oxide synthase
(NOS). In this context, arginine derivatives are considered markers of endothelial function
and include homoarginine (hArg), asymmetric dimethylarginine (ADMA), and symmetric
dimethylarginine (SDMA). Both ADMA and SDMA reduce the bioavailability of NO. In
contrast, hArg not only acts as a substrate for NOS but also increases the availability of
arginine to the NOS enzyme by inhibiting the enzyme arginase [29].

2.5. Cerebral Endothelium

The endothelial function varies across the arterial system, with endothelial cells being
specialized to meet the specific demands of the tissues they serve. Among these, the
cerebral endothelium is particularly specialized, as it plays a critical role in the formation
and maintenance of the blood–brain barrier. (BBB) [30].

The BBB is a highly specialized and protective interface that separates the circulatory
system from the brain’s extracellular fluid. It is essential for maintaining the unique
microenvironment necessary for proper brain function. The BBB is primarily composed of
endothelial cells (ECs), which are supported by pericytes, astrocytes, neural processes, and
the extracellular matrix, collectively forming the neurovascular unit (NVU). The endothelial
cells of the BBB are distinct in that they lack fenestrations, possess tight junctions, exhibit
minimal pinocytotic activity, and express various enzymes capable of degrading both
harmful and therapeutic molecules [30].
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Figure 2 is a schematic illustration depicting the endothelium and the NO/NOS
pathway under physiological and post-ischemic conditions.

Int. J. Mol. Sci. 2024, 25, 11631 5 of 23 
 

 

exhibit minimal pinocytotic activity, and express various enzymes capable of degrading 
both harmful and therapeutic molecules [30]. 

Figure 2 is a schematic illustration depicting the endothelium and the NO/NOS path-
way under physiological and post-ischemic conditions. 

 
Figure 2. Schematic illustration of the endothelium and the NO/NOS pathway under physiological 
and post-ischemic conditions. In a healthy state, endothelial cells produce nitric oxide (NO) via the 
enzyme nitric oxide synthase (NOS), which helps maintain vascular tone, inhibit platelet aggrega-
tion, and prevent inflammation. In contrast, after ischemia, the NO/NOS pathway may become im-
paired, leading to reduced NO production, endothelial dysfunction, and a shift towards a proin-
flammatory and prothrombotic state. This comparison highlights the critical role of the NO/NOS 
pathway in vascular health and the potential consequences of its disruption following ischemic 
events. Image created in BioRender.com. 

3. Endothelial Dysfunction (ED) 
The term ED refers to a pathological condition characterized by the impaired antico-

agulant and anti-inflammatory functions of the endothelium, as well as disruptions in the 
modulation of vascular growth and regulation of vascular structure. A common initial 
mediator of ED is the impaired expression and activity of endothelial nitric oxide synthase 
(eNOS), leading to reduced availability of nitric oxide (NO). In the cerebral circulation, 
endothelial dysfunction is a prevalent feature in cerebrovascular diseases, significantly 
contributing to their pathophysiology, clinical impact, and prognosis [12]. 

Endothelial function can be evaluated using various methods that examine different 
vascular beds. The fundamental principle of these assessments is to determine how arter-
ies respond to pharmacological or mechanical stimuli. Vasoactive agents such as acetyl-
choline, salbutamol, and bradykinin are used to measure nitric oxide (NO)-dependent 
vasodilation, while adenosine, nitroglycerin, dipyridamole, nitroprusside, and papaver-
ine are employed to assess endothelium-independent vasodilation [31,32]. 

In peripheral circulation, flow-mediated dilation (FMD) of the brachial artery is a 
validated and widely used technique for assessing nitric oxide (NO)-dependent 

Figure 2. Schematic illustration of the endothelium and the NO/NOS pathway under physiological
and post-ischemic conditions. In a healthy state, endothelial cells produce nitric oxide (NO) via the
enzyme nitric oxide synthase (NOS), which helps maintain vascular tone, inhibit platelet aggregation,
and prevent inflammation. In contrast, after ischemia, the NO/NOS pathway may become impaired,
leading to reduced NO production, endothelial dysfunction, and a shift towards a proinflammatory
and prothrombotic state. This comparison highlights the critical role of the NO/NOS pathway in
vascular health and the potential consequences of its disruption following ischemic events. Image
created in BioRender.com.

3. Endothelial Dysfunction (ED)

The term ED refers to a pathological condition characterized by the impaired anticoag-
ulant and anti-inflammatory functions of the endothelium, as well as disruptions in the
modulation of vascular growth and regulation of vascular structure. A common initial
mediator of ED is the impaired expression and activity of endothelial nitric oxide synthase
(eNOS), leading to reduced availability of nitric oxide (NO). In the cerebral circulation,
endothelial dysfunction is a prevalent feature in cerebrovascular diseases, significantly
contributing to their pathophysiology, clinical impact, and prognosis [12].

Endothelial function can be evaluated using various methods that examine different
vascular beds. The fundamental principle of these assessments is to determine how arteries
respond to pharmacological or mechanical stimuli. Vasoactive agents such as acetylcholine,
salbutamol, and bradykinin are used to measure nitric oxide (NO)-dependent vasodilation,
while adenosine, nitroglycerin, dipyridamole, nitroprusside, and papaverine are employed
to assess endothelium-independent vasodilation [31,32].

In peripheral circulation, flow-mediated dilation (FMD) of the brachial artery is a
validated and widely used technique for assessing nitric oxide (NO)-dependent endothelial
function [33]. This non-invasive method evaluates the ability of arteries to release endothe-
lial NO in response to reactive hyperemia, which occurs following a 5-min occlusion of
the brachial artery using a blood pressure cuff [32]. A comprehensive description of the
FMD technique can be found in the consensus guidelines established by the International
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Brachial Artery Reactivity Task Force [34]. FMD is typically reduced in patients with
atherosclerosis and other vascular risk factors, has been linked to an increased risk of
developing new vascular events, and shows improvement with therapies targeting these
risk factors [35,36].

Studies of microvascular function often involve the use of disposable, modified plethys-
mographic probes placed on the index fingers to measure the digital pulse waveform before
and after occlusion of the brachial artery [37]. The values obtained pre- and post-occlusion
are used to calculate the reactive hyperemia index (RHI), which has been shown to have a
linear relationship with the occurrence of cardiovascular events [38].

In the context of cerebral circulation, endothelial function can be assessed by measur-
ing cerebrovascular reactivity (CVR), which is defined as the percentage increase in cerebral
blood flow (CBF) in response to a vasodilatory stimulus. Several techniques are available
to evaluate changes in CBF, including positron emission tomography (PET), single-photon
emission computed tomography (SPECT), xenon-computed tomography (Xe-CT), dynamic
perfusion computed tomography, magnetic resonance imaging (MRI) with dynamic suscep-
tibility contrast, arterial spin-labeling (ASL), and transcranial Doppler (TCD) [39]. Among
these methods, SPECT, PET, and Xe-CT provide quantitative and regionally specific CBF
data, but they are expensive and not widely accessible. In contrast, TCD is a non-invasive,
low-cost bedside test that is widely available.

There is currently no consensus on the gold standard for assessing endothelial func-
tion in the cerebral circulation. L-arginine, a precursor of NO, can induce endothelium-
dependent vasodilation and increase CBF, as measured by TCD [40]. Acetazolamide, a
carbonic anhydrase inhibitor that slowly penetrates the blood–brain barrier, acts as a cere-
bral vasodilator. The acetazolamide test measures peak CBF augmentation 10–15 min after
intravenous bolus administration, with a CBF increase of less than 10% or an absolute
change of less than 10 mL/100 g/min considered pathological [39]. NG-monomethyl-L-
arginine (L-NMMA), a non-selective inhibitor of all nitric oxide synthase (NOS) isoforms,
is expected to decrease CBF following its administration [41].

A study comparing systemic endothelial function in hypertensive patients using
FMD, intima-media thickness (IMT), and cerebral endothelial function found a correlation
between IMT and the response to L-arginine (L-Arg), but not between L-Arg and FMD.
This suggests that cerebral endothelial function is highly specific and, to some extent,
independent of systemic endothelial function [42].

In coronary arteries, the assessment of endothelium-dependent vasodilation is typ-
ically conducted angiographically, using Doppler flow measurements to evaluate the
response to endothelium-dependent agonists, primarily acetylcholine [32].

Another approach to indirectly evaluate endothelial function involves measuring
molecules that are believed to play a key role in this process. These molecules include
various blood biomarkers and specific cell subtypes, such as ischemia-modified albumin,
pentraxin-3, E-selectin, angiopoietin, endothelial cell-specific molecule 1, arginine deriva-
tives, von Willebrand factor, endothelial microparticles, and endothelial progenitor cells,
among others [4].

4. Endothelial Function and Stroke
4.1. Physiopathology of Stroke and Endothelial Function

Stroke occurs as a consequence of disrupted blood flow in cerebral blood vessels. The
endothelium, a critical component of these vessels, plays a pivotal role in the physiopathol-
ogy of stroke.

Nitric oxide release following acute cerebral ischemia can have both beneficial and
detrimental effects. Increased eNOS activity post-stroke appears to be neuroprotective.
NO, released by eNOS, exerts a potent vasodilatory effect, inhibits platelet aggregation,
and reduces leukocyte–endothelial adhesion. In support of this, animal models of stroke
lacking eNOS expression (eNOS knockout models) exhibit significantly larger infarcts [43].
Conversely, administering NO donors, such as L-arginine or sodium nitroprusside, in these
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models results in smaller cerebral infarcts [44]. However, high concentrations of NO pro-
duced by neuronal nitric oxide synthase (nNOS) or inducible nitric oxide synthase (iNOS)
have neurotoxic effects through both direct and indirect mechanisms. nNOS expression
increases rapidly following an ischemic event, whereas iNOS expression rises several hours
later [45]. Detrimental NO produced by nNOS and iNOS quickly reacts with superoxide to
form peroxynitrite, a potent oxidant that is highly cytotoxic. Furthermore, NO promotes the
release of iron from cellular stores, enhances iron-mediated lipid oxidation, and contributes
to cellular energy depletion by disrupting mitochondrial enzymes and nucleic acids. The
release of NO itself can also trigger neuronal apoptosis [46]. In line with these findings,
nNOS-deficient mice subjected to cerebral ischemia-reperfusion show smaller infarcts and
experience higher relative cerebral blood flow after reperfusion, suggesting a role for nNOS
in early BBB disruption [47].

Additionally, the inflammatory response following a stroke triggers the release of
cytokines, including tumor necrosis factor-α (TNF-α), interleukins (ILs), and interferon-
γ (IFN-γ). This cytokine release leads to endothelial activation, which is characterized
by increased vascular permeability, impaired NO signaling, and subsequent vasomotor
dysfunction [48]. Under conditions of heightened oxidative stress, a deficiency in essential
co-factors, particularly tetrahydrobiopterin (BH4), shifts the production of superoxide
instead of NO—a process known as eNOS uncoupling. This uncoupling contributes to
ED [48].

4.2. Endothelial Dysfunction in Ischemic Stroke
4.2.1. The Role of Endothelial Dysfunction in Stroke Initiation

Endothelial dysfunction in stroke leads to oxidative stress, inflammation, increased
vascular tone, BBB damage, and further cerebral complications. ED is also a key feature
in chronic conditions such as atherosclerosis and hypertension. It is well established that
endothelial function is impaired early in the development of atherosclerosis, even before
morphological changes occur—a process closely linked to stroke [49]. Studies have shown
that patients with traditional vascular risk factors for stroke, such as arterial hypertension,
diabetes, and smoking, exhibit impaired systemic endothelial function [50,51].

A cohort study of older adults followed for five years found that FMD levels correlated
with the occurrence of vascular events globally, and specifically with stroke events [36].

In the context of genetics and stroke, research examining the association between
eNOS polymorphisms and ischemic stroke (IS) risk has yielded conflicting results, which
appear to vary across different ethnic groups [52,53].

Regarding the assessment of ED in stroke, systemic ED—characterized by reduced
forearm vasodilation in response to acetylcholine [54] and cerebral ED, evidenced by
decreased cerebrovascular reactivity to L-arginine, are both observed in patients who
have had a stroke [55]. Peripheral ED, assessed through the reactive hyperemia index,
has also been identified in patients who have had a stroke and is correlated with ADMA
levels [56]. Furthermore, serum levels of endothelial markers and adhesion molecules,
including plasma activity of von Willebrand factor, serum levels of thrombomodulin, and
plasma concentrations of P-selectin and E-selectin, are elevated in the acute phase of stroke,
indicating endothelial cell activation [57].

Specific studies comparing cerebral versus systemic ED in patients who have had a
stroke are limited. However, in patients with arterial hypertension, no correlation has been
found between cerebral and systemic ED [42].

4.2.2. Endothelial Dysfunction in Stroke Subtypes

Regarding stroke subtypes, several studies have suggested an association between
lacunar IS and ED. Both systemic and cerebral endothelial function are more impaired
in patients with lacunar stroke compared to healthy controls and patients with similar
vascular risk factors [58,59]. ED, assessed by FMD and reactivity to L-arginine, has also
been reported in patients who have had a stroke with carotid stenosis, with improvements
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observed months after endarterectomy [49,60]. Interestingly, patients with atrial fibrillation
showed significantly better FMD results than those without it, suggesting that ED may not
be directly related to cardioembolic stroke [61].

Additionally, individuals with leukoaraiosis exhibit significant impairments in both
cerebral (cerebrovascular reactivity to L-arginine) and systemic (FMD) endothelial function,
with the severity of ED correlating with the extent of leukoaraiosis [62]. Patients with
leukoaraiosis also present the highest levels of serum markers of endothelial activation
compared to other stroke subtypes [63].

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoen-
cephalopathy (CADASIL) is an autosomal dominantly inherited cause of stroke [64]. In
CADASIL, degeneration of vascular smooth muscle cells occurs while the endothelium
remains morphologically normal [65]. Patients with CADASIL demonstrate reduced base-
line CBF and impaired hemodynamic reserve due to endothelium-independent vascular
dysfunction. This was suggested by a study that found decreased dermal blood flow
response to capsaicin, a molecule that induces relaxation of vascular smooth muscle cells in
the skin, while no ED was detected through FMD, a method that assesses NO-dependent
vasodilation [66].

Overall, the role of the endothelium may vary across different stroke etiologic subtypes.
However, an important question arises as to whether these associations merely reflect the
influence of vascular risk factors in patients who have had a stroke rather than being
independently related to the disease and its specific subtypes as has been proposed.

4.2.3. Endothelial Dysfunction and Stroke Severity and Prognosis

Regarding stroke severity and prognosis, a study involving 120 patients who have
had a stroke found that FMD levels negatively correlated with stroke severity, with median
FMD levels being lower in patients with poor outcomes [67]. A subsequent study by the
same authors reported a correlation between systemic endothelial dysfunction, as assessed
by FMD, and the risk of vascular events during follow-up [68].

Similarly, increased NO metabolites in cerebrospinal fluid (CSF) were associated with
greater brain injury and early neurological deterioration in patients who had a stroke [69].

Table 1 provides a summary of the most commonly used techniques to assess systemic
and cerebral endothelial function, along with studies conducted in patients who have had
a stroke.

Regarding arginine derivatives, ADMA and SDMA are associated with an increased
risk and incidence of ischemic stroke (IS), and their elevation post-stroke contributes to
secondary brain injury. In contrast, H-Arg is inversely associated with adverse events and
mortality in cerebrovascular diseases and may represent a modifiable protective factor [29].

Endothelial progenitor cells (EPCs) also appear to play a significant role in stroke.
Vascular risk factors are linked to a decrease in EPC levels [70], and patients who have had
a stroke exhibit lower numbers of EPCs at stroke onset compared to healthy controls [71].
Furthermore, it has been observed that in response to acute ischemic stroke (AIS), the
body increases circulating EPC levels by mobilizing these cells from their niches [72,73].
Higher levels of circulating EPCs are associated with better prognosis in AIS, with one
study showing that patients with higher numbers of circulating EPCs had smaller ischemic
lesions and a higher likelihood of neurological improvement and favorable outcomes at 7
and 90 days [74]. Additionally, in patients undergoing carotid endarterectomy, EPC levels
have been shown to play a crucial role in carotid plaque growth and vulnerability [75].

The unique characteristics of the cerebral endothelium have been proposed as a
potential underlying reason for the increased incidence of cerebrovascular complications
associated with COVID-19 infection [76]. Additionally, a subset of patients with post-
COVID-19 syndrome exhibit diminished reactive hyperemia index (RHI) and altered
endothelial biomarkers, suggesting that endothelial dysfunction may play a significant role
in the pathophysiology of this condition [77].
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Table 1. Most commonly used techniques to assess systemic and cerebral endothelial function and
studies in patients who have had a stroke.

Vascular Bed Technique Stimulus
(Examples) Advantages Disadvantages Studies in Stroke

Systemic—
brachial artery FMD

Reactive
hyperemia

Nytroglicerin
ACh

Non-invasive
inexpensive

Interobserver and
intraobserver

variability
Lack of

standarization

[37,54,56,58,59,61,
62,66–68]

Systemic—
microvascular

circulation

Disposable
pletismographic

probes

Reactive hiperemia
Capsaicin

Reproducibility
Easy, automated Expensive [66]

Venous occlusion
pletismography Ach

Contralateral arm
as control

Dose response
relationship

Invasive
Time consuming --

Cerebral
circulation

Transcranial
doppler

sonography

L-Arginine
l-NMA

Acetazolamide

Inexpensive
Reproducible
Availability

CO2 dependent
Intravenous infusion

Adverse events to
drugs

[49,58–60,62]

PET, SPECT,
Xe-CT, perfusion

CT, perfusion MRI

L-Arginine
l-NMA

Acetazolamide

Quantitative
Regionally specific

information

Expensive
Not widely accesible --

Coronary
circulation Doppler wires

Ach
Adenosine
Papaverine

Direct assessment
of the coronary

circulation

Invasive
Expensive

Time intensive
Limited to those

undergoing coronary
angiography

--

Ach: acetylcholine; l-NMA: NG-methyl-L-arginine; FMD: flow mediated dilation; CT: cranial tomography; MRI:
magnetic resonance imaging.

Overall, ED is a critical factor in the physiopathology of stroke. It is associated with an
increased risk of stroke, with this correlation varying among different stroke subtypes, and
provides valuable information about stroke outcomes and prognosis.

Given this, could the assessment of endothelial function be utilized in personalized
medicine to enhance risk profiling in patients with ischemic stroke, thereby complementing
traditional vascular risk factors?

4.3. Reperfusion Therapies and Endothelial Dysfunction

Currently, reperfusion therapies, including the intravenous administration of fibri-
nolytic agents and endovascular thrombectomy, are the most effective treatments for stroke.
However, approximately half of the patients receiving these therapies do not achieve a
definitive clinical benefit and are not functionally independent 90 days post-stroke [78].
Hemorrhagic transformation (HT) is more likely with recanalization treatments and is
known to contribute to a worse stroke prognosis [79].

Endothelial dysfunction could play a role in the effectiveness and outcomes of recanal-
ization therapies. First, when blood flow is restored to previously ischemic tissue, it can
trigger reperfusion injury, which is characterized by inflammation and oxidative stress.
Endothelial dysfunction can exacerbate this injury by contributing to the breakdown of the
blood–brain barrier, increased production of ROS, and heightened inflammatory responses.
This can worsen tissue damage even after successful recanalization [80]. Second, a healthy
endothelium maintains the integrity of the BBB, and when ED is present, the BBB may be
compromised, increasing the risk of HT and cerebral edema following recanalization [81].
Third, in ED, reduced NO bioavailability can impair vasodilation, limiting the effective-
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ness of recanalization therapies as adequate NO levels are necessary for optimal blood
flow restoration to ischemic regions. Fourth, ED is associated with a prothrombotic state,
increasing the risk of reocclusion after recanalization [5]. Fifth, thrombus removal using
stent retrievers is associated with gadolinium vessel enhancement and BBB disruption
in about 50% of patients, suggesting that local endothelial damage increases with the
number of stent passes and the use of alteplase [82]. And last, half of the thrombi retrieved
from patients treated with stent retrievers contain endothelial cells, indicating endothelial
damage secondary to direct mechanical injury from thrombectomy [83].

The role of the endothelium’s condition prior to recanalization therapies rather than
after in modulating the response to these treatments remains unclear.

It is also worth noting that arginine is listed as one of the ingredients in the commercial
formulations of alteplase and tenecteplase, Actylise* and Metalyse*, the two widely used
intravenous thrombolytic agents in ischemic stroke. Although the exact amount of arginine
in each product is not disclosed by the manufacturer, this component could theoretically
enhance nitric oxide (NO) bioavailability and amplify the beneficial effects of these drugs
through a mechanism distinct from their thrombolytic properties. However, this remains
speculative, as no specific research has been conducted to confirm this hypothesis.

In summary, ED can negatively affect the success of recanalization therapies by in-
creasing reperfusion injury, compromising the blood–brain barrier, impairing vasodilation,
promoting a prothrombotic state, and enhancing inflammatory responses.

4.4. Collateral Response to Stroke and Endothelial Dysfunction

Stroke induces focal hypoperfusion, prompting the brain to activate compensatory
mechanisms aimed at preserving blood flow in ischemic tissue. One such mechanism is the
recruitment of collateral blood vessels [84].

Collateral circulation has been shown to influence the prognosis of patients who
have had a stroke. The presence of robust collateral vessels is associated with higher
recanalization rates, smaller infarct sizes, and better clinical outcomes in IS patients, both
with and without reperfusion therapies [85,86]. However, the collateral response varies
among individuals, and the specific factors contributing to this variability are not fully
understood, though it is believed that the endothelium may play a significant role.

The 786T>C NOS3 polymorphism, previously mentioned, has been linked to poorer
collateral circulation in coronary arteries [87]. However, no studies have yet assessed the
relationship between this or other NOS3 polymorphisms and cerebral collaterals in stroke.

Interestingly, rapamycin has been shown to increase collateral perfusion and reperfu-
sion cerebral blood flow in both Wistar rats and comorbid spontaneously hypertensive rats.
This effect appears to be mediated by enhanced eNOS activation, as it was blocked by the
non-specific NOS inhibitor L-NAME [88].

4.5. Blood–Brain Barrier Disruption, Endothelium, and the Risk of Hemorrhagic Transformation
After Stroke

Hemorrhagic transformation (HT) is a common and natural consequence of infarction,
likely driven by multiple factors [79]. Structurally, evidence suggests that the primary
mechanism leading to blood extravasation is the disruption of the BBB. During cerebral
ischemia, astrocytes express NOS, which contributes to the formation of peroxynitrite,
leading to BBB breakdown, vasogenic edema, and subsequent HT [81]. However, no clinical
studies have specifically examined the role of the NO/NOS pathway in HT following stroke,
whether treated with recanalization therapies or not.

Interestingly, a study from our laboratory found that carriers of the SNP rs2070744
T allele had a higher risk of hemorrhagic transformation after endovascular therapy in
patients with acute IS [89]. One possible explanation for this finding is that T allele carriers
exhibit lower affinity for RPA1, leading to reduced inhibition of the eNOS gene promoter
and consequently higher levels of NO. Since NO is a potent vasodilator, this increased
vasodilation could potentially facilitate hemorrhagic transformation after recanalization.
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However, this hypothesis remains to be tested. In this context, higher NO levels could be
associated with treatment complications and worse clinical outcomes.

4.6. Age, Stroke, and Endothelial Cell Senescence

The increased prevalence of cardiovascular disease with advancing age is partly due to
endothelial aging, also known as “endothelial senescence”. Endothelial cell (EC) senescence
is a pathophysiological process characterized by structural and functional changes in the
endothelium, leading to increased intercellular permeability, arterial stiffness, impaired
angiogenesis and vascular repair, and dysregulation of vasodilation and vasoconstriction
responses.

This age-related process is mediated by various molecules, including sirtuins and
klotho. Sirtuins are a group of silent information regulator 2 proteins with nicotinamide
adenine dinucleotide (NAD+)-dependent deacetylase and ADP-ribosyltransferase activities,
playing roles in DNA repair, EC senescence, cell cycle regulation, and overall organism
longevity. Klotho is an anti-aging gene, and its protein expression in plasma is reduced
in conditions such as coronary artery disease, stroke, heart failure, and peripheral arterial
disease. Genetic and epigenetic changes contributing to EC senescence include telomere
shortening, DNA methylation, and histone acetylation [90] (Figure 3).

Int. J. Mol. Sci. 2024, 25, 11631 11 of 23 
 

 

Interestingly, a study from our laboratory found that carriers of the SNP rs2070744 T 
allele had a higher risk of hemorrhagic transformation after endovascular therapy in pa-
tients with acute IS [89]. One possible explanation for this finding is that T allele carriers 
exhibit lower affinity for RPA1, leading to reduced inhibition of the eNOS gene promoter 
and consequently higher levels of NO. Since NO is a potent vasodilator, this increased 
vasodilation could potentially facilitate hemorrhagic transformation after recanalization. 
However, this hypothesis remains to be tested. In this context, higher NO levels could be 
associated with treatment complications and worse clinical outcomes. 

4.6. Age, Stroke, and Endothelial Cell Senescence 
The increased prevalence of cardiovascular disease with advancing age is partly due 

to endothelial aging, also known as “endothelial senescence”. Endothelial cell (EC) senes-
cence is a pathophysiological process characterized by structural and functional changes 
in the endothelium, leading to increased intercellular permeability, arterial stiffness, im-
paired angiogenesis and vascular repair, and dysregulation of vasodilation and vasocon-
striction responses. 

This age-related process is mediated by various molecules, including sirtuins and 
klotho. Sirtuins are a group of silent information regulator 2 proteins with nicotinamide 
adenine dinucleotide (NAD+)-dependent deacetylase and ADP-ribosyltransferase activi-
ties, playing roles in DNA repair, EC senescence, cell cycle regulation, and overall organ-
ism longevity. Klotho is an anti-aging gene, and its protein expression in plasma is re-
duced in conditions such as coronary artery disease, stroke, heart failure, and peripheral 
arterial disease. Genetic and epigenetic changes contributing to EC senescence include 
telomere shortening, DNA methylation, and histone acetylation [90] (Figure 3). 

 
Figure 3. Mechanisms by which endothelial cells become senescent and their characteristics. 

Elderly individuals, compared to younger subjects, exhibit impaired CBF, which 
seems to be dependent on the NO pathway. A study found that the infusion of L-NMMA, 
an NOS inhibitor, significantly decreased CBF and increased CVR in older subjects but 
had no effect on CBF in younger participants. This suggests that the regulation of CBF in 
the elderly may rely more heavily on the integrity of the NO pathway [91]. 

EC senescence plays a critical role in aging-induced vascular dysfunction, contrib-
uting to the initiation, progression, and advancement of cardiovascular diseases. Specifi-
cally, stroke incidence increases dramatically with age, and age is a major prognostic fac-
tor in stroke [90]. EC senescence may therefore underlie the increased incidence and poor 

Figure 3. Mechanisms by which endothelial cells become senescent and their characteristics.

Elderly individuals, compared to younger subjects, exhibit impaired CBF, which seems
to be dependent on the NO pathway. A study found that the infusion of L-NMMA, an
NOS inhibitor, significantly decreased CBF and increased CVR in older subjects but had
no effect on CBF in younger participants. This suggests that the regulation of CBF in the
elderly may rely more heavily on the integrity of the NO pathway [91].

EC senescence plays a critical role in aging-induced vascular dysfunction, contributing
to the initiation, progression, and advancement of cardiovascular diseases. Specifically,
stroke incidence increases dramatically with age, and age is a major prognostic factor in
stroke [90]. EC senescence may therefore underlie the increased incidence and poor prog-
nosis of stroke in older patients. However, no studies to date have specifically investigated
this hypothesis.
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5. Therapeutic Approaches Regarding Endothelial Dysfunction and Stroke

Given the involvement of the endothelium and its components in stroke pathophys-
iology and prognosis, the NO-endothelium pathway has been considered a promising
therapeutic target in stroke management.

These therapeutic strategies encompass a combination of preventive measures, lifestyle
modifications, and specific medical interventions; a summary can be found in Table 2.

Table 2. Summary of the therapeutic approaches in the field of the NO endothelium pathway
and stroke.

Medical Interventions Non-Pharmacological
Strategies Cell Based Therapies Lifestyle Modifications

Glyceryl trinitrate Sphenopalatine ganglion
(SPG) stimulation Administration of EPCs Physical exercise

L-arginine Repetitive transcranial
magnetic stimulation

EPC-derived exosomes and
secretomes Dietary patterns

BH4 Ischemic preconditioning Salt reduction

Statins Near-infrared laser treatment Body weight reduction

NOS enzyme inhibitors Smoking cessation

- Medical interventions:

Exogenous NO has the potential to mimic the effects of eNOS-derived NO without
contributing to neurotoxicity. NO donors could be neuroprotective by increasing NO levels,
enhancing capillary blood flow through vasodilation, and improving oxygen delivery to
ischemic tissue [92].

Glyceryl trinitrate (GTN) functions as a nitric oxide donor and acts as both a systemic
and cerebral vasodilator. The effects of transdermal GTN administration have been investi-
gated across six randomized clinical trials involving patients who have had a stroke [93,94].
A systematic review and meta-analysis of these trials demonstrated that transdermal GTN
lowers blood pressure in acute stroke settings but does not significantly influence clinical
outcomes, even when administered in the ultra-early phase of stroke (≤6 h).

An individual patient data metanalysis including patients from 3 of those 7 trials
evaluated the use of nitroglycerin patches in the setting of reperfusion treatment for AIS.
The application of transdermal nitrates did not improve functional outcomes at 90 days, and
the rates of hemorrhagic transformation were similar to those in the control group [93–95].

The two clinical trials investigating the prehospital administration of transdermal
nitrates in patients with presumed stroke reported no benefit in reducing dependency
in patients who have had a stroke and, in fact, found worse outcomes in patients with
hemorrhagic stroke. These trials were RIGHT-2 (Rapid Intervention with Glyceryl Trinitrate
in Hypertensive Stroke Trial-2) [96] and MR ASAP (Prehospital transdermal glyceryl
trinitrate in patients with presumed acute stroke) [97].

Alternative routes for GTN administration, including intravenous infusion in the
RIGID trial and intra-arterial delivery in the AGAIN trial, have also been evaluated. The
RIGID trial demonstrated improvements in NIHSS score recovery, while the AGAIN trial
showed reductions in infarct volume. However, the clinical significance of these findings
remains limited due to the small sample sizes in both studies [98,99].

The administration of L-arginine, a substrate for NO synthesis, in the rat middle
cerebral artery occlusion (MCAO) model has been shown to increase blood flow and
reduce tissue damage [100,101]. However, some studies have reported contradictory
results with L-arginine administration [102]. This discrepancy may be due to the fact that
L-arginine enhances NO synthesis across all three isoforms of NOS, potentially leading to
the production of neurotoxic NO by inducible iNOS or nNOS, which could counteract the
neuroprotective effects of endothelial eNOS activation [103].
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BH4 is a key regulator of eNOS, and increasing vascular BH4 levels through phar-
macological supplementation has been shown in experimental studies to enhance NO
bioavailability [104]. In stroke-prone spontaneously hypertensive rats, intravenous infu-
sion of BH4 significantly improved vasodilatory responses to acetylcholine [105].

Other pharmacological agents aimed at increasing NO bioavailability with preclinical
evidence include DETA/NONOate [106], sodium nitroprusside [107,108], 3-morpholinosy-
dnonimine [109,110], ZJM-289 [111], or LA-419 [112,113]. These agents have been shown to
increase cell proliferation and/or reverse ischemia-induced tissue damage in the rat brain
by stimulating eNOS activity while simultaneously suppressing nNOS and iNOS functions.
However, clinical studies on these agents remain sparse and inconclusive.

Edaravone, a neuroprotective agent that acts as a free radical scavenger, including
scavenging harmful NO and its oxidative metabolites, has been used to treat AIS. Adminis-
tration of edaravone within 72 h of AIS has shown clinical benefits in three clinical trials.
However, a Cochrane review highlighted a moderate risk of bias and small sample sizes in
these studies, calling for larger, high-quality trials to confirm these findings [114].

Pharmacogenetic research found statins can increase eNOS expression and NO pro-
duction [115]), with the effect being modulated by NOS3 polymorphisms. Statins were
found to increase NOS3 mRNA levels more significantly in cultured endothelial cells with
the CC genotype of the g.−786T>C polymorphism compared to those with the TT geno-
type [109]. Additionally, a study in hypertensive patients demonstrated that statin therapy
improved cerebral endothelial function more than systemic endothelial function [116].
In this regard, there is ongoing debate about the potential increased risk of intracranial
hemorrhage associated with statin use [117].

Selective inhibition of nNOS and iNOS activities is considered a promising approach
for stroke treatment. N(ω)-nitro-L-arginine methyl ester (L-NAME) and 7-nitroindazole
(7-NI) are NOS/nNOS inhibitors, while aminoguanidine inhibits iNOS. Preclinical evidence
for these NOS enzyme inhibitors is well documented [118], but no clinical evidence is
available from AIS patients.

- Non-pharmacological strategies

Sphenopalatine ganglion (SPG) stimulation triggers the release of neurotransmitters,
including NO, which have vasodilatory effects. This approach aims to improve collateral
vasodilation, stabilize the BBB, reduce edema, and promote neuroplasticity [119]. The
efficacy of SPG stimulation as a therapeutic option for stroke was evaluated in a randomized,
double-masked, sham-controlled trial involving 1000 patients with anterior circulation IS,
but the results were inconclusive [120].

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive brain stim-
ulation technique that has shown positive effects on functional recovery in patients who
have had a stroke [121]. While the exact mechanisms underlying this beneficial effect are
not fully understood, a study using a rat stroke model demonstrated that rTMS promoted
long-term angiogenesis and reduced apoptosis in vascular EC [122].

Ischemic preconditioning exerts significant protective effects on endothelial function
and cerebral blood flow. In focal brain ischemia models, ischemic preconditioning has been
shown to enhance cerebral perfusion and penumbral blood flow, leading to improved re-
covery of cerebral blood flow during the post-ischemic phase [123]. These protective effects
are mediated by the nitric oxide (NO) system [124]. Studies have demonstrated increased
immunoreactivity of inducible nitric oxide synthase (NOS) in the cerebral vasculature 24
h after ischemic preconditioning [125]. Furthermore, the protective effects are abolished
when endothelial NOS is blocked or in NOS-deficient knockout mice, underscoring its
essential role [126].

Additionally, a recent study using near-infrared laser treatment in a mouse stroke
model found that it improved cerebral blood flow and stroke outcomes, with the involve-
ment of eNOS phosphorylation [127].
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- Cell based therapies

EPC-based therapy has been explored in both animal and clinical studies. In vitro
and animal models of middle cerebral artery occlusion have shown that direct intra-
venous administration of EPCs reduces stroke size and promotes beneficial compensatory
mechanisms, such as restoring BBB integrity [128,129]. Recent refinements to this ther-
apeutic approach have been tested, including virally transfecting EPCs with cytokines
like adiponectin [130] or CXCL12 [131] to enhance their beneficial properties, resulting in
better outcomes compared to intravenous administration alone. Additionally, the magnetic
vectorization of EPCs has been evaluated, yielding promising results [132].

In humans, evidence for EPC-based therapy is still limited. A small clinical trial in-
volving 18 patients reported slight neurological improvements in the treatment group [133].
Ongoing studies with larger sample sizes are anticipated to provide more conclusive re-
sults. However, there are significant challenges with direct intravenous infusion of EPCs,
including the large number of cells required and the potential risk of tumorigenesis. To
address these concerns, alternative methods of promoting EPC activity are being investi-
gated as potentially safer and more reliable approaches. One promising approach is the
use of EPC-derived exosomes and secretomes, which have shown encouraging results in
preclinical studies, though clinical evidence in humans is still lacking [134]. Additionally,
some drugs are known to promote EPC mobilization; for instance, G-CSF mobilizes EPCs
from the bone marrow to peripheral blood vessels. However, a phase IIb trial did not
demonstrate significant neurological improvement in patients who have had an ischemic
stroke treated with G-CSF [135].

Overall, existing evidence from both preclinical and clinical studies supports the
potential of EPCs as a therapeutic target, though progress in clinical applications has
been slow.

- Lifestyle modification

Given the strong link between unhealthy lifestyle patterns and the deterioration of
endothelial function [136], it is unsurprising that numerous epidemiological studies using a
variety of methodological approaches suggest that lifestyle modifications can significantly
improve endothelial function. These changes could be crucial not only in preventing
vascular diseases, including stroke, but also in improving clinical outcomes.

Lifestyle changes known to improve endothelial function include regular aerobic
exercise, body weight reduction, decreased salt intake, and smoking cessation.

Physical exercise, particularly at moderate and vigorous intensities, enhances endothe-
lial function as measured by FMD [137,138]. During exercise, the production, bioavailability,
and synthesis of NO in endothelial cells increase, resulting in the relaxation of vascular
smooth muscle [138]. Recently, high-intensity interval training (HIIT) has gained popularity
as an alternative to moderate-intensity exercise. HIIT is suggested to be more effective than
moderate-intensity exercise in improving vascular function [139,140].

Dietary patterns prioritizing fruit and vegetables, whole grains, low-fat dairy, and
moderate consumption of lean meats (e.g., the Mediterranean and DASH diets) can reduce
the risk of vascular diseases by improving endothelial function [141,142]. A modest reduc-
tion in dietary salt intake of 3 g/day has been shown to enhance endothelial function in
normotensive overweight and obese individuals. This effect may be mediated by changes in
serum endothelin-1 levels [143]. A randomized cross-over study found that salt reduction
improves endothelium-dependent vasodilation in normotensive subjects independently of
the changes in blood pressure [144]. Dietary potassium supplement improves endothelial
function with a significant increase in FMD, as shown by a meta-analysis of intervention
studies [145]. Regarding vegetarian diets, the majority of the available literature suggests
inefficacy in ameliorating vascular health and endothelial function markers [146]. The effect
of magnesium supplementation on endothelial function was assessed in a randomized
cross-over study with negative results [147].
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A more comprehensive review on different types of diet and their impact on vascular
health and endothelial function can be found elsewhere [148].

Weight loss improves endothelial-dependent vasodilation through an increased re-
lease of nitric oxide in obese hypertensive patients [149]. In this line, surgically induced
weight loss with bariatric surgery significantly improved FMD that increased with time,
and the resultant improvement in endothelial function was independent of weight loss or a
reduction in blood pressure [150].

Smoking cessation leads to prolonged improvements in endothelial function, which
may mediate part of the reduced cardiovascular disease risk observed after smoking
cessation [151,152].

These interventions not only enhance endothelial health but also contribute to overall
cardiovascular well-being, making them essential components of stroke prevention and
treatment strategies.

- Combination therapies

There is growing optimism that combination therapies may offer greater efficacy in
stroke treatment. Utilizing agents or approaches with different mechanisms of action
simultaneously could help mitigate adverse side effects while enhancing beneficial impacts
through synergistic effects. For example, combining anti-inflammatory agents with thera-
pies targeting the NO pathway might amplify the therapeutic benefits and provide a more
comprehensive approach to stroke treatment.

Previous neuroprotection trials may have failed in acute IS due to the absence of
successful recanalization in treated patients. Since ischemic tissue inevitably progresses to
infarction if blood flow is not restored, achieving adequate reperfusion is likely a prerequi-
site for recovery, with or without additional neuroprotective interventions. The four main
therapeutic targets for neuroprotection are the reduction of excitotoxicity, oxidative stress,
inflammation, and cellular apoptosis. In patients who achieve sufficient recanalization, an
additional focus is on mitigating reperfusion injury.

With the advent of intravenous thrombolysis (IVT) and endovascular therapy (EVT),
there is now an opportunity to investigate drugs with neuroprotective properties in con-
junction with reperfusion therapies. However, studies that specifically assess the effects of
neuroprotective agents as an adjunct to IVT and/or EVT remain limited. Future neuropro-
tection research should include standardized functional outcome measures and consider
combining neuroprotective agents with reperfusion therapies in AIS or plan prespecified
subgroup analyses for patients undergoing treatment with IVT and/or EVT.

6. Future Perspectives and Unanswered Questions in the Endothelial
Dysfunction–Stroke Relationship

Despite recent advances in treatment options and intervention programs, stroke
remains a highly prevalent and devastating condition with significant socioeconomic
impact. The need for biomarkers that can support individualized stroke patient care in the
context of precision medicine is becoming increasingly apparent, and the NO/endothelium
pathway may offer a unique opportunity in this regard.

Ongoing research continues to explore the intricate relationship between ED and
stroke, encompassing its pathophysiology, subtypes, prognosis, and response to therapies.
Although considerable progress has been made, many questions remain unanswered, and
several areas of uncertainty persist.

A key issue yet to be clarified is whether ED acts as an independent risk factor for
stroke or if it merely reflects the influence of traditional vascular risk factors in a given
patient. Consequently, it is still uncertain whether ED could be effectively leveraged to
enhance personalized stroke care.

Recanalization therapies have revolutionized stroke management and prognosis,
providing a new and promising scenario for testing potential therapeutic strategies. This
has spurred the search for neuroprotective agents designed to maximize the benefits of
ischemia-reperfusion while mitigating its associated risks.
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The NO/NOS pathway plays a central role in stroke pathophysiology, offering va-
sodilatory and antithrombotic benefits but also posing risks such as blood–brain barrier
(BBB) disruption and neurotoxicity. In the context of recanalization therapies, the NO/NOS
pathway may be critical in both ischemic and reperfusion injuries, exerting effects that can
be either beneficial or detrimental depending on the circumstances. Collateral response
and hemorrhagic transformation are key determinants of interindividual differences in
prognosis following recanalization therapies, with the NO/NOS pathway significantly
influencing both, as highlighted in this review.

The impact of aging on stroke prognosis is well established, and the concept of
endothelial senescence may help explain the mechanisms underlying the increased vul-
nerability to stroke and its treatments in older populations, opening new and promising
therapeutic avenues.

Many therapeutic strategies under investigation for stroke focus on or involve the
NO-endothelium pathway, with varying results. However, none have been integrated into
routine clinical practice. A deeper understanding of the NO-endothelium pathway’s dual
roles in different stages of the disease and, in the context of recanalization therapies, could
lead to more effective clinical trials and better-guided therapeutic strategies—an important
goal of this review.

Bridging the gap between scientific research and clinical practice by translating promis-
ing findings into effective preventive and therapeutic strategies for those at risk of stroke
due to ED is crucial, with particular emphasis on elderly patients and those with vascular
risk factors. Recent technological advancements, which have led to the development of new
and enhanced research techniques, along with ongoing clinical trials, may help address
some of the existing uncertainties in this field, especially concerning personalized medicine.
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62. Zupan, M.; Šabović, M.; Zaletel, M.; Popovič, K.Š.; Žvan, B. The presence of cerebral and/or systemic endothelial dysfunction in
patients with leukoaraiosis—A case control pilot study. BMC Neurol. 2015, 15, 158. [CrossRef] [PubMed]

63. Hassan, A.; Hunt, B.J.; O’Sullivan, M.; Parmar, K.; Bamford, J.M.; Briley, D.; Brown, M.M.; Thomas, D.J.; Markus, H.S. Markers
of endothelial dysfunction in lacunar infarction and ischaemic leukoaraiosis. Brain J. Neurol. 2003, 126, 424–432. [CrossRef]
[PubMed]

64. Ruchoux, M.M.; Maurage, C.A. CADASIL: Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoen-
cephalopathy. J. Neuropathol. Exp. Neurol. 1997, 56, 947–964. [CrossRef] [PubMed]

65. Chabriat, H.; Joutel, A.; Dichgans, M.; Tournier-Lasserve, E.; Bousser, M.-G. Cadasil. Lancet Neurol. 2009, 8, 643–653. [CrossRef]
66. De Boer, I.; Stam, A.H.; Buntinx, L.; Zielman, R.; van der Steen, I.; van den Maagdenberg, A.M.J.M.; de Koning, E.J.P.; Ferrari,

M.D.; de Hoon, J.N.; Terwindt, G.M. RVCL-S and CADASIL display distinct impaired vascular function. Neurology 2018, 91,
e956–e963. [CrossRef]

67. Santos-García, D.; Blanco, M.; Serena, J.; Arias, S.; Millán, M.; Rodríguez-Yáñez, M.; Leira, R.; Dávalos, A.; Castillo, J. Brachial
arterial flow mediated dilation in acute ischemic stroke. Eur. J. Neurol. 2009, 16, 684–690. [CrossRef] [PubMed]

68. Santos-García, D.; Blanco, M.; Serena, J.; Rodríguez-Yáñez, M.; Leira, R.; Castillo, J. Impaired brachial flow-mediated dilation is a
predictor of a new-onset vascular event after stroke. Cerebrovasc. Dis. 2011, 32, 155–162. [CrossRef]

69. Castillo, J.; Rama, R.; Dávalos, A. Nitric oxide-related brain damage in acute ischemic stroke. Stroke 2000, 31, 852–857. [CrossRef]
70. Hill, J.M.; Zalos, G.; Halcox, J.P.J.; Schenke, W.H.; Waclawiw, M.A.; Quyyumi, A.A.; Finkel, T. Circulating endothelial progenitor

cells, vascular function, and cardiovascular risk. N. Engl. J. Med. 2003, 348, 593–600. [CrossRef]
71. Ghani, U.; Shuaib, A.; Salam, A.; Nasir, A.; Shuaib, U.; Jeerakathil, T.; Sher, F.; O’Rourke, F.; Nasser, A.M.; Schwindt, B.; et al.

Endothelial progenitor cells during cerebrovascular disease. Stroke 2005, 36, 151–153. [CrossRef]
72. Zhang, Z.G.; Zhang, L.; Jiang, Q.; Chopp, M. Bone marrow-derived endothelial progenitor cells participate in cerebral neovascu-

larization after focal cerebral ischemia in the adult mouse. Circ. Res. 2002, 90, 284–288. [CrossRef] [PubMed]
73. Deng, Y.; Wang, J.; He, G.; Qu, F.; Zheng, M. Mobilization of endothelial progenitor cell in patients with acute ischemic stroke.

Neurol. Sci. 2018, 39, 437–443. [CrossRef] [PubMed]
74. Sobrino, T.; Hurtado, O.; Moro, M.A.; Rodríguez-Yáñez, M.; Castellanos, M.; Brea, D.; Moldes, O.; Blanco, M.; Arenillas, J.F.; Leira,

R.; et al. The increase of circulating endothelial progenitor cells after acute ischemic stroke is associated with good outcome.
Stroke 2007, 38, 2759–2764. [CrossRef] [PubMed]

75. Kashiwazaki, D.; Akioka, N.; Kuwayama, N.; Hayashi, T.; Noguchi, K.; Tanaka, K.; Kuroda, S. Involvement of circulating
endothelial progenitor cells in carotid plaque growth and vulnerability. J. Neurosurg. 2016, 125, 1549–1556. [CrossRef]

76. Sashindranath, M.; Nandurkar, H.H. Endothelial Dysfunction in the Brain: Setting the Stage for Stroke and Other Cerebrovascular
Complications of COVID-19. Stroke 2021, 52, 1895–1904. [CrossRef]

77. Haffke, M.; Freitag, H.; Rudolf, G.; Seifert, M.; Doehner, W.; Scherbakov, N.; Hanitsch, L.; Wittke, K.; Bauer, S.; Konietschke, F.;
et al. Endothelial dysfunction and altered endothelial biomarkers in patients with post-COVID-19 syndrome and chronic fatigue
syndrome (ME/CFS). J. Transl. Med. 2022, 20, 138. [CrossRef]

78. Powers, W.J.; Derdeyn, C.P.; Biller, J.; Coffey, C.S.; Hoh, B.L.; Jauch, E.C.; Johnston, K.C.; Johnston, S.C.; Khalessi, A.A.; Kidwell,
C.S.; et al. 2015 American Heart Association/American Stroke Association Focused Update of the 2013 Guidelines for the
Early Management of Patients with Acute Ischemic Stroke Regarding Endovascular Treatment: A Guideline for Healthcare
Professionals from the American Heart Association/American Stroke Association. Stroke 2015, 46, 3020–3035. [CrossRef]

79. Nogueira, R.G.; Gupta, R.; Jovin, T.G.; Levy, E.I.; Liebeskind, D.S.; Zaidat, O.O.; Rai, A.; Hirsch, J.A.; Hsu, D.P.; Rymer, M.M.; et al.
Predictors and clinical relevance of hemorrhagic transformation after endovascular therapy for anterior circulation large vessel
occlusion strokes: A multicenter retrospective analysis of 1122 patients. J. Neurointerv. Surg. 2015, 7, 16–21. [CrossRef]

80. Chamorro, Á.; Meisel, A.; Planas, A.M.; Urra, X.; van de Beek, D.; Veltkamp, R. The immunology of acute stroke. Nat. Rev. Neurol.
2012, 8, 401–410. [CrossRef]

81. Khatri, R.; McKinney, A.M.; Swenson, B.; Janardhan, V. Blood-brain barrier, reperfusion injury, and hemorrhagic transformation
in acute ischemic stroke. Neurology 2012, 79, S52–S57. [CrossRef]

82. Renú, A.; Amaro, S.; Laredo, C.; Román, L.S.; Llull, L.; Lopez, A.; Urra, X.; Blasco, J.; Oleaga, L.; Chamorro, Á. Relevance of
blood-brain barrier disruption after endovascular treatment of ischemic stroke: Dual-energy computed tomographic study. Stroke
2015, 46, 673–679. [CrossRef] [PubMed]

83. Singh, P.; Doostkam, S.; Reinhard, M.; Ivanovas, V.; Taschner, C.A. Immunohistochemical Analysis of Thrombi Retrieved During
Treatment of Acute Ischemic Stroke: Does Stent-Retriever Cause Intimal Damage? Stroke 2013, 44, 1720–1722. [CrossRef]

84. Sheth, S.A.; Liebeskind, D.S. Imaging Evaluation of Collaterals in the Brain: Physiology and Clinical Translation. Curr. Radiol.
Rep. 2014, 2, 29. [CrossRef]

85. Ichijo, M.; Miki, K.; Ishibashi, S.; Tomita, M.; Kamata, T.; Fujigasaki, H.; Mizusawa, H. Posterior cerebral artery laterality on
magnetic resonance angiography predicts long-term functional outcome in middle cerebral artery occlusion. Stroke 2013, 44,
512–515. [CrossRef]

86. Liebeskind, D.S. Collateral circulation. Stroke 2003, 34, 2279–2284. [CrossRef] [PubMed]
87. Seckin, S.; Emrah, B.; Biyik, I.; Emre, A.; Burak, T.; Azmi, S.; Omer, C.; Sinan, D. 786T/c endothelial nitric oxide synthase gene

polymorphism and coronary collateral circulation. Adv. Hyg. Exp. Med. 2016, 70, 80–85. [CrossRef]

https://doi.org/10.1186/s12883-015-0416-z
https://www.ncbi.nlm.nih.gov/pubmed/26329797
https://doi.org/10.1093/brain/awg040
https://www.ncbi.nlm.nih.gov/pubmed/12538408
https://doi.org/10.1097/00005072-199709000-00001
https://www.ncbi.nlm.nih.gov/pubmed/9291937
https://doi.org/10.1016/S1474-4422(09)70127-9
https://doi.org/10.1212/WNL.0000000000006119
https://doi.org/10.1111/j.1468-1331.2009.02564.x
https://www.ncbi.nlm.nih.gov/pubmed/19236459
https://doi.org/10.1159/000328651
https://doi.org/10.1161/01.STR.31.4.852
https://doi.org/10.1056/NEJMoa022287
https://doi.org/10.1161/01.STR.0000149944.15406.16
https://doi.org/10.1161/hh0302.104460
https://www.ncbi.nlm.nih.gov/pubmed/11861416
https://doi.org/10.1007/s10072-017-3143-y
https://www.ncbi.nlm.nih.gov/pubmed/29147957
https://doi.org/10.1161/STROKEAHA.107.484386
https://www.ncbi.nlm.nih.gov/pubmed/17761925
https://doi.org/10.3171/2015.10.JNS151500
https://doi.org/10.1161/STROKEAHA.120.032711
https://doi.org/10.1186/s12967-022-03346-2
https://doi.org/10.1161/STR.0000000000000074
https://doi.org/10.1136/neurintsurg-2013-010743
https://doi.org/10.1038/nrneurol.2012.98
https://doi.org/10.1212/WNL.0b013e3182697e70
https://doi.org/10.1161/STROKEAHA.114.008147
https://www.ncbi.nlm.nih.gov/pubmed/25657188
https://doi.org/10.1161/STROKEAHA.113.000964
https://doi.org/10.1007/s40134-013-0029-5
https://doi.org/10.1161/STROKEAHA.112.674101
https://doi.org/10.1161/01.STR.0000086465.41263.06
https://www.ncbi.nlm.nih.gov/pubmed/12881609
https://doi.org/10.5604/17322693.1194619


Int. J. Mol. Sci. 2024, 25, 11631 20 of 22

88. Beard, D.J.; Li, Z.; Schneider, A.M.; Couch, Y.; Cipolla, M.J.; Buchan, A.M. Rapamycin Induces an eNOS (Endothelial Nitric Oxide
Synthase) Dependent Increase in Brain Collateral Perfusion in Wistar and Spontaneously Hypertensive Rats. Stroke 2020, 51,
2834–2843. [CrossRef]

89. De la Riva, P.; Rodríguez-Antigüedad, J.; Gómez, V.; Arenaza, G.; Gorostidi, A.; Díez, N.; de Arce, A.; Martínez-Zabaleta, M.;
González, F.; Luttich, A.; et al. Endothelial NO synthase 786T/T polymorphism increases hemorrhagic transformation after
endovascular thrombectomy. Nitric Oxide Biol. Chem. 2022, 129, 8–15. [CrossRef] [PubMed]

90. Jia, G.; Aroor, A.R.; Jia, C.; Sowers, J.R. Endothelial cell senescence in aging-related vascular dysfunction. Biochim. Biophys. Acta
BBA—Mol. Basis Dis. 2019, 1865, 1802–1809. [CrossRef]

91. Kamper, A.M.; Spilt, A.; de Craen, A.J.M.; van Buchem, M.A.; Westendorp, R.G.J.; Blauw, G.J. Basal cerebral blood flow is
dependent on the nitric oxide pathway in elderly but not in young healthy men. Exp. Gerontol. 2004, 39, 1245–1248. [CrossRef]

92. Garry, P.S.; Ezra, M.; Rowland, M.J.; Westbrook, J.; Pattinson, K.T.S. The role of the nitric oxide pathway in brain injury and its
treatment--from bench to bedside. Exp. Neurol. 2015, 263, 235–243. [CrossRef] [PubMed]

93. Ankolekar, S.; Fuller, M.; Cross, I.; Renton, C.; Cox, P.; Sprigg, N.; Siriwardena, A.N.; Bath, P.M. Feasibility of an ambulance-based
stroke trial, and safety of glyceryl trinitrate in ultra-acute stroke: The rapid intervention with glyceryl trinitrate in Hypertensive
Stroke Trial (RIGHT, ISRCTN66434824). Stroke 2013, 44, 3120–3128. [CrossRef] [PubMed]

94. Bath, P.M.; Pathansali, R.; Iddenden, R.; Bath, F.J. The effect of transdermal glyceryl trinitrate, a nitric oxide donor, on blood
pressure and platelet function in acute stroke. Cerebrovasc. Dis. 2001, 11, 265–272. [CrossRef] [PubMed]

95. RIGHT-2 Investigators. Prehospital transdermal glyceryl trinitrate in patients with ultra-acute presumed stroke (RIGHT-2): An
ambulance-based, randomised, sham-controlled, blinded, phase 3 trial. Lancet 2019, 393, 1009–1020. [CrossRef] [PubMed]

96. Havard, D. Rapid Intervention with Glyceryl Trinitrate in Hypertensive Stroke Trial-2. Available online: http://www.isrctn.com/
ISRCTN26986053 (accessed on 4 January 2024).

97. Van Den Berg, S.A.; Uniken Venema, S.M.; Reinink, H.; Hofmeijer, J.; Schonewille, W.J.; Miedema, I.; Fransen, P.S.S.; O Pruissen,
D.M.; Raaijmakers, T.W.M.; Van Dijk, G.W.; et al. Prehospital transdermal glyceryl trinitrate in patients with presumed acute
stroke (MR ASAP): An ambulance-based, multicentre, randomised, open-label, blinded endpoint, phase 3 trial. Lancet Neurol.
2022, 21, 971–981. [CrossRef]

98. Cheng, Z.; Gao, J.; Ding, Y.; Pang, Q.; Rajah, G.B.; Geng, X. Arterial Glyceryl Trinitrate in Acute Ischemic Stroke After Thrombec-
tomy for Neuroprotection (AGAIN): A Pilot Randomized Controlled Trial. Neurotherapeutics 2023, 20, 1746–1754. [CrossRef]

99. Cai, L.; Ding, Y.; Rajah, G.; Tong, Y.; Duan, H.; Han, Z.; Gao, J.; Cheng, Z.; Xin, R.; Jiang, S.; et al. Rapid Intravenous
Glyceryl Trinitrate in Ischemic Damage (RIGID): A potential neuroprotection strategy for acute ischemic stroke (AIS) patients.
Neurotherapeutics 2024, 21, e00365. [CrossRef]

100. Morikawa, E.; Rosenblatt, S.; Moskowitz, M.A. L-Arginine dilates rat pial arterioles by nitric oxide-dependent mechanisms and
increases blood flow during focal cerebral ischaemia. Br. J. Pharmacol. 1992, 107, 905–907. [CrossRef]

101. Morikawa, E.; Huang, Z.; Moskowitz, M.A. L-arginine decreases infarct size caused by middle cerebral arterial occlusion in SHR.
Am. J. Physiol.-Heart Circ. Physiol. 1992, 263, H1632–H1635. [CrossRef]

102. Zhao, X.; Ross, M.E.; Iadecola, C. l-Arginine increases ischemic injury in wild-type mice but not in iNOS-deficient mice. Brain Res.
2003, 966, 308–311. [CrossRef]

103. Alderton, W.K.; Cooper, C.E.; Knowles, R.G. Nitric oxide synthases: Structure, function and inhibition. Biochem. J. 2001, 357,
593–615. [CrossRef] [PubMed]

104. Bendall, J.K.; Douglas, G.; McNeill, E.; Channon, K.M.; Crabtree, M.J. Tetrahydrobiopterin in cardiovascular health and disease.
Antioxid. Redox Signal. 2014, 20, 3040–3077. [CrossRef] [PubMed]

105. Noguchi, K.; Hamadate, N.; Matsuzaki, T.; Sakanashi, M.; Nakasone, J.; Sakanashi, M.; Tsutsui, M.; Sakanashi, M. Improvement
of impaired endothelial function by tetrahydrobiopterin in stroke-prone spontaneously hypertensive rats. Eur. J. Pharmacol. 2010,
631, 28–35. [CrossRef] [PubMed]

106. Zhang, R.; Zhang, L.; Zhang, Z.; Wang, Y.; Lu, M.; LaPointe, M.; Chopp, M. A nitric oxide donor induces neurogenesis and
reduces functional deficits after stroke in rats. Ann. Neurol. 2001, 50, 602–611. [CrossRef] [PubMed]

107. Zhang, F.; Ladecola, C. Nitroprusside improves blood flow and reduces brain damage after focal ischemia. NeuroReport 1993, 4,
559–562. [CrossRef]

108. Salom, J.B.; Ortí, M.; Centeno, J.M.; Torregrosa, G.; Alborch, E. Reduction of infarct size by the NO donors sodium nitroprusside
and spermine/NO after transient focal cerebral ischemia in rats. Brain Res. 2000, 865, 149–156. [CrossRef]

109. Zhang, F.; White, J.G.; Iadecola, C. Nitric Oxide Donors Increase Blood Flow and Reduce Brain Damage in Focal Ischemia:
Evidence That Nitric Oxide is Beneficial in the Early Stages of Cerebral Ischemia. J. Cereb. Blood Flow Metab. 1994, 14, 217–226.
[CrossRef]

110. Zhang, F.; Iadecola, C. Reduction of Focal Cerebral Ischemic Damage by Delayed Treatment with Nitric Oxide Donors. J. Cereb.
Blood Flow Metab. 1994, 14, 574–580. [CrossRef]

111. Zhuang, P.; Ji, H.; Zhang, Y.; Min, Z.; Ni, Q.; You, R. ZJM-289, a novel nitric oxide donor, alleviates the cerebral ischaemic–
reperfusion injury in rats. Clin. Exp. Pharmacol. Physiol. 2010, 37, e121–e127. [CrossRef]

112. Martínez-Murillo, R.; Fernández, A.P.; Serrano, J.; Rodrigo, J.; Salas, E.; Mourelle, M.; Martínez, A. The nitric oxide donor LA 419
decreases brain damage in a focal ischemia model. Neurosci. Lett. 2007, 415, 149–153. [CrossRef]

https://doi.org/10.1161/STROKEAHA.120.029781
https://doi.org/10.1016/j.niox.2022.08.006
https://www.ncbi.nlm.nih.gov/pubmed/36067953
https://doi.org/10.1016/j.bbadis.2018.08.008
https://doi.org/10.1016/j.exger.2004.04.001
https://doi.org/10.1016/j.expneurol.2014.10.017
https://www.ncbi.nlm.nih.gov/pubmed/25447937
https://doi.org/10.1161/STROKEAHA.113.001301
https://www.ncbi.nlm.nih.gov/pubmed/24003041
https://doi.org/10.1159/000047649
https://www.ncbi.nlm.nih.gov/pubmed/11306778
https://doi.org/10.1016/S0140-6736(19)30194-1
https://www.ncbi.nlm.nih.gov/pubmed/30738649
http://www.isrctn.com/ISRCTN26986053
http://www.isrctn.com/ISRCTN26986053
https://doi.org/10.1016/S1474-4422(22)00333-7
https://doi.org/10.1007/s13311-023-01432-x
https://doi.org/10.1016/j.neurot.2024.e00365
https://doi.org/10.1111/j.1476-5381.1992.tb13382.x
https://doi.org/10.1152/ajpheart.1992.263.5.H1632
https://doi.org/10.1016/S0006-8993(02)04223-3
https://doi.org/10.1042/bj3570593
https://www.ncbi.nlm.nih.gov/pubmed/11463332
https://doi.org/10.1089/ars.2013.5566
https://www.ncbi.nlm.nih.gov/pubmed/24294830
https://doi.org/10.1016/j.ejphar.2010.01.003
https://www.ncbi.nlm.nih.gov/pubmed/20096684
https://doi.org/10.1002/ana.1249
https://www.ncbi.nlm.nih.gov/pubmed/11706966
https://doi.org/10.1097/00001756-199305000-00024
https://doi.org/10.1016/S0006-8993(00)02095-3
https://doi.org/10.1038/jcbfm.1994.28
https://doi.org/10.1038/jcbfm.1994.71
https://doi.org/10.1111/j.1440-1681.2010.05353.x
https://doi.org/10.1016/j.neulet.2007.01.011


Int. J. Mol. Sci. 2024, 25, 11631 21 of 22

113. Serrano, J.; Fernández, A.; Martínez-Murillo, R.; Alonso, D.; Rodrigo, J.; Salas, E.; Mourelle, M.; Martínez, A. The nitric oxide
donor LA 419 decreases ischemic brain damage. Int. J. Mol. Med. 2007, 19, 229–236. [CrossRef] [PubMed]

114. Feng, S.; Yang, Q.; Liu, M.; Li, W.; Yuan, W.; Zhang, S.; Wu, B.; Li, J. Edaravone for acute ischaemic stroke. Cochrane Database Syst.
Rev. 2011, 12, CD007230. [CrossRef]

115. Liao, J.K.; Laufs, U. Pleiotropic effects of statins. Annu. Rev. Pharmacol. Toxicol. 2005, 45, 89–118. [CrossRef] [PubMed]
116. Pretnar-Oblak, J.; Sebestjen, M.; Sabovic, M. Statin treatment improves cerebral more than systemic endothelial dysfunction in

patients with arterial hypertension. Am. J. Hypertens. 2008, 21, 674–678. [CrossRef]
117. Khalil, F.; Badshah, M.; Sathyanarayanan, S.P.; Amin, N. Statins Therapy and Intracranial Hemorrhage. S. D. Med. J. S. D. State

Med. Assoc. 2023, 76, 170–173.
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