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Abstract

Both ischemic and hemorrhagic strokes are critical health issues and
the incidence is on the rise. The rapid neurological degeneration that can
occur with either type of stroke warrants prompt medical attention. In the
article, we critically reviewed the literature examining their incidence,
pathophysiology, and present treatment strategies. Clinical trials show
conflicting findings, with ischemic strokes accounting for 87% of all strokes.
Brain injury following an ischemic stroke results in cell death and necrosis,
immune cells being the primary actors in the process of neuroinflammation.
In order to develop neuroprotective drugs against ischemic stroke,
detailed investigation of glutamate production and metabolism as well
as downstream pathways controlled by glutamate receptors provides
significant information on the underlying mechanisms. The permeability
of the blood-brain barrier and the degradation of glutamine synthase are
two potential mechanisms by which peritoneal dialysis accelerates brain-
to-blood glutamate clearance and thus reduces glutamate levels in the
brain after a stroke. Oxidative stress in an ischemic stroke disturbs the
oxidant-antioxidant balance, which is particularly problematic for brain
cells that are high in polyunsaturated fatty acids. Because of demographic
factors like age, sex, race/ethnicity, and socioeconomic status, the
incidence and prevalence of stroke differ across people and regions. For
rapid diagnosis and treatment decisions, diagnostic imaging tools such
as vascular imaging, CT, and MRI are essential. To aid in the recovery
and lessen neurological impairments following a stroke, novel avenues of
research are under investigation on neuroprotective medications that target
inflammation, oxidative stress, and neuronal death.
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Introduction

Stroke has been typically described as a neurological deficit that is
caused by an acute focal injury to the central nervous system due to vascular
etiologies. However, this classical definition is mainly a clinical description
and does not take into account the recent scientific and technological
advancements that have been made regarding stroke outcomes. In 2013, the
American Heart Association proposed an updated definition of stroke for the
21st century that integrates both clinical and tissue criteria. The definition
accounts for permanent damage to the brain, spinal cord, or retinal cell death
due to vascular dysfunction based on pathological or imaging evidence, in
the presence or absence of symptoms [1]. Generally, there are three main
classifications of stroke: ischemic, hemorrhagic, or transient ischemic attack
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(TIA). Ischemic stroke is defined as disrupted blood flow to a
region of the brain due to obstruction of the blood vessels that
supply it, leading to inadequate oxygen delivery, ischemia,
and neuronal death [2]. Hemorrhagic stroke results from the
rupture of blood arteries resulting in internal bleeding in the
brain leading to a devastating effect on the parenchyma of the
brain, damaging brain cells and may also lead to increased
intracranial pressure and spasm in the blood vessels [3].
A TIA is a temporary blockage of blood flow to the brain,
usually due to a blood clot that resolves on its own, with
symptoms lasting less than five minutes [3]. Ischemic stroke
accounts for 87% of all stroke cases and hemorrhagic stroke
accounts for about 13% [4].

An INTERSTROKE study is an international case-
control study where the cases are patients who have a first-
time stroke and imaging (CT or MRI) is conducted within
the first 72 hours of presenting to the hospital [S]. The first
INTERSTROKE study investigated the proportions of
ischemic and hemorrhagic stroke in 22 African countries. It
was found that 66% of patients had ischemic stroke and 34%
of patients had hemorrhagic stroke [6]. These proportions
of the different subtypes of stroke were later confirmed
by another study, the Stroke Investigative Research and
Educational Network (SIREN). They analyzed the patient
cases from Nigeria and Ghana and found that 68% of
patients were diagnosed with ischemic stroke and 32% had
hemorrhagic stroke [7].

Ischemic stroke can be further classified into several
other subtypes based on the classification system that is
being used. There are numerous classification systems such
as Causative Classification System (CCS), Atherosclerosis,
Small-Vessel Disease, Cardiac Source, Other Cause (ASCO),
and Chinese Ischemic Stroke Subclassification (CISS). At
this time, the most widely used international classification
system is the Trial of ORG 10172 in acute stroke treatment
(TOAST) classification scheme [8]. TOAST categorizes
ischemic stroke into five main etiological subtypes: large
artery atherosclerosis, small artery occlusion, cardio
embolism, stroke of other determined causes, and stroke
of undetermined cause [8]. Although TOAST is the most
commonly accepted system and relatively simple to utilize,
there are some drawbacks. For example, the accuracy and
reliability of diagnosing small vessel disease-related infarcts
is significantly reduced because of the 15 mm lesion cut-off
point. For CT imaging studies, this measurement was typically
used as the maximum size limit for small vessel infarcts, but
MRI imaging has shown these lesions can increase up to 20
mm. Thus, these size restrictions are not accurate [9]. Another
disadvantage is that TOAST work-up usually stops when one
etiology is identified which can lead to inaccurate diagnoses
and treatment plans for patients. Thus, modified TOAST
classifications were implemented, such as SSS-TOAST, to
correct these issues and improve accuracy [9].
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Furthermore, hemorrhagic stroke can also be subclassified
into two major types: intracerebral hemorrhage and
subarachnoid hemorrhage. Intracerebral hemorrhage is the
most common type as it accounts for 80% of all hemorrhagic
strokes [10]. Itis defined as bleeding into the brain parenchyma
and is most commonly caused by uncontrolled hypertension
in small penetrating arteries such as the anterior, middle, and
posterior cerebral arteries [11]. Subarachnoid hemorrhage is
the accumulation of blood in the subarachnoid space, the area
between the pia mater and the arachnoid membrane [12]. It
is most commonly caused by saccular aneurysms, but it is
also associated with intracranial neoplasms, arteriovenous
malformations, and some anticoagulants.

Prevalence and Incidence

Globally, stroke is the second leading cause of death and a
significant contributor to long-term disability [13]. According
to the Global Burden of Disease Study 2020, the global
prevalence of all stroke subtypes of 89.13 million cases and
the age-standardized stroke prevalence rates were highest in
sub-Saharan Africa and in certain regions of the Southeast
United States and East and Southeast Asia. More specifically,
the global prevalence of ischemic stroke was 68.16 million
cases and the age-standardized stroke prevalence rates were
highest in sub-Saharan Africa and in the Eastern United
States. The global prevalence of intracerebral hemorrhage
was 18.88 million cases with the age-standardized stroke
prevalence rates being highest in Southeast Asia, western
sub-Saharan Africa, and Oceania. Subarachnoid hemorrhage
has a global prevalence of 8.09 million cases and the age-
standardized stroke prevalence rates were highest in Latin
America and Japan [14]. Regarding incidence, the global
incidence of stroke was 11.71 million people, and the
incidence of ischemic stroke, intracerebral hemorrhage, and
subarachnoid hemorrhage was 7.59 million, 3.41 million, and
0.71 million people, respectively [14]. Globally, in terms of
mortality, of the 7.08 million people who died from stroke
in 2020, 49% of total deaths were due to ischemic stroke.
Intracerebral hemorrhage and subarachnoid hemorrhage
were the cause of 46% and 5% of total stroke-related deaths,
respectively [14]. In the United States alone in 2021, 1 in
6 cardiovascular disease-related deaths were due to stroke.
Furthermore, someone has a stroke every 40 seconds and
someone dies from a stroke every 30 minutes and 14 seconds
[15]. Undoubtedly, on a local and international level, stroke
has placed a significant burden on the lives of stroke patients
and the surrounding community.

Transient ischemic attack (TIA) occurs due to a
transient obstruction of blood flow to the brain that results
in temporary neurological deficits that typically resolve on
their own. Although TIAs are relatively common, affecting
about 240,00 people in the United States every year, it can
be difficult to determine the incidence and prevalence since
the symptoms that are typically experienced may not be
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neurologically specific and they only last for a brief moment
in time [16]. Thus, many patients may not seek medical
care and if they choose to do so, by the time they interact
with a medical professional, their symptoms have resolved.
Therefore, the current data regarding TIA epidemiology is
quite variable, but studies have shown that the prevalence of
TIAs within the United States is approximately 2.3% [17].
Additionally, a study from 2014 investigated the incidence
rates of TIAs in Europe. It was found that the incidence rates
were 0.52-2.37 in men and 0.05-1.14 in women aged 55-64,
0.94-3.39 in men and 0.71-1.47 in women aged 55-74, 3.04-
7.20 in men and 2.18-6.06 in women aged 75-84[18]. The
incidence rates increased with age and were higher in men
compared to women. Moreover, the United States had similar
TIA incidence rates but it was low in Japan [18].

Risk Factors of Stroke
a. Modifiable Risk Factors

Due to the relatively high incidence and prevalence of
stroke across the globe, stroke prevention is one of the most
heavily investigated areas of interest in order to reduce
the burden of stroke on the community [19]. Through
comprehensive epidemiological and longitudinal studies,
multiple risk factors have been identified that play an
instrumental role in primary and secondary stroke prevention.
The risk factors can typically be categorized into two separate
groups: modifiable and non-modifiablerisk factors. Modifiable
risk factors are susceptible to various interventions to help
reduce the risk of stroke whereas non-modifiable factors
cannot be controlled and serve as indicators for high risk of
stroke. A recent INTERSTROKE study from 2016 analyzed
the potential effects of modifiable risk factors associated with
stroke in 32 countries. Among the 13,000 stroke cases, it
was shown that modifiable risk factors such as diet, physical
inactivity, hypertension, psychosocial factors, cardiac causes,
diabetes, smoking, abdominal obesity, hyperlipidemia, and
alcohol consumption accounted for approximately 90% of
all strokes [20]. Furthermore, the Global Burden of Disease
study highlighted that 90.5% of all strokes can be explained
by modifiable risk factors as well [21,22].

Hypertension is the most important modifiable risk factor
for stroke. A recent study from 2014 estimated that over
103 million adults in the United have been diagnosed with
hypertension and patients with hypertension are three or four
times more likely to have a stroke [23,24]. The Framingham
Heart Study is an ongoing longitudinal epidemiologic study
that has been going on since 1948 to investigate different
risk factors for stroke and other cardiovascular diseases [25].
After analyzing results from the first cohort of subjects, it was
found that hypertensive patients with a blood pressure (BP)
>160/95 mmHg had a five to 30 times higher likelihood of
having a stroke compared to normotensive patients who had
a BP <140/90 mmHg [26]. These results led to the creation of
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the Framingham stroke prediction algorithm which now takes
into account age, smoking, history of cardiovascular diseases,
and other risk factors. Additionally, the Prospective Study
Collaboration is a combination of 61 prospective studies that
explored established risk factors’ effects on mortality rates
from different vascular causes such as stroke [27]. Results
from this study concluded that patients between the ages
of 40-89 had a strong correlation between blood pressure
and total vascular and stroke mortality. Moreover, the risk
of death from stroke doubles with every 20 mmHg increase
in systolic blood pressure or 10 mmHg increase in diastolic
blood pressure. This association remained consistent down to
a blood pressure of at least 115/75 mmHg [28]. Additionally,
average blood pressure was a more accurate predictor of
stroke-related deaths than either systolic or diastolic blood
pressure measurements. Systolic blood pressure provided
more information regarding stroke mortality than either
diastolic blood pressure or pulse pressure. These trends were
found to be similar in both male and female patients as well
[29].

Diabetes is another well-established modifiable risk factor
for stroke. Approximately 537 million people have diabetes
worldwide and this number is projected is to increase to
643 million by 2030 and 783 million by 2045 [30]. In the
Emerging Risk Factors Collaboration study, the hazard ratios
with diabetes for ischemic stroke, hemorrhagic stroke, and
unclassified stroke were 2.27, 1.56, and 1.84, respectively
[31]. Furthermore, in a Greater Cincinnati/Northern Kentucky
stroke study, it was found that younger individuals with
diabetes had a higher risk of stroke [32]. The incidence of
stroke increased in all age groups, the risk of stroke was much
more prominent before the age of 65 in Whites and before the
age of 55 in African American populations [33].

Non-modifiable Risk Factors

There are relatively few non-modifiable risk factors, and
the most significant ones are age and sex. Age is the strongest
non-modifiable risk factor for stroke and elderly patients with
strokes typically have higher mortality rates and reduced
ability for functional recovery [34]. Thus, as you age, there
is a higher chance of developing a stroke. The likelihood of
having a stroke double after every 10 years after the age of
55 [35]. However, even though stroke is more prevalent in
older populations, about one in seven strokes take place in
people between the ages of 15 and 49 due to the presence of
modifiable risk factors such as high blood pressure, diabetes,
and obesity [36]. Another study investigated stroke outcomes
and its subtypes in younger populations compared to older
populations and found that patients younger than the age of
45 had a higher incidence of hemorrhagic stroke compared to
other age groups. The most significant risk factor associated
with this trend was hypertension in young adults [37].
Furthermore, case fatality and in-hospital mortality rates
due to ischemic stroke increase with age [38]. Patients with
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ischemic stroke, greater than the age of 80, were less likely to
be discharged to their pre-stroke residence and had a longer
length of stay at the hospital compared to younger individuals
[39]. Their case fatality at discharge can increase to as high
as 24.2% [39].

Sex differences play an integral in stroke outcomes
as well. Historically, it has been well-documented that the
incidence of stroke is higher in men compared to women
[40,41]. However, recent studies have shown that there is
a decrease in ischemic stroke among men which means
that the incidence of stroke is declining more in men than
women and the overall incidence of stroke is decreasing over
time [42]. Furthermore, women also tend to have increased
disability post-stroke, decreased quality of life, and overall
worse outcomes likely due to depression, anxiety, pain, and
decreased mobility compared to men [43].

Underlying Conditons and Pathophysiology of
Stroke

Hypertension

As referenced before, hypertension is a prominent
determinant of stroke mortality due to its significant effect
on cerebral circulation [44]. During periods of hypertension,
the high levels of pressure within the lumen of blood vessels
can lead to endothelial dysfunction and alter the function
of smooth muscle lining the walls of these vessels. This
decreases the size of the diameter of the lumen and will
reduce the ability of cells to release vasodilatory factors such
as nitric oxide. This lack of vasodilation causes an increase
in vasoconstrictor tone of both systemic and cerebral arteries
[10,44]. Furthermore, damage to the endothelium can lead
to ischemic lesions and thrombus formation. Additionally,
hypertension can lead to atherosclerosis and degenerative
changes to the endothelium and smooth muscle, ultimately
leading to the development of intracerebral hemorrhages [45].

Diabetes

There are numerous pathophysiological mechanisms
regarding how diabetes can lead to stroke. The most
common mechanisms include endothelial dysfunction,
arterial stiffness, systemic inflammation, and thickening of
the capillary basal membrane [33]. Left ventricular diastolic
filling is a common problem seen in patients with type II
diabetes. The proposed mechanism behind the development
of congestive heart failure in these patients, which can lead
to stroke, is microvascular disease, autonomic dysfunction,
interstitial fibrosis, and most notably, hypertension [33]. As
noted previously, hypertension causes decreased availability
of nitric oxide, a potent vasodilator, which leads to
endothelial dysfunction and atherosclerosis [46]. Moreover,
the formation of atherosclerotic plaques is exacerbated by an
enhanced inflammatory response, which is commonly seen in
diabetic patients.
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Pathophysiology of Ischemic Stroke vs

Hemorrhagic Stroke

Clinical trials comparing ischemic (IS) and hemorrhagic
(HS) strokes have shown contradictory findings. Disabilities
and fatalities caused by stroke rank among the highest in the
globe. Acute treatments have made ischemic stroke, which
accounts for 87% of all strokes, a time-dependent condition
[47]. Two types of hemorrhagic strokes are intracerebral
hemorrhage (3% of all strokes) and aneurysmal subarachnoid
hemorrhage (10% of all strokes) [47]. The leading causes
of death in 2017 were ischemic stroke (2.7 million),
intracerebral hemorrhage (3 million), and aneurysmal
subarachnoid hemorrhage (0.4 million) [47]. The overall
outlook for patients suffering from ischemic stroke is deemed
more favourable compared to hemorrhagic stroke, which is
characterized by a higher mortality rate, particularly in the
immediate and subsequent stages [48,49].

a. Ischemic stroke

Ischemic strokes happen when blood flow to a portion of
the brain is impaired due to a blocked or "clogged" blood
vessel. Within minutes, the brain cells and tissues start to die
due to a shortage of oxygen and nutrients. A thrombus, or
blood clot, forms in the arteries that carry blood to the brain,
leading to a stroke known as a thrombotic stroke [50, 51].
Post-operative atrial fibrillation and high risk anesthesia
procedures are risk factors for the development of stroke
[52,53]. Stroke of this kind most commonly affects the
elderly, and it is more common in those who have diabetes,
high cholesterol, or atherosclerosis (the hardening of the
artery walls due to the accumulation of fat and lipids). The
atherosclerotic plaques become unstable due to increased
inflammation, apoptosis of carotid artery smooth muscle
cells, and increased matrix metalloproteinases that degrade
extracellular matrix [54-56]. Many inflammatory mediators
and cytokines are involved in plaque instability leading to the
migration of plaque particles and thrombus to brain arteries
and arterioles resulting in the blockade of blood flow to brain
cells leading to ischemia and stroke symptoms [57-60]. This
Sudden onset of symptoms, particularly in the middle of the
night or first thing in the morning, is common in cases of
thrombotic stroke [50]. Sometimes it happens suddenly, and
other times it could take hours or days. Preceding thrombotic
strokes are "mini strokes," sometimes known as transient
ischemic attacks (TIAs). TIAs are a common precursor to
stroke and can be short- or long-lived, lasting anything from
a few minutes to a whole day. Although TIA symptoms
are often minor and temporary, they are comparable to
stroke symptoms. An further kind of stroke known as a
lacunar infarct can happen in the brain's tiny blood arteries.
Originating in Latin, the term "lacunar" means "hole" or
"cavity." Diabetes and hypertension are common causes of
lacunar infarctions. A typical culprit in embolic strokes is a
blood clot, or embolus, which develops in another part of the
body and makes its way to the brain via the circulatory system.
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Strokes caused by embolism can happen suddenly and with
no warning symptoms; they are common complications of
heart disease or cardiac surgery. Individuals experiencing
atrial fibrillation, a cardiac rhythm abnormality characterized
by inefficient pumping of the upper chambers, account for
approximately 15% of all embolic stroke [52,61].

b. Hemorrhagic stroke

In a hemorrhagic stroke, a blood artery that delivers blood
to the brain bursts and bleeds. There is a lack of oxygen and
nutrients for brain cells and tissues when an artery bleeds
into the brain. Pressure also builds up in the surrounding
tissues, causing inflammation and swelling—all of which
can worsen the brain damage already there. Excessive
blood pressure is the most common cause of intracerebral
hemorrhage. Instantaneous and fast bleeding ensues. Coma
or death may result from bleeding that has no apparent cause.
When the brain bleeds into the subarachnoid space, it creates
a meningeal hematoma. The most common causes of this
kind of bleeding are arteriovenous malformations (AVMs)
and anecurysms. Also, traumatic events can trigger these
conditions [62].

Pathophysiology of Ischemic Stroke

The intricate pathology of an ischemic stroke involves
a cascade of events that culminate in neuronal death and
necrosis in the affected region, including oxidative stress,
inflammation, excitotoxicity, and the complement system.
Inflammation plays an increasingly important role in the
complicated pathophysiology of Ischemic Stroke; this
function was previously underappreciated due to the brain's
long-held reputation as an immune-privileged organ.

O
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Research on excitotoxicity, which changed the face of stroke
in the 1980s [63], is primarily caused by elevated glutamate
levels and the resulting calcium excess. Damaged ischemic
tissue, especially following reperfusion, is especially
vulnerable to oxidative stress. Important mechanisms that
promote ischemic stroke and consequent neuronal death
include activation of the complement system, development
of thrombus, and pericyte death.

Inflammation

Ischemic stroke is accompanied by neuroinflammation,
which is primarily caused by immune cells (both innate
and adaptive). Damage to the brain after an ischemic
stroke causes cell death and necrosis, which triggers an
inflammatory response regulated by the release of cytokines,
chemokines, and reactive oxygen species (ROS) (Figure
1). This process initiates the microcirculation and involves
many cytotypes, including microglia and lymphocytes, which
lead to neuronal death [64]. Injuries to the nervous system
can manifest in different ways depending on their location,
timing, and severity. In the immediate aftermath of a stroke,
microglia are involved in neuroinflammation in two ways.
Through their targeting of microglia, microRNAs such as
miR-203 have been discovered to reduce cerebral ischemia-
reperfusion injury [65]. In addition, microglial polarization,
and especially M1 polarization, has been linked to worsening
cerebral ischemia [66]. Acute stroke is characterized by
severe neuroinflammation, which is associated with neuronal
damage, a disruption of the blood-brain barrier (BBB), and
poor prognoses [67]. Ischemic stroke is a leading cause
of death and disability, and the effectiveness of treatment
depends on how well it prevents neuronal death.
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Figure 1: Inflammation in the ischemic stroke. For example, MHC II-peptide-TCR and CD28-B7 activate CD4+ T cells, which in turn increase
T cell activation. Dendritic cells (DCs) consume, and process antigen (Ag) produced by injured neurons. While responding to an inflammatory
stimulus, activated T cells release chemokines and other substances that promote inflammation. Natural immunoglobulin IgM in brain tissue
can recognize novel epitopes exposed to neurons after necrosis, which activates the classical pathway of the complement system and finally
forms a membrane attack complex (MAC). Later on, MAC releases intracellular substances, which makes the inflammatory reaction worse.
Thirdly, as part of the inflammatory response, damaged neurons secrete DAMPs, which activate microglia. 4. Inflammatory cells like microglia
release chemokines that encourage peripheral phagocytes, neutrophils, CD4+T cells, CD8+T cells, and y3T cells to go towards the central

nervous system.
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Excitatory toxicity

An increase in glutamate (Glu) levels in an ischemic
brain triggers a cascade of metabolic reactions that ultimately
cause neuronal death and toxic excitability. The reduction
in mitochondrial ATP generation following an acute stroke
is a result of cerebral ischemia and hypoxia [68]. Glutamate
levels in the extracellular or synaptic cleft will rise as a
result of intracellular and extracellular ion disorders induced
by a defective ATP-dependent ion pump. Intracellular ion
disorders include an increase in Na', Ca*", and Cl", while
extracellular ion disorders have an increase in K*. One
example is the ATP-dependent Na+ pump, which controls
the intracellular transport of glutamate, which is reliant on
a normal Na* gradient (extracellular Na+ are greater than
intracellular). When ATP synthesis is inhibited and the ATP-
dependent Na+ pump is deactivated, the typical Na+ gradient
is inverted, meaning that internal Na* are higher than external
Na'. This leads to an increase in glutamate in the extracellular
matrix or synaptic cleft. Researching glutamate synthesis and
metabolism as well as the downstream pathways regulated by
glutamate receptors has enormous promise for the creation
of neuroprotective medications against ischemic stroke, since
glutamate-mediated excitotoxicity greatly impacts stroke
prognosis [68].

Scientists have shown that peritoneal dialysis can lower
brain glutamate levels following a stroke [69]. Some possible
primary causes of this occurrence are as follows. Breakdown
of the blood-brain barrier came first. Following a stroke, there
will be a gradient between the levels of glutamate in the brain
and the blood, with the former having greater concentrations
[70,71]. 1t is possible that glutamate can enter the periphery
if the BBB is disrupted. Furthermore, glutamine is a
neurotransmitter that can directly pass the blood-brain barrier
and enter the periphery. Peritoneal dialysis flushes out the
glutamine-regenerated peripheral glutamate. Nerve cells and
the astrocytes that surround them participate in a glutamate-
glutamine cycle [72,73], and extracellular glutamate synthesis
relies on several targets in this cycle. Members of the family
of transporters known as excitatory amino acid transporters
(EAATSs) include glutamate transporter GLT-1, which can
empty the synaptic cleft of glutamate. According to reference
[74], B-lactam antibiotics have the ability to enhance GLT-
1 activity in glial cells of mice following OGD. Reactive
oxygen species (ROS) can destroy glutamine synthase (GS),
which is the speed limit of the glutamate-glutamine cycle.
This degradation can occur after a stroke, leading to a buildup
of glutamate [75]. One potential solution to the problem of
ischemic stroke is to target GS.

Oxidative stress

A key component of ischemic stroke, oxidative stress
upsets the oxidant-antioxidant equilibrium, especially in
brain cells that are rich in polyunsaturated fatty acids. A
number of factors exacerbate oxidative damage, including an
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increase in oxidative metabolism, a lack of antioxidants, and
high levels of pro-oxidants (such as iron) [76].

Calcium homeostasis is upset during an acute ischemic
stroke, which leads to a release of calcium into the brain
and the activation of pathways that generate reactive
oxygen species (ROS) and oxidative damage. The brain is
tremendously damaged by the overabundance of reactive
oxygen species (ROS) and hydroxyl radicals caused by these
oxidants and antioxidants imbalance [77]. Ischemic stroke
leads to an increase in cellular ROS production as a result
of glucose and oxygen deprivation, which worsens oxidative
stress and brain damage [78]. The main enzymes responsible
for producing superoxide anion during ischemia are xanthine
oxidase (XO) and NADPH oxidase (NOX). A buildup of
hypoxanthine and xanthine, which are XO substrates, induces
ATP depletion during ischemia and the subsequent formation
of reactive oxygen species (ROS) [79,80]. Following an
ischemic stroke, there is an increase in XO expression in the
area just outside of the infarcted tissue. NOX is an additional
important source of reactive oxygen species (ROS), and its
upregulation follows a stroke. Specifically, NOX2 is the
principal NOX that produces superoxide when triggered by
the N-methyl-D-aspartate receptor [81].

In ischemic neuronal death, mitochondria, the "cellular
powerhouses," play an essential role in regulating the amount
of energy a cell uses. Damage to mitochondrial respiratory
activity and membrane potential sets off a chain reaction that
ultimately causes neuronal death during ischemia. Excessive
reactive oxygen species (ROS) production, decreased ATP
generation, increase of PTEN-induced putative kinase
1 (PINK1) and unfolded protein response (UPR) are all
symptoms of mitochondrial depolarization [82]. Increases
in reactive oxygen species (ROS) and calcium levels trigger
the opening of the membrane permeability transition pore
(MPTP), which in turn releases cytochrome c. This activation
sets off effector caspases, which carry out apoptotic death [83].
As soon as PINK1 detects mitochondrial damage, it initiates
the damage process by recruiting Parkin and phosphorylating
Parkin and ubiquitin [84].

Apoptosis

In apoptosis, neurons undergo a shrinkage and cytoplasmic
condensation process that culminates in the nuclear membrane
being ruptured, resulting in the formation of apoptotic
bodies. These events can be either intrinsic or extrinsic.
When the oxygen and nutrition levels of the cells drop too
low, the intrinsic system kicks in and stops the normally
occurring glycolytic oxidative phosphorylation pathway
from producing ATP. Because of this, the anaerobic pathway
is most common, and the amount of ATP that cells make is
inadequate to sustain their activity. An imbalance in the ion
channels (Na*/Ca®" influx and K* efflux) and an accumulation
of calcium ions within the cell lead to an overproduction of
glutamate and other excitatory amino acid neurotransmitters
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that are released into the extracellular environment. A series
of cytotoxic events in the nucleus and cytoplasm ensue after
this process, including calpain activation, ROS generation
from mitochondrial metabolism, DNA damage, and DNA
breakage [85]. The extrinsic pathway, which can happen
alone or in combination with the intrinsic pathway, includes
the activity of inflammatory signaling factors released by
astrocytes, microglia, and oligodendrocytes as a result of
cerebrovascular damage. Proinflammatory cytokines and
receptors such as TNF-o/B, chemokines, interleukin 10,
TNF-related apoptosis-inducing ligand receptor (TRAIL-R),
and Fas ligand (FasL) are components of these causes
of inflammation [86]. Neuronal cell membrane receptors
mediate apoptosis via the mitochondrial-dependent pathway,
which is initiated by a signal produced by caspase-8 and
activates the downstream effector caspase-3 or BID [87].

Ferroptosis, phagoptosis, parthanatos, pyroptosis, and
necroptosis are five other ways in which cells might die after
an ischemic stroke (Figure 2), in addition to apoptosis [88].
If we want to create effective treatments for ischemic stroke,
we need a better understanding of how these many cell death
mechanisms interact with one another. Improving outcomes
for individuals suffering from ischemic stroke and reducing
neuronal damage should be possible with the use of combined
knowledge from these pathways.

Hemorrhagic Stroke Pathology

The fast buildup of blood within the brain parenchyma
causes abnormalities in normal anatomy and elevated local
pressure during intracerebral hemorrhage. Most of the harm,
depending on the growth dynamics of the hematoma, happens
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mechanically due to the mass effect and happens between
minutes to hours after bleeding begins. In most cases, the
presence of intraparenchymal blood is to blame for secondary
injury, the severity of which can vary with factors like the
initial hematoma volume, age, and ventricular capacity [89].
Numerous concurrent pathogenic mechanisms might lead
to its occurrence, such as: (1) blood cytotoxicity [90]; (2)
hypermetabolism [91]; (3) excitotoxicity [92]; (4) spreading
depression [93]; and (5) oxidative stress and inflammation
[94]. The pathology culminates in the irreparable breakdown
of the neurovascular unit, which includes both white and grey
matter, as well as the blood-brain barrier, fatal brain edema,
and the death of a large number of brain cells [95]. On one
hand, inflammatory mediators produced locally in reaction
to brain death or injury can amplify damage from ICH
(secondary injury). On the other hand, inflammatory cells
like microglia and macrophages are essential for clearing out
cellular debris from hematomas, which is where inflammation
continues [96].

Blood Cytotoxicity and Oxidative Stress as Mediators
of Cell Death After Hemorrhagic Stroke

The common sites of the bleed are the basal ganglia (50%),
cerebral lobes (10% to 20%), the thalamus (15%), pons and
the brain stem (10% to 20%), and the cerebellum (10%) [97].
Hemorrhage damages neurons and glia. Swelling of cells,
malfunction of the mitochondria, neurotransmitter release,
and oligemia are the outcomes. Inflammation and edoema
are brought about by thrombin's activation of microglia [98,
99]. Hemorrhage and subsequent rise in intracranial pressure
(ICP) compress brain tissue, causing the main harm [100].
The release of hemoglobin and iron from the clot, as well
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Figure 2: Different Forms of Cell Death Associated with Ischemic Stroke.
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as inflammation, BBB disruption, edoema, reactive oxygen Within minutes of intracranial hemorrhage (ICH), viable
species (ROS) overproduction, and glutamate-induced brain cells nearby are subjected to a powerful cytotoxic,
excitotoxicity, all play a role in secondary damage. pro-oxidative, and proinflammatory insult from the blood's

extravasated components (mainly erythrocytes and plasma
proteins) as well as damage-associated molecular patterns
(such as nucleic acids, extracellular matrix components,
proteins, lipid mediators, ATP, and uric acid released from
necrotic and damaged tissue) (Figure 3). It is currently
believed that bioactive molecules such as immunoglobulins,
blood-derived coagulation factors, complement components,
and extravasated plasma components contribute to tissue
damage caused by ICH [103]. As a result, the lysis of red
blood cells begins at approximately 24 hours and persists
for the following several days, resulting in the release of

In most cases, the hematoma will swell within three
to twelve hours. In one-third of cases, the hematoma
enlarges within three hours. A 24-hour rise, a peak around
5-6 days, and a duration of up to 14 days characterise the
perihematomal edoema. The area surrounding the hematoma
is not receiving enough blood flow. The progression of ICH
can be triggered by events such as a hematoma's enlargement,
intraventricular hemorrhage, swelling around the hematoma,
and inflammation [97]. By first compressing the fourth
ventricle, cerebellar hematoma causes hydrocephalus.

Perimesencephalic and non-perimesencephalic cytotoxic hemoglobin (Hb) and further worsening of the
subarachnoid hemorrhages are two types of non- clinical condition [104]. Hemoglobin and its byproducts, iron
aneurysmal  spontaneous  subarachnoid  hemorrhages. and heme, pose a direct threat to the health of nearby brain
The interpeduncular cistern is the most common site of cells [105]. Hemoglobin and heme are powerful cytotoxic
bleeding in perimesencephalic SAH. An increased risk of agents that can kill a large number of brain cells (Figure
perimesencephalic nonaneurysmal SAH (PM-SAH) can 3). Hb toxicity mostly manifests as free radical generation
be observed in individuals who have experienced physical and extensive oxidative damage to proteins, nucleic acids,
activity, such as the Valsalva manoeuvre, which leads to carbohydrates, and lipids, primarily by a Fenton-type
an increase in intrathoracic pressure and raised intracranial mechanism [106]. The clinical significance of determining
venous pressure [101]. In non-perimesencephalic Sudden how to regulate hemolysis, heme detoxification, and iron

Anaphylaxis (NPM-SAH), the blood 1is distributed intake could thus be substantial.

diffusely [102].
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Figure 3: The process of intracerebral hemorrhage (ICH) involves the leakage of blood into the brain tissue. Blood cells, or erythrocytes,
are removed from the parenchyma by macrophages and microglia via phagocytosis mediated by the cell-surface scavenger receptor CD36.
Efficient removal of extravasated red blood cells and irreparably damaged cells stops them from lysing and releasing their harmful contents
into the brain parenchyma. For hemolysis to take place (which happens after ICH), hemoglobin (Hb) must be eliminated from the extracellular
space as soon as possible to prevent its cytotoxic effects. The protein haptoglobin (Hp) is brought into the brain from the blood and made
locally by oligodendroglia. It forms a less hazardous compound with hemoglobin (Hb), which microglia and macrophages endocytose through
the scavenger receptor CD163. When hemoglobin binds to hemopexin (Hx), it neutralises the harmful extracellular free heme that is produced.
Phagocytes then remove the heme-Hx complexes through endocytosis mediated by the CD91 scavenger receptor. In phagocytes, biliverdin,
CO, and pro-oxidative iron are produced through heme oxygenase (HO; mostly, HO-1) metabolism. To protect cells from oxidative stress,
phagocytes use iron-binding proteins like ferritin or hemosiderin to store iron. When the iron-storage capacity of hemosiderin is reached, free
irons create oxidative damage. This can happen when iron production is excessive. Although PPARY regulates the expression of CD36, Nrf2
increases the expression of Hp. Nrf2 and PPARy both promote the upregulation of antioxidant proteins, including as catalase and superoxide
dismutase.
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Oxidative Stress and Hemorrhagic Stroke Injury

It seems that oxidative stress is a major factor in the
development of ICH. By showing that antioxidants were
effective as treatment agents, we were able to provide direct
evidence that free radicals caused ICH injuries. In animal
models of ICH, brain injury was greatly decreased by free
radical scavengers like dimethyl thiourea, a-phenyl-N-tert-
butyl nitrone, NXY-059 (a sulfonyl derivative of a-phenyl-
N-tert-butyl nitrone), or deferoxamine, a medication that
chelates pro-oxidative iron [107]. Consistent with these
pharmacological studies, post-ICH damage was less in
animals lacking NADPH oxidase, an enzyme critical for
ROS generation [108]. New evidence suggests that estrogen
mitigates ferrous iron toxicity both in living organisms and in
laboratory settings, suggesting that variations in iron toxicity
management could contribute to gender differences in ICH
susceptibility [109].

Clinical trial results with NXY-059 were unexpectedly
unsatisfactory, despite the existence of preclinical evidence
for the efficacy of free radical neutralization-based therapies.
Not only did NXY-059 not help individuals with ischemic
stroke, it was also unsuccessful in treating ICH [110].
Inadequate stoichiometric neutralization of high amounts of
free radicals and the drug's pharmacokinetics (no blood-brain
barrier permeability) are two potential causes of these neutral
outcomes; however the exact explanation is unknown.

Inflammation, Blood Toxicity, and Hematoma

Within minutes following ICH, the brain's resident
phagocytes, microglia, which make up 10%-15% of all glial
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cells, are ready to go into action [111]. The ICH damage sites
are infiltrated by hematogenous inflammatory cells due to the
proinflammatory cytokines and chemotactic factors released
by activated microglia. A brief infiltration of neutrophils
(lasting 18 hours to 4 days) and a subsequent long-term
presence of hematogenous macrophages (lasting 1 day
to months) are the defining features of this [111]. Nuclear
factor kappa-B (NF-kB) is a ubiquitous transcription factor
that mainly coordinates inflammatory signaling, which
incorporates several components and cell types [112]. Some
of the genes that NF-kB targets include adhesion molecules
(such as intercellular adhesion molecule-1), cytokines,
chemokines, metalloproteinases, immune receptors, acute
phase proteins, cell surface receptors, and inflammatory
enzymes. Some of these genes are involved in proinflammatory
signaling and NF-«B activation (Figure 4). Free radicals play
a crucial role in NF-kB activation as signaling molecules.
One possible explanation for how oxidative stress can worsen
inflammation following ICH is this NF-kB characteristic. It
has been shown in experimental experiments that NF-xB is
activated in the hemisphere affected by ICH as early as 15
minutes after the start of ICH, reaches its peak between 1
and 3 days after ICH, and stays elevated for weeks. Important
genes that are targeted by NF-«B, including as IL-1f3, tumor
necrosis factor-a, and matrix metalloproteinase-9, play a role
in brain injury caused by ICH [113] (Figure 4).

Treatment Patterns of Ischemic Stroke vs
Hemorrhagic Stroke

How a stroke is treated differs from one kind of stroke to
another. The majority of strokes occur as a result of blocked or

inflammation  f———— :
hematoma

removal/
phagocytosis

Figure 4: When an intracerebral hemorrhage occurs, it triggers the activation of a transcription factor called nuclear factor kappa-B (NF-«xB).
This activation sets off a chain reaction of inflammation and oxidative stress, ultimately causing additional damage to the brain. By inhibiting
NF-«B and inducing antioxidative defence components, the transcription factor peroxisome proliferator-activated receptor-gamma (PPARY)
helps to reduce inflammation and oxidative stress, ultimately protecting the brain affected by ICH. As a biologist, it is fascinating to observe the
role of the transcription factor NF-E2—related factor-2 (Nrf2) in regulating oxidative stress and blood detoxification components. Furthermore,
PPARYy promotes the process of phagocytosis, which aids in the clearance of hematoma. This helps to eliminate the hematoma, which is the

cause of toxicity and inflammation.
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narrowed blood arteries, which limits blood flow to the brain.
In order to treat the condition, blood-clot-busting medications
are administered to the injured area. Drugs that dissolve blood
clots can be administered to patients in a variety of ways,
including injections, oral medication, or even straight into the
brain. A carotid endarterectomy can be done to open up the
carotid artery if it has become obstructed due to fat or arterial
plaque. The buildup of pressure in the brain, caused by blood
leaking into it from a ruptured blood vessel, is known as a
hemorrhagic stroke. Treatment focuses on lowering blood
pressure and regulating bleeding. Surgical repair of blood
vessels may be part of emergency care. Depending on the
extent of the stroke and the area of the brain that was injured,
rehabilitation after a stroke may be necessary.

Similarities in the Care of Ischemic and Non-
ischemic Strokes

Emergency Care

Emergency medical treatment is crucial in both ischemic
and non-ischemic strokes in order to reduce brain damage
and maximize recovery time.

In the event of an ischemic stroke, the primary objective of
treatment is to return blood circulation to the afflicted region
of the brain in the initial hours following the start of stroke
symptoms. If a patient has a blood clot obstructing one of
the major cerebral arteries, a mechanical thrombectomy may
be an option. The procedure entails threading a catheter into
the artery so the device may dislodge the clot. A lessening
of stroke-related impairment over time is possible with
this treatment. The optimal time to undertake mechanical
thrombectomy after a stroke symptom has begun is within
six hours. In some cases (based on brain imaging test results),
it can even be helpful for up to 24 hours after symptoms
begin. It is more probable that the treatment will be helpful
if administered promptly. Due to the serious nature of the
condition, patients experiencing intracerebral hemorrhage as
a result of hypertension require immediate medical attention.
The doctor may suggest surgery to lower the pressure inside
the skull, stop the bleeding, or both. The time it takes to do
surgery following a stroke varies from 48 to 72 hours and is
based on the patient's state and the severity of the stroke.

Diagnostic Imaging

In order to diagnose ischemic and hemorrhagic strokes,
healthcare providers must have access to imaging modalities
such as computed tomography (CT) or magnetic resonance
imaging (MRI). This allows them to evaluate the level of
damage and devise treatment plans accordingly.

When diagnosing and treating an ischemic stroke,
doctors frequently use imaging modalities such as computed
tomography (CT) and magnetic resonance imaging (MRI).
The perfusion status of brain tissue can be evaluated using
these modalities, and they also confirm the diagnosis of
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ischemic stroke. Ischemic cores are irreparably destroyed,
while penumbra tissues may be recoverable; these markers
help to differentiate between the two. If a patient with an
ischemic stroke has a detectable ischemic lesion on DWI and
no hyperintense signal in the same area on FLAIR, and the
time of symptom onset is known to be within 4.5 hours before
imaging, then the patient is likely to have symptoms within that
time frame, according to MRI studies in individuals with this
condition [114]. Differentiating between core and penumbra
can also be achieved by CTP imaging [115]. When the time
of ischemic stroke onset is uncertain or outside the 4.5-6 h
time window, these two modalities have been employed in
an extended time window to select patients who are likely
to benefit from multiple reperfusion methods, including
IVT and EVT. Additional tools that can help determine the
cause of an ischemic stroke include magnetic resonance
angiography (MR angiography) and computed tomography
(CTA) [116]. use cutting-edge imaging techniques, including
computed tomography (CT) scans or positron emission
tomography (MRI), to detect hemorrhagic stroke. brain scan
using computed tomography. If you suspect brain bleeding,
a computed tomography (CT) scan is your gold standard for
diagnosis. These scans can also show you how the bleeding is
progressing in the first six hours after it starts. When it comes
to diseased brain images, particularly longitudinal images
and lesion foci, cranial magnetic resonance imaging (MRI)
can be more precise.

Surgical Interventions

Craniotomy and other surgical procedures may be
necessary to drain blood from the brain after a hemorrhagic
stroke or to fix vascular anomalies such as AVMs or
aneurysms. While surgical procedures are less prevalent
in cases of ischemic stroke, mechanical thrombectomy—a
procedure to remove blood clots from blocked arteries—may
be necessary in some cases.

In order to prevent further bleeding after a hemorrhagic
stroke, a surgeon will insert a small clamp into the opening of
the aneurysm. This clamp has the dual purpose of preventing
the aneurysm from either bursting or further bleeding once it
has already occurred. If your AVM is small and situated in
an accessible part of your brain, your surgeon may be able to
remove it. This reduces the likelihood of hemorrhagic stroke
and removes the possibility of rupture. A physician will insert
a catheter into your carotid arteries via a groin artery during
an angioplasty, a surgical procedure that involves repairing
or unblocking an artery. The next step is to blow up a balloon
in order to widen the constricted artery. After the artery is
opened, a stent can be placed to provide support. After a
stroke caused by ischemia, if a blood clot is obstructing a
major artery in the brain, a mechanical thrombectomy may
be an option. It entails threading a device that can dislodge
the clot into the artery through a catheter. Reducing stroke-
related impairment over the long run is possible with this

surgery.
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Differences in the Care of Ischemic and Non-
ischemic Strokes

Treatment Goals

A primary goal in treating ischemic stroke is to remove
or dissolve blood clots so that blood may once again flow
to the damaged brain area. Hemorrhagic stroke treatment, on
the other hand, focuses on addressing underlying vascular
problems, controlling bleeding, and reducing brain pressure.

The majority of strokes are ischemic strokes, which occur
when blood arteries supplying the brain are either completely
or partially closed off due to clots or atherosclerosis. Treatment
for ischemic strokes typically involves reestablishing blood
flow to the afflicted area of the brain by means of clot-
busting medications. The dissolving of blood clots can be
accomplished by administering injections or oral drugs
to patients. Potentially effective treatments include drugs
administered intravenously to the brain. A procedure known
as carotid endarterectomy can be performed to open up the
carotid artery and allow blood to flow again to the brain in
cases where it has been clogged due to arterial plaque or fat
accumulation within the artery walls. The technique involves
the surgeon physically removing the plaque after making an
incision in the artery. Treating a hemorrhagic stroke entails
lowering brain pressure and stopping any bleeding that may
have occurred. The extent of the bleeding after a hemorrhagic
stroke determines whether a craniotomy, or skull-based
surgery, is necessary to drain the blood and alleviate pressure
on the brain. Hemorrhagic strokes can cause damage to blood
vessels, which can be fixed through surgery.

Medication

While thrombolytic therapy is commonly used to treat
ischemic stroke by dissolving blood clots, it is not normally
used to treat hemorrhagic stroke because of the danger of
worsening bleeding.

When treating an ischemic stroke, the sole medication that
has been licensed for systemic administration is intravenous
plasminogen activator (IVA) with alteplase [117]. This
medication should be given to the patient within four and
a half hours of the start of symptoms. If a large vessel
occlusion (LVO) is detected, intravenous thrombolysis (IVT)
can be performed either independently or in conjunction
with extravascular thrombolysis (EVT) and mechanical
thrombectomy (MT). It is advised that patients with LVO
undergo MT within 6 hours of the start of symptoms, either
alone or in conjunction with IVT within 4.5 hours of the start
of symptoms, or between 4.5 and 6 hours of the beginning of
symptoms. The dissolving of blood clots can be accomplished
by administering injections or oral drugs to patients.
Potentially effective treatments include drugs administered
intravenously to the brain. Thrombolytic treatment entails
intravenous (IV) administration of alteplase (or tPA, short
for "tissue plasminogen activator") or a comparably named
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Tenecteplase. A clot that is preventing blood from reaching
the brain can be broken up by this. Anticoagulation is rarely
used to treat acute hemorrhagic stroke due to the danger of
severe bleeding.

Conclusion

Stroke is a leading cause of death and disability
worldwide. Ischemic and hemorrhagic strokes are now better
understood and treated thanks to new diagnostic methods,
improved categorization systems, and other technological
advancements. The two main causes of stroke are occlusion
of'blood vessels (ischemic stroke) and rupture of brain vessels
(hemorrhagic stroke). The key to effective management and
prevention is a thorough understanding of these processes
and risk factors. Stroke treatment plans differ in approach
based on stroke severity; nevertheless, reversing blood flow,
lowering brain pressure, and treating underlying vascular
problems are common goals. While surgical procedures,
mechanical thrombectomy, and thrombolytic therapy are part
of acute management, risk factor management and healthy
lifestyle promotion are at the heart of long-term preventative
efforts. Reduce the worldwide burden of stroke and improve
outcomes through more research into stroke pathogenesis,
neuroprotective techniques, and personalized treatment
options.

Key points, and

Challenges

Outstanding questions

* Blood cytotoxicity, oxidative stress, and inflammation are
key factors contributing to secondary injury in both stroke

types.

* Mechanical thrombectomy and thrombolytic therapy are
essential in the treatment of ischemic stroke, but they
must be administered at the exact right time and to the
right patients.

* Though mechanical thrombectomy has changed the game
for treating ischemic stroke, there are still big obstacles
in terms of availability and when the procedure may be
done.

* There is hope for improving recovery from all forms
of stroke through neuroprotective therapies that target
inflammation, oxidative stress, and excitotoxicity.

* How could the strategies/methods in personalized
medicine be seamlessly incorporated into standard stroke
care to get the best possible treatment results?

*  What role may new discoveries in biomarkers and
neuroimaging play in enhancing the ability to detect and
predict the impact of strokes in their early stages?
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