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Chapter 1
Cerebral Stroke: An Introduction

Amit Kumar Tripathi

Abstract Stroke is the fifth leading cause of death and physical disability in the 
USA. Its prevention, diagnosis, and interventions are for the most part up and com-
ing fields that give us feeling of how far medical and scientific work have pro-
gressed. Intravenous thrombolysis (IT) and endovascular thrombectomy (EVT) are 
evidence-based treatments for adults with a blocked blood vessel (ischemic stroke). 
EVT intervention is better than tpA treatment because of faster recanalization and 
less risk of hemorrhage especially in large artery occlusions. EVT treatment options 
include: Catheter-directed thrombolysis (CDT), pharmacomechanical catheter-
directed thrombolysis (PCDT), percutaneous aspiration thrombectomy (PAT), vena 
cava filter protection, venous balloon dilatation and venous stent implantation. The 
feasibility, safety, and outcome of all therapies need to be assessed in adults, chil-
dren, and pregnant women who have had a stroke. The significance of neuroprotec-
tive investigations in murine and stroke patients should be deliberately checked. 
Stem cells, nanoformulations and electromagnetic fields (EMF) are helpful emerg-
ing therapeutic interventions that contribute to the treatment of stroke patients.

Keywords Stroke · Thrombectomy · Oxygen-glucose deprivation · Stem cell · tPA

1.1  Introduction

Stroke is the fifth leading cause of physical disability and mortality occurring in 
around 700,000/year in the USA. [1, 2]. Currently, the incidence of stroke in India 
is substantially higher than that in Western nations [3]. In developing countries, 
stroke is main cause of death. Ischemic stroke is a permanent or temporary state 
where the blood supply to the brain becomes blocked, resulting in oxygen-glucose 
deprivation (OGD), brain damage, and cognitive dysfunction. The future of neurons 
undergoing ischemic injury is regulated by transcriptional and post-transcriptional 
events that contribute to competing cell death and survival programs [4]. The 
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neurological outcomes are permanent damage, including partial paralysis and 
impairment in speech, comprehension, and memory. Moreover, it affects children 
and both men and women. The incidence of stroke increases promptly with age. The 
major risk factors are summarized in Table 1.1 and Fig. 1.1.

Fig. 1.1 Warning sign for cerebral stroke incidence

Table 1.1 Major risk factors for incidence of ischemic stroke

S.No
Factors that can control, 
treat, and improve

Factors that are not 
within your control

Additional factors that may be 
linked to a higher stroke risk

1 Sustained high blood 
pressure (hypertension)

Age Geographic location

2 Smoking (nicotine and 
carbon oxide)

Stroke family history Socioeconomic factors

3 Diabetes Sex (gender) Drug addiction
4 Diet with saturated and 

trans fat
Transient ischemic 
attack

Sleep habits can affect stroke

5 Physical activity Alcohol abuse can raise the risk of 
stroke

6 Excess body weight and 
obesity

A. K. Tripathi
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1.2  Types of Stroke

1.2.1  Ischemic Stroke

Ischemic stroke occurs as a result of an obstruction of the blood vessels. It is a 
blockage in an artery supplying to blood to the brain in a situation known as isch-
emic (~92%).

1.2.2  Hemorrhagic Stroke

Hemorrhagic stroke is caused by rupture of vessels and leakage of blood into the 
brain (~10%). There are two types of weakened blood vessel that usually cause 
hemorrhagic stroke: aneurysms and arteriovenous malformations. However, the 
most common cause of hemorrhagic stroke is uncontrolled hypertension (sustained 
high blood pressure).

1.2.3  Transient Ischemic Attack

Transient ischemic attack is the temporary interruption of arterial blood flow known 
as a mini-stroke (Table 1.1).

1.3  Stroke Pathophysiology

Ischemic stroke injury is primarily attributed to the excessive release of glutamate, 
overactivation of N-methyl-D-aspartate receptor (NMDAR), and increased influx of 
Ca2+ [5]. The glutamate is responsible for causing neurotoxicity via binding to the 
NMDAR. NMDARs play a pivotal role in excitotoxic neuronal cell death caused by 
ischemic stroke. However, NMDAR channel blockers remain unsuccessful for clin-
ical stroke treatment. However, a few recent lines of research have suggested that 
the NMDAR-associated signaling mechanism has explored novel cell death signal-
ing mechanisms to identify the inhibitors that block these downstream pathways 
without blocking the receptors. Activation of these receptors allows the entry of 
large amounts of Ca2+. Ca2+ is normally used by cells as a hypercritical intracellular 
signaling molecule and is involved in many diverse functions, including control of 
cell-surface ion channels and enzyme activity. Abnormal high concentrations of 
Ca2+ lead to inappropriate activation of cascades of enzymes such as proteases, 
nucleases, and lipases (Fig. 1.2).

1 Cerebral Stroke: An Introduction
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1.4  Current Treatment Option for Stroke Patients

Recombinant tissue plasminogen activator (rt-PA) is a serine protease that acceler-
ates fibrinolysis and is used for the reperfusion of the artery after acute ischemic 
stroke (AIS). However, its potential benefits are compromised by side-effects such 
as increased risk for hemorrhagic transformation, low therapeutic window, and neu-
rotoxicity [6]. The second most promising therapy for stroke mechanical thrombec-
tomy (MT) is physically removing the obstructing clot using specifically designed 
devices. This is a treatment option for large vessel ischemic stroke. MT is used 
when thrombolysis has failed to dissolve the clot or is contraindicated. The disad-
vantage of thrombectomy intervention is that it is recommended for a maximum of 
6 h following stroke and challenge owing to the non-availability of this facility at all 
health centers. Endovascular thrombectomy (EVT) is a rapid and recommended 
treatment for AIS and is associated with various operative and post-operative com-
plications such as procedural, device, and anesthetic-related problems that increase 
both the cost and the delay of rehabilitation [7]. Several methods of neuroimaging 
have been reported for the diagnosis and detection of arterial blockage in ischemic 
stroke patients.

Fig. 1.2 Molecular mechanism involved in pathophysiology of cerebral stroke

A. K. Tripathi
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1.5  Neuroprotective Agents in Preclinical and Clinical Trials

The term neuroprotection is generally used to describe the effect of various thera-
peutic interventions that protect the brain from neuropathological damage. It 
involves the inhibition of signaling mechanisms of various pathological conse-
quences occurring during neuronal ischemia and leading to calcium entry, activa-
tion of reactive oxygen species (ROS), and neuronal cell death. The accumulated 
research of the pathophysiology involved in ischemic stroke has led to the screening 
of a large number of neuroprotective molecules for therapeutic intervention [8]. 
Better brain stroke therapy has two pre-requisites: (1) a clear-cut understanding of 
the molecular mechanism involved and (2) identification of new small molecules/
therapeutics that can cross the blood–brain barrier (BBB). The large number of 
candidate molecules shows neuroprotective efficacy in various rodent models, but 
so far no clinical study has found significant statistical benefit in patients with 
AIS.  Initial neuroprotective studies suggested that a candidate drug with no side 
effect was given by various staff members on the way of a hospital and generate a 
clinically significant outcome, as there were only benefits and no risks. The question 
is: why have neuroprotective molecules not been successful in a clinical trial on 
human stroke? There are several possible explanations why neuroprotective trials 
have been unable to prove an effect, in addition to the eventuality that the basic 
concept is wrong. The effect of neuroprotective agents on infarct and edema volume 
are time-dependent and treatment has often been initiated much later than in suc-
cessful experimental stroke models. An inadequate dose and the slow availability of 
the drug in the target area may be another explanation. The future new approach of 
neuroprotective studies has suggested that candidate molecules should be standard-
ized in older animals with common co- morbidity such as atherosclerosis than in 
younger and healthy animals. Another possibility is the need to discover a highly 
effective new neuroprotective agent and the synergistic mode of action of the mol-
ecules tried. In clinical trials, the highest possibility of success may be with neuro-
protection involving mechanisms in experimental stroke pathophysiology, in 
combination with thrombolytic therapy.

1.6  Stroke-Induced BBB Disruption

Blood–brain barrier (BBB) damage is a critical event in ischemic stroke, contribut-
ing to vasogenic edema formation and deteriorated disease outcomes [9]. The BBB 
mainly consists of microvascular endothelial cells locked by tight junctions (TJs) 
and adherens junction (AJ) proteins to protect the brain from an entry of blood-
borne macromolecules. The TJ consists of three integral membrane proteins, junc-
tion adhesion molecules (JAM; occludin, claudin), and cytoplasmic accessory 
proteins zonula occludens (ZO-1, ZO-2, ZO-3) and cingulin [10, 11]. The BBB has 
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been a great obstacle to drug delivery in the central nervous system (CNS). Stroke- 
induced BBB opening will be the focus of different stages and mechanisms of dis-
ruption in AIS and a novel therapeutic strategy to target the pathways for better 
outcomes of stroke.

1.7  Ischemic Stroke-Induced ER Stress

Endoplasmic reticulum (ER) stress is an essential event in the progression of 
 ischemia/reperfusion (I/R) injury in the brain [12]. However, the ER malfunction is 
well recognized in various neurological disorders such as Alzheimer’s disease, 
Parkinson’s disease, and Huntington’s disease, but the mechanism remains unre-
solved. The impairment of ER function results in the incidence of cell death to 
protect the organism by removal of damaged cells. ER stress following protein mis-
folding and their accumulation in the ER lumen induces the unfolded protein 
response (UPR) in energy-deprived neurons of the ischemic brain. UPR is the phos-
phorylation of eukaryotic initiation factor 2α (eIF2α) by the activated PKR-like 
endoplasmic reticulum kinase (PERK) [13, 14] and cleavage of the X-box binding 
protein-1 (XBP-1) mRNA by the activated inositol-requiring enzyme 1 (IRE1). This 
helps in the translocation of cleaved XBP-1 from cytoplasm to the nucleus and regu-
lates expression of ER chaperone genes, such as glucose-regulated protein 78 
(GRP78) [15]. Furthermore, cleavage of activating transcription factor 6 (ATF6) by 
proteases, such as S1P and S2P in the Golgi, which regulates expression of ER 
stress-target genes, such as C/EBP homologous protein (CHOP) and XBP-1 [16]. A 
detailed explanation of ischemic stroke-induced ER stress is given in the chapter 
“Ischemic Stroke-Induced Endoplasmic Reticulum Stress.”

1.8  The Emerging Role of mi-RNA in Stroke 
Pathophysiology

The etiological origins and pathological processes of ischemic stroke are mediated 
by a multifaceted cascade of molecular mechanisms that are in part modulated by 
post-transcriptional activity [17, 18]. Accumulating evidence has revealed the role 
of endogenously expressed and noncoding RNA molecules that function to inhibit 
mRNA translation, popularly known as miRNAs. miRNAs are essential regulators 
of post- and co-transcriptional gene modification in both the brain physiology and 
ischemic stroke. These are 21- to 23-oligonucleotide RNAs, which modulate the 
translation of messenger RNAs (mRNAs) by binding to the 3′-complementary regu-
latory RNA sequence, thereby causing mRNA degradation and sequestration. More 
than 5000 miRNAs likely to exist in humans, and each miRNA binds on average 
200  mRNAs. The unique chapter describes the emerging role of miRNA in the 
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pathophysiology of ischemic stroke, highlighting the current progress and under-
standing that miRNAs alter cellular machinery in I/R brain injury.

1.9  Neuroprotective Potential of Low-Frequency 
Electromagnetic Field

The low-frequency electromagnetic field (LF-EMF) affects many biological pro-
cesses; however, the fundamental function remains unresolved in ischemic insult. 
LF-EMF has the potential to modulate ROS generation followed by a decrease in 
the activity of antioxidant defense enzymes after I/R brain injury [19]. Exposure of 
LF-EMF in patients showed the decreased activity of catalase and superoxide dis-
mutase (SOD) in hemolysate and plasma samples. The cellular and molecular sig-
naling mechanism participating in the neuroprotective effect of LF-EMF exposure 
against I/R injury in rodents remains unresolved. Further studies are warranted to 
investigate the full neuroprotective potential of LF-EMF. An explanatory chapter is 
allocated to the neuroprotective potential of electromagnetic field and the emerging 
role of electromagnetic field in stroke.

1.10  Stem Cell Therapies for Cerebral Stroke

Preclinical trials indicate that the emerging role of stem cells, including embryonic 
stem cells (ESCs), pluripotent stem cells (PSCs), neural stem cells (NSCs), and 
mesenchymal stem cell (MSCs), might be due to cell replacement, neuroprotection, 
neurogenesis, angiogenesis, and regulation of the inflammation and immune 
response [20]. Neural stem cells (NSCs) offer a therapeutic potential to restore the 
lost function from ischemic stroke. Clinical studies performed using various stem 
cell types show encouraging results with regard to their safety and effectiveness in 
reducing the infarct size of stroke patients [21]. Surprisingly, stem cell-based gene 
therapy provides a unique potential therapeutic opportunity for stroke patients. 
Stem-cell therapy a emerging therapeutic intervention in stroke, a assembly was 
organized to spread information in both clinician and basic researcher with industry 
and regulatory representative to evaluate the critical issues in a subject.

1.11  Conclusion

Previous research investigation suggested that the unraveling of molecular signaling 
pathways and therapeutic intervention are the major goals of stroke research. The 
current treatment choice for stroke patients is the utilization of rt-PA instead of 
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numerous weaknesses, for example, neurotoxicity and hemorrhagic change. EVT is 
the main treatment alternative utilized when standard treatment has failed to dis-
solve the clot. In any case, there is a dire necessity for the investigation of new flag-
ging pathways that assist the improvement of future remedial mediation. The 
emerging therapeutic interventions, stroke-induced BBB disruption, and ER stress 
upregulation are summarized in various chapters of the present e-book.
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Chapter 2
Inflammation, Oxidative Stress, 
and Cerebral Stroke: Basic Principles

Shashi Kant Tiwari, Priyanka Mishra, and Tripathi Rajavashisth

Abstract Cerebral stroke has assorted causes, disrupting the cerebral blood flow 
and subsequently damaging the brain tissues in affected areas. Stroke is the third 
primary cause of death and disability in adults around the globe. In approximately 
25–40% of cerebral stroke patients, the neurological signs are initiated during the 
early hours. The mechanism involved in the pathophysiology of cerebral stroke are 
oxidative stress and inflammation. Oxidative stress takes place when there is an 
impairment to the balance of antioxidant generation with reactive oxygen species 
(ROS) and other free radicals/oxidants. The brain is extremely vulnerable to oxida-
tive stress owing to the high consumption of body oxygen to produce energy and 
free radicals, which may cause damage to the main cellular components, such as 
lipids, proteins, and DNA, and contributing to late-stage apoptosis and inflamma-
tion. Inflammation plays significant role in the pathogenesis of cerebral stroke and 
associated brain damage. Experimentally and clinically, ischemic brain injury takes 
place because of the initiation of severe and extended inflammatory progression. 
These processes include activation of brain microglial cells, production of pro- 
inflammatory mediators (cytokines and chemokines), and infiltration of numerous 
inflammatory cells such as neutrophils, T-cells, monocyte/macrophages, and natu-
ral killer cells into the ischemic brain regions, which initiates neuronal injuries and 
cell death mechanisms. In this chapter, we focus on the cellular and molecular evi-
dence for oxidative stress and inflammation in cerebral stroke. In addition, we high-
light certain current findings and knowledge of the neuroprotective strategies that 
target oxidative stress/inflammation and their implications in the pathogenesis of 
cerebral stroke.
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2.1  Introduction

In this chapter, we introduce the basic biology of oxidative stress and inflammatory 
response during ischemic stroke. We also highlight the developmental remedies for 
cerebral stroke/ischemia. Stroke is the third leading cause of mortality and the most 
frequent cause of chronic disability in adults and imposes a significant health and 
financial burden on societies worldwide [1, 2]. Stroke is defined as a pathological 
condition in which an impairment in blood flow in the cerebral part of the brain due 
to the immediate occlusion of blood vessels by embolism or thrombus, which results 
in a sudden loss of glucose and oxygen in the brain regions [3, 4]. Strokes are mainly 
categorized into two types: ischemic and hemorrhagic. Nearly 87% of strokes are 
categorized as ischemic, whereas others are hemorrhagic. Ischemic strokes are 
caused by disruption of the blood flow in the brain, whereas hemorrhagic strokes 
result from an abnormal vasculature or because of the rupture of a blood vessel. The 
onset of cerebral ischemia activates the pathological paths of the ischemic cascade 
and finally causes irrevocable neuronal damage in the ischemic core [5]. However, 
there are other tissues of the brain surrounding the ischemic core known as the pen-
umbra, where the cerebral blood flow is restored. Thus, the ischemic penumbra is 
defined as the region of the brain that is damaged but not fully dysfunctional. 
Ischemic conditions initiate a cascade of cell death mechanisms, including the acti-
vation of oxidative stress, excitotoxicity, and inflammatory pathways, which can 
ultimately result in irreversible damage or dysfunction of the affected brain tissues 
[6]. Thus, neuronal injury due to ischemia primarily occurs by hypoxia, disruption 
of the blood flow, adenosine triphosphate (ATP) exhaustion, and consequent re-oxy-
genation of the ischemic brain by reperfusion. These mechanisms contribute to the 
death of neurons through apoptosis or necrosis. Other mechanisms predominantly 
involved in the pathogenesis of stroke are reactive oxygen species (ROS) and inflam-
matory cytokines [7]. Cerebral stroke causes various deficits such as difficulty with 
memory, language, and movements, and with paralysis (Fig. 2.1).
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This chapter mainly focuses on the cellular and molecular parts of the generation 
of ROS and nitrogen species and their features in the pathogenesis of ischemic 
stroke. Next, the mechanisms of oxidative stress and post-ischemic inflammatory- 
related neuronal cell death, in addition to specific targeted therapies for neuropro-
tection, which target oxidative stress/inflammation, and their further implications in 
the pathogenesis of stroke are discussed.

2.2  Inflammation

Stroke is considered to be a devastating cerebrovascular incident that causes 
deaths and permanent disability worldwide [1]. Although various mechanisms are 
involved in the pathogenesis of cerebral stroke, increasing evidence suggests that 
inflammation might play an important role in the pathogenic progression of stroke 
and central nervous system (CNS) injury [7, 8]. Clinically, systemic inflammatory 
responses are involved in the vulnerability of the patients to stroke and their 

Oxidative stress
Mitochondrial 

depolarization, NOS, NOX, 
flavoproteins

Excitotoxicity
Ion imbalance, Glutamate 

release and Ca2+

NecrosisInflammation
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Blood Brain Barrier
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Lipases/N

ucleases 
and Proteases

Cyt. C
Na+, Edema, Lysis

Cell death

Fig. 2.1 Schematic of the ischemic stroke cascade during cerebral damage: hypo-perfusion due to 
ischemic stroke in the brain area initiates a cascade of events. Apoptosis and the death of brain cells 
take place because of excitotoxicity, micro-vascular injury, blood–brain barrier (BBB) dysfunc-
tion, oxidative stress, and inflammation under post-ischemic conditions
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consequent prognosis [9, 10]. Stroke patients with systemic inflammation display 
clinically poorer consequences [11, 12, 13]. Post-ischemic inflammatory 
responses are involved the activation of resident microglial cells and the infiltra-
tion of circulating inflammatory cells such as monocytes/macrophages, neutro-
phils, and T-cells, in the ischemic brain part, as confirmed by animal models 
[14–17] and in stroke patients [18–21]. During the early phases of stroke, the 
immune system contributes to the expansion of the infarct size and involves the 
penumbra area. However, inhibition of inflammatory processes reduces infarct 
size and improves CNS defects in stroke models [8]. An inflammatory response 
exerts both deleterious and protective effects, depending on the pathophysiologi-
cal conditions [22, 23].

2.3  Inflammatory Role of Cytokines and Chemokines 
During Cerebral Stroke

During both the acute and the reparative phase of ischemic stroke, proinflammatory 
mediators such as cytokines and chemokines are released, and excessive ROS cre-
ation and induction of matrix metalloproteinase exacerbate the tissue injury [14, 15, 
24]. Cytokines belong to a small group of glycoproteins whose levels are enhanced 
in the brain in numerous disease, including stroke. Cytokines enhance the expres-
sion of cell adhesion molecules. In the brain, cytokines are released by immune 
cells, microglia, neurons, and astrocytes [25]. In addition, other peripheral cells 
such as mononuclear phagocytes, T lymphocytes, natural killer (NK) cells, and 
polymorphonuclear leukocytes secrete cytokines that might contribute to inflamma-
tion during cerebral stroke [26].

Owing to ischemia, microglia are activated and transformed into phagocytes and 
release various cytotoxic and cytoprotective molecules. Microglia also contribute 
neuroprotection by releasing neurotrophic factors, such as brain-derived neuro-
trophic factor and insulin-like growth factor I, and cytokines (TGF-β and IL-10). 
Furthermore, activated microglial cells releasing several proinflammatory cytokines 
such as IL-1β, tumor necrosis factor (TNF)α, and IL-6, along with other potential 
cytotoxic molecules such as nitric oxide (NO), ROS, and prostanoids appear to 
exacerbate cerebral injury [23, 27, 28]. Similarly, astrocytes secrete inflammatory 
molecules such as cytokines, chemokines, and NO, and contribute to the inflamma-
tory damage to ischemic tissues [29].

Chemokines (monocyte chemoattractant protein 1 [MCP-1], macrophage inflam-
matory protein-1α [MIP-1α]) and fractalkine comprise a group of cytokines that 
direct the relocation of blood-borne inflammatory cells (neutrophils and macro-
phages) close to the chemokine. Thus, chemokines play complex roles and function 
as vital cytokines in cerebral ischemia. Induction of CXC and CC chemokines dur-
ing cerebral stroke causes extensive infiltration of leukocytes and neutrophils, which 
may cause increased cerebral edema in the ischemic region [30]. In an ischemic 
animal model, the level of chemokines has been found to increase, whereas inhibi-
tion of mice without chemokine receptor CCR2 show protection against ischemia–
reperfusion injury [31–33] (Fig. 2.2).
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Fig. 2.2 Schematic representation showing post-ischemic inflammatory response: representative 
scheme showing the effects of cerebral ischemia on inflammatory cytokines and immune cells and 
their impact on neurotoxicity. The cerebral ischemic condition is divided into two categories: one 
with major reperfusion defined as the ischemic core and another with minimal reperfusion defined 
as the extent of the penumbra. Cerebral ischemia leads to a decrease in blood supply in the penum-
bra zone that elicits a complex cascade such as oxidative stress and excitotoxicity in the ischemic 
neurons. These ischemic events cause activations of microglia and astrocytes that secrete proin-
flammatory cytokines and chemokines such as TNFα, IL-6, and IL-1β. These cytokines may 
enhance inflammation by the infiltration and recruitment of monocytes, neutrophils, and T-cells 
into brain lesions. In core zone ischemia, neurons endure permanent damage and cause the release 
of damage-associated molecular patterns (DAMPs). These DAMPs are recognized by toll-like 
receptors, which are expressed by immune cells such as NK cells. Fraktaline released from isch-
emic neurons during the early stage of a stroke recruits NK cells into the ischemic zone. These NK 
cells disturb ischemic neurons by discharging mainly TNFα, which increases glutamate release 
and causes neuronal excitotoxicity and hyperactivity. In addition, NK cells also discharge IFN-γ 
and GM-CSF, which trigger macrophages, microglia, and astrocytes, which in turn secrete inflam-
matory intermediaries such as IL-1β and IL-6. Thus, inflammation and excitotoxicity induced by 
NK cells and microglia result in neurotoxicity and the apoptotic death of cells, and increase dam-
age to the ischemic brain
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2.4  Oxidative Stress

Oxidative stress is a condition that occurs when the physiological imbalance 
between oxidants and antioxidants takes place and the consequent excessive pro-
duction of ROS causes enormous damage to an organism. ROS play a role in both 
normal physiological processes and are also occupied in various disease conditions, 
whereby they facilitate damage to cellular components such as lipids, membranes, 
proteins, and DNA. Oxidative stress is involved in the pathogenesis of various neu-
rological conditions including stroke. Oxidative stress contributes to ischemic cell 
death through the formation of ROS/RNS via various cellular damage pathways, 
such as mitochondrial inhibition, reperfusion injury, Ca2+ overload, and inflamma-
tion [34]. There is substantial evidence to indicate that ROS generated during acute 
ischemic stroke causes tissue damage in the brain [35]. The major target of oxida-
tive stress is the cerebral vasculature and plays a dangerous role in the pathogenesis 
of ischemic brain damage following a cerebral stroke. During ischemia, primary 
ROS generates superoxide (O2−) and its derivative hydrogen peroxide is the source 
of hydroxyl radical (OH). These radicals induce vasodilatation through the opening 
of the potassium channels and impaired vascular reactivity, breakdown of the BBB 
and focal destructive lesions in the ischemic stroke animal model. However, ROS 
are also involved in normal physiobiological processes such as cell signaling, 
immune defense, and induction of mitogenesis [36]. NO is a lipid and water-soluble 
free radical that is produced from L-arginine by means of nitric oxide synthases 
(NOS). Cerebral stroke causes an enhancement of NOS type I and III activity in 
neurons and the vascular endothelium respectively. Later, enhanced NOS type II 
(iNOS) activity takes place in a variety of cells, including infiltrating neutrophils 
and glia. Thus, free radicals are observed as a central therapeutic target for refining 
the consequences of cerebral stroke (Fig. 2.3).

2.5  Treatment Strategy for Stroke

The prevalance and frequency of stroke increases with life expectancy. Stroke is 
considered one of the major causes of mortality and morbidity and accounts for 
around 80–85% of all cases. Ischemic stroke is characterized by the interruption of 
the cerebral blood flow and lack of oxygen and energy depletion, which activates a 
cascade of actions such as oxidative stress, inflammatory responses, glutamate 
excitotoxicity, and apoptosis, which result in a profound brain injury in the affected 
region. The following treatment strategy are commonly utilised for the treatment 
of stroke:
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2.5.1  Targeting Antioxidant Enzyme as a Therapeutic Strategy 
for Ischemic Stroke

Oxidative stress due to cerebral ischemic stroke causes damage to the neurons and 
glia in the brain. ROS are also implicated in calcium dysregulation in brain cell 
types and the incursion of activated immune cells causes stroke-induced neurode-
generation. Thus, it is important to recognize antioxidant-based drugs that can aug-
ment neural cell survival and improve retrieval after stroke. By means of the 
increasing expression of antioxidant enzymes such as glutathione peroxidase, cata-
lase, and superoxide dismutase (SOD), families of neural cells can protect against 
stroke. Cellular therapy such as neural stem cells and human umbilical cord blood 
cells employs neuroprotective effects via the release of pro-survival factors that trig-
ger PI3K/Akt signaling mechanisms to upregulate these antioxidant enzymes. In 
addition, leukemia inhibitory factor enhances the expression of metallothionein III 
and peroxiredoxin IV in glia and increases the expression of SOD3 in neurons [37]. 
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Fig. 2.3 Main pathways associated with ischemic cell death: extensive interaction and overlap 
occur among various mediators of cell damage and death. Post-ischemic onset causes loss of 
energy, which leads to mitochondrial dysfunction and the generation of reactive nitrogen species 
(RNS) and reactive oxygen species (ROS). In addition, energy depletion causes excitotoxic gluta-
mate efflux, ionic imbalance, and a build-up of intracellular calcium ion. Downstream signaling 
includes the free radical damage to membrane lipids, cellular proteins, and DNA. Further, calcium- 
activated proteases and caspase cascade alter a wide array of homeostatic and cytoskeletal 
proteins

2 Inflammation, Oxidative Stress, and Cerebral Stroke: Basic Principles



18

However, several compounds that also have antioxidant properties, including 
ebselen [38] and resveratrol [39], have been verified to reduce stroke-mediated 
brain damage in animal models. Similarly, hemorrhagic stroke is a common and 
severe neurological disorder and is associated with high rates of mortality and mor-
bidity [6, 30]. The pathways involved in hemorrhagic stroke include endoplasmic 
reticulum stress, neuronal apoptosis and necrosis, inflammation, and autophagy can 
be modulated for therapeutic purposes [40]. In addition, oxidative DNA and protein 
damage following stroke is typically associated with epigenetic changes such as 
DNA methylation, histone modification, and microRNAs in experimental stroke in 
animal and cell models. Thus, an understanding of the epigenetic regulatory net-
work upon oxidative stress in the vascular neural network may provide effective 
antioxidant approaches to treating stroke [41].

2.5.2  Regulation of Microglial Activation in Stroke

Microglia are considered as the resident immune cells in the brain that regularly 
monitor the brain’s micro-environment under various conditions. Under ischemic 
conditions, the microglia become activated and produce both harmful and neuropro-
tective mediators. Thus, the balance between these two counteracting mediators 
regulates the fate of damaged neurons. Microglial activation is characterized by 
either classic (M1), which secrete proinflammatory cytokines (TNFα, IL-23, IL-1β, 
IL-12, etc.) and exacerbate neuronal injury, or the alternative (M2), which encour-
ages anti-inflammatory responses that are reparative. There are various regulators of 
microglia/macrophage activation that can be utilized to diminish the detrimental 
effects or maximize the defensive part in the context of ischemic stroke [42].

2.5.3  Targeting the Cholinergic Anti-inflammatory Pathway

It is well established that inflammation plays a key role in the pathophysiology of 
stroke and targeting inflammatory pathways and mediators after stroke are inves-
tigated as promising therapeutic targets. The cholinergic anti-inflammatory path 
(CHAIP) is a biological mechanism through which the CNS regulates inflamma-
tion and immune response. The major components of the CHAIP are the spleen, 
the vagus nerve, and the α7 nicotinic acetylcholine receptor (α7 nAChR). 
Targeting CHAIP is a promising method of immunomodulation that diminishes 
inflammation [43].

In addition, a drug could be developed based on using chemokines as diagnostic 
or prognostic biomarkers in ischemic stroke [44]. Connexin and pannexin channels 
are promising therapeutic targets in cerebral stroke-mediated cell death mecha-
nisms. Connexin hemichannels may contribute most of the ATP release owing to 
ischemia and during reperfusion [6].
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Chapter 3
Stroke Induced Blood-Brain Barrier 
Disruption

Amit Kumar Tripathi, Nirav Dhanesha, and Santosh Kumar

Abstract Blood-brain barrier (BBB) is highly ultra-synchronized, structural and 
biochemical barrier between the peripheral blood circulation and the central ner-
vous system (CNS) coordinate entry of blood-borne entities into the CNS. BBB 
anatomy is comprised of microvascular endothelium, pericytes, astrocytes and neu-
ronal cells that constitute a neurovascular unit (NVU), participating a crucial role in 
proper functioning of the CNS. Every cell of NVU forms an indispensable contribu-
tion to BBB integrity. BBB functions are mainly controlled by tight and adherens 
junctional (TJ and AJ) protein complexes. These restrictive angioarchitectures at 
BBB reduce the paracellular diffusion of molecules, whereas carrier proteins deter-
mine which substance can cross the transcellular barrier. Under normal condition, 
BBB prevents extravasation of blood-borne cell, solute, ions and molecules. 
However, its disruption can lead to change in paracellular and transcellular perme-
ability and extravasation of leukocytes into brain tissue, contributing oedema for-
mation in neuropathological disorder including brain stroke. This chapter 
emphasized recently gained information on BBB anatomy and its neuropathoge-
netic alteration in an ischemic cerebral injury.
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Abbreviations

AJ  Adherens junction
BBB  Blood-brain barrier
CNS  Central nervous system
CSF  Cerebrospinal fluid
JAM  Junctional adhesion molecule
MAGUK Membrane-associated guanylate kinase
MS  Multiple sclerosis
NMO Neuromyelitis optica
NPSLE Neuropsychiatric systemic lupus erythematosus
NVU  Neurovascular unit
TBI  Traumatic brain injury
TEMPOL 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl
TJ  Tight junction

3.1  Introduction

The first experimental proof for presence of BBB was studied by Paul Ehrlich in 
1885, who discovered that water-soluble dye coloured all body organ except the 
brain and spinal cord after intravenous administration in rats [1]. Further his fellow 
Lewandowsky concluded “Brain capillaries must hold back certain molecules” 
from entering brain in 1900. The next experiment was done by Ehrlich research 
scholar Edwin E. Goldmann who demonstrated that trypan blue injection given into 
the cerebrospinal fluid (CSF) stained the brain but not body organ tissue [2–4]. They 
have given first evidence that there is the existence of barrier between brain and 
blood flow. Also electron microscopic studies corroborated the existence of barrier 
by localization of endothelial cells (ECs) by Reese and Karnovsky [5]. With this 
experimental finding it has been chosen that term Blut-Hirn-Schranke was given to 
BBB. Afterwards, Stern established the presence of a special filter at blood-brain 
interface that protects the brain from harmful toxic substance called BBB (earlier 
known as haematoencephalic barrier). But our understanding of the BBB has devel-
oped from a physico-biochemical barrier separating the brain from peripheral blood 
circulation. It is the dynamic and metabolic interface that bidirectionally regulates 
trafficking of fluid, solutes and blood cells.

The research has been extended with a concept of a neurovascular unit comprises 
with endothelial cells, astrocytes, pericytes, neuronal cells and other components. 
BBBs play as site-specific crosstalk of CNS and blood-borne cells and provide fun-
damental regulation of normal brain internal environment and function. BBB dys-
function, referring loss of structural integrity and normal functions, is also a 
prominent pathological feature of many neurological disorders, including stroke [3].
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Stroke is the fifth leading cause of physical disability and cognitive impairment in 
the USA. Ischemic injury reports for ~87% of all stroke in the USA [5]. Intensive 
basic and clinical research has revealed multiple risk factors and many deciphered 
mechanisms in ischemic brain injury. However the current therapy for acute isch-
emic stroke remains largely focused on recombinant tissue plasminogen. BBB dis-
ruption during and after the stroke leads to ischemic brain injury progression. The 
comorbid conditions such as hypertension and hyperglycaemia exacerbate BBB dis-
ruption after stroke. The stroke induced BBB disruption is well known characterised 
in comorbid condition of hypertension and hyperglycemia.

3.2  BBB Anatomy

The current understanding of BBB anatomy was described in the twentieth century. 
The structural component of BBB includes the endothelial cell (EC), tight junction 
(TJ), pericytes, astrocytes and extracellular matrix components that form neurovas-
cular unit (NVU) which contributes BBB formation [6, 7] (Fig. 3.1). Three barrier 
layers provide separation of the blood and brain tissue: (1) specific endothelial cells 
separating blood and brain, (2) the blood and CSF barrier with choroid plexus 
secreting cerebrospinal fluid (CSF) into cerebral hemisphere ventricles and (3) 
arachnoid epithelium separating blood from subarachnoid CSF. BBB has another 
function as the carrier with ectoenzymes, receptors and transporters, controlling the 
movement of molecules, ions and solute from one side of BBB to the other. The 
main function of BBB is to serve as a selective diffusion barrier having cell-cell 
junctions. Anatomically, the ECs of a capillary lumen of BBB are different from 
those in the periphery by increased mitochondrial content [9], a lack of fenestrations 
[10], negligible pinocytotic activity [11] and the presence of TJ proteins [12].

Pericytes can be granular or filamentous subtypes [13]. Although not much 
information is known about pericytes, the presence of contractile proteins suggests 
that they may regulate capillary blood flow [14]. Pericytes have ability to migrate 

Fig. 3.1 Diagrammatic 
illustration of BBB 
angioarchitecture [8]
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away from brain microvessels during hypoxia [15] and traumatic brain injury 
(TBI) [16]; both conditions can enhance BBB permeability. Occludin which is a 
vital component of BBB TJ starts getting expressed upon induction with angiopoi-
etin which is derived from pericyte [17]. Astrocytes induce and maintain the BBB 
and form the glia limitans [18]. It has been hypothesized that astrocytes coordinate 
regulation of cerebral microvascular permeability [19], via dynamic Ca+2 signalling 
between astrocytes and endothelium [20, 21]. Astrocyte destruction is shown to be 
associated with BBB disruption [22]. During haemorrhage, TBI or ischemia, BBB 
damage brings about pathological alteration in cerebral blood flow and perfusion 
pressure [8, 23]. It has also been reported that BBB opening may be a specific event 
instead of anatomical damage [24]. Anatomical confirmation has been found for 
direct innervation of the microvascular endothelium and associated astrocytic pro-
cesses by noradrenergic [25, 26], serotonergic [27], cholinergic [28, 29] and GABA-
ergic [30] neurons, as well as others [31, 32]. Besides reacting with the neurons, 
pericytes and astrocytes, cerebral microvascular endothelium also interacts with the 
extracellular matrix of basal lamina. A disrupted extracellular matrix has been dem-
onstrated to be associated with increased BBB permeability in pathological states 
[33]. It has been proposed that laminin and other matrix proteins may interact with 
endothelial integrin receptors to form an anchor-like situation where endothelium 
rests [34]. These matrix proteins can also influence the expression of endothelial TJ 
proteins, showing that these proteins are very likely involved in the maintenance of 
TJ [35, 36].

3.3  BBB Junctional Complexes

The space between endothelial cells of NVU contains specialized junctional com-
plexes such as tight junctions (Claudin, occludin, junctional adhesion molecules 
and ZO-1, ZO-2 and ZO-3) and adherens junctions (VE-Cadherin and nectin).

Role of tight junction protein in BBB

TJ Functional Role in BBB

Occludin Regulate paracellular permeability
Claudin-1 Tighten BBB sealing
Claudin-5 Regulate size-specific opening of BBB for small molecules less 

than 800 Da
JAMs Regulate junctional tightness and trans-endothelial migration  

of lymphocytes
ZO-1, ZO-2 and ZO-3 Scaffold protein
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3.3.1  Adherens Junctions (AJs)

The primary structure of AJ consists of vascular endothelial-cadherin, a calcium- 
mediated protein molecule that contributes cellular attachments. This cellular attach-
ment is homophilic and exits between extracellular protein domains present on cells 
[37, 38]. AJs are present almost everywhere in the blood vessel and help in attach-
ment of ECs to each other. AJs play an important role in contact inhibition during 
endothelial cell growth and the regulation of paracellular permeability to migrating 
leukocytes and solutes [39, 40]. And also, they are useful for a meaningful organiza-
tion of new vessel formation. A recent few lines of research has demonstrated many 
molecular component of AJ such as integral membrane and intracellular proteins.

3.3.2  Tight Junctions (TJs)

Tight junctions are well-developed between neighbouring endothelial cells of blood 
vessels in the CNS and play an important role in maintaining BBB. TJs are com-
posed of integral and cytoplasmic proteins associated with actin microfilament which 
allow this complex to form a tight junctional attachment. TJs participate as major 
functional role for maintaining barrier within membrane. These are present at the top 
portion of the junctional complex formed by union of the outer layer of plasma mem-
branes from adjacent cells [19, 37, 38, 41]. TJs participate in regulating the paracel-
lular permeability and maintaining cellular polarity. And, also, the migration of 
molecules from the lumen to the tissue parenchyma is limited by the TJ proteins 
[42–44].

3.3.3  Gap Junctions

The stabilization of AJ complex is initiated by binding of the cytoplasmic tail of 
VE-cadherin to catenin and plakoglobin, which in turn binds to the actin cytoskel-
eton via actinin, catenin and vinculin, thus stabilizing the AJ complex [45–49]. 
Although disruption of AJ at the BBB can lead to increased permeability [50], it is 
primarily the TJ that confers the low paracellular permeability and high electrical 
resistance [51]. AJ and TJ are responsible for controlling permeability across the 
endothelium, whereas gap junctions help in intercellular signalling [39].

At molecular level TJ is composed majorly of junctional adhesion molecule 
(JAM)-1 [52], occludins [53] and claudins [54]. Among these three claudins are 
believed to play the major role in TJ formation. Although the claudin superfamily 
consists of 24 members, claudin-1 and claudin-5 have been shown to be expressed 
in the endothelium of the brain capillaries [55–57]. Primary seal of the TJ is formed 
by the claudins [58], whereas an increased electrical resistance across the barrier 
and decreased paracellular permeability is imparted by the occludins [59]. Occludin 
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is overexpressed in ECs of the brain capillaries, and its presence is associated with 
enhanced barrier properties of the BBB.

3.3.3.1  Junctional Adhesion Molecule (JAM)

Junctional adhesion molecules (JAMs) are the transmembrane protein present in the 
TJ and play an important role in brain metastasis [60]. It is categorized into JAM-A, 
JAM-B, JAM-C and JAM-4. All of the JAMs are present on plasma membrane of 
ECs, and JAM-A is highly expressed in cerebral vessels. JAM-A is a 40 kDa mem-
ber of the IgG superfamily and is believed to mediate the early attachment of adja-
cent cell membranes through homophilic interactions. It is composed of a single 
membrane-spanning chain with a large extracellular domain [61]. Related proteins 
JAM-B and JAM-C are related to JAM-A and are found in lymphatic cells and 
endothelial tissues but are not present in epithelia [62]. In addition to their develop-
mental roles, JAMs may regulate the trans-endothelial migration of leukocytes [63], 
but their function in the mature BBB is mostly unknown.

3.3.3.2  Occludin

Occludin was a novel integral protein identified in chick liver by freeze fracture 
microscopy [63]. Occludin, a phosphoprotein (molecular wt 60–65 kDa), consists 
of four integral domains, two extracellular domains and three cytoplasmic domains. 
Occludin forms a homophilic dimer with other endothelial cells. The two extracel-
lular loops of occludin and claudin originating from neighbouring cells form the 
paracellular barrier of TJ. Occludin can regulate paracellular permeability [59] and 
increases electrical resistance in tissues [64]. The effect of C-terminal truncated 
occludin function trigger to increased paracellular permeability of BBB for low 
molecular weight molecules [65]. Claudins recruit the occludin in fibroblast and 
assembled into heteropolymers and form intramembranous strands. These strands 
possess oscillating channels passing the specific diffusion of ions and water-soluble 
molecules [66]. Some studies suggest that claudins and occludins form the extracel-
lular component of TJs and are both required for formation of the BBB [67], whereas 
contradictory results of artificial alteration in gene expression experiments suggest 
that occludin is not required for the TJ formation. However, some studies reported 
downregulated occludin expression is associated with dissociated BBB functional-
ity in pathological condition [68, 69].
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3.3.3.3  Claudins

The molecular size of claudins (molecular size 20–24 KDa) is smaller as compared 
to occludins. Claudins are the group of the superfamily proteins, consisting of 18 
homologous proteins in humans. It is reported in mammals as claudin-1 (sealing 
BBB), claudin-3 (unknown), claudin-5 (size-specific opening of BBB for less than 
800  Da small molecules) and claudin-12 (unknown) which are present in CNS 
endothelial cells [69, 70]. All of the claudins have similar molecular folding and 
sequence homology [71]. The carboxylic terminal of claudin associates with zonula 
occludins (ZO-1, ZO-2, ZO-3) and MAGUK proteins to make tight association 
between endothelial cells. However, claudin-5 is a hallmark of BBB and plays a 
pivotal functional role in the early level of CNS blood vessel development [72]. 
And, also, claudin-5 is ubiquitously expressed in the endothelial cells of all brain 
regions. But recent lines of report suggest no alteration in the morphology of blood 
vessel and brain oedema formation in claudin-5-deficient mice [73]. Experimentally 
increased expression of claudin protein in extracellular matrix and collagen synthe-
sizing cell can stimulate cellular assemblage and formation of TJ-like strands. So it 
is presumed that claudin is responsible for the development of primary sealing of 
TJ, whereas occludin acts as the additional support structure [74].

3.3.4  Membrane-Associated Guanylate Kinase (MAGUK)-Like 
Proteins

Membrane-associated guanylate kinase (MAGUK) homolog family proteins consist 
of multiple postsynaptic density protein-95 (PSD-95)/discs-large/ZO-1 binding 
domains, an Src homolog-3 (SH3) domain and a guanylate kinase (GK)-like domain 
[75]. MAGUK proteins (ZO-1, ZO-2 and ZO-3) appear to be involved in the coor-
dination and clustering of protein complexes to the cell membrane [62]. ZO-1 is a 
220 kDa phosphoprotein positively expressed in endothelial and epithelial cells and 
associated with the TJ [76, 77]. Interaction between ZO-1 and TJ is important for 
the stability and function of later molecule, since ZO-1 dissociation from the junc-
tional complex is reported to increase permeability [80–82]. There remains a pos-
sibility of ZO-1 acting as a signalling molecule and communicating the internal cell 
conditions to TJ and vice versa. Nuclear localization of ZO-1 is observed due to 
proliferation and injury [83], depletion of Ca2+ [84] and as a response to nicotine 
[85], whereas it co-localizes with transcription factors [86] and G-proteins [87]. 
ZO-2, a 160  kDa phosphoprotein and high-sequence homolog of ZO-1, co- 
precipitates along with ZO-1 [88]. Though the exact functional properties of ZO-2 
are not clear till date, it has been elucidated that similar to ZO-1, ZO-2 also shows 
binding with various transcription factors and both structural constituents of TJ 
[89]. Similar to ZO-1, ZO-2 also manifests nuclear localization during stress and 
proliferation [78, 79]. ZO-2 localization in in vitro-cultured brain microvessel endo-
thelial cells is reported to take place along the membranes at cell-cell contacts [82], 

3 Stroke Induced Blood-Brain Barrier Disruption



30

but it is much more diffusedly distributed in cerebral microvessel fragments [85]. 
ZO-2 might functionally replace the ZO-1 and is able to facilitate formation of mor-
phologically normal TJ in epithelial cell cultures which lack ZO-1 [90]. The pres-
ence of ZO-2 is also reported in non-TJ-containing tissues [78, 79]. ZO-3 is another 
homolog of 130  kDa, which is present in some TJ-containing tissues but is not 
reported to be present in BBB till date [91].

3.3.5  Accessory Proteins

Among the other accessory proteins present in BBB, cingulin, AF-6 and 7H6 
require special mention. Cingulin is 140–160  kDa protein associated with ZOs, 
myosin and JAM-1 and is known to mediate cytoskeleton-TJ interactions [61]. 
AF-6 is another ZO-1 interacting protein with two Ras-associating domains and 
weighs 180 kDa. AF-6/ZO-1 interaction is inhibited by Ras activation, thus indicat-
ing that af-6/ZO-1 complex disruption might be critical in TJ modulation via Ras-
mediated signalling pathways [92]. 7H6 has a molecular mass of 155 kDa, and it 
shows reversible dissociation from TJ complex under ATP depletion [93]. It has 
been also established that multiple pathways can simultaneously modulate the 
responses of TJ to various stimuli [94]. Self-interaction between TJ proteins and the 
interaction of TJ and other molecules of intracellular signalling pathways have also 
been studied extensively [95].

3.4  Calcium Modulation of TJ and TJ Proteins

Calcium is critical for regulating the cell to cell TJ interaction [96, 97]. Experimental 
results suggested that epithelial cells are present in media with low calcium result 
AJ dissociation mediated by protein kinase A (PKA) leading to a distribution of 
E-cadherin and ZO-1 [40]. The low calcium level changes confirmation of 
E-cadherin, removing the binding sites and interrupting cell-cell adhesion. Likewise, 
loss of ZO-1, ZO-2, and occludin from the cell membrane, related with increment 
in paracellular permeability in cultured epithelial cells in Ca2+-inadequate media. 
[11]. Protein kinase C (PKC) is involved in Ca2+-dependent regulation of TJ, and its 
over- activation can decrease deleterious effect of low extracellular Ca2+ [98]. 
Intracellular Ca2+ stores play an important role in TJ regulation, since both abnor-
mally high [99] and abnormally low [100] concentrations of intracellular Ca2+ can 
disrupt the TJ. Along with PKC, Ca2+ release or influx from the intracellular stores 
leads to activation of kinase signalling cascades, further activating the transcription 
factors, like cAMP response element-binding (CREB) protein, nuclear factor-B, 
c-fos, etc., thus regulating the TJ expression [40, 101].
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3.5  Phosphorylation: A Novel Regulatory Mechanism  
of TJ Proteins

Earlier reports suggest that tight junction permeability was regulated by mecha-
nisms involving tyrosine phosphorylation of AJ and TJ proteins [102, 103]. Serine 
phosphorylation regulates the subcellular localization of occludin [104], and threo-
nine phosphorylation of occludin is more associated with the TJ interaction follow-
ing disruption [105–107]. Initial evidence suggested the junctional BBB permeability 
was correlated with the phosphate content of ZO-1 [108], although subsequent stud-
ies have indicated that phosphorylation of ZO-1 is critical to its membrane targeting 
during the development of TJ [109]. The phosphorylation of TJ proteins, for exam-
ple, occludin and ZO-1 demonstrated change in an epithelial cell resulting loosen-
ing of BB [110]. In conclusion, phosphorylation of different sites of serine, tyrosine 
and threonine residues has distinguished structural and functional consequences.

3.6  Impairment of BBB Integrity in Neuropathological 
Disorder

BBB is the most critical structural and functional shielding device against various 
neurological disorders. Extended BBB permeability is an outcome of neuropatho-
logical disorder, such as brain stroke, MS, TBI, CNS inflammation, epilepsy, 
Parkinson disease and Alzheimer disease [111–114]. The basic mechanism for BBB 
integrity impairment in MS involves various pleiotropic effects of cytokine and che-
mokine [113–115].

3.6.1  Alteration of BBB Integrity in Stroke Injury

Cerebral stroke is an arterial blockage resulting in Oxygen Glucose Deprivation 
(OGD), contributes to neuronal cell death and is associated with increased micro-
vasculature permeability [8, 116, 117]. BBB opening during stroke leads to brain 
oedema formation (Fig. 3.2). The brain oedema is divided into two types:

 1. Cytotoxic intracellular oedema is developed after cerebral ischemia and meta-
bolic disorder. The basic mechanisms for cytotoxic intracellular oedema are (1) 
abnormal Na+ export in ATP-depleted neurons, (2) activated Na+-permeability or 
(3) increased Na+-mediated membrane pumps.

 2. Vasogenic extracellular oedema is developed by BBB opening during various 
pathogeneses and infections. The pathogenic mechanisms are (1) TJ protein deg-
radation for BBB opening in acute conditions or (2) development of less- 
developed blood vessels in chronic conditions.
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Cytotoxic oedema formation few minutes after ischemic onset followed by a 
relatively late onset of vasogenic oedema is correlated to BBB breakdown and its 
opening. Na+-K+-2Cl− cotransporter is present in BBB endothelial cells and is 
stimulated by factors in such way that increased secretion of NaCl and water in 
the brain, contributing to oedema formation. Other reports suggested that 
increased luminal activity of Na+-K+-2Cl− cotransporter in BBB-NVU containing 
ECs contributes to brain oedema [117]. Furthermore, inhibition of Na+-K+-2Cl− 
cotransporter decreases oedema and infarct volume in a rodent model of transient 
focal cerebral ischemia [117]. TJs are dynamic protein complexes made up of 
occludins, claudin (1, 3, 5), membrane-associated guanylate kinase-like proteins 
(ZO-1, ZO-2 and ZO-3) and junctional adhesion molecules (JAMs) which con-
tribute BBB permeability. The ROS generation resulting oxidative stress alters the 
molecular expression and functional organization of TJ proteins leading to the 
increased paracellular leakage at BBB. The molecular rearrangement of TJ pro-
teins across the BBB following ischemia facilitates the significant flow of vascu-
lar fluid across the microvascular BBB [118].

BBB disturbances have been associated with hypoxic situations that happen with 
ischemic stroke [50, 82, 118]. Hypoxic and posthypoxic reoxygenation in cerebro- 
microvasculature was performed using primary BBMEC. The results corroborated 
that hypoxia-induced molecular alteration in paracellular BBB permeability may be 
due to change in TJs protein expression. Also, decreased occludin expression is 
associated with elevated BBB permeability and its trafficking continuously from TJ 
protein complexes due to ischemic injury. TEMPOL, a ROS scavenging antioxidant 
that can easily cross BBB, inhibits the occludin relocalization at BBB during 
inflammatory pain [119, 120]. TEMPOL is a key modulator of disulphide bond 

Fig. 3.2 Schematic representation of blood-brain barrier (BBB) changes in acute ischemic stroke. 
Thrombolytics can amplify the risk of haemorrhagic transformation secondary to reperfusion 
injury

A. K. Tripathi et al.



33

formation in occludin oligomeric assemblies and inhibition of occludin oligomeric 
assemblies. However, the previous report suggested that increase BBB permeability 
during stroke involves TJ modification following transcellular transport pathways 
[121] (Fig. 3.3).

The enhanced BBB permeability has been observed at different time points after 
ischemic insult in middle cerebral artery occlusion, an experimental stroke rodent 
model. However, BBB opening in stroke patients has been reported only during 
early reperfusion. The regional BBB opening has been observed in focal ischemic 
stroke rodent model. Also, there is a difference in BBB opening between an ipsilat-
eral and contralateral region of the brain. The depletion of astrocytes in both necrotic 
umbra and apoptotic penumbra region contributes to enhance BBB splitting in isch-
emic brain injury. And, an association of pericytes with endothelial cells is the 
important functional integration, and loss of this association may lead to leakage of 
BBB resulting oedema development. Pharmacological interventions provide cyto-
protective mechanism for NVU within penumbra that stop worsening of brain tissue 
damage during cerebral I/R injury. The exposure of pro-inflammatory cytokines 
(IFN-ˠ, TNF-α and IL-1β) on endothelium regulated the BBB integrity [113]. BBB 
opening is well accepted as an early consequence in ischemic stroke patients with 
magnetic resonance imaging (MRI) [114].

Fig. 3.3 Schematic illustration of BBB opening after ischemia/reperfusion injury
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3.7  Evaluation of BBB Disruption in Rodent Ischemic Stroke

BBB integrity impairments are the critical issue in many neurodegenerative dis-
eases. Evans blue (EB) is an intravital dye that binds to albumin and can therefore 
be used to estimate extravasation of albumin-EB complexes across BBB. EB-protein 
complexes can be estimated by various methods such as spectrophotometric absor-
bance at 610 nm and also ultrahigh-performance liquid chromatography (UHPLC). 
EB in ischemic brain tissue could give validated explanation for novel therapeutic 
interventions. The above protocol can be performed in any laboratory without need 
of any specific instruments and produces high quality reproducible data [122].

3.8  Quantitative Evaluation of BBB in Ischemic Stroke 
Using Dynamic Contrast-Enhanced (DCE) MRI

Dynamic contrast-enhanced (DCE) MRI enables the measurement of BBB perme-
ability by analysing the temporal enhancement pattern after contrast agent (CA) 
administration. The obtained signal is used to generate intensity curve, which is 
related to vessel permeability and surface area [123].

3.9  Conclusion

The BBB disruption is the result of various CNS disorders including stroke, and 
their repair is a great task in the coming future. Biphasic BBB disruption can facili-
tate dynamic maintenance and restoration of the neurovascular niche components. 
However, we do not know the key molecular mediators that lead to BBB recovery 
or those that lead to BBB disruption. From the repair aspect, we have mounting 
evidence of neovascularization mechanisms occurring after stroke. Additionally, 
several reports show either an early absence or delayed neovascularization or even 
a disappearance of vasculature around the site of injury after stroke.
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Chapter 4
Ischemic Stroke-Induced Endoplasmic 
Reticulum Stress

Namrata Rastogi and Vikas Kumar Srivastava

Abstract Endoplasmic reticulum (ER) stress is a complex cellular mechanism that 
is induced by the accumulation of misfolded proteins under various stress stimuli. 
ER stress is implicated in various pathological conditions, including cerebral isch-
emia. In cerebral ischemia, ER stress is presumed to be an early event and pro- 
survival. However, its precise involvement in ischemia/reperfusion (IR) injury is 
still contentious and under investigation. Mechanistically, ER stress and its associ-
ated unfolded protein response is presumed to be a defensive mechanism, which, 
when it becomes chronic, has fatal effects on neuronal survival and outcomes of 
stroke patients. Recent investigations have presented interesting contributions of 
autophagy to cerebral ER stress. As an innate process, autophagy is a defensive 
process for neuronal cell survival, but when triggered by chronic ER stress, it 
becomes destructive and induces cell death. Moreover, other factors, such as small 
non-coding microRNAs (miRs), have also been shown to regulate both of these 
processes through their gene expression regulatory properties. However, it is still 
very important to understand the interrelationship between ER stress and autophagy 
in IR injury following cerebral stroke so as to define its therapeutic significance. 
Furthermore, we need to approach combined therapies using ER stress and autoph-
agy inhibitors with the intent to improve current treatments for cerebral stroke.
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Abbreviations

ASK1  Apoptosis signal-regulating kinase 1
ATF/CREB  Activating transcription factor/cyclic AMP response element binding 

protein
ATF4  Activating transcription factor 4
ATF6  Activating transcription factor 6
bcl-2  B-cell lymphoma-2
BIP  Binding immunoglobulin protein
CHOP  CCAAT/enhancer binding protein homologous protein
COX-2  Cyclooxygenase-2
CRE  cAMP-response element
CREB  cAMP-response element binding factor
ER  Endoplasmic reticulum
ERSE  ER stress-response elements
GADD34  Growth arrest and DNA damage-inducible gene/protein 34
GRP78  Glucose-regulated protein 78
IR  Ischemia/reperfusion
IRE1  Inositol-requiring enzyme-1
JNK  c-Jun N-terminal kinase
MCAO  middle cerebral artery occlusion
MAPKs  Mitogen-activated protein kinases
miR  microRNA
nNOS  Neuronal NOS
NOS  Nitric oxide synthase
OGD  Oxygen and glucose deprivation
p38 MAPK p38 mitogen-activated protein kinase
PERK  Double-stranded RNA-dependent protein kinase-like ER kinase
PSI  Protein synthesis inhibition
TRAF2  Tumor necrosis factor receptor-associated factor 2
UPR  Unfolded protein response
XBP1  X-box-binding protein 1

4.1  Introduction

Cerebral stroke is a pathological condition whereby normal blood flow to a speci-
fied part of the brain is obstructed, depriving it of nutrients and oxygen supply. As a 
consequence, the brain cells in the affected area succumb to death in a very small 
time frame, narrowing the therapeutic window [1]. Of the two major causes of cere-
bral stroke, ischemia accounts for more than 85% of incidences, followed by hem-
orrhagic stroke. In cerebral ischemia, the blood in general is interrupted by cerebral 
artery occlusion due to atherosclerosis resulting from the formation of a cholesterol 
plug [2]. Massive destruction is not caused by the ischemia, but instead results from 
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the restoration of normal blood flow, often termed ischemia/reperfusion (IR) injury. 
Studies at the molecular level have shown different pro- and anti-survival mecha-
nisms and signaling pathways to be deregulated under conditions of IR injury, 
among which endoplasmic reticulum (ER) stress is significant [3].

The ER is a versatile and dynamic cellular organelle that is profoundly involved 
in the gluconeogenesis, the synthesis of protein lipids, and the proper folding of 
nascent proteins in the cell. The extended tubular structure of ER forms an impor-
tant secretory network of recycling and trafficking of proteins within and outside the 
cells. It is also involved in the biogenesis of autophagosomes, peroxisomes, and 
protein transport vesicles. ER is also the biggest reservoir of Ca+ ions in the cells, 
which is an important secondary messenger to several signaling pathways. To 
ensure the fidelity of the system, ER also has a quality control checkpoint where 
proteins that have been misfolded are eliminated by the ER-associated protein deg-
radation system through ubiquitination and proteasomal digestion. The protein pro-
cessing in ER is a sensitive process and is affected by various stress stimuli including 
IR injury [4]. The perturbations in the normal functioning of the ER protein folding 
process, leading to accumulation of unfolded protein in the ER lumen, results in 
what is commonly known as ER stress. As it is evident in ER stress, cells activate 
combat mechanisms to reciprocate the protein folding stress situation and ensure 
normal protein functionality, i.e., the unfolded protein response (UPR). The UPR, 
upon sensing an unfolded protein load, signals the nucleus to stall further protein 
synthesis and activate cellular chaperones to clear the misfolded or unfolded pro-
teins by triggering their degradation. If the ER stress in the cells is irreversible and 
beyond repair, the UPR leads to the elimination of these cells through apoptosis. ER 
stress and its complementary UPR have been studied in various physiological and 
pathological conditions and have therefore emerged as a pathway of great impor-
tance in drug discovery. After many years of thorough research it has been proposed 
that ER stress also plays a detrimental role in cerebral IR injury, whereby its inhibi-
tion can significantly improve fatal ischemia outcomes. In this chapter, we provide 
an extensive and updated overview of the mechanistic aspects of ER stress in cere-
bral ischemia and describe the current therapeutic approaches.

4.2  ER Stress, UPR, and Ischemia

Early investigations linking ER stress to cerebral ischemia were based on the obser-
vation that both processes lead to protein synthesis inhibition (PSI) [5]. Although 
for ER stress, it was evident that it is the depletion in the ER Ca2+ levels that causes 
a translation block, speculation was still unanswered with regard to IR injury [6]. 
Later studies showed that transient brain ischemia shunts the translation machinery 
at an early stage through inhibition of a very important initiation factor, eIF2, and 
the disaggregation of polyribosomes, events that are similar under conditions of ER 
stress [7]. These other exploratory studies also showed that there is significant 
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modulation of the expression of genes involved in the UPR, indicating that ischemia 
impairs ER function.

4.2.1  Components of UPR in Ischemia

Over several years of research, UPR is now considered to be a group of complex 
signaling networks that work in a well-coordinated manner to lessen the devastating 
effects of ER stress in cells. The UPR has three main branches: (i) activation and 
translocation of activating transcription factor (ATF) 6; (ii) autophosphorylation- 
mediated activation of inositol-requiring enzyme-1 (IRE1) and X-box binding pro-
tein- 1 (XBP1) mRNA cleavage; and (iii) protein kinase RNA-like ER kinase 
(PERK)-mediated inhibition of eukaryotic initiation factor-2 (eIF2α) [8]. However, 
apart from these major players, there are other proteins such as glucose-related pro-
tein 78 (GRP78), CCAAT/enhancer binding protein homologous protein (CHOP), 
caspase 12, and c-Jun N-terminal kinase (JNK), which play a centralized role in 
UPR [9]. In this section, we discuss each of these components and their relative 
therapeutic potential in IR injury.

4.2.1.1  GRP78

Glucose-regulated protein 78 (GRP78) is an ER chaperone that is alternatively 
referred to as binding immunoglobulin protein (BIP) and as heat shock protein 
5A. Accumulating evidence so far indicates that GRP78 is to neuroprotective under 
ER stress induction post IR injury. Under normal physiological conditions, GRP78 
is known to bind to the luminal domains of all three significant ER stress-related 
proteins ATF6, PERK, and IRE1, and ensures proper protein homeostasis. Under 
protein stress, BIP binding is sequestered to the unfolded proteins in the ER lumen, 
thereby releasing UPR executers from its captivity [10]. Therefore, BIP accumula-
tion in the ER lumen is considered to be the early onset marker for ER dysfunction 
and UPR activation. BIP ensures proper folding of the protein, otherwise the 
unfolded protein is further targeted toward proteasome-mediated degradation. 
Although BIP binding to PERK and IRE1 has been shown to inhibit their spontane-
ous self-dimerization and activation, BIP binding to ATF6 masks its Golgi localiza-
tion signal where it is processed and activated [11]. Accumulation of BIP in the ER 
lumen is associated with the increased expression of pro-survival protein B-cell 
lymphoma (Bcl-2) protein [12]. However, one study also indicates that under severe 
ER stress conditions, BIP upregulates bcl-2 and activates mitochondrially mediated 
apoptosis rendering its precise role in ER stress debatable. Studies have shown that 
increased expression of BIP decreases bcl-2-associated X (BAX) and CHOP protein 
expression, and inhibits the interaction of bcl-2 interacting killer (BIK) with bcl-2, 
thereby significantly inhibiting induction of apoptosis [13, 14]. More recently, inter-
action of serine protease tissue-type plasminogen activator (tPA) with GRP78 
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located on the neuron cell surface has been shown to decrease PERK pathway acti-
vation. This decrease was associated with a reduction of the deleterious factor 
CHOP protein, proposing a novel molecular insight into GRP78-mediated neuro-
protection [15]. Many neuroprotective agents have also been shown to work through 
the upregulation of GRP78 in ischemia, which again shows its therapeutic promi-
nence in terms of cerebral ischemia.

4.2.1.2  PERK

Protein kinase R-like endoplasmic reticulum kinase (PERK) is an ER stress-sensing 
protein that is found on the surface of the ER membrane bound to BIP. PERK, along 
with IRE1, is among early sensors of UPR and is responsible for initiating PSI to 
lessen the ER burden by protein accumulation. Activation of PERK occurs through 
autophosphorylation and dimerization as soon as it becomes dissociated from 
BIP. The prime functional attributes of PERK is to induce the phosphorylation and 
inactivation of a major protein synthesis factor, eukaryotic initiation factor 2α (eIF2 
α), and the activation of apoptotic signaling [16, 17]. Paradoxically, PERK-mediated 
phosphorylation of eIF2α further promotes translation of activating transcription 
factor 4 (ATF4), which has both pro-apoptotic and anti-apoptotic targets [18]. ATF4 
is an activating transcription factor/cyclic AMP response element binding protein 
(ATF4/CREB) family of basic region-leucine zipper transcription factors that has 
consensus binding sites for cAMP-responsive elements (CRE). On the one hand, it 
forms a complex between its nuclear co-activator, the phosphorylated form of 
CREB1 and binds to the promoter region of GRP78, a pro-survival gene [19]. 
Alternatively, it increases the transcription of CHOP and growth arrest and DNA 
damage inducible gene/protein 34 (GADD34), which are pro-apoptotic factors in 
chronic ER stress and irreversible UPR [15, 16]. Phospho-PERK overexpression 
and inhibition have both been shown to be associated with ER-stressed neurons 
post-IR injury [20]. However, the religious use of PERK inhibitors in post-ischemia 
and the underlying mechanism is highly desired to elucidate its precise role in 
neuroprotection.

4.2.1.3  ATF6

Activating transcription factor 6 (ATF6) is a short-lived transcription factor and one 
of the important signaling proteins in ER stress. It lies in its inactivated form in the 
ER membrane bound to BIP. Upon sensing UPR, ATF6 becomes unbound from BIP 
and migrates to the Golgi apparatus, where it is sequentially cleaved by site-1 and 
site-2 proteases (S1P and S2P) producing an active short form of ATF6 (sATF6 or 
cleaved ATF6, ~50 kDa) [21, 22]. Cleaved ATF6 translocates to the nucleus and 
binds to ER stress response-elements (ERSE) in genes such as BIP, protein disulfide 
isomerase, and CHOP, enhancing their transcription [23]. The activation of CHOP 
by ATF6 is explicit in its involvement in ER stress-induced pro-apoptotic events, but 
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the role of ATF6 in stroke remains controversial owing to a lack of experimental 
evidence in this scenario. Therapeutically, some anti-ischemic compounds have 
been shown to accumulate cellular levels of ATF6  in favor of neuronal survival 
(Table 4.1). Deletion of ATF6 in experimental mice has shown impaired activation 
of neuroprotective astroglial cells, increased infarct volume, and cell death after 
middle cerebral artery occlusion (MCAO) [24]. Most recently, a functional study 
using conditional AFT6 knock-in animals has shown that overexpression of ATF6 
not only significantly reduces the infarct volume, it consequently also improved the 
functional outcome 24 h after stroke [25]. These studies provide strong evidence 
that AFT6 may have a positive effect in IR injury. However, contradictions to these 
findings have also been reported with associated ATF6 deactivation. Future studies 
should be conducted for a more conclusive overview of this master transcription 
factor of the ER stress signaling pathway.

Table 4.1 Compounds targeting endoplasmic reticulum (ER) stress in cerebral ischemia

Compound Targets Mode of action

Edaravone Free radical scavenger Inhibits eIF2α

Dantrolene Ryanodine receptor 
antagonist

Inhibits ER stress- induced 
apoptosis

Simvastatin Neuroprotective agent Increases ATF6 expression

3-bromo-7-nitroindazole nNOS inhibitor NO depletion

Cocaine and amphetamine- 
regulated transcript

Secretion of 
brain-derived 
neurotrophic factor

Inhibits ER stress

Sodium 4-phenybutyrate Chemical chaperone Inhibits ER stress

Parecoxib COX-2 inhibitor Upregulates GRP78
EGCG Green tea polyphenols Inhibits markers of ER stress

Monosialotetrahexosy-1 
ganglioside

Ganglioside Upregulates GRP78 and 
decreases CHOP

Pinocembrin 
(5,7-dihydroxyflavanone)

Natural flavonoid Upregulates GRP78 and 
decreases CHOP and caspase 
12

Nafamostat mesilate A serine protease 
inhibitor

Decreases GRP78, CHOP, 
and eIF2α

Magnolol Polyphenol Downregulates p38/MAPK 
and CHOP

N. Rastogi and V. K. Srivastava



49

4.2.1.4  IRE1

Inositol requiring enzyme-1 (IRE1) is an ER transmembrane protein with interest-
ing dual functional motifs. It possesses a serine-threonine kinase in addition to cata-
lytic endoribonuclease cytosolic domains. Under conditions of ER stress, it has 
been observed that IRE1 is oligomerized and triggers catalytic auto- phosphorylation 
of its cytosolic domain, which simultaneously also activates its ribonuclease activity 
[26]. Apparently, the ribonuclease activity of IRE1 has gained much attention in IR 
injury-evoked UPR.  IRE1 post-transcriptionally cleaves a 26-nucleotide-long 
intronic region of XBP1 mRNA, providing a frame-shift to its coding region [27]. 
Alternatively, spliced XBP1 mRNA translates into a 54 kDa XBP1 protein instead 
of the normal 33 kDa one [21]. XBP1 is a transcription factor that has been described 
to transcribe the expression of proteins involved in pro-survival mechanisms in 
UPR. Moreover, it has been observed that OGD injury transiently inactivates XBP1 
protein, which results in accelerated neuronal death. Apparently, it has also been 
reported that IRE1 under chronic ER stress conditions binds to tumor necrosis fac-
tor receptor-associated factor 2 (TRAF2) and this association leads to the activation 
of JNK and caspase-12, which are pro-apoptotic factors in ER stress [28]. 
Neuroprotective compounds tend to either downregulate or upregulate the expres-
sion of IRE1 (Table 4.1), indicating that the extent and duration of ER stress has a 
strong influence on the expression of IRE1 in IR injury. Also, the use of specific 
inhibitors of IRE1 should be optimized with precision in cerebral ischemia.

4.3  Chronic ER Stress, UPR, and Pro-apoptotic Signaling 
in IR Injury

4.3.1  CHOP

The CCAAT/enhancer binding protein homologous protein (CHOP) is a transcrip-
tion factor belonging to the family of growth arrest and DNA damage protein and 
is therefore also known as GADD153. CHOP is the critical mediator of pro-
grammed cell death, apoptosis, and is therefore designated as a hallmark for ER 
stress and UPR activation [29]. CHOP expression is positively regulated by the 
PERK-eIF2α- ATF4 signaling axis where activated ATF4 promotes the transcrip-
tion of the CHOP gene. CHOP expression has also been reported to be activated by 
cleaved ATF6 through binding at ERSE in the CHOP promoter [7]. More recently, 
an alternative mechanism of CHOP activation has also been seen through IRE1 and 
p38 mitogen- activated protein kinase [30]. Earlier investigations using different 
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artery occlusion (AO) rat models defining the involvement of CHOP in IR injury 
showed that ER-mediated CHOP expression is one of the major causes of 
IR-induced neuronal cell death and CHOP−/− mice have shown less apoptotic 
neuron loss [31]. Moreover, ischemic pre-conditioning of the brain, which includes 
shorter intermittent ischemic events to prepare the brain for more severe ischemic 
insults, have been shown to decrease the activation of CHOP 24 h after reperfusion. 
Furthermore, CHOP is not only responsible for ischemic neuron cell death, but its 
accumulation has also been observed to induce apoptosis in the neighboring sup-
porting astrocytes under oxygen and glucose deprivation (OGD) [32]. Systemic 
knockdown of CHOP has also been shown to reduce the pro-apoptotic effect of ER 
stress activators such as thapsigargin and Brefeldin A. Nevertheless, when consid-
ering therapeutic aspects, the down-regulation of CHOP has been found to be an 
important molecular event of many of the anti-ischemic compounds. All this evi-
dence indicates that CHOP is an early but essential molecule in the pro-apoptotic 
signaling cascade following ischemic insult [9]. However, activation of CHOP 
post-ischemia is supposedly dependent on the extent of the damage caused after IR 
injury. Therefore, its manipulation in the context of neuronal survival still required 
optimization (Fig. 4.1).

4.3.2  Caspase 12

Caspase 12 is member of the interleukin-1β converting enzyme (ICE) subfamily of 
caspases, which are the group of proteins specialized in the execution of pro-
grammed cell death, otherwise known as apoptosis. In particular the association of 

Fig. 4.1 Schematic representation of the mechanistic role of ER stress in cerebral stroke
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caspase 12 is more akin to the ER stress-related apoptotic events in different cellu-
lar systems. However, some reports have shown that activation of caspase 12 is a 
contradictory event independent of ER stress [33, 34]. Precisely, caspase 12 is 
known to be bound to GRP78 on the ER membrane like other ER stress-related 
proteins and its dissociation is triggered by the disrupted calcium homeostasis. 
Caspase 12 cleavage from its proactive to active form is reported to be evident in 
brain injury, including temporary and permanent focal ischemia, and mice lacking 
caspase 12 are resistant to ER stress-induced apoptosis [35, 36]. The events follow-
ing caspase-12 cleavage are traditional, including activation of caspase-9 and -3, 
DNA fragmentation, and eventually, apoptosis [37]. Previously, caspase-12 activa-
tion was thought to have been primarily mediated by m-calpain, a Ca2+-dependent 
cysteine protease family member, but it has also been reported to be activated by 
other caspases, caspase- 3/7 even more so than m-calpain [38]. Normally, pro-cas-
pase-12 lays in an unactivated state in a complex with TRAF2. Upon any stress 
stimuli, it detangles itself to oligomerize to become activated. IRE1 has also been 
reported to activate caspase-12; however, the mechanism of how it works being 
associated with TRAF2 is under speculation, but IRE1 is indeed involved in the ER 
stress-induced activation of caspase-12 [28], although some studies have shown that 
it is not a prerequisite for ER stress-induced apoptosis. Furthermore, some have also 
suggested caspase-4 to be a surrogate to caspase-12 in humans. Owing to limited 
investigations in certain cell line and animal models, caspase-12 activation, how-
ever, is not yet considered to be a universal event following cerebral ischemia. 
However, it is still believed to possess mechanistic and therapeutic importance in 
prolonged IR injury.

4.3.3  JNK

c-Jun N-terminal kinase (JNK) or stress-activated protein kinases is one of the fam-
ily members of mitogen-activated protein kinases (MAPKs). JNK is actively 
involved in responses mainly confined to the induction of cell death following vari-
ous stress stimuli [39]. In ER stress, JNK activation has also been shown to evoke 
cell death through the activation of pro-apoptotic BH3-only protein BIM by increas-
ing its expression in addition to phosphorylation. JNK is also known to induce death 
receptor-mediated apoptosis by phosphorylating c-fos and c-jun [40]. Upstream 
activation of JNK has been proposed by IRE1-TRAF2 complex along with the 
apoptosis signal-regulating kinase 1 (ASK1) signaling axis. ASK1 is an upstream 
regulator of stress-related kinases JNK and p38. Correlation of ASK1 with ER 
stress can be concluded by a study in which ASK1-deficient mice were found to be 
resistant to ER stress inducers and failed to activate JNK-induced apoptosis [41]. 
Activation of JNK is a major pro-apoptotic response of IRE1; however, other factors 
involved in the process are the activation of C-jun-N-terminal inhibiting kinase 
(JIK), the phosphorylation and dissociation of TRAF2 from caspase 12, leading to 
its activation, JNK-mediated upregulation of the pro-apoptotic BH3-only protein 

4 Ischemic Stroke-Induced Endoplasmic Reticulum Stress



52

Bim, and downregulation of the prosurvival protein Bcl2 and ultimately apoptosis. 
JNK also phosphorylates c-fos and c-jun to promote expression of mediator pro-
teins of apoptosis through the death receptor pathway [40]. Interestingly, JNK inhi-
bition through JNK inhibitor SP600125 showed protection of HT22 neuronal cells 
against apoptotic death by decreasing CHOP induced by ER stress inducers [42]. 
Therefore, JNK inhibition may provide a potential therapeutic strategy in combina-
tion with ER stress inhibitors to improve the overall outcome of stroke patients.

4.4  ER Stress and Autophagy in IR Injury

Autophagy is an evolutionary mechanism that is effectively used by cells to degrade, 
dissolve, and recycle their cytoplasmic entities to maintain survival [43]. Autophagy 
is being evolved not only to maintain the routine intracellular homeostasis, but also 
to safeguard cells from various stress and pathological conditions. It has been shown 
that mice deficient in significant executors of autophagy, autophagy-related (ATG) 
proteins, Atg5 and Atg7, suffered from neurodegeneration, implicating its vital role 
in neuronal function [44]. Autophagy in the controlled way is constructive and when 
in excess, it is highly destructive, leading to cell death in a non-apoptotic form, 
termed autosis [43], and sometimes apoptosis. However, the importance of autoph-
agy is still undetermined in cerebral ischemia with regard to whether it is protective 
or not, and further, if it is destructive, then to what extent? Induction of autophagy 
has been observed in both types of cerebral stroke [45, 46]. As glucose deprivation 
is supposedly the most potent stimulus for autophagy induction because of the acti-
vation of the catabolic pathways, the addition of hypoxia may even aggravate the 
stimulus when considering an ischemic brain [46]. Experimental results have appar-
ently shown that induction autophagy is somehow a defensive mechanism toward 
neuronal cell death following hypoxic ischemia injury. Administration of autophagy 
inhibitors such as 3-methyladenine and bafilomycin A1 have been shown to decrease 
neuronal and astroglial cell death. The cytoprotective effect of autophagy is most 
evident in the ischemic penumbra core regions. However, there are also some dis-
crepancies to these findings whereby inducers of autophagy have caused more neu-
ronal cell death in different models of ischemic injury in rodents [43]. Therefore, 
more studies are required for the correct placement of autophagy in cerebral isch-
emia so that its therapeutic potential can be evaluated.

4.5  ER Stress and miRNAs in IR Injury

MicroRNAs (miRs) are small (~22 nucleotide long) non-coding RNAs that are pri-
marily involved in regulating cellular gene expression at the post-transcriptional 
level. MiRs are known to form an intricate network that involves both upstream 
regulators and downstream effectors of these tiny RNAs and which are capable of 
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modulating complex cellular pathways. ER stress is also known to be the cause and 
consequence of the biogenesis of differential miRs in various cellular contexts [47, 
48]. However, very little information is available on how ER stress and miRs cor-
relate in cerebral stroke, but there are certain cues that strongly represent their asso-
ciation. The first evidence is that cerebral ischemia itself has been shown to 
deregulate miR expression in different models [49]. Certain miRs were found to be 
deleterious and their repression improved neuronal survival after IR injury; miR- 
15a and miR-497 are important in this subset [50, 51]. Although some of the miRs 
were found to be inherently expressed as cytoprotective toward ischemia (miR- 
200b, miR-200c, and miR-429), some were even related to a better prognosis in 
stroke patients (miR-210) [52]. Mechanistically, there are many miRs that are 
known for regulating the expression of molecular chaperones such as the GRP78 
and Bcl2 group of proteins, which are keynote players in ER stress and cerebral 
ischemia. MiR-181, a brain-enriched miR, is one such piece of evidence that has 
shown a direct link between ER stress and IR injury. Expression of miR-181 cor-
relates inversely with the expression of GRP78 in both the core and the penumbra 
regions of the brain following MCAO and its inhibition provides protection toward 
neurons from cerebral ischemia through GRP78 upregulation [53]. Recently, two 
miRNAs, namely miR-7 and miR-30, have shown their contrasting role in ER stress 
and IR injury. miR-30a was shown to aggravate neuronal damage after OGD through 
upregulation of HSPA5, which was found to be a novel player in ER stress-induced 
apoptosis in IR injury through conjugating with caspase-12 [54]. MiR-7, on the 
contrary, was found to be cytoprotective and its overexpression decreased the 
expression of ER stress-related markers after OGD [55]. However, it has still not 
been discovered if and how ER stress following IR injury has an effect on miRs 
expression. But this evidence is sufficient for miRs to become potential therapeutic 
targets in IR injury-associated ER stress and evaluation of their mechanistic role is 
highly recommended.

4.6  Conclusion

Cerebral stroke is a serious health condition for which the only effective therapy is 
tPA, which has a very limited therapeutic window of only 4 h. Considering this, 
alternative therapies with definitive targets and broader applicability are mandatory 
to improve overall patient relief from cerebral stroke. The ER stress signaling path-
way is a recently described molecular pathway that has many interesting targets 
with important roles in the pathophysiology of cerebral ischemia. Moreover, pre- 
clinical studies so far have also provided much convincing evidence that by target-
ing ER stress in cerebral ischemia we may achieve better therapeutic outcomes. 
Paradoxically, the divergent roles of the components of ER stress should also be 
taken into consideration before deciding the actual target for drug discovery. 
Signaling crosstalk between ER stress and autophagy seems promising but the 
timely activation and deactivation of autophagic signals following cerebral stroke 
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may again potentially narrow the therapeutic window of autophagy regulators in 
cerebral stroke. Experimenting with drug combinations using ER stress inhibitors 
and autophagy regulators can also provide a rational therapeutic approach that does 
still not attract much attention. Based on the facts detailed so far, it is important to 
gain a deeper understanding of ER stress and its associated events in cerebral stroke 
so that maximum benefits can be obtained from ER stress-based therapeutics in 
cerebral stroke.
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Chapter 5
The Role of Autophagy in Ischaemic 
Stroke: Friend or Foe?

Komal Saraswat, Raushan Kumar, Syed Ibrahim Rizvi, 
and Abhishek Kumar Singh

Abstract Autophagy is an evolutionarily conserved process of cellular self- 
degradation and recycling of redundant cytoplasmic entities by lysosomal enzymes. 
Moreover, autophagy also plays critical roles in controlling several biochemical and 
molecular neuronal physiology such as growth, survival and metabolism. The 
autophagy process constantly occurs at basal level under normal physiological con-
ditions and gets increased during stress conditions such as starvation and hypoxia. 
In neuronal cells, it is a vital homeostasis mechanism that helps in the maintenance 
of protein quality control. In various neurological disorders, several crucial pro- 
survival and anti-apoptotic effects of autophagy have been reported. However, the 
function of autophagy in ischaemic stroke (IS) is highly controversial and still 
debated. Some reports show that it protects neurons during IS, while others advo-
cate it to be neurodegenerative. Thus, the present chapter deals with the possible 
function of autophagy in ischaemic stroke along with the discussion of various fac-
tors influencing the action of autophagy in ischaemic stroke.

Keywords Autophagy · Cerebral ischaemia · Ischaemic penumbra · Ischaemic 
stroke

5.1  Introduction

Stroke is the third leading cause of disability and mortality worldwide [1]. It refers 
to a condition of sudden obstruction in cerebral blood supply. This can be caused by 
a number of disorders that can interrupt the blood flow to the brain. Stroke can be 
subdivided into two classes; the first is ischaemic stroke (decreased blood supply 
either by thrombosis or by arterial embolism), and the second is haemorrhagic 
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stroke (vascular leakage). Ischaemic stroke (ISs) is a general term with reference to 
a heterogeneous group of aetiologies, e.g. embolism, thrombosis and relative hypo-
perfusion. However, it is predominantly caused by embolism from the heart and 
atherothrombosis of intracranial and cranial arteries [2].

Cerebral ischaemia is subcategorised into hypoxic, global and focal ischaemia. 
Hypoxic ischaemia that is commonly found in neonates occurs during the perinatal 
period resulting in detrimental long-term neurological morbidity in terms of motor, 
intellectual, educational and neuropsychological performance deficits (e.g. cerebral 
palsy, retardation in mental status, disability in learning and epileptic episodes) and 
even neonatal mortality [3]. Global cerebral ischaemia occurs when blood flow to 
widespread areas of the central nervous system is severely compromised after tran-
sient circulatory arrest with resuscitation, traumatic brain injury or after near- 
drowning incidents [4]. In contrast, focal ischaemia is marked by a sudden 
considerable reduction in blood supply to the brain either due to rupture or forma-
tion of an occlusion by embolism/thrombosis of the blood vessel. The occluded 
artery that results in blocked blood flow generates an infarct encompassing all or 
some part of the territory vasculature. This leads to a condition of oxygen depriva-
tion in tissue, and cells undergo a series of the molecular events leading to excito-
toxicity of neurons, dysfunction in mitochondrial activity, acidotoxicity of neurons, 
disturbance in ionic balance, conditions of oxidative stress and inflammation [5]. 
Within few minutes, some neurons die immediately leading to an irreversible injury 
impairing sensory processing, communication, cognition and motor function [6]. 
The extent of ischaemic injury depends upon the duration or severity of the insult. 
The motor impairment as the result of IS can lead to short-term or permanent dis-
abilities and also makes the person prone to several neurological disorders such as 
Alzheimer’s or Parkinson’s diseases [7]. Neuroimaging techniques have confirmed 
that around the infarct core, there is an area where the blood supply is marginally 
sufficient to keep these cells alive. This is called the ischaemic penumbra [8].

Two major strategies for the treatment of IS, namely, reperfusion and neuropro-
tection, are currently being investigated. In reperfusion, the attempts are made to 
restore the blood flow in affected areas by thrombotic, antithrombotic and anti- 
aggregation drugs [9]. Till date, recombinant tissue plasminogen activator (rt-PA) is 
the only drug that has shown promising results in clinical trials [10, 11]. However, 
these drugs provide very narrow therapeutic window (only 3 h) and have associated 
risk of haemorrhage. On the other hand, neuroprotection refers to all the endoge-
nous cytoprotective mechanisms that shield the neuronal death and diminish meta-
bolic pathways that usher cellular injury. Thus, an effective neuroprotective strategy 
would be to prevent infarct core from expanding by increasing penumbra survival 
and reducing ischaemic inflammation and reperfusion injury [12, 13].
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5.2  Pathophysiology of Ischaemic Stroke

Ischaemic brain injury evolves from a complex sequence of pathophysiological 
events which progresses during the course of time. The major pathogenic mecha-
nisms of this sequence include excitotoxicity, per-infarct depolarisation, inflamma-
tion and apoptosis [14]. For its energetic requirements, the brain primarily depends 
upon the availability of oxygen and glucose that provide energy by oxidative phos-
phorylation. When blood flow is interrupted in the brain, this energetic flow fails to 
maintain the ionic gradients [15]. Consequently, the membrane potential is lost, 
which results in depolarisation of neurons and glial cells. This causes inactivation of 
somatodendritic as well as presynaptic voltage-dependent Ca2+ channels and release 
of glutamate like excitatory amino acids in extracellular space which cannot be 
transmitted back to the cell as it is an energy-requiring process. Thus, the glutamate 
is accumulated in the extracellular space. The depolarisation of the cell results in 
activation of NMDA receptors allowing a voltage-dependent inflow of calcium 
(Ca2+) via phospholipase C and Ins (1,4,5)P3 signalling. Other monovalent ion 
channels such as AMPA receptor channel also transport the Na+ and Cl− into the 
neurons. Since the influx of Na+ and Cl− is much higher than the efflux of K+, this 
causes the water to flow inside the cells passively. This results in a condition called 
oedema which is the earliest marker of stroke and can be studied with MRI or com-
puted tomography [16]. Increased Ca2+ concentration in the neurons triggers a series 
of cytoplasmic as well as nuclear events that further add up to tissue damage. Free 
radicals are generated through the activation of phospholipase A2 and cyclooxygen-
ase, overwhelming intracellular scavenging processes and leading to lipid peroxida-
tion and membrane damage [17]. These oxygen free radicals, in turn, serve as 
important signalling mediators that trigger inflammation and apoptosis. These free 
radicals also disrupt the internal mitochondrial membrane and oxidise the proteins 
of electron transport chain [18]. Consequently, the mitochondrial outer membrane 
becomes permeable and promotes mitochondrial swelling, the cessation of ATP 
production and increased oxygen free radical generation. Mitochondrial outer mem-
brane permeabilisation (MOMP) stimulates the cytochrome C to be released in the 
cytoplasm and triggers the apoptosis [19]. Penumbra that lies between the fatally 
damaged core and healthy brain tissues has partially preserved blood flow that 
maintains energetic balance at some level and keeps the tissues alive for some 
period of time. If left untreated, the penumbra can progress to infarction owing to 
ongoing excitotoxicity and lead to other secondary deleterious events, such as 
spreading depolarisation, postischaemic inflammation and apoptosis [20].
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5.3  Various Animal Models to Study IS

In order to understand the mechanisms that underlie cerebral ischaemia and devel-
oping treatment therapies, a number of animal stroke models have been designed. 
There are several reasons that justify manoeuvre of an animal model to study IS. The 
animal model of stroke is highly reproducible and well controllable and allows 
unambiguous scrutiny of IS pathophysiology and effects of drug treatment. There 
are various invasive methods involved in the study of anatomical, physiological and 
biochemical status of brain tissue that cannot be understood in humans using imag-
ing techniques [21]. Therefore, a number of rodent model of IS have been designed 
that mimic some aspects of human stroke. IS is a heterogeneous human disorder; 
therefore, it is impractical to investigate all related pathophysiology in a single 
model (Fig. 5.1).
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Fig. 5.1 Pathophysiology of ischaemic stroke: oxygen and glucose deprivation leads to 
decreased production of ATP. Energy flow and ionic gradient of the cells become compromised 
that results in membrane depolarisation. The depolarisation of cells results in activation of NMDA 
receptors and somatodendritic as well as presynaptic voltage-dependent Ca2+ channels. The excit-
atory amino acids such as glutamate released in extracellular space cannot be taken up by neurons 
and glial cells. The monovalent ion channels such as AMPA receptor channel also transports the 
Na+ and Cl− into the neurons. To counterbalance, water flows inside the cells passively and causes 
oedema. The activation of phospholipase A2 and cyclooxygenase results in free radical generation 
which can damage cellular macromolecules leading to autophagy, apoptosis and necrosis
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5.3.1  Intra-arterial Suture Middle Cerebral Arterial Occlusion 
Model

The most affected artery that accounts for most of the cases of IS in humans is the 
occlusion of middle cerebral artery (MCA) and its branches. Thus, the techniques 
that mimic this type of condition are the closest to human IS [22, 23]. The most 
common method to generate such condition is an intra-arterial suture in MCA. In 
this technique, extracranial internal carotid artery (ICA) is clipped by introducing 
an occluding thread that advances until the origin of the MCA, thus interrupting 
blood flow into the MCA [24]. This procedure is minimally invasive and does not 
require craniotomy. The duration of occlusion using thread suture varies from tran-
sient blockage of 60–120 min or even permanent infarction. A large body of litera-
ture report that the efficacy of infarction is affected by several factors such as quality 
of thread, insertion length, size and diameter of suture and also different rat and 
mouse strain. Silicon- and polylysine-coated threads are most often used because 
these threads reduce the risk of subarachnoid haemorrhage [24] and better adhere to 
adjoining endothelium [25] and thus reduce inter-animal variability in comparison 
to uncoated threads. The great advantage of this technique is that analogous to 
human IS, it also arises from MCA and generates a penumbra likewise. It also offers 
controlled reperfusion as the thread can be withdrawn any time from the site of 
suture which is particularly suitable for neuroprotection studies. However, inade-
quate occlusion of MCA leads to the rupture of vessels and occurrence of subarach-
noid haemorrhage. Conversely, the use of silicone-coated thread and laser 
Doppler-guided placement of the suture can prevent these incidences [26].

5.3.2  Craniotomy Model

This is an invasive procedure where a bone of the skull is temporarily removed to 
allow direct access to cerebral vasculature [22]. In this procedure, the vessels are 
either ligated to each other, clipped and hooked to lift the vessels from the surface 
of the brain that halts blood flow, or sealed by electrocoagulation or photothrombo-
sis [21].

5.3.3  Photothrombosis Model

The animal underwent small craniotomy to expose the right distal middle cerebral 
artery and injected intravenously a photosensitizing dye (Rose Bengal or erythro-
sine B) [27]. The thrombotic occlusion is induced by irradiating three separate 
points with light from an argon laser-activated dye laser. This results in a large 
consistent temporoparietal cortical infarct. This model has the advantages as it only 
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requires minimal surgery, allowing the dura to remain intact and circumvent the 
mechanical trauma to the brain tissues [28].

5.3.4  Endothelin-I Model

Endothelin-I is a peptidergic vasoconstrictor, which may be injected directly as an 
intracerebral injection or applied directly onto the MCA to cause a condition similar 
to focal ischaemia [29]. Endothelin-I creates a model of middle cerebral artery 
occlusion in a dose-dependent manner [30]. However, when injected directly to the 
cortical surface, it provides a semicircular infarct that intricate all cortical layers. 
Stereotaxic injections of this compound create infarcts in the white matter of the 
internal capsule underlying sensorimotor cortex in rats [31]. This is a least-invasive 
method, which shows less mortality, and the development of a capsular infarct 
model allows examination of the physiological, anatomical and chemical character-
istics of neurons after white matter infarction. It must be noted that endothelin-1 is 
several fold more potent in conscious rats than numb rats.

5.3.5  Clot Embolic Model of Stroke

In more than 80% of human stroke cases, embolism or thrombosis is the key player 
[32]. The middle cerebral artery is occluded with autologous blood clot, and utiliz-
ing a microcatheter and laser Doppler flowmetry is a precise method to produce an 
accurate stroke model [33]. Another method is the injection of thrombin-induced 
clots directly into the intracranial segment of the internal carotid artery [34] or mid-
dle carotid artery [35]. Since this model mimics human stroke condition unambigu-
ously, it is very practical in studying the effect of thrombolytic factors [36] and 
various neuroprotective drugs [37].

5.4  Autophagy and Its Machinery

Autophagy is an evolutionary conserved physiological activity that conserves cel-
lular homeostasis by purging the cell from aberrant protein aggregates and damaged 
organelles. The term first used in the 1960s is now proved to be an important sur-
vival mechanism during acute starvation and contributes to development, growth 
regulation and longevity. Depending upon the mechanism of transportation of cargo 
to lysosomal lumen, autophagy has been described into four types: macroautophagy 
(commonly called as autophagy), microautophagy, chaperone-mediated autophagy 
and crinophagy [38].
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In microautophagy, the cargo to be degraded is directly engulfed by lysosome 
itself through a sequential process of invagination, protrusion and separation [39]. 
On the other hand, chaperone-mediated autophagy is a very particular process that 
executes degradation of the soluble cytosolic proteins containing a target motif 
marked by the presence of pentapeptide KFERQ. Cargo proteins containing this 
motif are recognised by cytosolic heat-shock cognate protein-70 (cyt-hsc70) that, 
along with some other co-chaperone of Hsc70, target the substrate to the lysosomal 
membrane, where it interacts with the lysosomal membrane protein (lamp) type 2a 
[40] and undergoes rapid proteolysis by resident hydrolases [41]. Macroautophagy 
or autophagy as it is commonly called is a sequential process initiated by the seques-
tering of cytoplasmic constituents to be degraded in a double membrane bound 
structure (phagophore) forming “autophagosome”. These autophagosomes are then 
transported to the lysosome where they fuse with it to form structures called 
“autophagolysosomes”. Both the inner membrane and material within the 
 autophagolysosomes are degraded by lysosomal hydrolases, which are then trans-
ported to the cytoplasm for reuse [42]. In crinophagy, secretory vesicles directly 
fuse with lysosome, which leads to the degradation of vesicle content [43]. There is 
a conserved family of Atg genes (AuTophaGy-related), and till now 32 Atg genes 
are reported in yeast and 14 Atg genes in mammals [44]. The concerted actions of 
these gene products are responsible for the conjugated mechanism of autophagy. 
Phagophore formation starts with the interaction of Vps34 with a multifactor com-
plex that also contains Atg6, Atg14 and Vps15. This along with other components 
interacts with Atg1 and Atg13 to initiate early autophagy [45].

5.5  Autophagy and Its Role in Cerebral Ischaemia

The primary function of autophagic process is to degrade the cellular proteins and 
organelles that have been sequestered in the cell, which, otherwise, may become the 
underlying cause of neurodegenerative disorders. Therefore, induction of autoph-
agy may be a promising neuroprotective strategy in neurological disorders [46]. 
However, molecular mechanisms underlying neuronal autophagy in IS remain 
poorly understood. In neurons, two types of autophagic processes have been 
reported: basal autophagy and induced autophagy. In the context of IS, the role of 
autophagy is little controversial. Some reports suggest that autophagy is responsible 
for induction of IS, while others indicate its preventive effects. Although the role of 
autophagy in IS is arguable, on the basis of published data so far, researchers have 
proposed five possible prospects.
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5.5.1  Autophagy Activation in Ischaemic Stroke Protects 
Neurons

It has demonstrated that rapamycin-induced activation of autophagy protects neu-
rons. They showed that rapamycin induces autophagy by inactivating mTOR com-
plex in neonatal rat under the influence of hypoxia-ischaemia which delays the 
advancement of neuronal cell mortality, whereas when autophagy was halted, cells 
rapidly gallop to necrosis [47]. In another study, we have confirmed that the autoph-
agy is a part of a pro-survival network that also includes PI3K/Akt1/mTOR signal-
ling pathway(s) and when any of these pathways are interrupted, the neuroprotective 
role of rapamycin is zeroed [48]. Nicotinamide phosphoribosyltransferase is the 
rate-limiting enzyme in NAD+ biosynthesis in mammals. It is shown to have a pro-
tective role in IS through inhibiting neuronal cell death. Wang and colleagues have 
found out that visfatin increases neuronal survival in middle cerebral artery occlu-
sion (MCAO) model of rats and in oxygen-glucose deprivation (OGD)-cultured 
cortical neurons through induction of autophagy via regulating TSC2-mTOR-S6K1 
signalling pathway in a SIRT1-dependent manner during cerebral ischaemia [49].

5.5.2  Autophagy Is Also Responsible for Neuronal Death 
After Ischaemic Stroke

In the Levine/Vannucci model, after 24 h of ischaemia/hypoxia, electron micros-
copy confirmed vacuolisation and extensive lysis of cytoplasmic contents in the 
damaged cells, suggesting an induction of the autophagic-lysosomal compartment 
of the programmed cell death [50]. It has also been reported that AMPK-mediated 
autophagy is detrimental in hypoxia and ischaemic stroke [51]. When Atg7 gene 
was deleted in mice with occluded common carotid artery, there was a reduction in 
pyramidal neurons in the hippocampus damage and ischaemic area [52]. Various 
reports have suggested that the pharmacological inhibitions of autophagy reduce 
damage in focal cerebral ischaemia. Wan et  al have shown that the injection of 
Vps34 kinase inhibitor, 3-methyladenine (3-MA), immediately after permanent 
occlusion in middle cerebral artery decreases autophagy activation and relieves 
postischaemic injury [53]. It has also been found that inhibiting postischaemic 
hypoxia-inducible factor-1 α (HIF-1α) by 2-methoxyestradiol (2ME) significantly 
inhibits autophagy and prevents primordial neuron death [54].

5.5.3  Degree of Autophagy Is Critical in Ischaemic Stroke

Researchers have proposed that the degree of autophagy is the deciding factor for 
the cell fate; the basal level of autophagy is favourable for cell survival, while exces-
sive or diminished autophagy may prove to be deleterious. Kang and Avery in 2008 
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have shown in C. elegans that during starvation, autophagy promotes the ability to 
survive in C. elegans, while inadequate levels of autophagy promote death [55]. 
This hypothesis is also confirmed by using in vitro as well as in vivo models [56]. 
Oxygen-glucose deprivation (OGD) induced hypoxic/ischaemic injury followed by 
reperfusion in primary cortical neurons in  vitro [57]. While in  vivo neonate rat 
model, unilateral common carotid artery occlusion and hypoxia create a condition 
similar to cerebral ischaemia. Increased autophagy was marked by the upregulated 
ratio of autophagy initiation gene expression. Electron microscopic studies have 
confirmed the increased autophagic deaths after OGD/reperfusion. However, there 
was a remarkable decrease in autophagic cell death upon inhibition of autophagy 
using a specific autophagy inhibitor, 3-MA [57].

5.5.4  Autophagy Contributes to Ischaemic Tolerance 
After Preconditioning

Preconditioning is often referred to a subthreshold insult that occurs in a cell so that 
certain signalling pathways can be activated which would provide protection from 
future fierce ischaemic episodes [58]. Thus, time at which autophagy is induced is 
crucial for its pro-survival or pro-death functions. In 2009, it was first shown that in 
PC12 cell model, ischaemic preconditioning (IPC) increases the formation and deg-
radation of autophagosomes [59]. However, when autophagy was inhibited by 
3-MA during IPC, it nullifies the neuroprotective effects of IPC. In male Sprague- 
Dawley rats, tolerance to focal cerebral ischaemia is increased by elevating autoph-
agy through hyperbaric oxygen (HBO) preconditioning [60]. It has also been found 
that when 3-MA and rapamycin were administered 20 min before the hypoxic/isch-
aemic injury, 3-MA prevents autophagy by decreasing Beclin-1 expression result-
ing in neuronal cell death, while rapamycin induces autophagy and provided 
neuroprotection [47, 61].

5.5.5  Autophagy May Be Disrupted During Ischaemia

Researchers have confirmed that the accumulation of autophagic vacuoles and intra-
cytoplasmic protein aggregates is the root cause of various neurodegenerative dis-
eases [62]. It has been hypothesised that an increase in protein content leads to the 
impaired lysosomal degradation which results in accumulation of autophagosome. 
When sham-operated rats were treated with chloroquine, a lysosomal inhibitor, the 
level of LC3-II was found to be increased; however, postischaemia further changes 
in LC3-II were not reported. From this study, it was concluded that these accumu-
lated autophagy-associated proteins are due to the failure of autophagic pathway 
[63]. It has also been thought that failure in the fusion of autophagosome to 
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lysosome or deficiency of acid phosphatase in lysosome could result in accumula-
tion of autolysosome and autophagosome.

5.6  Concluding Remarks

The molecular mechanism(s) underlying the neuronal autophagy in IS remains 
poorly understood and highly controversial. The growing body of evidence demon-
strated that the physiological and constitutive low level of autophagy acts as an 
integral part of several pro-survival networks in the neurons that provides protection 
against stress and injury. On the other hand, at redundant levels, it may also cause 
tissue injury and necrosis. Thus, the intensity and instance of autophagy are critical 
to its aftermaths. The mechanism of autophagy in IS and its effect in disease pro-
gression must be further investigated. This will help in the development of better 
therapeutic strategies that will act to modify the cellular survival network in patients 
with IS.
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Chapter 6
Critical Role of Mitochondrial Autophagy 
in Cerebral Stroke

Pankaj Paliwal, Sairam Krishnamurthy, Gaurav Kumar, 
and Ranjana Patnaik

Abstract Mitochondria supply energy to cells by generating ATP; thus it can be 
considered as one of the essential organelles of the cell. For the efficient working of 
cells, a good quality of mitochondria is essential; thus the elimination of injured or 
nonfunctional mitochondria by means of mitophagy is a very important process for 
cell function. Mitophagy showed a neuroprotective property in cerebral ischemia by 
accurate labeling and entrapment of defective mitochondria into isolation mem-
branes. Then the entrapped mitochondria were digested by lysosomes. Therefore, 
the regulation of mitophagy in ischemic brain injury may be used as a therapeutic 
strategy to protect the neuron by the efficient removal of injured mitochondria.
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6.1  Introduction

Stroke main outcomes are sudden death or adult disability. Stroke may be ischemic 
or hemorrhagic. Ischemic stroke alone accounts for 80% of the stroke. Inadequate 
blood supply to the brain leads to ischemic stroke [1]. Based on the region of the 
brain affected, ischemic stroke is of two types: global ischemic stroke and focal 
ischemic stroke. In global ischemic stroke, the blood supply of the entire brain was 
significantly reduced. However in focal ischemic stroke, the blood supply was 
reduced in a particular region of the brain blood vessel. Loss of consciousness, 
impaired voice, blurred vision, and numbness are the principal symptoms of cere-
bral ischemia. Due to the suppression of the blood flow during the ischemic 
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condition in the brain, the level of the ATP was significantly reduced for a short 
period of time. That leads to enormous cell death in susceptible regions. Therefore 
cerebral blood flow is one of the crucial factors for regular functioning of the brain. 
The damaged region of the ischemic brain which cannot be restored is known as the 
ischemic core region; however we can restore the region surrounding the core 
known as the penumbra if treatment is available at the right time. If we are able to 
recover cerebral blood flow during cerebral ischemia, it limits the nerve cell death 
in the penumbra region. Therapeutic strategy for ischemic brain injury involves 
reperfusion and neuroprotection. Usually to restore blood flow in cerebral ischemia, 
antithrombotic drug was administered as soon as possible. The antithrombotic drugs 
are of three types based on their mechanism of action. Thrombolytic drugs (recom-
binant tissue plasminogen activator, streptokinase, etc.) break down an already 
formed clot. Antiplatelet drugs (aspirin, clopidogrel, etc.) prevent the aggregation of 
the platelet and limit the formation of a secondary clot. Anticoagulant drugs (hepa-
rin, warfarin, dabigatran, etc.) prevent the coagulation of the blood and prevent 
secondary clot formation. The return of blood flow in the ischemic region leads to a 
secondary injury known as reperfusion injury. To protect against reperfusion injury 
and secure the penumbral region from further damage, neuroprotection is another 
therapeutic approach [2]. But still, the use of recognized neuroprotective agents is 
unclear in clinical studies.

During ischemic brain damage, the death of nerve cells is reported to have three 
routes, i.e., necrotic, apoptotic, and autophagic cell death [3, 4]. In this chapter, we 
have discussed the regulation of mitochondrial autophagy in cerebral ischemia. 
Mitochondria supply energy to cells by generating ATP; thus it can be considered as 
one of the essential organelles of the cell. For the efficient working of cells, a good 
quality of mitochondria is essential; thus the elimination of injured or nonfunctional 
mitochondria by means of mitophagy is a very important process for cell function. 
A publication report stated that mitophagy protects nerve cell during stroke 
condition.

6.2  Autophagy

The autophagy word was given by Christian De Duve [5, 6]. Autophagy is a destruc-
tive process which allows the degradation of old, damaged, or nonfunctional cyto-
plasmic material including proteins and organelle through the liposome’s catalytic 
enzymes. Stress condition like starvation or ischemic event induces autophagy. 
Autophagy regulates both cell survival and cell death [7]. Mitochondrial autophagy 
is also known as mitophagy; it involves the selective removal of the mitochondria 
from the cytoplasm of the cell. The mitophagy process in yeast resembles with 
mammals [8]. The maintenance of good quality mitochondria is very important for 
the survival of the brain cell as mitochondria have an extremely shorter life span 
compared with neurons. Mitophagy regulation is found to be disturbed in nervous 
system disorder including ischemic brain injury [9–14]. Upregulation of mitophagy 
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enhances elimination of defected mitochondria and has a protective role in cerebral 
ischemia [11].

6.3  Nonselective Autophagy and Mitophagy

Nonselective autophagy involves the hydrolysis of cytoplasmic contents, while 
mitophagy involves selective mitochondrial content hydrolysis by liposome 
through autolysosomes. Nonselective autophagy mainly occurs at the time of 
nutrient deficiency. Nonselective autophagy involves the degradation of cytosolic 
material including proteins and organelle to supply ATP.  However mitophagy 
involves selective degradation of damaged or nonfunctional mitochondria from the 
cytoplasm [15].

6.4  Mitochondria Dynamics: Fission and Fusion 
of Mitochondria

Mitochondria are the powerhouse of the cell as they are responsible for the genera-
tion of energy. Further mitochondria also supervise the programmed death of the 
cell [16]. Since brain cells cannot store enough energy sources to perform their 
function, therefore they carry numerous mitochondria in their cytoplasm. The shape 
of the mitochondria changes according to the fission or fusion. Mitofusins control 
mitochondrial fusion through the outer mitochondrial membranes. Mitofusins are of 
two types: mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2). Optic atrophy 1 (OPA1) 
controls the fusion of the mitochondria through the inner mitochondria membranes 
[16, 17]. Any impairment in the Mfn1, Mfn2, and OPA1 is responsible for the wide- 
ranging mitochondrial fragmentation and loss of mitochondrial DNA [18, 19]. To 
identify the role of fusion mediators in the early development of the embryo, a study 
has been performed. This study showed that mice lacking these mediators of the 
fusion die at an initial stage of fetus development, indicating that mitofusins and 
optic atrophy 1 are very important in the early stage of embryo formation [18, 20]. 
Similarly another published report stated that a point mutation in mitofusins and 
OPA1 leads to severe nervous system disorder [21, 22].

Mitochondrial fission results in the splitting of mitochondria into two daughter 
mitochondria. Regulation of mitochondria splitting is done by dynamin-related pro-
tein 1 (Drp1) and fission 1 protein (Fis1) [23]. During the period of the fission, the 
Drp1 is enrolled to the mitochondria to form the complex with the Fis1. This com-
plex is responsible for the split of the mitochondria [24, 25]. Mitochondrial fission 
significantly decreases in Drp1-deficient cell; studies have shown lengthened mito-
chondria in the cell lacking Drp1 [26]. Mitochondrial fusion and fission are greatly 
affected by disease states. Reports are available showing that in pathological 
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 condition such as neurodegenerative disorders and brain trauma, there are imbal-
ances between fusion and fission events [27]. Furthermore, mitochondrial fission 
mediates mitochondria-dependent cell death [26]. The discharge of pro-apoptotic 
factors, such as cytochrome c from depolarized mitochondria into the cytosol, is 
associated with Drp1-mediated fragmentation of the mitochondria which induced 
apoptosis [23].

6.5  Molecular Mechanisms of Mitophagy

Mitophagy involves the removal of the selective mitochondria from the cytoplasm 
of the cell. To remove the selective mitochondria from the cytoplasm, damaged or 
nonfunctional mitochondria are tagged followed by the entrapment into the isola-
tion membrane and formation of autolysosomes.

The autophagy-related gene (Atg) regulates mitophagy through the autophagy- 
related protein as per the metabolic demands of the cell. For example, Atg 32 pro-
tein helps in the initiation of the mitophagy, and Atg 8 protein is necessary for the 
sealing of the mitochondria through a membrane in yeast. Another protein known as 
Atg11 is helpful in the sealing of the mitochondria by isolation membrane. Once the 
mitochondria are sealed completely by the membrane in autophagosome, the sealed 
mitochondria are fused with the liposomes which digest the defected 
mitochondria.

During the differentiation of the red blood cell, mitophagy is responsible for the 
removal of the red blood cell mitochondria. At the time of mitochondrial removal 
from the red blood cell, the BNIP3L (NIX) expression increases on the outer mito-
chondrial membrane and has a WXXL-like motif which forms a linkage to LC3. 
This complex generates the isolation membranes and forms autophagosomes and 
fuses liposome to form autolysosome. The catalytic enzymes of the liposome hydro-
lyzed the mitochondrial content.

When mitochondria are injured and lose membrane potential, the PINK1 accu-
mulates and recruits the E3 ubiquitin ligase parkin from the cytosol particularly to 
the damaged mitochondrion. Parkin promotes the binding of ubiquitinated sub-
strates such as MARF, Mfn1, Mfn2, and VDAC1 to the outer mitochondrial mem-
brane; p62 is recruited to the mitochondria, binding with the ubiquitinated 
substrates and linking to LC3 to form an isolated membrane and then fuse with 
lysosomes [15].

6.6  Mitophagy in Cerebral Ischemia

Adenosine monophosphate-activated protein kinase (AMPK), autophagy proteins 
5–12 (Atg5–Atg12), dynamin-related protein 1(DRP1), light chain 3 (LC3), mam-
malian target of rapamycin (mTOR), mitochondrial assembly regulatory factor 
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(MARF), mitofusins 1 and 2 (Mfn1, Mfn2), mycophenolate mofetil (MMF), p62/
SQSTM1/sequestosome-1 (p62), PTEN-induced putative kinase 1 (PINK1), ser-
ine/threonine-protein kinase (ULK1), voltage-dependent anion-channel 1 
(VDAC1) (Fig. 6.1).

Mitophagy involves selective removal of mitochondria from the cytoplasm by 
liposomes. During ischemic event, there is shortage of blood supply to the brain. 
Blood supplies oxygen and nutrient to the brain, and shortage of blood to the brain 
event for a short period of 1–2 min causes severe shortage of ATP in the brain. This 
causes formation of reactive oxygen species and leads to the mitochondrial mem-
brane’s potential depolarization. Reduction in ATP levels and accumulation of AMP 
activate the AMPK. AMPK induces mitophagy by activating ULK1 (mTOR inhibit 
ULK1). Further AMPK activates MFF to recruit DRP1 to induce mitochondrial fis-
sion and mitophagy. PINK1 is accumulated in the defective mitochondria triggering 
the recruitment of the parkin. Parkin promotes binding of ubiquitinated substrates 
such as MARF, Mfn1, Mfn2, and VDAC1 to the outer mitochondrial membrane. 
p62 is recruited to the mitochondria, binding with ubiquitinated substrates and link-
ing to LC3 for the autophagic degradation. LC3 with Atg5–Atg12 forms autophago-
somes. Autophagosomes fuse with lysosomes to form the autolysosomes and 
hydrolyze the mitochondrial contents. Rapamycin suppresses mTOR, defending the 
rat brain from ischemic injury by upregulating mitophagy. Similarly Parkin and 
Atg5 knockdown aggravates ischemia-induced neuronal cell death, indicating that 

Fig. 6.1 Showing the role of mitophagy mediators in cerebral ischemia
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upregulation of mitophagy is responsible for the protection of the brain cell from 
ischemic brain injury [28, 30, 31].

6.7  Effect of Cerebral Ischemia in Mitochondrial Dynamic 
Mediators

Ischemic event in the brain shifts the balance of the mitochondrial fission and fusion 
toward the fission. Dynamin-related GTPases, i.e., Mfn1, Mfn2, and Opa1, regulate 
the mitochondrial fusion, while Fis1 and Drp1 regulate mitochondrial fission [12, 
17, 24, 32]. Two daughter mitochondria are generated after fission. The daughter 
mitochondria have altered membrane potential. These daughter mitochondria can-
not be fused and are more likely to be taken up by autophagosome due to their 
smaller size and facilitate mitophagy [33]. Both mitochondrial fission and mitoph-
agy are beneficial, working together to eliminate damaged and depolarized mito-
chondria. A study revealed that the level of the mitochondrial fusion proteins Opa1 
and Mfn2 was significantly reduced in the condition of cerebral ischemia [34]. 
Further another recent study showed that Drp1 protects against ischemic injury by 
facilitating mitophagy [35] (Fig. 6.2).

Mitofusins Mfn1 and Mfn2 (Mfn1, Mfn2), optic atrophy 1 (Opa1), fission 1 
protein (Fis1), dynamin-related protein 1 (Drp1)

Fig. 6.2 Showing the role of mitochondrial dynamic mediators in cerebral ischemia
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6.8  Mitophagy Regulation: An Anti-inflammation Approach 
in Cerebral Ischemia

Defected mitochondria lead to the release of mitochondrial DNA and reactive oxy-
gen species (ROS) which in turn activate inflammasome [36]. The inflammasome is 
responsible for the release of the pro-inflammatory marker such as cytokines inter-
leukin 1β and interleukin 18 which leads to programmed cell death due to inflam-
mation. The published report suggests that nuclear factor-κB avoids inflammasome 
activation by regulating mitophagy to prevent inflammation [37]. Further, studies 
confirmed that compound that sustains mitochondrial membrane potential intact 
and inhibited NOD-like receptor (NLRP3) are found to decrease the injury related 
to the ischemia in the brain [38].

6.9  Mitophagy Regulation: A Neuroprotective Approach 
in Cerebral Ischemia

Rapamycin shows neuroprotection against cerebral ischemic reperfusion injury 
through the activation of autophagy [39]. Similarly another recent study reported 
that rapamycin promotes the L3-II and Beclin-1 that attenuate cerebral ischemia- 
induced brain injury [14]. The proposed mechanism of action of rapamycin during 
ischemia is through the increased expression of p62 in mitochondria [14]. Further 
another compound, methylene blue, shows neuroprotection against cerebral 
ischemia- reperfusion injury [40]. The exact mechanism of methylene blue is still 
not known, but it is thought to augment mitophagy [41, 42].

6.10  Conclusion

Mitophagy involves the specific degradation of the damaged or nonfunctional mito-
chondria. Starvation, oxidative stress, or specific signals including mitochondrial 
targeting of signaling proteins or modification of mitochondrial proteins induce 
mitophagy. Since the clearance of the damaged or nonfunctional mitochondria is 
essential to maintain the homeostasis of cells, the dysfunction of mitophagy is 
closely related to cerebral diseases. Cerebral ischemic reperfusion injury activates 
mitophagy. Therefore the regulation of the mitophagy pathway in cerebral ischemic 
reperfusion injury to protect the nerve cells might be an effective strategy for the 
treatment of stroke.
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Chapter 7
Application of Neuroimaging Tools 
in Identification of Pinpoint Location 
of Blockage

Tiwari Alok, Sharma Shiru, and Ranjana Patnaik

Abstract Stroke is a significant disease which causes disability and even death to 
a vast number of persons around the world especially in the modernized and devel-
oped countries like the USA. It is caused either by blockage (ischemic stroke = 85%) 
or by rupture (hemorrhagic stroke) of the blood vessel. Hence we see the ischemic 
stroke is the most common stroke in which there is a lack of supply of nutrients into 
and any part of the brain due to blockage of any blood vessel. Due to this, the nerve 
cells start dying and hence reflected as a hypodense area in the image. There are 
various imaging modalities to analyze the dysfunctioning of the brain like ultra-
sound, CT, MRI, PET, SPECT, etc. Over the period CT and MRI had been widely 
used based on its advantages and limitations depending on the application and avail-
ability of these imaging systems. This chapter primarily discusses, in brief, all the 
conventional imaging modalities and also deals with further improvement in the 
quality of these imaging systems by the application of image processing which can 
assist to get a clear picture about the stroke detection by the physician. Image pro-
cessing involves various steps like removal of noise in the image, image segmenta-
tion, image enhancement, etc. After following these image processing steps, it is 
easy to diagnose an apparent pinpoint location in a precise and accurate manner for 
the detection of the stroke.
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7.1  Introduction

The brain is a very complex structure of the human body; it performs various tasks 
like body control and movement, speech or language processing, memory control, 
conscious control, emotion control, cognition control, etc. [1]. The brain is com-
posed of various neural cells which survive on a continuous supply of one of the 
essential nutrients like O2 and glucose provided through the bloodstream. In a situ-
ational consequence, if there is a lack of blood supply to the brain, the nerve cells 
start to die, which may result in the disability of certain parts or the whole body 
depending upon the location of dead nerve cells which control any particular body 
part or action. This phenomenon is termed as stroke [2]. It may be a result of two 
factors: (1) an interruption in blood supply (ischemic stroke = 85%) due to clot 
formation inside any blood vessel and (2) rupture of any blood vessel (hemor-
rhagic = 15%). It is important to consider here that brain cells divide and form new 
cells only for a brief period after the birth and hence in later stages of life, dead brain 
cells can’t be replaced by newer ones [3]. That’s why there is a limited chance of 
rehabilitation after the stroke if it is diagnosed at later stages.

There are various risk factors [4] associated with stroke, which are broadly clas-
sified into two: (a) controllable and (b) uncontrollable. The controllable risk factors 
include unhealthy lifestyles like smoking, drinking alcohol, use of tobacco, etc. and 
some other factors like high blood pressure, high cholesterol, diabetes mellitus, 
physical inactivity, etc. Uncontrollable risk factors include hereditary factors like 
age, gender, race, family history, etc. and transient ischemic stroke, patent foramen 
ovale (hole in the heart), etc.

According to the World Health Organization (WHO), it costs around 6 million 
lives each year, and there are around 15 million people who suffer from this disease 
[5]. It is most common in the age group of above 60 as it ranks as a second leading 
cause of death to them. Demographic statistics show that women have a longer life 
span than men and hence have more chances for the occurrence of stroke because it 
occurs mostly in the older age groups.

Anyone with symptoms of stroke needs an immediate medical help; it doesn’t 
matter if it is a stroke or not after diagnosis. It takes only a fraction of time to disable 
the functioning of particular organ or the whole body of the person, and also the fact 
that many deadliest diseases can also be detected while diagnosing stroke, because 
of the similar nature of the symptoms like in the case of cardiac arrest. The physi-
cian needs to consider the various facts [6] to diagnose the stroke like family history 
of stroke, laboratory tests, cardiac evaluation, imaging studies, angiography, ultra-
sound, blood flow test, etc. In order to treat the patient, the physician may use anti-
coagulant and antiplatelet medications and/or surgery if needed.
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7.2  Neuroimaging Modalities for Stroke Detection

Stroke is the main cause of a huge number of deaths every year. Over the years it has 
been found that by proper detection of stroke before death or disability of a person, 
it can be prevented. And also if after the occurrence of stroke and if the patient gets 
the symptom of paralysis, it can be rehabilitated. To do so, we need to get prior 
information about the stroke, which can be achieved by various neuroimaging 
modalities [6] as shown below.

Neuroimaging Modalities for 
Stroke Detection

A. Hardware Based Imaging
Modalities

B. Software Based Imaging
Modalities

C. Computer Aided
Automatic Detection

a) Computed tomography (CT)
b) Magnetic resonance imaging (MRI)
c) Microwave based imaging (MW)
d) Single-Photon emission computed 

tomography(SPECT)
e) Positron emission 

tomography(PET)
f) Cranial ultrasound

a) Image filtering
b) Image enhancement
c) Image segmentation
d) Image compression

a) Graphical user 
interface 
based(GUI)

b) Computer aided 
algorithm based 
detection

 

7.3  Hardware-Based Imaging Modalities

There are various imaging techniques which require a significant hardware like CT 
machine, MRI machine, ultrasound machine, etc. These imaging techniques are 
discussed below.

7.3.1  Computed Tomography (CT)

This imaging technique [7] is based upon the radiation effect on human tissue which 
is plotted in the form of a CT scan where the subject is placed inside a rotating 
chamber and the radiation pattern is drawn from various angles of incidence of 
radiation to the subject. Because of its quicker performance, this technique is pre-
ferred in emergency situations where the subject is in a critical condition.
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7.3.2  Magnetic Resonance Imaging(MRI)

Magnetic resonance imaging [8] is an imaging technique which utilizes non- 
ionizing radiation to create images of the tissues of the brain. There is no radioactive 
element involved in this procedure and is completely radiation-free. It is a tool for 
the detection of early ischemic stroke lesions with a high sensitivity. It can also 
detect ICH with an accuracy comparable to CT.

7.3.3  Microwave-Based Imaging(MW)

Microwave imaging is a novel technique for the detection of stroke. It is based on the 
difference between the normal and abnormal brain tissue dielectric properties [9]. It 
is a noninvasive [10] imaging technique for the monitoring of the brain functioning.

7.3.4  Single-Photon Emission Computed Tomography 
(SPECT)

It is a functional nuclear imaging [11] technique used to evaluate the regional cere-
bral perfusion. It operates on gamma rays with the help of a gamma camera. The 
scanning process monitors the level of biological activities in the 3-D region. 
Multiple 2-D images are obtained from various angles.

7.3.5  Positron Emission Tomography (PET)

Positron emission tomography is a technique which gives the functional informa-
tion about the brain in the early phase of disease before the occurrence of any ana-
tomical changes in the brain compared to CT or MRI which only gives anatomical 
details of the brain [12]. PET scan can show the increased or decreased metabolism 
rate at the seizure focus point. It can provide information about the pinpoint location 
of the stroke before surgery.

7.3.6  Cranial Ultrasound

Cranial ultrasound [13] utilizes reflected sound waves to generate the picture of the 
brain and its inner fluid which flows within its chambers. This test is mostly done on 
the babies because ultrasound can’t penetrate into the hard bones. So it is used to 
check the problems of the brain just a few days after birth unto the age of 18 months.
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7.4  Software-Based Image Processing Modalities

The scanned images from any of the abovesaid imaging modalities contain several 
types of noises which may provide a wrong information to the visual perception by 
the physician. An erroneous detection will result in the wrong treatment which can 
cause death to the patient as there is a very less time for survival during a stroke 
attack. So there are various image processing techniques which are used in associa-
tion with these imaging techniques to get a clear view of a picture obtained so that 
various features can be evaluated correctly to detect the stroke or any other diseases. 
Various such techniques are discussed below.

7.4.1  Image Filtering

Image obtained by these imaging modalities may contain several types of noises 
like salt-and-pepper noise (caused by sudden sharp disturbances), Gaussian noise 
(resulting from random fluctuations), speckle noise (can be modeled by random 
values multiplied by pixel values), periodic noise, etc. Salt-and-pepper noise can be 
removed by applying low-pass filtering, median filtering, rank order filtering, an 
outlier method, etc. Gaussian noise can be cleaned by image averaging, average 
filtering, Wiener filtering, etc. [14].

7.4.2  Image Enhancement

Image enhancement is a technique which is used to improve the subjective quality 
of the pictures for human interpretation. To distinguish one object from another, 
contrast is an important parameter which gives the subjective evaluation of the 
image quality. A difference in the color brightening pattern can be seen as contrast 
enhancement. Our eyes are more sensitive toward the contrast than just luminance 
[15]. Various image enhancement operations are summarized below.
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7.4.3  Image Segmentation

Image segmentation is a technique which divides the image into various segments 
or parts. This is usually done to detect or identify individual objects or any other 
relevant information from the digitalized images. This task can be performed by 
various algorithms like thresholding methods (Otsu’s method), color-based seg-
mentation (k-means clustering), transform methods (watershed transform), texture 
methods (texture filters), etc. [16].

7.4.4  Image Compression

With the advancement in technology and the requirement of the better-quality pic-
tures, we now tend to use more and more numbers of megapixels for our cameras, 
which in turn give a better quality of the image, but at the very same time, it also 
increases the memory capacity requirement associated with it. So to store a large 
number of files, we need more space which will not be a good thing as it’ll cost you 
more, both the cost of database and also the weight. Also, it becomes difficult to 
upload the high-quality images of large size over the Internet if the speed is slow. So 
there is a need to compress the image size to save the space, but without degrading 
or compromising the image quality [17].

7.5  Computer-Aided Automatic Detection

7.5.1  Graphical User Interface Based (GUI)

A graphical user interface is a visual display of some buttons and display screens 
that perform tasks defined by associated algorithm to that particular button. It is 
more user-friendly as an ordinary layperson with a sound understanding of the pro-
cess can use it even if he doesn’t know the background programming. It utilizes 
graphical symbols rather than typing instructions, and hence more emphasis is on 
the utilization of the mouse rather than keyboard [18].

7.5.2  Computer-Aided Algorithm-Based Detection

A computer-aided algorithm-based detection involves various image processing 
steps in a single click. All the programming steps are written in the background, and 
once we click the result button, the input image is transformed into the output image 
with desired region extraction along with the calculated parameters like area, 
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eccentricity, energy or intensity values, etc. [19]. The following block diagram can 
understand the basic understanding of the method.

Input Processing
algorithm Output+

Feedback 

7.6  Comparison of Neuroimaging Modalities

The following comparison table can understand the comparison of various neuroim-
aging modalities.

SN
Imaging 
modality Application Sensitivity Positives Negatives

1. Positron 
emission 
tomography 
(PET)

To find the existence 
of penumbra in the 
humans

−93.7% It offers 
semiquantitative or 
quantitative 
hemodynamic data

Radiation
High cost
Limited 
availabilityIt acts as a gold 

standard in the 
evolution of early 
stroke

2. Computed 
tomography 
(CT)

Non-contrast CT is 
used for the 
evaluation of 
hemorrhagic stroke 
detection

31% (acute 
ischemic 
stroke)

Early signs of 
stroke

Reduced 
sensitivity in 
ischemic stroke 
detection57% (acute 

stroke under 
normal 
parameters)

It is preferred in 
hemorrhagic 
stroke detection

71%(using soft 
window and 
variable)

Wider availability 
and low cost

3. CT perfusion Used for imaging 
penumbra

>75% 
(ischemic 
stroke)

It is less invasive 
than angiography 
and more widely 
available than MR 
imaging

Slight chance 
of cancer from 
excessive 
exposure to 
radiation

Salvageable tissue 
indicated by 
penumbra

>90% (for 
infarcts in 
supraterritorial 
regions)

(continued)
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SN
Imaging 
modality Application Sensitivity Positives Negatives

4. CT 
angiography

Ischemic stroke 
detection

It gives equal 
accuracy as 
MRA

Increased contrast 
and sensitivity for 
early ischemic 
stroke detection

Chances of an 
allergic 
reaction to 
contrast 
material

Intravascular 
thrombi

5. Single-photon 
emission 
computed 
tomography 
(SPECT)

Another CT with 
radiotracers such as 
Xe, HMPAO, or 
ECD to evaluate 
CBF and 
cerebrovascular 
reserve

90% sensitivity 
for acute stroke 
(much higher 
than CT)

Safe It can’t 
measure 
absolute CBF 
or metabolism

Allows for repeated 
studies for serial 
measurements
Can provide 
functional 
information

6. T1 MRI and 
T2 MRI

Hemorrhage 
detection

T2W1 has a 
greater 
sensitivity 
(90%) 
compared to 
T1W1 (50%)

Acute infarcts can 
be clearly visible

There are no 
known side 
effects of an 
MRI scan

Cacogenic edema
T2W1 as a “gold 
standard”

7. Diffusion- 
weighted 
imaging 
(DWI)

Detects the 
movements of H2O 
molecules

>Non-contrast 
CT scan

More sensitive for 
the detection of 
hyper acute 
ischemia

Identify 
patients at 
sufficiently low 
risk to warrant 
ED discharge

Ischemic stroke 
detection

8. Perfusion- 
weighted 
imaging

To detect the first 
event after the 
ischemic stroke

97.5% for 
detection of 
ischemic stroke

Provides metabolic 
and hemodynamic 
data of the brain in 
the first few hrs 
poststroke

Frequently 
overestimates 
final infarct 
volumeDisturbed CBF 

detection
9. Diffusion 

tensor 
imaging 
(DTI)

Advanced diffusion 
MRI

– Used to visualize 
the restoration of 
structural integrity 
and connectivity

–

Fully utilize the 
information obtained 
from diffusion 
anisotropy causes by 
biological 
boundaries to infer 
the exquisite details 
of tissue 
microstructure

10. Functional 
magnetic 
resonance 
imaging 
(fMRI)

fMRI using 
blood-O2 level 
depends on BOLD, 
CBF, or CBV 
contrast

High sensitivity Ease of 
implementation

–

High sensitivity

To visualize brain 
activity 
noninvasively
Functional recovery 
study
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7.7  Conclusion

In this chapter, we have discussed various imaging techniques which have been 
compared with one another, and in addition to that, there are also few advanced 
image processing techniques that were discussed which are nowadays utilized for a 
better quality of image at a reasonably required memory space to store that picture. 
Imaging modalities can be broadly classified under the terms radioactive and nonra-
dioactive imaging systems, since it is a safe side to allow the nonradioactive imag-
ing to the patient as it will not cause any harm to the patient as in the case of 
MRI. So it is always preferable to use MRI for stroke detection, but it’s not the case 
everywhere due to its limited availability and its huge cost. Also in emergency situ-
ations, CT is preferable as it takes less time to operate and it also has a better avail-
ability in most of the areas. So there should be a trade-off between the radiation dose 
and health hazard to the patient, and suitable imaging system should be utilized. 
Once after imaging is done, there is a need to enhance the quality of the image, so 
proper image processing steps should be followed to get a clearer view of the pic-
ture in order to detect the diseased area. For example, in the present case of detect-
ing the pinpoint location of the stroke area firstly, we have to remove the noise 
associated with the scanned image, and after that the image should be enhanced to 
give a bright and clear view, and finally the stroke area has to be segmented and 
extracted as to detect the stroke location.
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Chapter 8
Emerging Role of Electromagnetic Field 
Therapy in Stroke

Chandra Kant Singh Tekam, Amit Kumar Tripathi, Gaurav Kumar, 
and Ranjana Patnaik

Abstract Interest in the clinical utilization of the magnetic field is increasing glob-
ally. Various articles have suggested the use of magnetic fields to initiate neuropro-
tective and neuro-regenerative effects on different biological systems that are of 
critical importance for the treatment of various injuries. Electromagnetic therapy 
provides a secure method for the direct treatment of injuries. The magnetic field 
may cause cell proliferation, genotoxic effects, changes in cell membrane permea-
bility, and osteoblast formation. Some studies focus on the application of magnetic 
fields with different frequency bands and its corresponding effects at a cellular level. 
It has recently found that the static magnetic field (SMF) and the pulsating magnetic 
field (PEMF) can enhance the therapeutic outcome owing to anti-inflammatory and 
neuro-regenerative effects in animals and humans. In this chapter, we have included 
various mechanisms for neuroprotection and many experimental pieces of evidence 
to support the hypothesis that magnetic fields might constitute a non-invasive mode 
of therapy. Meanwhile, some of the experimental studies demonstrate the occur-
rence of protection, and various other articles propose that magnetic fields influence 
biochemical systems.

Keywords Stroke · Static magnetic field · Pulsed magnetic field · Ischemic 
neuronal damage · DNA damage

8.1  Introduction

In the present scenario, medicine is based primarily on the development of drug 
delivery methods that deal with the interaction of a particular chemical substance 
and its effects on cells, tissue, and metabolic activities, and is further utilized by the 
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pharmaceutical industries in drug development methodologies. Most of the drugs 
affect diseased and healthy tissues simultaneously, which could lead to adverse side 
effects. In contrast, electromagnetic therapy provides a secure method for curing the 
site of disease or injury [1].

After World War II, the clinical application of electromagnetic therapy adopted 
in countries such as Russia, Japan, and Romania, and development in the following 
years paved the way for the increased use of static magnetic field (SMF) and pulsing 
electromagnetic field (PEMF) in the treatment of musculoskeletal and neurological 
disorders [2].

Various research articles have proposed that magnets can affect the large number 
of biological processes [3, 4]. Many have put forth experimental evidence that can 
prove that selective magnetic fields are capable of in vivo and in vitro effects on the 
organism [5].

8.2  Importance of Electromagnetic Therapy

For decades, we have witnessed treatment methodologies that originate in natural 
remedies that were used for centuries before the advancement of pharmaceutical 
technologies. Decades ago, natural drugs developed with plant extracts and knowl-
edge about the medicinal and therapeutic practices were communicated through 
oral teachings. These natural drugs were not only the mixture of various ingredients, 
but the methods of preparations are a far more important part of the healing, without 
the occurrence of adverse side effects. As time passed, medical schools became 
involved in the development of chemical compound-based pharmaceutical products 
instead of natural medicine, and the substitution of natural medicine. The excessive 
use of chemically evolved drugs led to drug overdose, causing deadly side effects. 
When physicians prescribed a medication based on the age and body weight on the 
assumption that the target tissue will receive some of the medicine, but what about 
the rest of the dose? This excess amount of medicine led to adverse effects. These 
negative effects of pharmaceutics forced the researchers and people toward the 
application of alternative medicine [6, 7]. Now the application of magnetic fields as 
a therapeutic procedure has emerged as an option. Bio-electromagnetism is a disci-
pline that evaluates the electromagnetic phenomena that occur in a biological sys-
tem when exposed to the magnetic field [8] in the low-frequency band (<300 Hz) of 
the electromagnetic spectrum [7, 9].

8.3  Physical Basis of the Generation of a Magnetic Field

In this chapter, we describe the fundamentals of the generation of artificial magnetic 
fields and their possible therapeutic application. “A magnetic field is a result of 
moving charge in space, and it affects the behavior of paramagnetic and 
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diamagnetic materials.” It consists of magnetic flux lines that travel from one end of 
the magnet to another [4].

According to Ampere’s law, the movement of charges results in a physical 
parameter called the magnetic field expressed in a quantity called magnetic field 
intensity (H). The effect of magnetic field intensity depends upon the distance from 
charges [10].

The magnetic fields are classified into following categories:

 (a) Stationary magnetic field (SMF)
 (b) Pulsed electromagnetic field (PEMF)

8.3.1  Stationary Magnetic Field

A SMF has the same direction and magnitude with time because it incorporates an 
electric current of a continuous nature. Hence, the generated magnetic field is also 
continuous [11].

The continuous magnetic field is not preferred for two essential reasons:

 1. The current flows through solenoid wire, which causes the Joule effect.

 
Heat = ( )k i/

2

 

The generated heat in solenoid wire is directly proportional to the square of  
current flowing in the wire.

 K = constant  

 2. The creation of uniform magnetic fields is a difficult task.

Various studies on human populations primarily focus on the effects of SMF, but 
the available experimental evidence is not sufficient [11].

Some articles on cell culture study have proposed the use of magnetic fields 
based upon promising biological changes. Experimental evidence has established 
the fact that SMF leads to variations in the direction of forces on cellular compo-
nents, which are prone to magnetic flux lines, such as hemoglobin and free radicals. 
[10, 11].

8.3.2  Pulsed Electromagnetic Field

A PEMF is characterized by the current waveform changing the intensity and direc-
tion of the field concerning time, which finally generates the electromagnetic field. 
This magnetic field can be further classified as pulsed or alternate. The waveform 
shows frequencies from 6 up to 500 Hz [4]. The high frequency of the waveform can 
induce a significant amount of biological current in the cells, and hence have signifi-
cantly greater biological impact [9].
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The extremely low-frequency band-generated magnetic fields are non-ionizing 
[7]. The waveform required for the generation of PEMF could be asymmetric and 
quasi-rectangular [4]. However, various low-frequency sources generate a sinusoi-
dal waveform [9]. Certain low-level EMFs can produce a specific response, depend-
ing on the magnitude and frequency [7].

Stimulation of PEMF can be achieved using the following methods:

 (a) Inductive coupling
This technique does not involve the electrode being in direct contact with the 

subject. According to Faraday’s law of induction, the variation in the flux den-
sity of the PEMF induces an electric field, which generates current in the bio-
logical system [12].

 (b) Capacitive coupling
In this technique, the therapeutic protocol consists of the placement of 

opposing polarity electrodes in direct contact with the skin surface in the vicin-
ity of the target tissue [12].

8.4  Primary Biological Effects of Magnetic Fields

Various methodologies exist for SMF and PEMF. Numerous articles explain the 
different mechanisms for this physical phenomenon. In this chapter, we try to 
explain nearly all knowledge on the mechanism of magnetic fields.

8.4.1  Cell Proliferation and Cell Cycle Regulation

Wiskirchen et  al. conducted a study using SMF (1.5T) with treatment duration 
(3 weeks). The result indicated negligible improvement in population doublings or 
cumulative population doublings in exposed groups. It was also observed that con-
stant exposure to an SMF (1.5T) has no significant effect on the proliferation of 
human fetal lung fibroblast (HFLF) cells [13].

Raylman et al. propounded another theory using the magnetic field of intensity 
(7T) for treatment duration (64 h). The results show a significant reduction in viable 
cell count in melanoma, HTB-63, HTB-77 IP3, and CCL-86 cell lines. In addition, 
further exposure of the same field inhibits the growth of cell lines in vitro [14].

Buemi et al. conducted a study using a SMF (0.5 mT) with periodic examination 
(2, 4, 6 days) of the cellular generation/death in renal cells and cortical astrocyte 
cultures from rats. The reports show a gradual decrease in apoptosis and cellular 
proliferation, but a successive increase in cells with a necrotic morphology in the 
exposed group [15].

The experimental evidence regarding the clinical efficiency of PEMF and SMF 
suggests that PEMF might be more effective than SEMF. The application of PEMF 
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does not have a significant effect on bone marrow fibroblasts [16] and sub-confluent 
chondrocytes [17].

There is much experimental evidence that concludes that PEMF exposure affects 
the proliferation of subconfluent chondroblasts [18], subconfluent osteoblasts [19], 
and subconfluent human osteoblast cells [20].

Diniz et al. proposed a hypothesis based upon the experimental evidence that 
PEMF stimulation causes an increase in bone cell proliferation until the cells 
become confluent and begin to form the multilayers, but the difference in the DNA 
content is not present in the treatment group [21].

8.4.2  Genotoxic Effects

 (a) Mutation
Ikehata et  al. conducted a study using SMF (5T) for a possible mutation 

using the bacterial mutagenicity test. The experimental results showed that no 
mutagenic effect was observed on the strains of Salmonella typhimurium and E. 
coli. The mutation effects in the treatment group were higher after treatment 
with N-ethyl-N0-nitro-N-nitrosoguanidine, N-methyl-N0-nitro-N-
nitrosoguanidine, ethyl methanesulfonate, 4-nitroquinoline-N-oxide, 2-amino-
3-methyl-3H-midazo[4,5-f]quinoline or 2-(2-furyl)-3-(5-nitro-2-furyl) 
acrylamide [22].

 (b) DNA damage
Zmyślony et al. conducted a study using SMF (7 mT) irradiation on a lym-

phocyte. The results did not demonstrate any significant effect on DNA, not 
even with the incubation of lymphocytes with FeCl2 (10  mg/ml). However, 
when the FeCl2-incubated lymphocytes were simultaneously exposed to an 
SMF (7 mT) static magnetic field, the damaged cell count increased to 20% 
[23].

 (c) Metabolic activity
Onodera et  al. conducted a study using the magnetic field (10T), and the 

results propounded a distinct phenomenon. It was observed that the viability of 
phytohemagglutinin (PHA)-activated T cells is reduced, with an increase in the 
death of PHA-stimulated lymphocytes by apoptosis. It also shows no effects on 
immune cells in the cell division phase and a minimal effect in nondivision 
phases [24].

Sabo et al. conducted a study using SMF (1T) for treatment duration (72 h). 
It was reported that a significant reduction in metabolic activities in a leukemic 
cell line in addition to this inhibitory effect is present owing to antineoplastic 
drugs [25].

Yamaguchi et al. conducted the study using SMF (0.2T) for the treatment 
duration (6–8  months), with careful observation under light and electron 
microscopy techniques. The results were based upon the proliferation rate of 
human gingival fibroblasts, lactate production, glucose consumption, adenosine 
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triphosphate content, and cell morphology, but no significant differences were 
observed [26].

 (d) Gene expression
Hirai et al. conducted a study using SMF (100 mT) with an exposure dura-

tion of 15 min. The magnetic field exposure resulted in a potential increment in 
the binding of activator protein-1 through the expression of Fos-related antigen 
2 (Fra-2), c-Jun, and transcription factor (Jun-D) proteins present in hippocam-
pal neurons [27].

Hiraoka et al. conducted a study using the magnetic field range (0.18–0.2T) with 
an exposure duration of 2–24 h. The results showed a change in the expression of 
mRNA following 6 h irradiation time. The magnetic field exposure (t = 4 h) led to a 
potential increase in the expression of tumor suppressing factor (c-Fos) with simul-
taneous heat treatment (451 °C) and duration (10–15 min) [28].

8.4.3  Effects on Cellular Membrane Permeability

Liboff et al. conducted a study using SMF exposure (20 mT) with a duration of 
30 min on cellular membrane. It was discovered that the effect of the magnetic field 
on CaM activation was markedly dependent on the calcium concentration [29].

Aldinucci et  al. conducted a study using SMF exposure (4.75T) and PEMF 
(0.7  mT) for the pulsed component on human lymphocytes at a frequency of 
500 MHz using an NMR apparatus for the duration of 1-h. It was observed that 
simultaneous SMF and PEMF increase the Ca2+ influx on either unstimulated or 
(PHA)-stimulated lymphocytes [30].

Miyamoto et  al. conducted another study on the cell membrane effect of the 
magnetic field and proposed that exposure to magnetic fields (H < 1.6T) shows no 
effect on Rb+ influxes inside HeLa cells [31].

Sonnier et al. conducted a study using a magnetic field of 2T with a wide tem-
perature range (10–451  °C).The experimental results suggested that it might not 
cause any significant changes in Rb+ influx and there was no evidence for a phase 
transition point of the cell membrane within the temperature range (10−371 °C). 
The SMF of intensity (0.1, 0.5, 7.5 mT) was used with the patch clamp method to 
quantify the sodium (Na+) and potassium (K+) charge movement through the cell 
membrane [32].

8.5  Role of Electromagnetic Therapy in Ischemic Stroke

Grant et al. proposed a model for the treatment of transient focal ischemia. In this 
model, MRI and histological slides were employed to evaluate the extent of injury 
following occlusion and reperfusion. The treatment groups both consisted of six 
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animals, and the application of magnetic field exposure was started 10 min after and 
continued throughout reperfusion. The experimental results show that the magnetic 
field reduced the cortical edema by 65% in the experimental group compared with 
the sham-exposed group. The brain slices (post histological evaluation) revealed 
damage of the neural cells inside the middle cerebral artery, lateral neocortex, and 
neostriatum. These data suggest that use of a magnetic field against the development 
of neuronal damage following occlusion and reperfusion might be effective [33].

Albertini et al. in 1999 proposed another method comprising PEMF treatment 
with an intensity of 3 mT and a frequency of 75 Hz. The results showed a reduction 
in the permanent damage of the myocardium and delayed cell death followed by the 
permanent ligation of the left anterior descending coronary artery. The limitations 
of the method proposed above are that the effects are sustain for a very short time 
(18 h) and after 6 days no effect was observed in the sham-exposed group or the 
experimental group [34].

Di Carlo et al. conducted series of experiments involving treatment with a mag-
netic field and found a cytoprotective effect on chick embryos [35]. It was observed 
that chick embryos survived using a magnetic field with a potentially lethal hypoxic 
situation until the survival rate of sham-exposed embryos dropped below 50% [35]. 
In another experiment, a field intensity of 8 mT with a frequency of 60 Hz was 
applied 1 h before the introduction of hypoxia.

After the investigation of PEMF exposure and other effects of the potential 
mechanism, it was proposed that the preconditioning of the exposure group could 
protect against UV rays [35].

Ronchi et  al. conducted a study involving a magnetic field of 11.4  mT and 
36.1 mT, broadband RF frequency of (0.2–200 MHz), treatment duration of 3 weeks 
with short exposure. The experimental evidence indicated separate heart function 
after ischemia–reperfusion [36]. The changes observed in the functional properties 
indicated developing ischemic tolerance with an increase in HSP-70 levels. It found 
that chronic magnetic exposure causes a decrease in protection, although the dura-
tion of exposure is longer [35].

8.6  Conclusion

We have seen much experimental evidence to show the effects of SMF and PEMF 
at the cellular and molecular level; however, the effect of SMF alone is not sufficient 
in comparison with PEMF. Hence we cannot make any assumptions. The experi-
mental studies concerning the therapeutic effects of SMF and PEMF in assessing 
membrane permeability, metabolic activity, and treatment protocol for ischemia–
reperfusion injuries are limited, hence the development of treatment. The mecha-
nism is necessary for evaluation of the complete influence of magnetic fields for 
further study. The experimental evidence in various research articles concerning the 
flux density of SMF and duration of exposure makes it hard to compare them 
directly, but the conclusion can be drawn that SMF and PEMF alone have minimal 
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effects on cell growth and genetic toxicity. However, various articles have strongly 
proposed that a magnetic field with ionizing radiation and certain chemical com-
pounds can modify its effects in an overall context.

 Basic Terminology

 1. Magnetic induction –the capacity of a magnetic field to induce a magnetic phe-
nomenon at a certain point. It is measured in gauss.

 2. Magnetic flow –the current of any magnitude through a surface. Magnetic flow 
is measured by the number of lines that cross a surface. This number changes 
depending on the distance and position that has the surface respective to the 
magnetic field.

 3. Power lines –show the field direction at each point.
 4. Magnetic intensity –the strength that a field exerts on an electromagnetic charge 

unit placed in a point in that field in a time unit.
 5. Frequency –the number of times per second that change between alternate 

polarities. It is measured in Hertz.
 6. Frequency spectra –a frequency range.
 7. Apoptosis – programmed cell death.
 8. BCL-2 family of protein –consists of members that either promote or inhibit the 

apoptosis and control apoptosis by governing mitochondrial outer membrane 
permeabilization.

 9. SMF – stationary magnetic field.
 10. PEMF – pulsed electromagnetic field.
 11. DC– direct current.
 12. ELF – extremely low frequency.
 13. MF – medium frequency.
 14. DNA – deoxyribose nucleic acid.
 15. HFLF – human fetal lung fibroblast.

References

 1. Markov, M. S. (2007). Therapeutic application of static magnetic fields. The Environmentalist, 
27(4), 457–463.

 2. Adey, W.  R., (1993). Electromagnetic technology and the future of bioelectromagnet-
ics. In Electricity and magnetism in biology and medicine (pp. 101–108). Plenary Lecture, 
Proceedings of the First World Congress of Electricity and Magnetism in Biology and 
Medicine, Buena Vista, Florida.

 3. Adey, W. R. (2004). Potential therapeutic applications of nonthermal electromagnetic fields: 
Ensemble organization of cells in tissue as a factor in biological field sensing. In P. J. Rosch & 
M. S. Markov (Eds.), Bioelectromagnetic medicine (p. 1). Boca Raton: CRC.

C. K. S. Tekam et al.



101

 4. Bassett, C. A. (1989). Fundamental and practical aspects of therapeutic uses of pulsed electro-
magnetic fields (PEMFs). Critical Reviews in Biomedical Engineering, 17(5), 451–529.

 5. Okano, H., Masuda, H., & Ohkubo, C. (2005). Effects of 25 mT static magnetic field on blood 
pressure in reserpine-induced hypotensive Wistar-Kyoto rats. Bioelectromagnetics, 26(1), 
36–48.

 6. Vallbona, C., & Richards, T. (1999). Evolution of magnetic therapy from alternative to tra-
ditional medicine. Physical Medicine and Rehabilitation Clinics of North America, 10(3), 
729–754.

 7. Rubik, B. (1997). Bioelectromagnetics & the future of medicine. Administrative Radiology 
Journal: AR, 16(8), 38–46.

 8. Shupak, N. M., Prato, F. S., & Thomas, A. W. (2003). Therapeutic uses of pulsed magnetic-
field exposure: A review. Radio Science Bulletin, 307(12), 9À30.

 9. Juutilainen, J., & Lang, S. (1997). Genotoxic, carcinogenic and teratogenic effects of electro-
magnetic fields. Introduction and overview. Mutation Research, Reviews in Mutation Research, 
387(3), 165–171.

 10. Khoromi, S., Blackman, M. R., Kingman, A., Patsalides, A., Matheny, L. A., Adams, S., Pilla, 
A. A., & Max, M. B. (2007). Low-intensity permanent magnets in the treatment of chronic 
lumbar radicular pain. Journal of Pain and Symptom Management, 34(4), 434–445.

 11. Colbert, A. P., Wahbeh, H., Harling, N., Connelly, E., Schiffke, H. C., Forsten, C., Gregory, 
W. L., Markov, M. S., Souder, J. J., Elmer, P., & King, V. (2009). Static magnetic field therapy: 
A critical review of treatment parameters. Evidence-Based Complementary and Alternative 
Medicine, 6(2), 133–139.

 12. Trock, D. H. (2000). Electromagnetic fields and magnets: Investigational treatment for muscu-
loskeletal disorders. Rheumatic Disease Clinics of North America, 26(1), 51–62.

 13. Wiskirchen, J., Groenewaeller, E.  F., Kehlbach, R., Heinzelmann, F., Wittau, M.  H. P.  R., 
Rodemann, H.  P., Claussen, C.  D., & Duda, S.  H. (1999). Long-term effects of repetitive 
exposure to a static magnetic field (1.5 T) on the proliferation of human fetal lung fibroblasts. 
Magnetic Resonance in Medicine, 41(3), 464–468.

 14. Raylman, R. R., Clavo, A. C., & Wahl, R. L. (1996). Exposure to strong static magnetic field 
slows the growth of human cancer cells in vitro. Bioelectromagnetics, 17(5), 358–363.

 15. Buemi, M., Marino, D., Di Pasquale, G., Floccari, F., Senatore, M., Aloisi, C., Grasso, F., 
Mondio, G., Perillo, P., Frisina, N., & Corica, F. (2001). Cell proliferation/cell death balance 
in renal cell cultures after exposure to a static magnetic field. Nephron, 87(3), 269–273.

 16. Farndale, R. W., & Murray, J. C. (1985). Pulsed electromagnetic fields promote collagen pro-
duction in bone marrow fibroblasts via athermal mechanisms. Calcified Tissue International, 
37(2), 178–182.

 17. Norton, L. A. (1982). Effects of a pulsed electromagnetic field on a mixed chondroblastic tis-
sue culture. Clinical Orthopaedics and Related Research, 167, 280–290.

 18. Sakai, A., Suzuki, K., Nakamura, T., Norimura, T., & Tsuchiya, T. (1991). Effects of pulsing 
electromagnetic fields on cultured cartilage cells. International Orthopaedics, 15(4), 341–346.

 19. Shomura, K. (1997). Effects of pulsing electromagnetic field on the proliferation and calcifica-
tion of osteoblast-like cell line, MC3T3-E1. The Journal of Japan Orthodontic Society, 56(4), 
211–223.

 20. De Mattei, M., Caruso, A., Traina, G.  C., Pezzetti, F., Baroni, T., & Sollazzo, V. (1999). 
Correlation between pulsed electromagnetic fields exposure time and cell proliferation 
increase in human osteosarcoma cell lines and human normal osteoblast cells in  vitro. 
Bioelectromagnetics, 20(3), 177–182.

 21. Diniz, P., Shomura, K., Soejima, K., & Ito, G. (2002). Effects of pulsed electromagnetic field 
(PEMF) stimulation on bone tissue like formation are dependent on the maturation stages of 
the osteoblasts. Bioelectromagnetics, 23(5), 398–405.

 22. Ikehata, M., Koana, T., Suzuki, Y., Shimizu, H., & Nakagawa, M. (1999). Mutagenicity and 
co-mutagenicity of static magnetic fields detected by bacterial mutation assay. Mutation 
Research, Fundamental and Molecular Mechanisms of Mutagenesis, 427(2), 147–156.

8 Emerging Role of Electromagnetic Field Therapy in Stroke



102

 23. Zmyślony, M., Palus, J., Jajte, J., Dziubaltowska, E., & Rajkowska, E. (2000). DNA damage in 
rat lymphocytes treated in vitro with iron cations and exposed to 7 mT magnetic fields (static 
or 50 Hz). Mutation Research, Fundamental and Molecular Mechanisms of Mutagenesis, 
453(1), 89–96.

 24. Onodera, H., Jin, Z., Chida, S., Suzuki, Y., Tago, H., & Itoyama, Y. (2003). Effects of 10-T 
static magnetic field on human peripheral blood immune cells. Radiation Research, 159(6), 
775–779.

 25. Sabo, J., Mirossay, L., Horovcak, L., Sarissky, M., Mirossay, A., & Mojzis, J. (2002). Effects of 
static magnetic field on human leukemic cell line HL-60. Bioelectrochemistry, 56(1), 227–231.

 26. Yamaguchi, H., Hosokawa, K., Soda, A., Miyamoto, H., & Kinouchi, Y. (1993). Effects of 
seven months’ exposure to a static 0.2 T magnetic field on growth and glycolytic activity of 
human gingival fibroblasts. Biochimica et Biophysica Acta (BBA) – General Subjects, 1156(3), 
302–306.

 27. Hirai, T., Nakamichi, N., & Yoneda, Y. (2002). Activator protein-1 complex expressed by 
magnetism in cultured rat hippocampal neurons. Biochemical and Biophysical Research 
Communications, 292(1), 200–207.

 28. Hiraoka, M., Miyakoshi, J., Li, Y. P., Shung, B., Takebe, H., & Abe, M. (1992). Induction of 
c-fos gene expression by exposure to a static magnetic field in HeLaS3 cells. Cancer Research, 
52(23), 6522–6524.

 29. Liboff, A. R., Cherng, S., Jenrow, K. A., & Bull, A. (2003). Calmodulin-dependent cyclic nucle-
otide phosphodiesterase activity is altered by 20 μT magnetostatic fields. Bioelectromagnetics, 
24(1), 32–38.

 30. Aldinucci, C., Garcia, J. B., Palmi, M., Sgaragli, G., Benocci, A., Meini, A., Pessina, F., Rossi, 
C., Bonechi, C., & Pessina, G. P. (2003). The effect of exposure to high flux density static and 
pulsed magnetic fields on lymphocyte function. Bioelectromagnetics, 24(6), 373–379.

 31. Miyamoto, H., Yamaguchi, H., Ikehara, T., & Kinouchi, Y., (1996). Effects of electromagnetic 
fields on K+ (Rb+) uptake by HeLa cells. In Biological effects of magnetic and electromag-
netic fields (pp. 101–119). Springer US.

 32. Sonnier, H., Kolomytkin, O., & Marino, A. (2003). Action potentials from human neuroblas-
toma cells in magnetic fields. Neuroscience Letters, 337(3), 163–166.

 33. Grant, G., Cadossi, R., & Steinberg, G. (1994). Protection against focal cerebral ischemia fol-
lowing exposure to a pulsed electromagnetic field. Bioelectromagnetics, 15(3), 205–216.

 34. Albertini, A., Zucchini, P., Noera, G., Cadossi, R., Napoleone, C. P., & Pierangeli, A. (1999). 
Protective effect of low-frequency low energy pulsing electromagnetic fields on acute experi-
mental myocardial infarcts in rats. Bioelectromagnetics, 20(6), 372–377.

 35. Di Carlo, A., White, N., Guo, F., Garrett, P., & Litovitz, T. (2002). Chronic electromag-
netic field exposure decreases HSP70 levels and lowers cytoprotection. Journal of Cellular 
Biochemistry, 84(3), 447–454.

 36. Ronchi, R., Marano, L., Braidotti, P., Bianciardi, P., Calamia, M., Fiorentini, C., & Samaja, 
M. (2004). Effects of broad band electromagnetic fields on HSP70 expression and ischemia-
reperfusion in rat hearts. Life Sciences, 75(16), 1925–1936.

C. K. S. Tekam et al.



103© Springer Nature Singapore Pte Ltd. 2019 
R. Patnaik et al. (eds.), Advancement in the Pathophysiology of Cerebral Stroke, 
https://doi.org/10.1007/978-981-13-1453-7_9

Chapter 9
Stem Cell-Based Therapy for Ischemic 
Stroke
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Abstract Stroke is still a leading cause of death and physical disability among 
adults. For stroke patients, there is a need for improved and effective therapy. Tissue 
plasminogen activator is a single FDA-approved drug available for treatment with 
short window of opportunity (it must be applied within 4.5 h of symptom onset). 
Over the years, several clinical trials of potential drugs have failed to show positive 
results. Stem cell therapy currently holds great promise as a neuroregenerative med-
ical strategy for stroke by replenishing the lost brain functions. In the clinical arena 
of stroke therapy, animal studies revealed that the therapeutic efficacy of stem cells, 
including mesenchymal stem cells, neural stem cells, embryonic stem cells, and 
inducible pluripotent stem cells, may be due to angiogenesis, endogenous neuro-
genesis, neurorestoration, neuroprotection, and modulation of inflammation and 
immune responses. In this chapter, the current status, therapeutic potential, and the 
detailed factors of stem cell-based therapy for ischemic stroke are presented and 
discussed.
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9.1  Introduction

In ischemic stroke, the blood flow is suddenly reduced owing to embolic or throm-
botic occlusion in the cerebral artery resulting in deprivation of oxygen and other 
nutrients in the nerve cells. This leads to disruption of the synaptic architecture in 
addition to serious loss and dysfunction of neurons and glial cells, including oligo-
dendroglia and astroglia. After removal of occlusion, the highly oxygenated blood 
returns to the ischemic tissue (reperfusion). Because of reperfusion, production of 
reactive oxygen species (ROS) and reactive nitrogen species (RNS) leads to oxida-
tive damage and nitrosative stress in the ischemic tissue respectively. The combina-
tion of oxidative damage and ischemia result in neuronal cell death, by apoptosis, 
necrosis, and autophagy, in addition to loss of neural function. The “clot-busting” 
tissue plasminogen activator (tPA) is the only FDA-approved drug available for the 
treatment of acute ischemic stroke. Nevertheless, therapy with tPA has significant 
limitations, notably the narrow therapeutic window of 4.5 h [1], which limits its use 
to a small population (2–4%) of patients. Administering the tPA outside the recom-
mended window increases the risk of intracerebral hemorrhages, worsening the 
injury. Currently, endovascular clot retrieval therapy for acute ischemic stroke is 
gaining wide interest in the scientific community. Some randomized controlled tri-
als provide significant evidence that clot retrieval by mechanical thrombectomy 
using a stent retriever improves outcomes after ischemic stroke. The limitations of 
this therapy are that it is a complex procedure, and needs to be executed by experi-
enced, trained, and competent hands with great rapidity.

Additionally, owing to the slow turnover of neural cells and limited renewal abil-
ity, the endogenous cell replacement mechanism is not sufficient to restore the loss 
of adult neuronal cells. However, the intracerebral transplantation studies carried 
out in the 1980s established a close relationship between cell therapy and brain 
plasticity. Thereafter, several experiments were performed to show the capability of 
damaged brain structures to adopt exogenous immature neurons and to incorporate 
these neurons into the renewal process after a brain lesion. In vivo studies in humans 
demonstrate that neurogenesis takes place throughout life in the subventricular zone 
of the olfactory bulb and the subgranular zone/dentate gyrus of the hippocampus [2, 
3]. These studies have formed the basis for experimental work exploring the poten-
tial role of stem cell transplantation therapy in the treatment of ischemic stroke.

Stem cell therapy currently holds great promise as a neuroregenerative medical 
strategy for stroke by replenishing the lost brain functions via replacing the dam-
aged neurons with stem cells and stimulating the secretion of various endogenous 
neurotrophic factors. Stem cells (SCs) are undifferentiated long-lived cells with 
self-renewal ability and multipotency. In the clinical arena of stroke therapy, animal 
studies revealed that the neural stem cells (NSCs), mesenchymal stem cell (MSCs), 
embryonic stem cells (ESCs), and inducible pluripotent stem cells (iPSCs) have 
therapeutic efficacy. This chapter briefly summarizes the important findings cover-
ing the suitable sources of stem cells, the functional benefits of stem cell transplant 
therapy, potential mechanisms, preconditioning approaches, and the most efficient 
delivery routes in neurorestoration therapies.
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9.2  Stem Cell Transplantation for Stroke

Pre-clinical studies have successfully demonstrated the therapeutic benefits of stem 
cell therapy in animal models of ischemic stroke. For the treatment of stroke with 
stem cells, endogenous and exogenous approaches are widely used. With an endog-
enous approach, stem cells already present within the individual are stimulated by 
administering drugs or growth factors that mobilize the stem cell to replace dam-
aged tissue. For example, administration of granulocyte-colony stimulating factor 
(G-CSF), erythropoietin (EPO), and endothelial growth factor (EGF) can stimulate 
endogenous stem cells to replace damaged tissue after middle cerebral artery occlu-
sion (MCAO) in the rat [4–7]. With an exogenous approach, the transplantation of 
stem cells is carried out in the patient suffering with stroke. The stem cells may be 
delivered locally (e.g., direct intracerebral implantation) or systemically (e.g., intra-
venously) or they can be administered after in vitro culturing [8]. For the treatment 
of ischemic stroke, stem cell therapy focuses on a regenerative strategy that requires 
restoration of neural elements and support of structures such as blood vessels. 
Several types of exogenous stem cells have been tested in ischemic stroke, both in 
clinical and in experimental studies, and are briefly discussed below.

9.3  Neural Stem Cells

Neural stem cells (NSCs) are multipotent, self-renewing, and mitotically active 
cells present in the developing and the adult central nervous system (CNS). They 
proliferate for an almost indefinite period and form neurospheres (multicellular 
free-floating spheres), which impulsively differentiate into CNS daughter cells such 
as neurons, oligodendrocytes, and astrocytes after withdrawal of growth factors [9]. 
Endogenous NSCs can be isolated from the entire embryonic and the adult CNS. The 
two brain regions, i.e., the subventricular zone (SVZ) of the lateral ventricles and 
the subgranular zone (SGZ) at the dentate gyrus of the hippocampus have been 
recognized as highly specialized CNS germinal niches. These regions contain 
slowly proliferating putative CNS stem cells that give rise to functional neurons and 
glia. Palmer et al. have reported that neurogenesis can also occur in the cortex, stria-
tum, and septum brain regions [10, 11], although, some researchers suggest that the 
NSCs and progenitor cells present in the spinal cord and brain might be astroglial 
cells [12, 13]. Therefore, these findings are still highly controversial.

There are obstacles to the use of endogenous NSC from these two sources, for 
instance, the need for multiple fetal donors to treat a stroke patient could raise ethi-
cal concerns and not be feasible in large-scale clinical trials; the isolation of adult 
NSCs for autologous transplantation requires brain biopsies; and a long period in 
culture preparation is needed for their expansion. A variety of molecules have been 
shown to stimulate the proliferation of endogenous NSCs in the adult brain, such as 
brain-derived neurotrophic factor (BDNF), Wnt proteins, glial cell line-derived neu-
rotrophic factor (GDNF), vascular endothelial growth factor (VEGF), epidermal 
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growth factor (EGF), basic fibroblast growth factor (bFGF), and erythropoietin 
[14]. These factors hold great promise for future therapeutic applications because 
they can regulate and enhance endogenous neurogenesis.

Bone marrow and adipose-derived MSCs, embryonic stem cells (ESCs), embry-
onic NSCs, iPSCs, and fetal and adult nervous systems are prominent sources of 
exogenous NSCs [15]. In vitro proliferation of these cells is stimulated by various 
growth factors including but not limited to EGF, leukemia-inhibiting factor (LIF), 
and FGF.  Different environmental factors such as exposure to differentiation- 
inducing factor (retinoic acid) or withdrawal of mitogens induce the differentiation 
of these stem cells into specific glial and neuronal phenotypes [16]. Owing to the 
aforementioned features, these cells act as potential candidates for replacing the lost 
neuronal cells in stroke [17, 18].

Studies revealed that in comparison to embryonic stem cells, the tumorigenicity 
of human fetal NSCs is quite low, and these cells express a low level of major his-
tocompatibility complex (MHC) molecules that obviate the necessity for immuno-
suppression [19]. There is also evidence that adult NSCs possess great stability in 
maintaining a differentiated state and have a lower oncogenic potential [20]. In vitro 
culture of NSCs possesses the disadvantage of limiting differentiating capability 
and expansion whereas use of embryonic stem (ES)-derived neural stem/progenitor 
cells (NSPCs) may form neural overgrowth or teratoma, if undifferentiated ES con-
tinues in the transplant pool [21]. Acute and chronic CNS inflammation may disturb 
the functional and anatomical relationships between the cell components of SVZ 
and SGZ, thereby impairing the restoration capacity of the endogenous stem cell 
compartment. Therefore, practices aimed at mobilizing endogenous NSCs from 
germinal niche(s) in vivo may be therapeutically inefficacious in inflammatory CNS 
disorders including stroke [9]. Thus, transplantation of NSCs may represent an 
alternative, and possibly more effective, therapeutic approach. Experimental evi-
dence shows that transplantation of NSCs, which are obtained from various cell 
sources and administered through different routes, reduces the brain infarction and 
promotes recovery of neurological functions in a rodent model of ischemic stroke. 
In addition to these outcomes, individual contradictory results also exist.

During stem cell transplantation, the type, dose, and timing of the transplanted 
cells play a significant role and are responsible for diverse results [17]. The study 
also suggests that neuronal plasticity can be introduced by providing exogenous 
stimuli that play an important role in cell-based therapy [22]. In stroke animal mod-
els, it has been observed that the therapeutic effects of transplanted NSCs are 
enhanced by over-expression of BDNF, GDNF, neurotrophin-3, FGF-2, and 
VEGF. Also, the migration abilities, secretion of neurotrophic factors, along with 
the proliferation and survival of the NSCs, can be amplified by genetic 
modifications.

The intraparenchymal transplantation of NSCs via a focal stereotactic method 
faces limitations as wide areas of the brain are affected by both ischemic and hemor-
rhagic stroke. Studies have revealed that in response to chemoattractant stimuli, the 
stem cells present in the systemic circulation are capable of homing to injury 
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regions; this mechanism is similar to immune cell trafficking including rolling” on 
and adhesion to the endothelial transmigration and endothelium. For selective hom-
ing into injured areas of the CNS, adult NSCs recapitulate lymphocyte-like path-
ways after intravenous injection. For cell adhesion and migration, NSCs expressing 
integrin proteins (such as α4) and cell adhesion molecules (CAMs such as CD44) 
that interact with specific ligands (expressed by inflamed endothelial cells) vascular 
cell adhesion molecule 1 (VCAM1) and hyaluronic acid respectively. Several che-
mokines activate chemokine receptors (such as CXCR3, CXCR4, CCR1, CCR2, 
and CCR5) expressed on the plasma membrane of adult NSCs, leading to activation 
of α4 integrins that enable adhesion and migration of transplanted cells across the 
inflamed endothelium [23]. The chemokines and proinflammatory cytokines pro-
duced by blood-borne inflammatory cells, CNS-resident cells, and transplanted 
adult NSCs organize these sequential events, resulting in activation of G-protein 
coupled receptors (GPCRs) and cell migration across the endothelium [9].

A study performed by Toda et al. to investigate the effects of adult NSC trans-
plantation in rat hippocampus revealed that after implantation, NSCs integrated and 
differentiated into neurons and astrocytes 2 weeks after transient global ischemia, 
and that significant recovery was observed in learning and memory function of the 
rat model [24]. NSCs isolated from the SVZ of rat brain, when transplanted into the 
cisterna magna of the rat 2 days after MCAO, showed significant behavioral recov-
ery after 3–4 weeks [25]. Those NSCs that were obtained from the external germi-
nal zone of the cerebellum and immortalized with the v-Myc oncogene, have been 
shown to differentiate into neuronal phenotypes and integrate into the ischemic 
brain [26]. Intravascular cell transplantation could offer the benefit of avoiding the 
necessity for invasive brain surgery and ensure better distribution of the NSCs into 
the injured brain areas [27].

Transplanting more numbers of adult NSCs did not result in increased neuronal 
differentiation and a greater number of surviving cells. Optimal dose and time of 
cell transplantation variation depends on different animal models, infusion routes, 
and cell sources, but for the cell survival, maximal activation of microglia before 
transplantation has proved to be more beneficial. Furthermore, recent research has 
demonstrated that transplantation of human embryonic NSCs promotes post-stroke 
angiogenesis, i.e., is associated with improvement of neurological deficits in the 
rodent stroke model at 7 and 14 days [25]. Immunomodulation by downregulation 
of proinflammatory cytokines (tumor necrosis factor-alpha: TNF-alpha and inter-
leukin- 6: IL-6) may contribute to the beneficial effects of cell-based therapies in 
stroke [22].

The available preclinical and clinical experimental results suggest that NSC ther-
apy might be capable of brain restoration after stroke and can be further developed 
as an effective therapeutic approach. The major obstacles to this approach include 
insufficient transplant efficacy, limited expansion and survival, as along with impor-
tant safety issues, which should be overcome by future advanced research, leading 
to translation of these results of basic research into clinical therapy.
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9.4  Embryonic Stem Cells

Human ESCs are pluripotent, demonstrate a strong potential to differentiate into 
any cell type of the body, and have the capability for unlimited self-renewal. ESCs 
are isolated from the inner cell mass of 5-day-old human blastocysts [8]. Under 
specific environmental conditions, ESCs can differentiate into neural lineage. For 
example, with the presence of fibroblast growth factor 2 and the absence of epider-
mal growth factor and leukemia inhibitory factor, they can differentiate into neuro-
nal cell types that express glutamatergic, dopaminergic or GABAergic markers 
[28]. Therefore, ESCs are considered to be a promising unlimited renewable source 
of stem cells for transplantation into the degenerating brain.

Nonetheless, the clinical implementation of ESCs remains controversial owing 
to ethical issues and concerns regarding the use of human embryos. Autologous 
transplantation of these cells would not be possible and allogeneic cell grafting id 
associated with a risk for immune rejection [29]. Additionally, there is a risk for 
tumorigenesis or teratoma formation with pluripotent cells when the tissue pool 
contains undifferentiated cells. For this reason, pluripotent ESCs are commonly 
directed into a less potent primed state (predifferentiation) before the transplanta-
tion for stroke that promotes differentiation into the neural progenitor cells (NPCs) 
type and minimizes tumorigenesis [30]. After transplantation, these NPCs may dif-
ferentiate into mature neurons in the brain parenchyma. However, in the face of 
their favorable characteristics for therapeutics, ESCs have been approved by the 
FDA for a phase I clinical trial in thoracic spinal cord injury [31]. Wei et al. success-
fully demonstrated that the intrastriatal grafting of mouse ESCs resulted in differen-
tiation into neuronal-like cells, reduction of the ischemic lesion, and partial 
restoration of the motor function in an MCAO rat model of ischemic stroke [28].

A study conducted by Erdö et al. in 2003 revealed that xenotransplanted murine 
ESCs were able to migrate along the corpus callosum and differentiate into neuronal 
cell types in the border zone of the ischemic lesion, whereas when the same murine 
ESCs were transplanted as an allograft, they did not migrate to the lesion site and 
they produced highly malignant teratocarcinomas near the site of implantation, no 
matter whether or not the ESCs were differentiated or predifferentiated in vitro to 
the NPCs. This study raised safety concerns about the use of ESCs for clinical pur-
poses [32]. Transplantation studies on ESCs in animal models have shown promis-
ing results, although further extensive knowledge is required before translating 
these studies to human therapy [33].

9.5  Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) or mesenchymal stromal cells are a subset of 
nonhematopoietic adult multipotent cells that originate from the mesoderm. 
Friedenstein and his colleagues in 1974 were the first to isolate and characterize 
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these cells. They have the ability for self-renewal and multilineage differentiation 
into mesoderm lineages (such as osteocytes, chondrocytes, and adipocytes), in 
addition to endodermic cells and ectodermic cells [34]. In vitro studies demon-
strated that MSCs express NeuN-neuronal markers, capable of differentiating into 
neural cells, and are able to migrate toward the lesion in the brain, which constitutes 
a promising therapeutic approach to stroke treatment. MSCs exist in almost all tis-
sues and can be isolated from the bone marrow, umbilical cord, adipose tissue, fetal 
liver, lung, and muscle, and are successfully expanded in vitro [35]. MSCs fulfill 
the following criteria established by the International Society of Cellular Therapy 
[36]: (1) the ability to differentiate into osteoblasts, chondroblasts, and adipocytes 
in vitro; (2) adherence to plastic; and (3) expression of CD73, CD90, and CD105 as 
along with a lack of expression of CD14, CD19, CD34, CD45, CD11b, CD79a, and 
HLA class II. Because of their extensive self-renewal capacity, their presence dur-
ing young and fetal life, their ease of isolation from various sources and being free 
of both ethical concerns and teratoma formation, great interest has developed in 
MSCs for stem cell therapy. Additionally, MSCs employ their regenerative poten-
tial via the production of several paracrine factors [37]. They are able to promote 
production of IL-6, VEGF, hepatocyte growth factor (HGF), glial-derived neuro-
trophic factor (GDNF), BDNF, neurotrophin-3 (NT3), thrombospondins, and fibro-
blast growth factor (FGF). Preclinical experimental studies have demonstrated that 
MSC transplantation significantly improves the neurological function in animal 
stroke models. Genetic modification with neurotrophic factors such as GDNF, 
angiopoietin-1, FGF-2, BDNF, and placental growth factor (PlGF) have fortified 
the effective roles of MSCs. It appears that MSCs possess reduced expression of 
MHC antigens and T-cell stimulatory molecules and are hence suitable for thera-
peutic use as allografts. Although MSCs are able to cross the blood–brain barrier 
(BBB) [38], following transplantation by intracerebral or intravenous routes, very 
few cells are actually found in the ischemic boundary sites and even fewer of these 
cells express neural markers [39]. However, after transplantation, MSCs transdif-
ferentiate into the neural lineage and induce neurogenesis, synapse formation, and 
angiogenesis in rodents [40]. The presentation of C-X-C chemokine receptor type 
4 (CXCR-4) on MSCs and the increased level of some chemokines such as stromal 
cell-derived factor 1 (SDF-1) in the surrounding environment mediates the migra-
tion capability of these cells [41].

Migration of MSCs into the injured brain area exhibits involvement of various 
potential factors such as monocyte chemoattractant protein-1 (MCP-1), VEGF, 
macrophage inflammatory protein-1a (MIP-1a), and IL-8 [42]. Enhanced endoge-
nous neuronal repair, i.e., plasticity, angiogenesis, and neurogenesis, is observed 
when MSC transplantation is carried out 2–3 weeks after ischemic insult. Functional 
recovery in the ischemic rat was also reported after MSC administration, even at 
1 year [43]. It has also been observed that intravenous or intra-arterial delivery of 
MSCs is more effective than intracerebral delivery because it is less invasive, easily 
utilized in clinical practice, and more neuroprotective [44].

In the course of the acute phase of cerebral ischemia, the expression of microg-
lial and neuronal IL-6 is elevated in the injured penumbra. Microglia have also been 
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associated with the pathogenesis of a number of neurological disorders including 
stroke. An excessive or sustained activation of microglia contributes to apoptotic 
cell death. It is demonstrated that transplantation of bone marrow-derived MSCs 
results in the suppression of activated microglia and in delayed neuronal death [45]. 
Human MSCs have also been shown to stimulate angiogenesis in focal cerebral 
injury by increasing the expression of angiopoietin 1 and 2 and α- tubulin [46]. 
However, there are still some hurdles to be overcome before the widespread utility 
of MSCs. Further extensive research is needed on interactions between the inflam-
matory milieu and MSCs and the therapeutic mechanisms of MSCs.

9.5.1  Bone Marrow-Derived Mesenchymal Stem Cells

Bone marrow-derived mesenchymal stem cells (BMSCs) express markers for mes-
enchymal or endothelial cells (CD73, CD90, and CD105) and adhesion molecules 
(CD29, CD106, and CD166), but do not express hematopoietic stem cell markers 
(CD11, CD14, CD34, CD45, CD79, CD19, and HLA-DR) [36]. Experimental evi-
dence has shown that BMSCs improve the pathological processes of primary isch-
emic stroke through multiple mechanisms of action, including modulating the 
immune system, inducing angiogenesis, inhibiting apoptosis, and secreting neuro-
trophic factors [39, 43, 44, 47]. When BMSCs are transplanted by intravenous infu-
sion, the numbers of axons and myelin sheaths increase in the rat hippocampus, 
corpus striatum, and corpus callosum. Also, axons in the ischemic zone grow along 
the extending direction of reactive astrocytes [48]. However, it is unclear how 
BMSCs induce synaptic plasticity. BMSCs may be used in gene therapy by intro-
ducing target genes as genetic carriers and in combining cell therapy. Thus, trans-
fected BMSCs with an exogenous gene can be implemented in the treatment of 
cerebral infarction. By contrast, combining BMSCs with a drug is a simple, highly 
efficient, and feasible stroke treatment method and produces not only the collective 
effect of dual therapy, but also synergistic effects that can effectively promote the 
recovery of neurological function. For example, BMSCs combined with sodium 
ferulate accelerate migration of cells toward the ischemic region in an MCAO rat 
model by upregulating CXCR-4 and SDF-1α, increasing glucose transporter 1 
expression, leading to stimulating glucose metabolism in the peri-infarct zone, in 
addition to markedly reducing infarct size [47]. Hypoxia preconditioning signifi-
cantly improves BMSC migration, targeted migration, and survival. When precon-
ditioned and nonpreconditioned BMSCs are exposed to 6 h of lethal anoxia, it is 
observed that the number of preconditioned cells is higher than the number of non-
preconditioned cells [49]. Overall, transplantation of BMSCs is an important 
method in the future treatment of ischemic stroke.
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9.5.2  Adipose Mesenchymal Stem Cells

Adipose mesenchymal stem cells (AdMSCs) or adipose-derived stem cells (ASCs) 
can be easily obtained from adipose tissue and differentiated into both the ectoder-
mal and endodermal lineages. Although, studies have showed that under specific 
conditions the ASCs can differentiate into neuronal cells that express neuronal 
markers (NeuN and nestin) and glial markers (S100, p75) [50]. Expression of 
CD105/SH2, CD90, and CD73 proteins and the lack of expression of HLA-DR 
proteins, CD45, CD14 or CD11b, CD79a or CD19 and CD34 are the major charac-
teristics of ASCs [51]. A characteristic bone marrow progenitor cell marker, stromal- 
derived factor-1 (STRO-1), is also expressed in ASCs. The expression of a marker 
usually present in bone marrow progenitor cells has also been present in ASCs. 
Transplantation of human ASCs as spheroids after hypoxic preconditioning was 
found to improve recovery from ischemia in murine models [52]. Another study has 
determined that ASCs exposed to hypoxia or ischemia secrete cytokines that can 
improve vasculogenesis and cell proliferation directly [53]. When ADMSCs were 
transplanted via the internal carotid artery they migrated to the brain infarct region 
and mainly localized in the boundary zone and ischemic core of the lesion [54]. 
These findings revealed that the autologous transplantation ADMSCs can inhibit 
cellular apoptosis, attenuate astroglial reactivity, improve neurological function, 
and promote cellular proliferation after ischemic stroke. In addition, ASCs are not 
associated with tumor formation and can be genetically modified to produce regula-
tory molecules that suppress tumor formation.

9.5.3  Human Umbilical Cord Mesenchymal Stem Cells

The umbilical cord consists of a mixture of both the mononuclear fraction of mes-
enchymal stem cells (MSCs) and hematopoietic stem cells (HSCs). Human umbili-
cal cord mesenchymal stem cells (hUC-MSCs) can differentiate into cardiomyocytes, 
adipocytes, osteocytes, and dopaminergic neurons [55]. An advantage of umbilical 
cord-derived MSCs is that administration of regulatory T-cells (1–5% from HUC 
cells) can improve neurogenesis in the aging brain and prevent graft versus host 
rejection [56]. Additionally, hUC-derived MSCs have many advantages: they exhibit 
greater proliferative activity than BM-MSCs [57], they have low immunogenicity, a 
lower risk of viral contamination, a limited number of ethical issues, and are easily 
harvested and manipulated without harming the baby or the mother [58]. hUC- 
MSCs derived from Wharton’s jelly (a gelatinous substance within the umbilical 
cord) have a relatively high harvest rate compared with MSCs derived from cord 
blood or bone marrow. Thus, the hUC appears to be a promising resource for stem 
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cell-based regenerative medicine. These cells have CD29, CD73, CD105, CD44, 
CD146, and CD200 [59]. Although hUC-MSCs possess a wide range of properties 
and great interest with regard to cell therapy, they still face certain hurdles, such as 
low survival after injection, reduced differentiation potential in vivo, and a lack of 
homing to the lesion site. To improve the therapeutic efficacy of MSCs, genetic 
modification with therapeutic genes can improve their migratory properties and 
locally deliver biological agents [60]. To evaluate their neuroprotective effect, sev-
eral preclinical studies have been performed in adult animals. In an adult rat model 
of stroke, undifferentiated hUC-MSCs were implanted intracranially (2 weeks after 
MCAO) into the damaged hemisphere of immunosuppressed stroke rats. Three 
weeks after implantation it was observed that most of the implanted MSCs were 
present in the damaged hemisphere and some of these cells expressed neuron- 
specific markers (nestin). After transplantation, improved neurobehavioral function 
and reduced infarct volume relative to control rats were seen [61]. Another study 
demonstrated that hUC-MSCs also induced functional improvements when more 
than 3 × 106 cells were injected intravenously in a rat model of stroke. A third study 
demonstrated that after transplantation, proliferation of progenitor cells was 
enhanced in the subventricular zone and in the ischemic boundary zone, synapto-
genesis, vascular density, and reduced apoptosis were observed [62]. Umbilical 
cord-MSCs also have immunoregulatory properties. Interestingly, the decrease pro-
inflammatory cytokine levels such as interferon-ƴ, TNF-α, and TNF-β, and suppress 
lymphocyte proliferation [63]. As hUC-MSCs are non-immunogenic and have 
immunomodulatory effects, there is no need for immunosuppression when these 
cells are xenotransplanted.

9.5.4  Menstrual Blood-Derived Mesenchymal Stem Cells

The human endometrium undergoes dynamic remodeling in addition to more than 
400 cycles of regeneration during the reproductive period of the woman. It is com-
posed of two layers, the basal layer of loose conjunctive tissue and a functional layer 
that is always undergoing restructuration. In 2007, Meng et  al. extracted a stem 
cell- like population from menstrual blood termed “endometrial regenerative cells” 
(ERCs), which are capable of differentiating into multiple lineages [63]. The mor-
phology of MBSCs is typical of MSCs; they possess in vitro proliferative potential 
and self-renewal characteristics, and they are able to differentiate into various cell 
lineages including cardiomyocytes, myocytes, neuronal cells, respiratory epithe-
lium, osteocytes, endothelial cells, adipose cells, and pancreatic cells when supple-
mented with induction media [64]. MBSCs express characteristic MSC markers, 
such as CD105, CD 59, CD44, CD29, CD73, CD90, and CD1 (42), but do not 
express CD34 (epithelial and hematopoietic stem cell marker), CD45 (leukocyte 
marker), stromal-derived factor-1 (STRO-1), and CD31 (epithelial cell marker) 
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[65]. The stromal-like menstrual blood stem cells that possess CD117 marker are 
associated with high survival proliferation and migration [66]. Recently, Borlongan 
et al. performed an in vitro study with an oxygen glucose deprivation (OGD) stroke 
model and found that co-culturing menstrual blood-derived stem cells with OGD- 
exposed primary rat neurons significantly reduced cell death and upregulated VEGF, 
BDNF, and NT-3 trophic factors [67]. Additionally, either intracerebral or intrave-
nous transplantation of MBSCs without immunosuppression significantly reduced 
histological and behavioral impairments. As mentioned above, MBSCs can rapidly 
differentiate and expand under laboratory conditions and in clinical application, 
autologous stem cells would be ideal to avoid graft rejection issues. Therefore, they 
may serve as an easily accessible, ideal source of stem cells for tissue engineering 
and cell therapy for stroke.

9.6  Hematopoietic Stem Cells

A major source of hematopoietic stem cells (HSCs) is bone marrow. HSCs can also 
be isolated from peripheral blood and umbilical cord blood. They have self- 
renewable capacity and multipotency and are responsible for the generation and 
maintenance of blood cells and lymphoid cells [68]. The characterization of hema-
topoietic lineage phenotypes is done on the basis of LKS selection (Lin− c-Kit+ 
Sca1+). They are present in the bone marrow, circulating blood, and in the fetal liver. 
They possess a high rate of regeneration potential and produce billions of new blood 
cells every day to maintain the level [69, 70]. Studies revealed that HSCs reside near 
the blood vessels of the bone marrow [71] and in the endosteal region [72]. These 
regions are formed by nestin-positive MSCs, osteoblasts, Schwann cells, Cxcl12- 
expressing abundant-reticular cells, and perivascular cells [63]. HSCs are suitable 
for both allogeneic and autologous use and are not associated with ethical issues. 
Preclinical studies of CD34+ cells (BMSCs include populations of endothelial stem 
cells, HSCs, and progenitor cells) have shown significant functional recovery in 
rodent models of stroke. The transplantation of these cells intravenously resulted in 
neurogenesis and increased perilesional angiogenesis in mice at 48  h poststroke 
[73]. In another study, CD34+ cells were directly transplanted intracerebrally 1 week 
after the induction of stroke, neurogenesis and angiogenesis were observed, and 
transplanted cells were differentiated and expressed markers for neurons and glial 
cells [74]. When hematopoietic stem cell-rich Sca1+ bone marrow cells (enriched in 
hematopoietic stem cells) were injected intravenously in an MCAO mouse stroke 
model, it was observed that HSCs protected a sizeable number of mice subjected to 
stroke and reduced the neurological morbidity in surviving mice [75]. These results 
suggest that HSCs might be potentially beneficial for improving ischemic stroke- 
induced degeneration.

9 Stem Cell-Based Therapy for Ischemic Stroke



114

9.7  Inducible Pluripotent Stem Cells

Inducible pluripotent stem cells (iPSCs) are stem cell populations generated from 
various somatic cells through reprogramming by transcription factors. Yamanaka 
received the Nobel Prize for creating the iPSCs. His group initially derived iPSCs 
from mouse fibroblasts in 2006 [76] and from human fibroblasts in 2007 [77]. The 
reprogramming of somatic cells back to iPSCs could be achieved by transduction of 
four pluripotency-associated transcription factors, namely SOX2 and OCT4 (also 
known as POUF51 and OCT3), along with either NANOG and LIN28 or Krüppel- 
like factor 4 (KLF4) and MYC [78]. The derived human iPSCs all have properties 
of human ESCs, such as the ability to form many or all somatic cell types of the 
body and grow indefinitely. Therefore, iPSCs are the most promising seed cells for 
stem cell-replacement therapy. However, both ESCs and iPSCs have an inherent 
predisposition to tumor formation and there is a higher probability of teratoma for-
mation from iPSCs than from ESCs. As it has been demonstrated that tumorigenic 
activity is lost after differentiation, the use of differentiated cells derived from iPSCs 
is significantly safer [79]. The development of iPSCs makes cell transplantation a 
promising therapy for stroke. A study conducted by Jiang et al. demonstrated that 
iPSCs injected into the contralateral and ipsilateral peri-infarct regions of rat after 
MCAO migrated to damaged areas of the brain and showed some differentiation 
into neuron-like cells, in addition to significantly reducing the lesion volumes and 
recovering the sensorimotor function [80]. In another study, Chen et al. explored the 
neurotherapeutic properties of iPSCs in combination with fibrin glue in MCAO rats. 
They revealed that the subdural transplantation of iPSCs significantly improved the 
behavior of rats and reduced the infarct volume of the brain [81]. In conclusion, the 
iPSC transplantation techniques open a new door in stem cell research and offer 
favorable opportunities for patient-specific, pluripotent cell-based regenerative 
medicine.

9.7.1  Reprogramming Methods for Human Somatic Cells 
into iPSCs

Human somatic cells can be reprogrammed into iPSCs by the delivery of repro-
gramming factors using integrating or non-integrating approaches. The integrating 
reprogramming is carried out by using retroviruses (generated by retroviral vectors 
pMSCV, pMXs, and pLib), lentiviruses (derived from HIV) or transposons (piggy-
Bac), resulting in human iPSC lines that have randomly distributed insertion of the 
transgenes into the cell genome [82]. Although integrating reprogramming has 
become a popular strategy for generating iPSCs, this approach has a major draw-
back that at the site of integration, retrovirus insertion can cause gene disruption 
[83]. Additionally, insertion of a virus genome into the vicinity of an endogenous 
gene may result in gene silencing or transcription activation and can have major 
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consequences. For instance, retrovirus-mediated insertions can cause cancer in vivo 
or enhance self-renewal properties, and mutations caused by insertion may be 
passed through the germline to the next generation. For these reasons, efforts have 
been made toward safer strategies, i.e., non-integrating approaches for generating 
human iPSCs without any resultant permanent genetic modification. Identifying 
small molecules that are able to reactivate the expression of endogenous pluripo-
tency factors and delivery of recombinant peptides and proteins can be an effective 
alternative approach. Therefore, these methods could benefit both future cell trans-
plantation therapies and disease modelling.

9.8  Preconditioning Strategy in Stem Cell Transplantation 
Therapy

Stem cell transplantation therapy is a rapidly developing promising regenerative 
medicine for stroke. However, several problems and complications still need to be 
fixed before positive clinical application. On the other hand, many recent preclinical 
studies have demonstrated the benefits of the recognized mechanisms of ischemic 
or hypoxic preconditioning. Preconditioning with ischemia or hypoxia stimulates 
endogenous defense mechanisms and shows neuroprotective effects against stroke. 
Studies demonstrate that the regenerative and tolerative potential of stem cells and 
progenitor cells is considerably enhanced after sub-lethal hypoxic exposure.

So far, various preconditioning trigger mechanisms have been evaluated on dif-
ferent stem cells [84–87]. After preconditioning, progenitors and stem cells gener-
ally show increased neuronal differentiation, much better cell survival, improved 
homing to the lesion site, and enhanced paracrine effects important for increased 
trophic support. Transplantation of preconditioned cells helps to promote neurologi-
cal functional recovery and suppress inflammatory factors and immune responses 
[84]. For example, preconditioning with sublethal hypoxia and EPO considerably 
increased the tolerance of treated cells in the harsh environment of the peri-infarct 
regions and ischemic core [85]. Preconditioning of MSCs by treating with pharma-
cological agents and growth factors (such as FGF-2, TGF-α, and IGF-1) show 
increased paracrine potentials. Currently, the preconditioning of stem cells and its 
preclinical/clinical application are attracting significant attention in the field of stem 
cell translational research and in the field of preconditioning research.

9.9  Conclusion

Stem cell therapy is an emerging area of research in the preclinical/clinical area for 
the treatment of ischemic stroke. Owing to the beneficial characteristics of stem cell 
replacement therapy and the need to transplant a pure and appropriate stem cell 
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population, researchers are continually looking for better and more suitable trans-
plantation strategies with minimal patient risk. A kind of experimental evidence 
suggests that endogenous and exogenous stem cell transplantation might have the 
potential to treat ischemic stroke in animal models. After transplantation, stem cells 
have demonstrated positive therapeutic effects by suppressing apoptosis and neuro-
inflammation and promoting neurogenesis, angiogenesis, and synaptogenesis, in 
addition to protecting the BBB with a low rate of adverse effects, although preclini-
cal to clinical to bedside translation of stem cell therapy is still in its infancy owing 
to a number of important issues that have yet to be resolved. Experimental study 
should be conducted to address several questions related to stem cell therapy:

 1. Which cell type or growth factor is more appropriate for stroke patients who may 
vary with regard to the extent of their lesion, neurovascular risk factors, age or 
location?

 2. What are the optimal timing of treatment, optimal delivery routes, and optimal 
dose?

 3. Will the in vitro expansion of cell therapy use be associated with increased long- 
term immunogenicity and tumorgenicity?

Further, both preclinical and clinical studies are needed to control cell differen-
tiation and survival, and to examine the clinical safety of stem cell delivery to the 
injured brain.
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Chapter 10
Emerging Role of microRNAs in Cerebral 
Stroke Pathophysiology

Amit Kumar Tripathi, Shashi Kant Tiwari, Priyanka Mishra, 
and Manish Jain

Abstract Cerebral stroke is a major cause of death and physical disability through-
out the world, yet therapeutic options remain limited. The outcomes of stroke injury 
are critical, causing an extensive burden to both the individual patient and society. 
Current interventions for stroke injury have been demonstrated to be inadequate, 
mostly attributable to a lack of understanding of the cellular and molecular changes 
that occur following an ischemic cerebral stroke. MicroRNAs (miRNAs) are small, 
endogenous, noncoding RNA molecules that have capacity as post-transcriptional 
negative regulators of a target mRNA by base-pairing with the 3′- untranslated 
region (3′-UTR). Novel methodologies are being produced to get miRNA-related 
therapeutics into the brain over an intact BBB, including chemical modification, use 
of targeting molecules and methods of disrupting the BBB. However, circulating 
miRNAs are novel, stable, and potential biomarkers for the early diagnosis of acute 
stroke in humans. These miRNA profiles also indicate the severity of stroke results 
related to age and sex in rodents. In this chapter, we focus on the pathophysiological 
role of miRNAs as novel diagnostic and prognostic biomarkers, in addition to prom-
ising therapeutic interventions in cerebral stroke patients.
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Abbreviations

BDNF Brain-derived neurotrophic factor
COX2 Cyclooxygenase 2
e-NOS Endothelial-NOS
FAP-1 Fas-associated protein-tyrosine phosphatase 1
FasL Fas ligand
FGF2 Fibroblast growth factor 2
GAX Growth arrest-specific homeobox
GLT-1 Glutamate transporter-1
GluR2 Glutamate receptor 2
HOXA5 Homeobox A5
HSPA12B Heat shock protein A12B
iASPP  Inhibitory member of the apoptosis-stimulating proteins of p53 

family
IGF-1 Insulin-like growth factor 1
IL Interleukin
KIT Kit ligand
MDA Malondialdehyde
MMP-9 Metalloproteinases 9
MnSOD Manganese SOD
MyD88 Myeloid differentiation primary response gene 88
NCX1 Sodium–calcium exchanger-1
NMDA N-Methyl-D-aspartate
NPC Neuronal progenitor cell
Nrf2 Nuclear factor erythroid-2 related factor 2
PUMA p53 upregulated modulator of apoptosis
ROS Reactive oxygen species
SOCS1 Suppressor of cytokine signaling 1
SOD Superoxide dismutase
Sox9 Sry-box 9
TGF-β Transforming growth factor-β
TLR Toll-like receptor
TNF Tumor necrosis factor
VEGF Vascular endothelial growth factor

10.1  Introduction

Stroke is one of the most devastating of all neurological disabilities, accounting for 
5.5 million deaths annually, with 44 million physical disabilities worldwide. The 
outcomes of stroke injuries are intense and persistent, causing a high burden to both 
the individual patient and society because of their increasing incidence and 
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mortality. It has an economic impact, mainly in low- and middle-income countries 
[1]. Stroke is categorized into two different types: ischemic and hemorrhagic stroke. 
Ischemic stroke is responsible for 80% of all strokes, whereas hemorrhagic stroke 
accounts for 15%, and the other 5% are of an unknown etiology [2]. In the present 
chapter, we discuss the emerging pathophysiological role of miRNAs in the diagno-
sis, prognosis, and therapeutic interventions of cerebral stroke, and how miRNAs 
are involved in the post-stroke recovery and repair pathways.

10.2  MicroRNA Biogenesis

Micro-RNAs are small nonprotein coding RNA molecules ~24 nucleotides (nt) in 
length. They are transcribed into long primary transcripts in the nucleus and then 
transported to the cytoplasm, where they are processed to form mature miRNAs. 
Sequential endonucleolytic cleavage steps are required to develop mature miRNA 
from miRNA genes, starting with long primary miRNA transcripts (pri-miRNA), 
which are processed to ~70-nt precursor miRNA (pre-miRNA), and then to mature 
miRNA. A short (5–7 nt long) sequence, known as the seed sequence, in the miRNA 
determines the specificity of binding to the mRNA, so that miRNAs can bind mul-
tiple mRNAs and mRNAs can be bound by multiple miRNAs, creating a novel 
regulatory complex layer to post-transcriptional control of the target genes  
(Fig. 10.1). Several authors reported both the repressive and the inducing nature of 
miRNA for different target genes in the pathogenesis of stroke (Tables 10.1 and 
10.2). Furthermore, several recent lines suggested that pri-mRNA and pre-miRNA 
might potentially interact with the target gene and downregulate expression. miR-
NAs can target specific genes by inhibiting mRNA translation or degrading the 
mRNA molecules by binding to their 3′-untranslated (UTR) region of mRNA [39].

Alteration in the expression of miRNAs has been shown in many diseases, such 
as cancer, cardiovascular disease, diabetes, and neurological disorder. Now, miR-
NAs act as an essential gene expression regulator to modulate cardiovascular and 
cerebrovascular development. As previously reported, 30% of protein expression is 
regulated by miRNAs. They are emerging as potential biomarkers and therapeutic 
targets in stroke and other related diseases [2, 40–47].

Non-invasive clinical methods such as CT and MRI have diagnostic and prog-
nostic powers, but have lower accessibility and involve higher costs. However, other 
diagnostic tools include interleukin-6 (IL-6), matrix metallopeptidase-9 (MMP-9), 
and C-reactive protein (CRP), whose specificity and capacity to recognize intense 
stroke and its related hazard factors are unclear [48]. Thus, because of a limited 
therapeutic window for thrombolysis, there is a need for the development of a new 
biomarker for the prediction of stroke. For this reason, several studies have been 
conducted to explore the promising role of miRNAs as diagnostic circulating bio-
markers (Table 10.1) that could differentiate stroke from nonstroke patients [49].
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10.3  Current Therapy and the Possible Role of miRNA 
in Neuroprotection

The fundamental pathophysiology of stroke is highly complex, consisting of impair-
ments of many signaling cascade and pathological processes such as excitotoxicity, 
oxidative stress, inflammation, and apoptosis. Potential restorative regions to repay 
these pathogenic procedures incorporate advancing angiogenesis, neurogenesis, 
and neuroprotection (Fig. 10.2). As of now, viable treatment for ischemic stroke is 
restricted to recombinant tissue plasminogen activator (rtPA=alteplase). rtPA is the 
only approved intravenously administered pharmaceutical thrombolytic agent 
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Table. 10.1 miRNAs and their target genes related to stroke pathogenesis, angiogenesis, and 
neurogenesis

miRNA Function of miRNA Main target genes References

miR-21 NPC regulation Wnt and TGF-β [3, 4]
miR-29a Protects astrocyte GLT-1 PUMA [5]
miR-107 Glutamate accumulation GLT-1 [6]
miR-223 Attenuates NMDA-induced 

calcium influx
GluR2 [7]

miR-181c NF-κB activation TLR4 [8]
miR-let-7c-5p Neuroprotection against 

inflammation
Caspase-3 [9]

Anti-miR-103-1 Cellular calcium and sodium 
homeostasis

NCX1 [10]

miR-134 Increases neuronal apoptosis HSPA12B [11]
miR-93 Upregulation of SOD enzymes Nrf2 [12]
miRNA-384-5p and 
miRNA-494

Increases neuronal cell death Bcl-2 [13]

miR-145 Increases oxidative damage SOD [14]
miR-29 Induction of Fas receptors FAP-1 [15]
miR-155 Upregulation of TLR4 SOCS1, MyD88 [16]
miR-21 Apoptosis inhibition FasL [17]
miR-99a Prevents neural apoptosis Caspase-3 [18]
miR-101 ROS production COX2
miR-146a ROS production COX-2 [19]
miR-497 Increasing neuronal cell death Bcl-2 and Bcl-w [20]
miR-146a Anti-inflammatory effect IL-1β and IL-6 [19]
miR-223 Attenuates NMDA-induced 

calcium influx
NR2B [7]

miR-221 and miR-222 Decreases tube formation KIT and e-NOS [21]
miR-424 Inhibits oxidative damage MDA [22]
miR-181c Decreases neuronal apoptosis TNF-α [14]
miR-let-7c Decreases inflammation iNOS, TNF-α, and 

IL-6
[23]

miR-16, -20a, and -20b Anti-angiogenic agent VEGF [24]
miR-181a Anti-inflammatory effect IL1-α [25]
miR-181c Proinflammatory gene 

expressions
NF-κB [8]

miR-491-5p Inhibits cellular invasion MMP-9 [26]
miR-25 Apoptosis inhibition FasL [27]
miR-9 Decreases neuronal apoptosis Bcl2L11 [28]
miR-134 antagomir Neurogenesis BDNF [29]
miR-106b-5p Decreases neuronal apoptosis Mcl-1 [30]
miR-124 Promotes neuronal apoptosis iASPP [3, 4]
miR-181a Astrocyte dysfunction Bcl-2 [31]
miR-Let7f antagomir Neuroprotection IGF-1 [32]

(continued)
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Table. 10.1 (continued)

miRNA Function of miRNA Main target genes References

miR-134 Alleviates ischemic injury Bcl-2 [29]
miR-124a Neurogenesis inhibition JAG1/Notch [33]
miR-34a NPC regulation Notch, Wnt, and 

TGF-β
[3, 4]

miR-145 antagomir Inhibition of oxidative stress SOD2 [14]
miR-181a antagomir Decreases brain ischemia injury NF-κB [34]
miR-125b Excitotoxic neuronal damage NR2A [35]
miR-210 Promotes angiogenesis VEGF [36]
miR-124 Promotes neural differentiation Sox9 [33]
miR-15a Suppresses post-stroke 

angiogenesis
FGF2 [37]

miR-130a Promotes angiogenesis GAX and HOXA5 [38]

Table 10.2 miRNA expression in stroke cases

Upregulated miRNA Downregulated miRNA

hsa-let-7e, hsa-miR-125b-2*, hsa-miR-1261, 
hsa-miR-129-5p, hsa-miR-1321, hsa-miR-135b, 
hsa-miR-145, hsa-miR-184, hsa-miR-187*, 
hsa-miR-196a*, hsa-miR-198, hsa-miR-200b*, 
hsa-miR-549, hsa-miR-214, hsa-miR-220c, 
hsa-miR-25*, hsa-miR-585, hsa-miR-553, hsa-miR- 
99a, hsa-miR-26b*, hsa-miR-602, hsa-miR-27a*, 
hsa-miR-611, hsa-miR-34b, hsa-miR-623, hsa- 
miR- 210, hsa-miR-943, hsa-miR-525-5p, hsa- 
miR- 488, hsa-miR-498, hsa-miR-675, hsa-miR-920, 
hsa-miR-933, hsa-miR-552, hsa-miR-494, hsa-miR- 
671-5p, hsa-miR-490-3p, hsa-miR-617, hsa- 
miR- 668, hsa-miR-659, hsa-miR-381, hsa-miR-637, 
hsa-miR-627, hsa-miR-422a, hsa-miR-483-5p, 
hsa-miR-638, hsa-miR-370

hsa-let-7a, hsa-let-7b*, hsa-let-7c 
hsa-let-7d*, hsa-let-7f, hsa-let-7g 
hsa-let-7i, hsa-miR-106b*, hsa-miR-126 
hsa-miR-1299, hsa-miR-130a hsa-miR- 
151-5p, hsa-miR-18a* hsa-miR-182, 
hsa-miR-183, hsa-miR-186 hsa-miR-192, 
hsa-miR-20a, hsa-miR-208a hsa- 
miR- 22*, hsa-miR-222 hsa-miR-362-5p, 
hsa-miR-363, hsa-miR-23b, hsa-miR- 
501-5p hsa-miR-30b, hsa-miR-324-5p, 
hsa-miR-335, hsa-miR-342-3p, 
hsa-miR-342-5p, hsa-miR-30e*, 
hsa-miR-320b, hsa-miR-423-3p, 
hsa-miR-532-5p, hsa-miR-574-5p, 
hsa-miR-7, hsa-miR-886-5p, hsa-miR- 
576-5p, hsa-miR-629 hsa-miR-23a, 
hsa-miR-361-5p, hsa-miR-340, 
hsa-miR-652 hsa-miR-500*, hsa-miR- 
92a, hsa-miR-502-3p, hsa-miR-26b, 
hsa-miR-502-5p, hsa-miR-320d, 
hsa-miR-574-3p, hsa-miR-331-3p, 
hsa-miR-625, hsa-miR-30c, hsa- 
miR- 505*, hsa-miR-493*, hsa-miR-500, 
hsa-miR-93*, hsa-miR-96

* miRNA dysregulation (both down and upreguation) in ischemic stroke can be associated with its 
inhibition of apoptosis and oxidative stress, suggesting a potential therapeutic target and potential 
biomarker for stroke dignosis and prognosis
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available for embolus-induced ischemic stroke treatment [50, 52]. In any case, rtPA 
is constrained by its narrow therapeutic window, which must be offered within 6 h 
of the beginning of the stroke, hence making it appropriate to only a minority of 
stroke patients [52]. Additionally, alongside its advantageous thrombolytic func-
tion, rtPA has detrimental effects including intracranial hemorrhage and neurotoxic-
ity [52]. Other elective medications incorporate the utilization of other thrombotic 
agents, mechanical thrombectomy, and antiplatelet agents, for example, aspirin 
[53]. But there is an unmet clinical need for the development of a novel therapeutic 
formulation that can regulate the expression of potentially deleterious genes. It can 
regulate genes that contribute to the neuroprotection, neurogenesis, and angiogen-
esis, and enhance recovery with repair mechanisms in ischemic stroke patients.

The use of miRNAs as key regulators of gene expression has opened up another 
field of biomedical research: emerging diagnostic biomarkers and therapeutic inter-
ventions for ischemic stroke patients. Despite being only about 22 nt long, miRNAs 
are thought not to readily cross the blood–brain barrier (BBB) because of their 
strongly hydrophilic nature. Other factors, such as stability, affect the potential ther-
apeutic use of miRNAs in the brain. Locked nucleic acids (LNAs) are a 2′-modifica-
tion where 4′-carbon has been attached to the 2′-OH group. These LNAs mediated 
chemical modification of miRNA can alter their stability against nuclease and cross 
BBB. Alterations in miRNA expression levels may be needed, either as prevention 
or treatment of cerebral stroke. Following a stroke, the BBB is disrupted so there is 
simple access to the infarcted region, yet novel methodologies are being created to 
get miRNA-related therapeutics into the cerebrum over an unblemished 
BBB. Chemical modification of rabies infection glycoprotein [54], and opening of 
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BBB by utilizing mannitol have been made. Cerebral stroke targeted therapy can be 
made by encapsulation with pegylated immunoliposomes and use of plasmids 
encoding pri-miRNA [55, 56]. Antagomirs were shown to efficiently target miRNAs 
when injected via intracerebroventricular (ICV) administration [57]. Subsequent 
studies have suggested that the therapeutic efficacy of the ICV administration of the 
miR-497 antagomir might subsequently decrease in the infarct area [20]. Besides, 
Selvamani et  al. used antagomir-based treatment to show complex sex-specific 
miRNA connections whereby the ICV implantation of the Let7f antagomir dis-
played neuroprotection only in ovariectomized female rats [32]. Other studies per-
formed by Buller and coworkers demonstrated in a rat model of middle cerebral 
artery occlusion that miR-121 selectively downregulates Faslg, a TNF-α family 
member, and that targeted inhibition of miR-121 was cytoprotective in vivo [17].

10.4  Development of Therapeutic Approaches Using miRNA 
Mimics and Inhibitors

There are two major methods for developing miRNA-based therapeutics: mimics to 
overexpress the miRNA level, and oligonucleotide inhibitors of miRNA (antagomirs) 
to decrease miRNA expression. Micro-RNA mimics are small, chemically modi-
fied, duplex RNA molecules that faithfully mimic the function of miRNA and load 
the active strand into ribonucleoprotein complex (RNA-induced silencing complex; 
RISC), which then binds the target mRNA to induce translational inhibition. miRNA 
mimics are increasingly being used to explore the biological effect of specific 
miRNA in cell function and restore a functional loss of beneficial miRNAs. 
Antagomirs (anti-miRs or blockmiR) are chemically engineered, single-stranded 
antisense oligonucleotides bearing a complementary sequence to the mature 
miRNA.  Antagomirs are used to silence endogenous levels of the miRNA and 
increase expression of its mRNA targets. Antagomirs can be utilized as pharmaco-
logical inhibition of a few respiratory illnesses and have been utilized broadly in 
malignancy [58]. Another method is the encapsulation of miR mimics in the lipo-
some-based delivery system to assist target cell uptake and examine its biological 
effect [59].

10.5  Techniques for miRNA Expression Analysis

miRNA sequences are identified based on the cataloged miRBase Sequence 
Database. But the most common step is the analysis of miRNA expression levels 
among different tissues, developmental stages, and disease conditions. miRNA 
expression levels can be studied using several methods: microarray analysis, 
nanoString miRNA expression analysis, quantitative real-time PCR (qRT-PCR), 
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Northern blots, in situ hybridization, and solution hybridization. Of these tech-
niques, qRT-PCR is the most precise and sensitive method. The approaches com-
monly used for identifying the candidate genes targeted by miRNAs are 
computational target prediction and experimental target identification strategies.

10.6  Computational Target Gene Prediction

A wide range of computational miRNA target programs is available online for the 
prediction of miRNA target sites in the 3′ UTR of target mRNAs. These online 
programs include TargetScan (http://www.targetscan.org), miRbase (http://www.
mirbase.org/), ElMMo (http://www.mirz.unibas.ch), MicroCosm Targets (http://
www.ebi.ac.uk/enright-srv/microcosm), Pictar (http://pictar.org), and DIANA- 
microT (http://microrna.gr/microT). All these programs utilize seed sequence com-
plementarity for the prediction of the target gene. These programs are based on 
sequence alignment of the miRNA seed to the 3′ UTR of candidate target genes 
[60]. The major disadvantage of this approach is that not all binding sites are in the 
3′ UTR. Different current algorithmic programmed uses conservation of miRNA 
and mRNA target sites over species as a factor to help rank the probability that the 
objective is genuine. The predicted target mRNAs may be either false-positive or 
false-negative predictions. Therefore, experimental validation of the target gene is 
an important step in defining the functions of individual miRNAs.

10.7  Experimental Approaches to miRNA Target Validation

The following experimental approaches are utilized for miRNA target validation:

 1. First approach: In this approach mRNA is purified after treatment with miRNA 
mimic or inhibitor/antagomir and analyzed by microarray hybridization or 
sequencing.

 2. Second approach: The main regulatory action of miRNAs is to inhibit translation 
and decrease the amount of protein made from the target mRNA. Changes in 
protein expression levels can be signaled by using stable isotope labeling of 
amino acids or by Western blot.

The major limitation with both these strategies is that they identify candidate 
genes that could be either direct or indirect targets of the tested miRNA.

 3. Third approach: This is based on the immunoprecipitation strategy and experi-
mentally validates candidate targets; the RNA-induced silencing complex 
(RISC) loaded with a specific miRNA is purified by immunoprecipitation along 
with its bound mRNA targets. This technique has been used in the target identi-
fication of hypoxia-induced mmiR-210.
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 4. Fourth approach: This is the method currently used to validate a sequence as a 
direct target of an miRNA. It depends on the differential activity of a reporter 
gene, typically luciferase attached to a candidate 3′UTR sequence in the pres-
ence or absence of miRNA. Numerous miRNA targets have been approved uti-
lizing the Luciferase Reporter System after cerebral ischemia [20, 61–63].

10.8  miRNA as a Prognostic Biomarker in Ischemic Stroke

Several miRNAs have been widely investigated as biomarkers to distinguish disease 
from nondisease cases. miRNA expression profiles reflect the transient movement 
of stroke and additionally particular etiologies. A panel of 32 miRNAs that could 
differentiate stroke pathophysiologies during the acute phase was identified using a 
customized TaqMan Low-Density Array. Furthermore, it was found that five miR-
NAs, miR-125b-2*, -27a*, -422a, -488, and -627 are consistently altered in stroke. 
Elevated levels of circulating miR-16 after stroke likely express induction of apop-
tosis in response to stroke [64, 65]. The proliferation of white blood cells or the 
inflammatory response to stroke may also contribute to the induction of miRNAs 
and result in increases in its concentration in plasma [66]. In addition, circulating 
miRNA profiles can predict age- and sex-dependent stroke severity. Thus, although 
both age and sex eventually influence miRNA expression, each of these variables 
prevails at different times in the evolution of the serum miRNA response to the 
infarct. In late improvements, miRNA expression profiling has been examined 
under stroke conditions, and these examinations show that miRNAs have developed 
as key regulators in ischemic stroke pathophysiologies. Both expanded and dimin-
ished miRNA levels may be required, either as counteractive action or treatment of 
stroke. Novel methodologies are being developed to get miRNA-related therapeu-
tics into the brain across an intact BBB, including chemical modification, use of 
targeting molecules, and methods of disrupting the BBB.

10.9  Circular RNA

Circular RNAs (circRNAs) are noncoding RNAs (ncRNAs), created in eukaryotic 
cells during post-transcriptional processes. They are more stable than linear RNAs, 
and their 3′ and 5′ end combined forms a covalently closed continuous (CCC) loop 
and possesses resistance to exonuclease-intervened degradation [67]. Some cir-
cRNAs have recently shown potential as gene regulators. CircRNAs are not distrib-
uted equally in the neuronal cells in the brain, but are greatly enriched in the 
synapses. These ncRNA species can be used as potential clinical biomarkers in 
complex neurological disorders of the central nervous system. For example, ciRS-7 
was found to be a natural microRNA sponge for miRNA-7 and a potential regulator 
of Parkinson’s disease- and Alzheimer’s disease-related genes [68]. The circRNAs 
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carry important information, either when they are present inside the cells, or in cir-
culation, or in exosomes released from the synapses. The potential role of circRNAs 
in stroke remains largely unknown. CircRNA Hectd1 levels were generally increased 
in ischemic brain tissues of mouse stroke models and this finding was also con-
firmed in plasma of ischemic stroke patients [69].
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Chapter 11
Therapeutic Aspects of Nanomedicines 
in Stroke Treatment

Lipika Ray

Abstract Stroke is one of the major causes of death worldwide, and the thrombo-
lytic drug alteplase (tissue plasminogen activator or tPA) is the only treatment avail-
able for acute ischemic stroke; however, its use is limited by its short therapeutic 
window. Many potential therapeutic and diagnostic neuroprotectants to the brain are 
available, but, unfortunately, most of them are limited by the blood-brain barrier 
(BBB). Conversely, nanoparticles (NPs) easily cross the BBB with no undesired 
side effect and alteration of the integrity of BBB. Thus, NPs have created new facet 
in stroke therapy. The nanocarriers-based preclinical and clinical research in throm-
bolytic drug delivery is mentioned. Preclinical research carried out on different 
thrombolytic drug-loaded polymer, lipid, and magnetic nanoparticles showed an 
enhanced thrombolytic effect with least adverse effects. Targeted nanocarriers dis-
played an enhanced accumulation into thrombolytic area. NP-based drug delivery 
opens up new route for the management of thrombotic diseases.

Keywords Ischemic stroke · Nanomedicine · Blood-brain barrier · Drug delivery

11.1  Introduction

Ischemic stroke is a multifactorial pathophysiological disease and is positioned as 
the second deadliest disease. Worldwide, ~15 million people are affected by stroke 
event in every year, and 33% people ended up with a permanent disability and even 
death [1, 2] due to lack of the current diagnostic tools, before the event. Many etio-
logical factors are involved in this disease and make much more difficult to deter-
mine in its early stages. According to the American Heart Association, about 87% 
cases are ischemic stroke among all categories of thrombosis, and the rest is caused 
by hemorrhage [1]. The brain tissue needs high quantity of oxygen and glucose for 
its survival and solely depends on oxidative phosphorylation for energy production. 
However, acute ischemic stroke leads to sudden loss of blood flow in cerebral 
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arteries. Thus, ischemic stroke affected area shows a chain of pathological biochem-
ical reactions, such as, rapid depletion of the intracellular ATP pool, anaerobic gly-
colysis, lactate acidosis and membrane depolarization, glutamate excitotoxicity, the 
entry of Ca2+, Na+, and H2O into cells, activation of Ca-dependent proteins, mito-
chondrial dysfunction, overproduction of free radicals, activation of the immune 
system, gene over expression, and, finally, apoptosis of the brain cells [3–6]. 
Moreover, glucose transporter 1 (GLUT1) became upregulated due to lack of oxy-
gen around the stroke-affected area of the endothelial cells [7]. Oxidative stress also 
amplifies blood-brain barrier dysfunction [8, 9], and vascular fluid components such 
as prostaglandins, white cells, amino acids, etc. cross to the abluminal side of the 
brain. Thus, they contribute toward the progression of a vasogenic edema [10]. Even 
though many complexities are involved during a stroke, secondary injury to penum-
bra tissue can be avoided if appropriate drugs are administered in an early time point 
of the event [11, 12]. Recent research in the stroke comprises advanced imaging for 
stroke diagnosis [13] and endovascular mechanical thrombectomy for reperfusion 
treatment, which has been validated in seven randomized controlled trials [13–19]. 
With the aid of new techniques, as well as intravenous tissue plasminogen activator, 
conventional stroke care has been reached in a new height. Currently, a few success-
ful adjuvant neuroprotective therapies are available in the treatment of acute stroke 
where it reduces the secondary injury to penumbra tissue and minimizes the damage 
before and after reperfusion while promoting neural recovery and plasticity [13].

11.2  Secondary Neuronal Damage After Stroke and BBB 
Breakdown

It is evident that the BBB is severely compromised and impaired of re-establishing 
regular function for as long as 7 days post-trauma [20]. The longer period of BBB 
breakdown can affect neurons from both host and foreign components. Alongside, a 
complex cascade of events begins after stroke such as excitotoxicity, disruption of 
ion channels, inflammation, and activation of apoptotic pathways [21]. In the early 
stages of stroke, majority of these damages will not be detected, but neuronal injury 
and cell death can gradually continue even months after the initial event [22, 23]. The 
secondary damage can be up to motor impairments and neuropsychiatric illness [24].

11.3  Existing Treatment of Stroke

Time is the most important criteria of the event of a stroke because the activation 
cell death signaling happens within a minutes. Thus, drug administration to the 
stroke-affected area is essential. Though, less quantities drug reaches the area with 
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less blood covering area. The only commercially available pharmaceutical agent is 
recombinant tissue plasminogen activator (rt-PA) [25] which allows the oxygen-
ation of the damaged area as well as partial restoration of the blood flow [26]. This 
therapy is also time dependent to be effective and not as beneficial if it exceeds a 
3–4 h window [27]. Anticoagulants are the only other commercially available alter-
native to the patients, but anticoagulants cannot repair or protect the affected area 
from further damage [28].

11.4  Drug Delivery Through BBB During Stroke

The BBB has always been a major hurdle to efficient drug delivery. Thus, treatment 
needs to be target-specific where the bioavailability of drugs will be more and it will 
retain their molecular structure also while delivering into brain. Additionally, 
decomposition and chemical absorption by the host’s metabolic system is another 
constrain toward the lack of systematic drug dosage toward the brain [29]. Increased 
rates of drug delivery can be achieved with vasodilators [2] by which stretching of 
the BBB junctional complex occurs, allowing higher molecular weight molecules or 
different surface charge molecules to cross to the abluminal side of the brain with 
minimal difficulties. However, complete dissociation of the BBB junctional com-
plex also tolerates other toxic molecules to penetrate the brain which may cause 
more damage rather than protect during a cerebral edema [30, 31]. Thus, consider-
ing all aforementioned issues, drug for stroke must have high sustainability rates 
according to cut short against the host’s metabolism and natural defenses. In this 
juncture, it can be assumed that safe drug delivery into the brain can be achieved by 
the use of nanoparticles (NPs) without disrupting BBB junctional complex.

11.5  NP-Based Drug Delivery

The sizes of NPs can range between 1 and 300 nm in spite of the field that is used. 
The thickness and size of the NP’s capsule play a significant role for increased thera-
peutic abilities. With variation in sizes, the core to surface ratio changes [2]. For 
instance, NPs smaller in size have a smaller core to surface ratio, which permits a 
drug to be instantly released, while the membrane of NP is broken. On the contrary, 
uneven drug release may occur from larger NPs followed by inefficient drug  delivery 
[32]. The time of release for a drug from NPs is also essential condition because fast 
release of drug from NPs into the blood-stream consequences it’s decomposition 
and followed by clearance of drug from the host’s system [33]. Increased specificity 
of the drug can be achieved through conjugation with antibodies, peptides, etc. as 
drug carriers.
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11.6  NP-Based Chemical Agents

Different molecular weights PEG-based NPs are conjugated with glucose so that it is 
recognized by the brain endothelial cell transporter GLUT1 [34]. NP’s usefulness is 
not limited in encapsulating drugs and conjugating with surface receptors. NPs can 
scavenge reactive oxygen species (ROS) and can be useful in case of stroke event as 
amount of free radicals increase due to cerebral ischemia, especially after reperfusion. 
Takamiya et al. reported that platinum nanoparticles (nPts) scavenge both superoxide 
anions and hydrogen peroxide from in vivo studies [35]. Similarly, ceria NPs also scav-
enge ROS by reduction—oxidization method (cerium’s oxidation number) where oxy-
gen binds in the same way like biological antioxidants. These NPs are in ultra-small 
sizes (i.e., 4 nm) and may be potential candidates for treatments against stroke [36].

11.7  A Hope: NPs as a Diagnostic Tool in Stroke

Efforts have been made toward designing NPs as a diagnostic tool in stroke. Statins 
or candesartan showed promising results in vitro and can be encapsulated in NPs for 
drug delivery into the brain by endocytotic or transcytotic route in order to cross the 
BBB [37, 38]. Jickling et al. [39] conjugated NPs with labeled antibodies of CNS 
injury biomarkers such as S100 calcium-binding protein B (S100B), vascular cell 
adhesion molecule (VCAM), glial fibrillary acidic protein (GFAP), etc., in order to 
easily detect them using a computed tomography (CAT) scan or magnetic resonance 
imaging (MRI). Circulating NPs, ability to abide degradation, can be conjugated 
with blood clotting biomarkers for the early diagnosis of stroke or the disruption of 
a molecular cascade that leads to stroke [20]. Another approach toward the diagnos-
tic use of NPs has been made by Lin et al. where thrombin-sensitive peptide sub-
strates have conjugated on the surface of the NPs and thrombin levels can be 
detected in the circulatory system with constant monitoring for coagulation [40].

11.8  Composition of Nanocarrier Used in Stroke Therapy

Several types of materials, such as polymeric, lipid, or metallic, are easy to func-
tionalize and can deliver thrombolytic drugs with low toxicity. Both hydrophobic 
and hydrophilic drugs can be entrapped or conjugated with the materials depending 
on the composition. The NP-based formulations may be in different shapes (spheres, 
capsules, and vesicles), surface charge, and sizes. The size can be adjusted while the 
nanoparticles are prepared [41]. To enhance the circulation time of NPs in the body, 
poly(ethylene glycol) (PEG), a hydrophilic biocompatible and biodegradable poly-
mer, has been often used as a coating [42]. Furthermore, PEG is easy to functional-
ize [22]; thus, different target ligands of interest can be attached on the surface of 
the carriers [43, 44].
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11.9  Lipid Nanoparticles

Liposomes and few microbubbles are most popular lipid-based nano- and micro- 
carriers in thrombolytic drug delivery because of their lack of toxicity and biodegrad-
able nature [45]. Liposomes are bilayer phospholipid which resemblance with the cell 
membrane, encircling an watery core and it can be easily modified during preparation 
[46]. Although, the choice of the method and subsequent processing steps are vital as 
loading efficacy and the size of liposome depends on it. However, the therapeutic utility 
of liposome limit As the stability of liposomes in the blood compartment is very poor.

11.10  Polymer Carriers

Polymer nanocarrier includes both synthetic and natural polymers. Polymer nano-
carriers are mainly used to encapsulate thrombolytic drugs. Importantly, hydropho-
bicity, size, and porosity of polymer-based carriers can be easily adjustable and can 
be functionalized with target groups for encapsulating the therapeutic drugs at target 
site. Dextran, a polysaccharide, is mainly built with α-1,4-glycose units through 
glycosidic bonds and is the mostly used polymer for coating the magnetic nanopar-
ticles, especially iron oxide nanoparticles, as it has a large affinity for iron [47]. 
Moreover, polymer PEG is mostly used as a spacer to bind the therapeutic drug 
covalently in case of magnetic NPs. Polyvinyl alcohol (PVA) and poly(lactic-co- 
glycolic acid) (PLGA; FDA- and EMA-approved polymer), a biodegradable syn-
thetic polymer, also have been used to encapsulate the drugs. Chitosan, is a natural 
water soluble polysaccharide, drug entrapment in chitosan-based nanoparticles are
obtained by the ionic gelation method. Chitosan NPs possess overall cationic charge 
which assists to create hydrophilic properties of chitosan. Moreover, chitosan is bio-
degradable and biocompatible in nature with low toxicity and moderate immunoge-
nicity [48]. In case of chitosan NPs, drug sometime forms electrostatic interaction 
with polymer chain and facilitates the drug entrapment. Gelatin is another natural 
and biodegradable polymer that has been used for drug entrapment purpose [49].

11.10.1  Inorganic-Based Nanocarriers

Inorganic nanocarriers, are mainly magnetic nanoparticles, were used to encapsu-
late thrombolytic drug. Magnetic nanocarrier has generally two parts: iron oxide 
core which is paramagnetic and a shell which is made of polymers. Inner core can 
be made of either magnetite (Fe3O4) or maghemite (γ-Fe2O3) or a mixture of both. 
On the other hand, the polymer surroundings improve colloidal stability of mag-
netic nanoparticles. Magnetic nanoparticles are mainly two types depending upon 
its size: (1) ultra-small superparamagnetic iron oxides (USPIO), having 
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hydrodynamic diameter >50 nm, and (2) superparamagnetic iron oxide (SPIO) par-
ticles, where hydrodynamic diameter falls between 50 and 100  nm. Magnetic 
nanoparticles are not only biodegradable but maintain the iron homeostasis in the 
body also [28]. Magnetic nanoparticles can be accumulated into a target site by 
applying external strong magnetic field. Thus, inorganic nanocarrier has essential 
role in brain imaging and the thrombolytic drug delivery in the brain [50–52].

11.11  Nanocarriers-Based Thrombolytic Therapy: 
Preclinical Development

Nanotechnology revolutionized the drug delivery field as nanocarriers not only pro-
tect the thrombolytic drugs from inhibitors present in the blood but enhance the 
effective concentration of thrombolytic drugs at the thrombus also. The size of the 
nanocarriers ranges between ~5 and 100 nm. A small number of thrombolytic drugs 
entrapped into nanoparticles or microparticles are known which are showed their 
promising therapeutic activity in in vivo.

11.12  Streptokinase

In 1933, Tillett and Garner discovered that few specific strains of Streptococcus can 
dissolve fibrin clots with the help of streptokinase (SK) [53, 54]. In fact, different 
strains of streptococcal bacteria produce streptokinase (SK) which is a single-chain 
protein [55]. SK contains 414 amino acids having 47 kDa MW. SK combines with 
free circulating plasminogen [56], and the resulting complex converts plasminogen 
to plasmin [57]. This protein demonstrates a biphasic half-life; an initial and short 
half-life of 16 min is due to the complexation of anti-SK antibodies, while the later 
longer half-life of 90 min is responsible for the elimination of the protein. Though, 
SK is cheap, it shows an immunogenic effect due to the presence of certain antibod-
ies [22]. Sometime, SK induces serious bleeding difficulty since SK activates both 
fibrin-bound and circulating plasminogen [36].

11.13  Nanocarriers Loaded with SK

Vaidya et al. [58] prepared GPIIb/IIIa receptor, expressed at the surface of the acti-
vated platelets in thrombi, targeted SK entrapmented liposomes with 18% entrap-
ment efficiency. Moreover, the liposomes were encapsulated with RGD 
(arginine-glycine-aspartic acid) peptide. When SK loaded liposomes were injected 
in rats having carotid thrombosis, generated by a human clot, a better thrombolytic 
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activity was observed just after 30 min compared with SK alone. This enhanced 
thrombolytic effect was obtained by SK liposome due to accumulation of SK by 
targeted liposomes into clot. Leach et al. encapsulated SK into naked liposomes, to 
reduce side effects of SK (Streptase®), into a water-soluble double emulsion poly-
mer (PEG and PVA). However, it yielded only 30% of SK encapsulation and stabil-
ity of liposome also was the issue. Higher SK loading of up to 82% was obtained by 
encapsulating SK into polymeric porous particles. The time for reperfusion was 
reduced significantly due to encapsulation of SK into polymer with ~7.3  min 
whereas 19.3 min for SK-liposome and 74.5 min for free SK in rabbit model with 
autologous carotid artery thrombosis [59]. Dog model with autologous coronary 
thrombus also showed similar results in reduction time required to achieve reperfu-
sion by polymeric SK with less infarct size and hemorrhage [39, 22]. These results 
may be due to the increased supply of the thrombolytic drug into the specific site of 
thrombus [60, 61]. Thus, these preclinical results showed that nanocarriers loaded 
with SK shielded SK from early inactivation in the blood and enhances its concen-
tration into the clot leading to an improved thrombolysis.

11.14  Urokinase (UK)

Urokinase (UK) is a serine protease and present in human urine but is currently 
produced from human renal cell lines. UK contains two polypeptide chains of 32 
and 54 kDa. UK degrades fibrin clots by activating plasminogen into plasmin [62]. 
UK has a half-life from 15 to 20  min in case of human. To obtain a significant 
thrombolytic effect, high amounts of UK are necessary but may cause undesirable 
hemorrhages [38] as, alike SK, UK also activates both the fibrin-bound and free 
plasminogen [35].

11.15  Urokinase-Loaded Nanocarriers

UK-loaded CS nanoparticles (CS-UK-NPs) were prepared by Jin et al. with ~95% 
encapsulation efficiency (%EE). NPs are basically water-soluble as ionic cross- 
linking method was used to prepare this NPs, and the size of NPs is 236 nm. An 
increased amount of clot lysis in rabbit with jugular thrombosis was obtained by UK 
nanocarrier compared to free UK.  UK nanocarrier is more active over free UK 
because release rate of UK from its NPs is slow. On the contrary, the half-life of free 
UK is only about 20 min and clears from the body easily [63].

Dextran-coated magnetic nanoparticles of UK were prepared by covalent conju-
gation via primary amine with the size of 116-nm. The magnetic UK NPs were 
applied into rats having left jugular vein thrombosis and autologous carotid artery. 
While the thrombus area is focused in front of permanent magnets, the magnetic 
nanoparticles accumulated specifically into the thrombotic area and showed a 
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 fivefold enhanced thrombolytic activity than free UK [64]. Interestingly, Marsh 
et  al. developed femoral thrombi-targeted perfluorocarbon (PFC) conjugated UK 
nanoparticles where antifibrin antibody was conjugated with the nanoparticles 
superficially. They found that dissolution was higher in animals treated with anti-
febrin functionalized PFC-UK nanoparticles compared to control animals which are 
treated with non-specific IgG tagged UK PFC nanoparticles [65]. Thus, nanocarri-
ers showed higher thrombolytic activity than the free kinases.

11.16  Tissue Plasminogen Recombinant (tPA, rtPA)

In humans, tPAs are produced by endothelial cells and encoded by a gene on chro-
mosome 8. tPAs have PAI-1 and PAI-2 inhibitors in the serpin superfamily. It shows 
a half-life of about 4–6 min [22, 38]. On the other hand, recombinant tPA (rtPA, 
alteplase), having 68  kDa MW, is a serine protease. rtPA is produced by cDNA 
technology from Chinese hamster ovary (CHO) cell lines. Basically, rtPA breaks the 
Arg-Val bond during the activation of plasminogen to plasmin [35].

11.17  rtPA-Loaded Nanocarriers

rtPA (Cleactor®)-loaded PEG-grafted gelatin nanoparticles were prepared by Uesugi 
et al. and inserted into rabbits having balloon injury in the right femoral artery. The 
half-life of rtPA loaded gelatin NPs was three times greater than free rtPA [30] and 
a complete recanalization was observed. Similar results were reproduced in swine 
model with thrombotic occlusion in left coronary artery where nine out of ten 
swines showed high recanalization rate by NPs treatment. However, one out of ten 
swines demonstrated complete recanalization by rtPA administration [66].

Zhou et al. also developed rtPA (alteplase)-loaded Fe3O4-based PLGA nanocar-
riers which are coated with chitosan and targeted via cyclic RGD peptide. Fe3O4−
PLGA-rtPA/CS-cRGD nanoparticles has twin role in the early detection and 
dynamic monitoring of thrombus using MRI. However, these NPs have few limita-
tions such as low encapsulation efficiency of the rtPA (54.3–63.7%, lower than the 
early reported method 81.12%), the loss of enzyme activity, too positive value of the 
zeta potential of the nanoparticles due to the high concentration of the samples and 
slightly larger NPs for systemic delivery. The aforementioned drawbacks of the NPs 
need to be improved for avoiding the localization of the majority of the nanoparti-
cles in the liver and spleen [67].

Magnetically targeted thrombolysis rtPA (alteplase)-loaded NPs were synthe-
sized by coating magnetite on rtPA-loaded polyacrylic acid nanoparticles which 
easily respond to an external magnetic field and were concentrated into the throm-
bus area. The blood flow restoration was observed after 75 min with 0.2 mg/kg of 
rtPA magnetic NPs. Upon increasing the dose of rtPA (1 mg/kg), the blood flow was 
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restored faster (within 30 min) [68]. Ma et al. also developed magnetic rtPA-loaded 
poly(aniline-co-N-[1-one-butyric acid] aniline NPs and successfully obtained 50% 
higher rtPA loading inside the magnetic NPs than PAA-coated NPs.

Magnetic NPs are beneficial in terms of lowering active dose and thus side effect. 
Alongside, concentrations of the magnetic NPs at the target site are increased upon 
application of external magnetic field. However, the external magnetic field fails to 
target deeper tissue in the body as the intensity of magnetic field reduces with the 
tissue depth. To overcome this problem, ferromagnetic stents were implanted by 
Kempe et al. for the treatment of in-stent thrombosis. Actually, ferromagnetic stents 
with rtPA (alteplase)-loaded PEGylated magnetic nanoparticles were implanted in 
coronary artery of pigs. The re-establishment of blood flow was obtained with rtPA 
NPs compared with free rtPA [69].

The McCarthy group demonstrated that the synthesis of a FXIIIa thrombus- 
targeted nanocarrier (CLIOFXIII-PEG-tPA) for the efficient delivery of a 
rtPA. These thrombolytic NPs lower the overall amidolytic and fibrinolytic activity, 
as compared to free tPA in vitro, and bind to the thrombus edge in both arterial and 
venous thrombosis. Basically, it is thrombus-targeted fibrinolytic agent with ther-
anostic capabilities [70].

The rtPA-loaded PEGylated liposomes showed 21-fold prolonged circulation 
time than free rtPA [23]. The main drawback of rtPA delivery at the target site is 
undesired hemorrhage which is partially tuned by Absar et al. They conjugated a 
peptide with PEGylated liposomes which targets fibrinogen gamma-chain GPIIb/
IIIa. These nanoparticles showed 35% enhanced thrombolytic activity in rat model 
with inferior vena cava thrombosis induced with a FeCl3 solution. Although, ex vivo 
experiment on human clot showed less thrombolytic activity of rtPA loaded NPs 
compared with native rtPA. This may be due to the incomplete release of the rtPA 
from liposomes [71].

Interesting to note that ultrasound is very much useful as adjuvant therapy for 
enhancing the thrombolytic effect. Thus, ultrasound increases the recanalization rate 
[72]. This enhancement could be enlightened by acoustic cavitation, thermal effects, 
or microstreaming [73–75]. Keeping mind this idea, echogenic liposomes (ELIP), 
built by a phospholipid bilayer enclosing both gas and liquid, were developed. ELIP 
not only detect thrombus before, during, and after thrombosis by echography but act 
as a potential vectors also for thrombosis. rtPA (alteplase)-loaded ELIP was devel-
oped by Laing et al. where rtPA is 15% in the core and 35% with the phospholipid 
bilayer. rtPA-loaded ELIP were injected into rabbits with abdominal aortic thrombi 
and exposed to ultrasound (pulsed 5.7 MHz for 2 min). The rate of recanalization 
was determined by Doppler flow measurement and showed similar thrombolytic 
efficacy of rtPA-loaded ELIP as free rtPA in vivo. However, saline (control), empty 
ELIP, or empty ELIP associated with ultrasound did not show any thrombolytic 
effect [76]. In this context, Hagisawa et al. also prepared perfluorocarbon- based tar-
geted rtPA (monteplase)-loaded echogenic liposomes which are coupled with a 
RGD peptide. The study was done in rabbits with thrombus in iliofemoral arteries, 
and ELIP was applied intravenously. A higher recanalization rate (nine out of ten 
rabbits) was obtained with ultrasound application [77] (Table 11.1).
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Table 11.1 List of thrombolytic drugs used clinically

Thrombolytic 
agent Indication

Molecular 
weight (kDa)

Fibrino 
selective

Structure 
(domains) Elimination

Half- 
life 
(min)

US FDA 
status

Urokinase 
(UK) 
(Abbokinase®, 
Abbot 
Laboratories, 
TX, USA)

AMI, PE 2 
polypeptides 
chains 
(32/54)

No P/K/ EGF Kidney 15–20 Approved

Streptokinase 
(SK) 
(Streptase)

AMI, PE, 
DVT, PAO

47 No α, β, γ Kidney 10–16 Approved

Alteplase (tPA, 
rtPA) 
(Activase®, 
Genentech, 
CA, USA; 
Actilyse®, 
Boehringer 
Ingelheim, 
Germany)

AMI, PE, 
IS

68 Yes F/EGF/
K1/K2/S

Liver 4–6 Approved

Tenecteplase 
(TNK-tPA) 
(TNKase®, 
Genentech, 
USA; 
Metalyse®, 
Boehringer 
Ingelheim, 
Germany)

AMI 70 Yes F/EGF/K1 Kidney 20 Approve

Reteplase 
(rPA) 
(Retavase®, 
Chiesi 
Farmaceutici 
S.p.A, Italy; 
Rapilysin®, 
Actavis, NJ, 
USA)

AMI, 
DVT, PAO

40 Yes K2/SP Kidney 18 Phase II

Staphylokinase 
(SAK)

AMI 16.5 Yes 2 chains: 
a, b

Liver 6 Phase II

Lanoteplase 
(nPA)

AMI 53.5 Yes F/K1/K2/
SP

Liver 37 Phase II

Desmoteplase 
(batPA)

IS 52 Yes F/EGF/
K1/SP

Liver 240 Phase III

AMI Acute myocardial infarction, DVT Deep-vein thrombosis, EGF EGF domain, F Finger 
domain, IS Ischemic stroke, K1 Kringle 1 domain, K2 Kringle 2 domain, PAO Peripheral arterial 
occlusion, PE Pulmonary embolism, SP Serine protease domain
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11.18  Conclusion

Stroke is a time-responsive disease where early diagnosis may decide the patient’s 
outcome. In addition, most of the efficient thrombolytic drugs have many limita-
tions, and the therapeutic window is also short. In this context, the NPs development 
may act as a diagnostic tool and a therapeutic tool or the combination of both to 
prevent ischemic stroke. However, preclinical research on the targeted thrombolytic 
drugs is necessary regarding nanomaterials efficiency and toxicity before their 
translation into clinical practice.
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Chapter 12
Neuroprotective Potential of Small 
Molecule Phytochemicals in Stroke 
Therapy

Sumedha Mukherjee, Amit Kumar Tripathi, Gaurav Kumar, 
Ranjana Patnaik, Nirav Dhanesha, and Divya Mishra

Abstract Stroke being the second largest reason for worldwide mortality requires 
specific neuroprotective approaches to combat the pathophysiological outcomes. 
Use of synthetic neuroprotectants has not proved fruitful in clinical trials. In such 
scenario, scientific research has been focused on various phytochemicals which 
turn out to be attractive neuroprotectants. Recent studies have demonstrated that 
different phytochemicals target receptors and marker proteins related to pathophysi-
ological processes involved with stroke. The use of phytochemicals has ameliorated 
conditions associated with ischemic stroke such as cell death (both necrotic and 
apoptotic), inflammation, and oxidative stress. Administration of phytochemicals 
has also proved successful in controlled trials indicating the safety and efficacy of 
these natural products. Thus, the neuroprotective potential of phytochemicals can be 
further exploited to design future therapeutic strategies against stroke. In the present 
chapter, we corroborated the use of phytochemicals and their effects on signaling 
mechanisms involved in stroke pathology and subsequent cell death.
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Abbreviations

AChE Acetylcholinesterase
AIF Apoptosis-inducing factor
AKT Protein kinase B (PKB)
ARE Antioxidant response elements
BBB Blood-brain barrier
Bcl-2 B-cell lymphoma 2
BDNF Brain-derived neurotrophic factors
CAT Catalase
ChAT Choline acetyltransferase
CNS Central nervous system
CREB cAMP-response element binding protein
ERK Extracellular signal-regulated kinases
FADD Fas-associated protein with death domain
GCLC Glutamate-cysteine ligase catalytic subunit
IL Interleukin
MAPK Mitogen-activated protein kinase
MDA Malondialdehyde-modified human albumin
NGF Nerve growth factor
NMDAr N-methyl-D-aspartate receptor
Nrf2 Nuclear factor (erythroid-derived 2)-like 2
PI3K Phosphoinositide 3-kinase
ROS Reactive oxygen species
SOD Superoxide dismutase
TGF Transforming growth factor
TNF Tumor necrosis factor

12.1  Introduction

Stroke is the reason behind more than six million deaths per year and has been 
reported as the second leading reason behind mortality throughout the world by the 
World Health Organization (WHO) [1]. Stroke, which can also lead to permanent 
disability, is one of the major economic health hazards of the urban world [2]. 
Various factors like obesity, hypertension, lack of physical activity, diabetes, ciga-
rette smoking, and excessive alcohol consumption which have become part and 
parcel of urban lifestyle have been identified as risk factors contributing to the 
onset of stroke [3]. Aging is also a major cause behind incidence of stroke [2]. From 
statistical models, it is predicted that by the year 2030, there will be an annual 
increase in mortality rate due to stroke by 12% [4, 5]. This is an alarming situation 
and concern regarding public health. In order to combat such situation, extensive 
research has been undertaken in the field of stroke to develop novel strategies for 
treating and preventing stroke. Treatment of stroke majorly involves arterial 
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recanalization by surgical removal of blood clot [2] or by administration of recom-
binant tissue plasminogen activator (r-tPA), which is available globally by the name 
of alteplase [6–8]. Limitations associated with the administration of r-tPA in the 
treatment of ischemic stroke include a narrow therapeutic window (3–4.5 h), neuro-
nal excitotoxicity, increased risk of incidence of intracranial hemorrhage, and little 
capability in rescuing degenerating neurons [9–11]. Besides arterial recanalization, 
neuroprotection is another therapeutic strategy devised to ameliorate stroke condi-
tions [2]. Neuroprotection involves administration of pharmaceutical agents which 
can interfere the ischemic cascade and salvage the neuronal cells of ischemic pen-
umbra from damage caused by excitotoxic assault [2]. Various synthetic neuropro-
tective agents such as nimodipine, a Ca2+ channel blocker [12]; fosphenytoin, a Na+ 
channel blocker [13]; and selfotel, an N-methyl-D-aspartic acid (NMDA) glutamate 
receptor antagonist [14] have proved useful in animal models of ischemic stroke but 
failed miserably in human clinical trials [15, 16].

Phytochemical, bacterial, and animal extracts have been of immense interest to 
researchers over the last few decades, and various studies reported abilities of such 
chemicals to modify outcomes of various human diseases [17–20]. Also, some com-
mon vegetables and fruits reportedly contain various biologically active compounds 
which can successfully reduce risks of cardiovascular diseases and stroke [21, 22]. 
Experimental models of animal stroke showed improved ischemic stroke conditions 
upon treatment with phytochemicals like dietary polyphenols [22, 23]. Also, epide-
miological evidence [24] and quite a few controlled trials have indicated safety and 
efficacy of natural products for the treatment of ischemic stroke in human [25–30]. 
These studies establish natural products like phytochemicals as promising candidates 
in emerging stroke therapeutics. These products meddle with pathophysiological 
pathways involved in stroke and can reverse neuronal cell death (entirely or partially) 
caused due to stroke pathogenesis. So, this chapter focuses on the ability of various 
phytochemicals in combating neuronal cell death and thereby reversing damaging 
effects of ischemic stroke.

12.2  Role of Molecular Mediators in Apoptotic, Necrotic, 
and Necroptotic Neuronal Cell Death

The ability of nerve cells or neurons to successfully process information throughout 
the nervous system depends on their capability to manipulate the charges across 
their cell membranes. This information processing and transferring ability of nerve 
cells make them highly essential for proper functioning of the central nervous sys-
tem (CNS) and brain. The death of nerve cells, more often termed as the neuronal 
loss, is a characteristic feature of the development of CNS and also neurodegenera-
tive diseases and stroke [31]. Neuronal cell death can be of various types, namely, 
necrosis [32], apoptosis [33], and necroptosis [34]. Necrotic cell death features cell 
swelling, damage of cell organelles, membrane integrity loss, and uncontrolled cell 
lysis [35]. On the contrary, cell death by apoptosis shows features contrasting to 
necrosis, such as cell shrinkage and nuclear condensation finally leading to the 
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formation of apoptotic bodies at the end stage of apoptosis [35]. Apoptosis has 
always been demonstrated to show programmed cell death, whereas necrosis is 
thought to be an abrupt and accidental event. But, recent research shows a particular 
type of necrotic cell death, which can be called programmed necrosis or necroptosis 
and is induced by death receptor stimulation [36]. So, there prevail multiple types of 
nerve cell death, each featuring its own characteristic molecular pathways and 
molecular mediators contributing to the process (Fig. 12.1). Caspases have been 
identified as prominent molecular factors leading to apoptotic events in the cell [31]. 
Caspases are cysteinyl-aspartic acid proteases [38, 39], which are activated by 
cleaving of caspase precursors at specific caspase recognition sites. Activated cas-
pases, in turn, cleave and activate other pro-caspases and their precursors leading to 
a cascade of caspase activation. There are 14 identified caspases involved in neuro-
nal apoptosis, of which caspase-3 has been recognized as the prime effector in an 
experiment involving caspase-3 knockout mice, where altered brain development 
was observed in the mice [40]. Activation of caspase-3 occurs via two processes: 
extrinsic and intrinsic [41]. While extrinsic pathway involves oligomerization of 
cell-surface receptors, also known as death-receptors [37], intrinsic pathway is trig-
gered due to alterations in mitochondrial level and apoptosome formation [31]. The 
members of tumor necrosis factor (TNF) family, a soluble cytokine, regulate the 
extrinsic pathway by activating the death domains (DD), thereby cleaving procas-
pase-8 into activated caspase-8 [41]. Activated caspase-8 further activates caspase-3 
and caspase-7, among which caspase-3 cleaves procaspase-8, causing amplification 

Fig. 12.1 Role of different molecular mediators in both extrinsic and intrinsic apoptotic cell death
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of cell death [42]. Caspase-8 is also known to cleave the cytosolic protein Bid, a 
member of Bcl-2 family, thereby triggering intrinsic apoptotic pathway [31]. The 
pro-apoptotic genes of the Bcl-2 family are expressed, especially p53, which leads 
to the synthesis of cascades of protein, thus inducing intrinsic apoptotic pathway 
[42, 43]. Bax, another member of Bcl-2 family, translocates to mitochondria during 
early apoptotic stages [44], forms homo-oligomers and triggers chain of apoptotic 
events like mitochondrial membrane potential loss, and contributes to the release of 
cytochrome c (Cyt c), apoptosome formation, and activation of caspases [45]. Cyt c 
runs parallel pro-apoptotic events by involving mitochondrial proteins such as 
Smac/DIABLO and Omi/HtrA2, which after being released into cytosol promote 
activation of caspase-9 by removing inhibitory capabilities of inhibitors of apop-
totic proteins (IAPs) [46–48]. Though apoptosis is mostly caspase dependent, sci-
entific research suggests that blocking of caspase cascade attributes to temporary 
rescue of damaged neurons, because apoptotic features are observed in caspase-
inhibited nerve cells [49]. Though mitochondrial proteins Smac/DIABLO and Omi/
HtrA2 have been associated with caspase-9 activation, it is probable that they play 
a significant role in caspase-independent apoptosis [50]. But, the most important fac-
tors promoting caspase-independent apoptosis are apoptosis-inducing factor (AIF) 
and endonuclease G (Endo G) [50, 51]. AIF translocates to cytosol and nucleus 
from mitochondria, where it typically resides, after the cell is threatened with an 
apoptotic insult and induces chromatin condensation and DNA fragmentation [50, 
52]. AIF translocates to the nucleus in cases of protein kinase C inhibition, when 
c-myc is overexpressed [50], and when ATP reservoir of the cell depletes, which 
inhibits apoptosis and leads cell to undergo necrotic death [52]. Translocation of AIF 
from mitochondria has been correlated to the promotion of DNA fragmentation 
and condensation of chromatin, even in cells that lack caspase-3 [53]. DNA degra-
dation is also induced by Endo G, another mitochondrial protein which is trans-
located to the nucleus upon apoptotic assault and can generate inter-nucleosomal 
DNA fragmentation, even though inhibitors of caspases are present [54].

12.3  Impact of Neurodegeneration in Neurological Disorders 
Including Stroke

Neuronal cell death has always been associated with various dire diseases of the 
brain like stroke, Alzheimer’s disease, Parkinson’s disease, brain trauma, 
Huntington’s disease, epilepsy, and much more [55]. Numerous studies have related 
intrinsic caspase-dependent apoptotic cell death pathway with brain trauma, cere-
bral ischemia, spinal cord injury, and other neurodegenerative diseases [31, 37, 41, 
56]. Cerebral ischemia or stroke, which is an acute condition caused due to the 
deprivation of oxygen and glucose supply to brain tissue [57], is characterized by 
necrotic cell death in the ischemic core and apoptosis in the penumbra region [58, 
59]. Also, beclin-1 upregulation has been associated with the ischemic insult of 
nerve cells, implying induction of autophagy in ischemic cell death [60, 61]. The 
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excitotoxic insult, which is a prevalent feature in ischemic stroke, is mediated via 
NMDA receptor leading to necrotic and apoptotic cell death, both of which can be 
blocked by NMDA receptor antagonists [62]. Besides cerebral stroke, another com-
mon neurological disorder, Alzheimer’s disease (AD), also features loss of large and 
medium pyramidal neurons from the hippocampal area [62–64]. The presence of 
active caspases in postmortem tissues of AD brains suggests the occurrence of 
apoptosis leading to neuronal cell death [65–68]. In the case of the second most 
common neurodegenerative disease, Parkinson’s disease or PD [57], increased lev-
els of caspase-8 have been detected in substantia nigra neurons containing neu-
romelanin [69, 70]. Cell death by extrinsic pathway has also been related with 
neurodegeneration associated with PD.  This is supported by the presence of 
increased TNF-α levels, soluble Fas, and Fas-associated protein with death domain 
(FADD) in the midbrain region of PD patients [71–73].

12.4  Small Molecule Bioactive Phytochemicals 
as Neuroprotective Agents in Ischemic Stroke

Various phytochemicals have been reported to display inhibitory roles against oxi-
dative stress generated by reactive oxygen species (ROS) and reactive nitrogen spe-
cies (RNS) [74]. Small molecule phytochemicals combat pro-inflammatory 
conditions, such as generation of NF-κβ and cytokines like TNF-α, interleukin 
(IL)-1β, IL-6, and IFN-γ, due to hemorrhagic and ischemic insults of the brain [75, 
76]. Among different phytochemicals, polyphenols such as curcumin, ginseng, res-
veratrol, quercetin, and rosmarinic acid and other beneficial compounds such as 
propolis, ω-3 polyunsaturated fatty acids (PUFAs), various alkaloids, and vitamin E 
have established their anti-oxidative and anti-inflammatory roles in both in vivo and 
in vitro models, simultaneously combating neurotoxic effects [77]. Effect of differ-
ent phytochemicals and plant extracts in cerebral stroke is listed in Table 12.1.

12.4.1  Flavonoids

Flavonoids exhibit neuroprotection via anti-inflammatory, antioxidant, and various 
other mechanisms in several neurological disorders including cerebral stroke. Based 
on attached functional group, flavonoids are further classified into isoflavonoids, 
flavones, neoflavonoids, and phytoestrogens. Different categories of flavonoids and 
their examples are listed in Table 12.2.

Curcumin is long known for exerting neuroprotective effects in AD and PD by 
exercising control over inflammatory and oxidative mechanisms involved with these 
two diseases [85–87]. Curcumin (Fig. 12.2) is one of the main components of cur-
cuminoids, polyphenolic compounds present in Curcuma longa [85]. Amyloid β 
(Aβ)-induced plaque formation, a characteristic feature of AD, was extensively 
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reduced by curcumin [85]. Curcumin also acts as an anti-inflammatory agent against 
inflammation in AD brain microglia [86, 87], and its regular consumption in the diet 
has led to the formation of lower concentrations of Aβ and tau protein (a hallmark 
of AD) [88]. This phytochemical has also exhibited protection against cytotoxicity 
induced by α-synuclein in SH-SY5Y neuroblastoma cell line by inhibiting activa-
tion of caspase-3, a regulator of extrinsic apoptosis, and by reduction of intracellular 
ROS levels [87]. Curcumin can impair phosphorylation of Bcl-2 proteins, leading to 
increased interaction between Bcl-2 and Bax, thus preventing the latter’s transloca-
tion to the cytosol [89]. Furthermore, curcumin helps in maintaining the mitochon-
drial integrity and lowers sequestration of cytochrome c from mitochondria, an 
event of critical importance in apoptosis [89]. Activation of c-Jun N-terminal kinases 
(JNKs) mitochondrial pathway, a pro-apoptotic event, is also successfully inhibited 
by curcumin, thus establishing its role as anti-apoptotic [89]. Curcumin also offers 
protection in middle cerebral artery occlusion (MCAO) rat model for stroke by act-
ing as an antioxidant [90].

Resveratrol (Fig. 12.2b), a non-flavonoid polyphenol present in various medici-
nal plants, berries, grapes, and peanuts [91, 92], is widely acknowledged for its 
antioxidant and anti-inflammatory activities [56]. In vitro and in vivo studies have 
revealed resveratrol’s ability in preventing neuronal damage from amyloid-induced 
toxicity [93]. Most importantly, resveratrol exerts an anti-inflammatory and anti-
oxidative effect by suppressing activated NF-κB, sirtuin 1, and MAPK pathways 

Table 12.1 Neuroprotective approaches of various phytochemicals in neurological disorders 
including stroke

Phytochemicals Mechanism Remark References

Genistein (Pisum 
sativum)

Inhibition of mitochondria-dependent 
apoptosis

Inhibited ROS [78]

Puerarin (Radix 
puerariae)

Inhibited inflammatory and apoptotic 
responses

Anti-apoptotic 
pathways

[79]

Curcumin 
(Curcumin longa)

Rescue BBB and anti-inflammatory Anti-apoptotic 
pathways

[80]

Bacopa monnieri Improve human cognitive function Mechanism not 
known

[81]

P. dactylifera Neuroprotective effect Antioxidant [82]
Ginkgo biloba Protective effects against ischemic 

brain injury
Akt phosphorylation [27]

Biochanin A Decreased the neurological deficit 
scores

Antioxidant action [83]

Apigenin Inhibits production of NO and 
PGE2 in microglia

Inhibits cerebral 
stroke

[84]

Luteolin Protects against neurodegenerative 
changes associated with cerebral 
ischemia

Novel targets for 
neuroprotection

[17]

Quercetin Shows neuroprotection by antioxidant 
mechanism

Antioxidant [96]
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and reduces the release of pro-inflammatory TNF-α and IL-1 [94], establishing the 
potential of the compound in combating neurodegeneration. Besides suppression of 
TNF-𝛼 and NF-𝜅B, resveratrol also promotes expression of IL-10, an anti-inflam-
matory molecule, in microglial cells [95].

Quercetin (Fig. 12.2c), a flavonol polyphenol present in various fruits, vegeta-
bles, and grains, exhibits anti-oxidative and neuroprotective properties by engaging 
in multiple signaling pathways in different neurodegenerative disease models [77]. 
This remarkable flavonoid acts as a neuroprotectant by counteracting oxidative 
stress generated by the accumulation of intracellular ROS [96]. Nuclear factor (ery-
throid-derived 2)-like 2 or Nrf2 regulates the defense mechanism of cells against 
oxidative stress [96]. Interaction of Nrf2 heterodimer with cis-acting antioxidant 
response elements (ARE) leads to transcription of antioxidant genes [97, 98]) which 
eventually provides neuroprotection against cellular death and also damage due to 
oxidative stress [96]. Various scientific studies confirm quercetin’s ability to activate 
Nrf2-ARE pathway [99–101], establishing the phytochemical’s ability to confer 
neuroprotection. Quercetin also offers protection toward neuronal cells from Aβ 
induced in AD model [102].

Table 12.2 Classification of various flavonoids and isoflavonoids with relevant examples

Categories of 
flavonoid Subcategories Example

Anthocyanins Aurantinidin, cyanidin, delphinidin, europinidin, 
luteolinidin, pelargonidin, malvidin, peonidin, petunidin, 
rosinidin, etc.

Flavonols 3-hydroxyflavone, azaleatin, fisetin, galangin, gossypetin, 
kaempferide, kaempferol, isorhamnetin, morin, 
myricetin, natsudaidain, pachypodol, quercetin, 
rhamnazin, rhamnetin, etc.

Flavones Apigenin, luteolin, tangeritin, chrysin, 6-hydroxyflavone, 
baicalein, scutellarein, wogonin, diosmin, flavoxate, etc.

Flavanones Isoflavones Butin, eriodictyol, hesperetin, hesperidin, 
homoeriodictyol, isosakuranetin, naringenin, naringin, 
pinocembrin, poncirin, sakuranetin, sakuranin, sterubin, 
etc.
Genistein, daidzein, lonchocarpane, laxiflorane, etc.
Equol, etc.

Isoflavonoids Monomers, 
oligomers, and 
polymers

Theaflavins, thearubigins, condensed tannins, 
proanthocyanidins, etc.

Phenolic acids Derivatives of 
cinnamic acid

p-coumaric acid, caffeic acid, chlorogenic acid, ferulic 
acid, sinapic acid, etc.

Lignans Derivatives of 
benzoic acid

Gallic acid, gentisic acid, protocatechuic acid, syringic 
acid, vanillic acid, etc.

Stilbenes Pinoresinol, podophyllotoxin, steganacin, etc.
Resveratrol analogs, etc.
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Rosmarinic acid (Fig. 12.2d), found in the plant Rosmarinus officinalis, displays 
neurotrophic effect in PC12 cells by induction of extracellular signal-regulated 
kinase-1/2 (ERK1/2)-mediated cell differentiation [103]. The compound is known 
to suppress the expression of hypoxia-inducible factor-1𝛼 (HIF-1𝛼), thus protecting 
from neuronal damage due to hypoxia, mediated by caspase-3 activation and pro-
inflammatory cytokines like IL-1𝛽 and TNF-𝛼 [104].

Epigallocatechin-3-gallate (EGCG) (Fig. 12.2e), a polyphenol found in natural 
green tea, is extracted from Camellia sinensis [105]. The compound exhibits neuro-
protective effect by ameliorating cognitive defects in APP/PS1 mice by enhancing 
nerve growth factor (NGF) expression and aiding expression of cAMP-response 
element binding protein (CREB) expression [106]. EGCG induced neurite out-
growth by negating PI3K/AKT/GSK-3𝛽-mediated caspase 3 activation and poly 
ADP-ribose polymerase (PARP) cleavage, ameliorating apoptotic conditions of 
PC12 cell line, induced by reduced hydrogen peroxide [107].

Fig. 12.2 (a–e) Structures of polyphenol flavonoids with neuroprotective ability
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12.4.2  Terpenoids

Ginkgolide, the active constituent of Ginkgo biloba, is widely known for its ability 
to confer neuroprotection in neurodegenerative disorders resulting from oxidative 
stress [106, 108]. Ginkgolide being BBB permeable becomes a promising candidate 
for neurodegenerative disease treatment [109]. Ginkgolide B reportedly increases 
expression of brain-derived neurotrophic factors or BDNF expression level by 
reduction of caspase-3 levels, lactate dehydrogenase (LDH), and K+ ion level in 
primary hippocampal neuron cultures, treated with A𝛽25–35 [110], thus conferring 
neuroprotection (Fig. 12.3).

Panax ginseng, a medicinal plant found in Asian countries such as China, Korea, 
Japan, and some parts of Vietnam [106], contains ginsenoside Rg3 [111], which 
stimulates TNF-α expression [68]. Induction of expression of TNF-α stimulates 
mononuclear phagocytic cells, which in turn clears Aβ plaques present in the brain 
[112, 113]. The compound is known to act as NGF mimetic and enhances choliner-
gic activities and promotes neuritogenesis [114]. Another compound present in P. 
ginseng is panaxynol, which also mimics the action of NGF and has been reported 
to stimulate neurite growth in PC12 cell line via MAPK signal pathway [115].

Fig. 12.3 (a–c) Structures of various terpenoids with ability to confer neuroprotection against 
stroke
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Limonoids, a family of triterpenoids found in the plant Meliaceae, which 
reportedly possess antibacterial, antimalarial, antiviral, and neuroprotective 
capacity [116]. Two mentionable compounds of this category, 1𝛼, 
 3𝛼-dihydroxyl-7𝛼- tigloyloxy-12𝛼- ethoxylnimbolinin and 12-O-ethyl-1-deacetyl-
nimbolinin B, increase neurite growth and promote neuronal differentiation in 
PC12 cells (rat pheochromocytomous cell line), also demonstrating an increase in 
secretion of NGF [117].

12.4.3  Alkaloids

Huperzine A is an alkaloid compound present in Huperzia serrata and acts as a 
reversible acetylcholinesterase (AChE) inhibitor [118], alters the processing of A𝛽 
peptide, relieves oxidative stress, and promotes NGF expression, thus conferring 
neuroprotection [119]. In mouse models of transient cerebral ischemia and reperfu-
sion, huperzine A was reported to reverse memory deficits by increasing expression 
of neurotrophic factors like NGF, BDNF, and TGF-𝛽 through MAPK/ERK signal-
ing pathway [115]. In an experimental model of H2O2-induced oxidative stress in 
SHSY5Y neuroblastoma cells, huperzine A restored NGF level, which was reduced 
due to this induced pathologic condition by activating the p75NTR and TrkA recep-
tors and modulation of upstream MAP/ERK signaling pathway [118]. Huperzine A 
also promoted neurite outgrowth in rat cortical astrocyte cells and PC12 cell line by 
inhibition of AChE and mediated upregulation of NGF and p75NTR expression 
[90]. Huperzine A combats cognitive deficiency in streptozotocin-induced diabetic 
rats by enhancing expression of ChAT, BDNF, glutathione peroxidase, catalase, and 
SOD and by simultaneous inhibition of IL-1𝛽, IL-6, AChE, MDA, TNF-𝛼, CAT, 
NF-𝜅B, and caspase-3 [120].

Berberine is an isoquinoline alkaloid exhibiting neuroprotective characters via 
neurotrophin-mediated pathway [106]. Berberine also ameliorates diabetic neurop-
athy conditions in neuroblastoma cells by inducing expression of heme oxygen-
ase-1 and NGF [106]. Decreasing ROS levels and induction of NGF-mediated 
neurite outgrowth via the PI3K/Akt/Nrf2-dependent pathway were the significant 
features of the neuroprotective approach, which were also observed when the com-
pound inhibited H2O2-induced neurotoxicity [121]. In another study, berberine is 
reported to significantly decrease expression of the pro-inflammatory cytokines, 
IL-1𝛽, Cox-2, and TNF-𝛼 and to enhance restoration of BDNF and CREB levels, 
thus combating memory impairment induced by scopolamine in rat models [122]. 
Berberine pretreatment of primary microglial cells and BV2 cell lines prevented 
A𝛽-induced production of IL-6 and MCP-1 and stimulated downregulation of Cox-2 
and iNOS expression via phosphorylation of I𝜅B-𝛼 and NF-𝜅B by activated AKT/
ERK1/2 [123] (Fig. 12.4).
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12.4.4  Withanolides

Withanolides are found in root extracts of the plant Withania somnifera, which is a 
prominent Ayurvedic medicinal plant [124]. One of the prominent withanolides, 
withanolide A, successfully conferred neuroprotection in rats subjected to hypoxia 
by upregulating Nrf-2 expression [95]. The compound also enhanced expression of 
glutamate-cysteine ligase catalytic subunit (GCLC), which is downregulated in 
hypoxic exposure [124]. In a separate in silico study, withanolides such as anafer-
ine, withaferin A, withanolide A, and withanolide B were reported to act as NMDA 
receptor antagonist, which might be a possible mechanism of combating gluta-
mate-induced excitotoxicity by these phytochemicals [125]. NMDA receptor-
mediated excitotoxic effects are standard features of cerebral ischemia, and 
withanolides’ role as NMDAr antagonist makes them a suitable choice for combat-
ing stroke. Withanolides also reportedly bind to a catalytic domain of the enzyme 
matrix metalloproteinase-9 (MMP-9) and inhibit the enzyme with high affinity 
[126]. Upregulation of MMP-9 and MMP-2 is a hallmark of ischemic stroke [127] 
and is also observed in various neurodegenerative conditions such as Alzheimer’s 
disease, Parkinson’s disease, and brain trauma [126]. Inhibition of these gelatin-
ases by the withanolides promotes these phytochemicals’ ability for further thera-
peutic use in neurological disorders. Overproduction of nitric oxide by neuronal 
nitric oxide synthase (nNOS) or inducible isoform of NOS (iNOS) is another 
important feature associated with ischemic stroke [128]. Two phytochemicals of 
W. somnifera, withanolide M and stigmasterol, show dual selectivity toward nNOS 
and iNOS, thereby inhibiting both [129]. Five withanolides, namely, chlorogenic 
acid, withanolide B, withacnistin, calystegine B2, and elletierine, exhibit selective 
inhibition of nNOS [130] and can be used to design future therapeutics against 
ischemic stroke (Fig. 12.5).

Fig. 12.4 (a, b) Structures of huperzine A and berberine, two highly efficient alkaloids reputed for 
their neuroprotective potential

S. Mukherjee et al.



167

12.5  Conclusion

Phytochemicals have always been of immense interest to the scientific world due to 
their nontoxic nature and high efficacy, whereas synthetic compounds display toxic 
side effects. Various phytochemicals have been reported to show neuroprotective 
potential in models of neuropathological conditions. With increasing demand and 
scientific interest toward phytotherapeutic agents, proper validation of phytochemi-
cals becomes extremely important before administration of plant extracts. A proper 
understanding of the mode of action of phytochemicals and their effects on molecu-
lar pathways involved in neurodegeneration might provide a new range of beneficial 

Fig. 12.5 (a–d) Structures of different withanolides known to combat NMDAr-mediated 
excitotoxicity
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neuropsychotropic drugs. This chapter tries to focus on different herbal compounds 
which have been established as potent neuroprotectants. Most of these plants have 
found uses in traditional medicine and therapy. Another critical criterion for the 
development of neuroprotective drug is the ability of a compound to cross the 
blood-brain barrier (BBB) so that it can reach its target sites present in the brain and 
central nervous system (CNS). Also, targeting a drug through the receptors or trans-
porters present in brain tissue remains a favorable option for delivery of drugs into 
the brain. Phytochemicals for which multiple receptors are present will automati-
cally become better choices as therapeutic agents. Flavonoids and polyphenols have 
been regarded as most beneficial among various phytochemicals [131], and oral 
administration till date remains the preferred mode of delivery [77]. Phytochemicals 
possess extraordinary ability to control oxidative stress and suppress chronic inflam-
mation, all the while manifesting potential to modulate mitochondrial dysfunctions, 
events regarded as hallmarks of neurodegeneration [75]. Future scientific research 
should aim at establishing the neuroprotective claims of phytochemicals using 
in vitro and in vivo studies and human clinical trials. Studies regarding synergistic 
effects of different compounds should also be encouraged, along with an assess-
ment of risk factors and toxicity, if any, involved. Incorporation of these phyto-
chemicals in regular diet might be an effective strategy to protect the suffering of 
elderly from a sudden attack of cerebral stroke. Finally, it can be said that phyto-
chemicals are gifts of nature which if utilized properly can provide human race with 
longer life span with lowered risk of onset of stroke and other neurodegenerative 
diseases, thus ensuring healthy aging.
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Chapter 13
Post-Stroke Treatment Strategies, 
Management, and Rehabilitation:  
Where We Stand?

Mallikarjuna Rao Gedda, Surya Prakash Pandey, Kulsoom Zahra, 
Prasoon Madhukar, and Abhishek Pathak

Abstract Stroke is a medical condition occurring due to the deprivation of blood 
supply temporarily/permanently to specific area of the brain leading to hypoxia to 
the brain cells, which eventually causes mortality of the patients. Stroke is catego-
rized into three different types, i.e., transient ischemic attack (shows stroke-like 
symptoms), acute ischemic strokes (hiccups, nausea, troubles in walking and speak-
ing, numbness of the face, arm, and leg mainly on one side of the body), and hemor-
rhagic strokes (loss of consciousness and balance, nausea, vomiting, seizures, 
dizziness). Over the past 20 years, the inhospital and post-discharge management 
for stroke has been deeply transformed. Their early detection and inhospital thera-
pies can deteriorate short- and long-term outcomes of strokes. Inhospital treatments 
include thrombolysis, aspirin treatment, antithrombotic therapy, therapeutic hypo-
thermia, blood pressure management, antiplatelet strategies, and surgery for cere-
bral edema. There are several important aspects which are discussed below in this 
chapter that should be taken care in order to decrease mortality rate in stroke 
patients.
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Abbreviations

AA Arachidonic acid
ACE Angiotensin-converting enzyme
ADP Adenosine diphosphate
AF Atrial fibrillation
AIS Acute ischemic strokes
APA Antiplatelet agent
APP Amyloid precursor protein
ASA American Stroke Association
BBB Blood-brain barrier
BP Blood pressure
cAMP Cyclic adenosine monophosphate
CBF Cerebral blood flow
CNS Central nervous system
COX Cyclooxygenase
CSF Cerebrospinal fluid
DAPT Dual antiplatelet therapy
GP Glycoprotein
HS Hemorrhagic strokes
I/R Ischemia/reperfusion
MI Myocardial infarction
NOACs Novel oral anticoagulants
PDE Phosphodiesterase
PROACT II Prolyse in acute cerebral thromboembolism II
RNS Reactive nitrogen species
ROS Reactive oxygen species
rtPA Recombinant tissue plasminogen activator
T×A2 Thromboxane A2
TCM Traditional Chinese medicine

13.1  Introduction

Stroke, i.e., brain attack is a medical emergency, which occurs due to the temporary/
permanent seizure of vascularity to certain areas of the brain leading to the deple-
tion of oxygen to the brain cells that may eventually cause the death of the patients. 
This sudden oxygen deprivation in the area leading to cell death can cause severe 
consequences affecting the memory and motor control. The consequences of the 
stroke mainly depend on the area of the brain affected and percentage it has been 
affected. These strokes may be major or minor; the former leads to temporary 
impairments, while the latter leads to paralysis and death. Around 25% of the popu-
lation suffers a further stroke and recurrent strokes. Most of the patients with strokes 
will end up with some disabilities. In 2013, globally 6.5 million stroke deaths 
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occurred with 795,000 deaths in the USA itself [1], and by 2030 almost 70 million 
will be stroke survivors [2]. Keeping this in mind, this chapter focuses on the several 
therapeutic measures utilized by the physicians to deal with the stroke victims.

13.2  Types of Stroke

The strokes have been mainly categorized into three different types, i.e., transient 
ischemic attack, acute ischemic strokes (AIS), and hemorrhagic strokes (HS). When 
the blood supply to the brain gets stopped for some time, a transient ischemic attack 
occurs, and symptoms related to stroke are displayed by it, which generally retain 
for a short period, even less than a day. Acute ischemic stroke occurs due to the 
thrombotic or embolic blockage/closing of a cerebral artery leading to loss of blood 
circulation in the brain with symptoms such as hiccups or nausea; troubles in move-
ment and speech; senselessness in the face, arm, and leg mainly on one side of the 
body; etc. The hemorrhagic strokes occur due to the breach in the blood vessel sup-
plying the brain with symptoms such cessation of consciousness and balance, vom-
iting, nausea, seizures, dizziness, etc.

13.3  Treatments

13.3.1  In hospital

Over the past 20 years, the inhospital management for stroke has been deeply trans-
formed. Their early detection and inhospital therapies can deteriorate short- and 
long-term outcomes of strokes. Inhospital treatments include thrombolysis, aspirin 
treatment, antithrombotic therapy, therapeutic hypothermia, blood pressure man-
agement, antiplatelet strategies, and surgery for cerebral edema.

13.3.1.1  Thrombolysis

13.3.1.1.1 Intravenous Thrombolytic Therapy

Recombinant tissue plasminogen activator (rtPA), also known as alteplase, has been 
generally administered intravenously for the chemical thrombolysis therapy around 
the world within 3 (the USA)/4.5 (other countries) hours of acute ischemic onset 
[3]. The efficacy of intravenous thrombolytic therapy was published in 1995 and has 
been licensed since 1997 in the USA and 2002 in the UK. Several randomized con-
trolled trials besides several observational and meta-analysis studies showed recov-
ery from the acute ischemic stroke [4–7]. A combined meta-analysis of 2775 
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patients from the crucial thrombolysis records, for treatment within 90 min, showed 
2.8 of the odds of a favorable outcome with no disability followed by 1.6 for treat-
ment between 91 and 180 min and 1.4 treated between 181 and 270 min [8]. Hence 
the chances of being free from disability with the stroke enhanced by threefold 
when treated with rtPA within 90 min of onset. At up to 4.5 h, thrombolytic treat-
ment provided smaller and significant benefits. The number that was required to 
treat was seven to arrive at a perfect outcome, while three was required to achieve 
reduction in disability with rtPA [8, 9].

13.3.1.1.2 Intra-arterial Thrombolysis

Intra-arterial thrombolysis involves the incorporation of thrombolytic agents, i.e., 
rtPA or urokinase, post the direct catheterization of a blocked artery. This has been 
a productive therapy for occlusions in the middle cerebral artery or basilar artery. 
Trials such as Prolyse in Acute Cerebral Thromboembolism II (PROACT II) stand 
as an example for this therapy [10]. This trial showed that on treatment within 6 h 
of stroke with urokinase and intravenous heparin, the middle cerebral artery occlu-
sion showed significantly higher reperfusion rates alongside with patients living 
independently at 90th day with relative risk reduction rate of 58%. While basilar 
artery occlusion patients showed a high mortality rate >70% [11], several case stud-
ies showed declined mortality rate after intra-arterial thrombolysis treatment [12, 
13]. A structured analysis of both intravenous treatment and intra-arterial throm-
bolysis treatment showcased similar reperfusion rates and clinical outcomes show-
ing the fact that these two forms of thrombolysis will be of great need [13].

13.3.1.2  Aspirin Treatment

It has been proved that subsequent to the occurrence of first stroke, aspirin decreases 
the likelihood of having another stroke [14]. It was also reported that aspirin can 
prevent myocardial infarction (MI) with a dose of 325 mg five times a week. Patients 
with the first occurrence of hemispheric ischemic stroke hospitalized within 24 h of 
stroke onset displayed the presence of glycine and glutamate in cerebrospinal fluid 
(CSF) [15]. It was found that group of patients who were not taking aspirin have 
higher concentrations of glutamate than those who were taking it [16]. It led to a 
conclusion that aspirin decreases the risk of early neurological deterioration up to 
97% at the time of stroke onset.

Aspirin (acetylsalicylic acid) has been used for the past 25 years for the avoid-
ance of MI and acute ischemic stroke [17]. It is cost-effective, widely available, and 
used for the prevention of cardiovascular events (both primary and secondary) with 
very little side effects. Apart from possessing antithrombotic properties by inhibi-
tion of cyclooxygenase (COX) enzyme, which metabolizes arachidonic acid into 
thromboxane A2 as a potent vasoconstrictor and platelet agonist [18], aspirin also 
has neuroprotective effects [19]. The antiplatelet activity of aspirin clearly indicates 
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that the major risk associated with its consumption is bleeding complications as it 
prolongs bleeding time.

13.3.1.3  Therapeutic Hypothermia

Therapeutic hypothermia also referred as targeted temperature treatment or protec-
tive hypothermia involves intentional reduction of the core body temperature 
(37 °C) of a patient in the range of 32–34 °C for a specific duration of time in an 
effort to improve health outcomes during recovery after a period of obstructed blood 
flow to the brain [20]. Conditions like cardiac arrest or the blockage of an artery by 
the formation of the clot as seen in case of stroke can cause poor blood flow to the 
brain. Therapeutic hypothermia is performed in an attempt to minimize the risk of 
injury to the tissue following lack of blood flow. The role of this therapy in case of 
cardiac arrest-induced cerebral injury is nicely documented, while in case of stroke, 
extensive amount of investigation is still required to have an idea of the optimal 
duration of therapeutic hypothermia, rates of cooling and rewarming, and optimum 
target temperature. The different levels of hypothermia include mild (32 °C), mod-
erate (28–32 °C), deep (20–28 °C), profound (5–20 °C), and ultraprofound (<5 °C) 
hypothermia [21].

There is ample amount of research that indicates the potent neuroprotective role 
of induced hypothermia in patients with neurological injury [21–23]. Hypothermia 
safeguards the brain tissue in several different ways, and thus it may be an ideal 
choice for stroke therapy. The benefit of this treatment will be greatest if initiated in 
the early stage, mostly within several hours of beginning of symptoms. Hypothermia 
given for a longer duration came out to be the more effective strategy of neuropro-
tection after an ischemic event in clinical trials [21]. Investigations related to ultra-
profound resuscitative hypothermia are under process in trauma patients for quick 
cooling using very cold fluids [21].

13.3.1.4  Blood Pressure Management

The connection between hypotension and hypertension with stroke is constantly 
progressing and multifaceted. The patients with acute ischemic stroke show higher 
incidence of hypertension (75% or more) and are associated with poor outcomes 
[24]. It has already been investigated that high blood pressure can lead to elevated 
cerebral edema, hematoma expansion, or hemorrhagic transformation, while low 
blood pressure can cause an increase in cerebral infarction or perihematomal isch-
emia [25]. More than 60% of patients with acute ischemic stroke (AIS) showed an 
elevation in the BP within an hour of symptom onset. Numerous published evidence 
suggests that, in patients with intracerebral hemorrhage, BP should be brought 
down rapidly because it affects thrombolytic eligibility and has been associated 
with a delay in administration of IV tissue plasminogen activator [26, 27]. This sug-
gestion could be fatal because most of the stroke patients are septuagenarians and 
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cannot withstand the rapid lowering in BP and it also decreases cerebral blood flow 
(CBF). But neurologically stable patients have shown improved functional out-
come. The modulation of hypertension in stroke is determined by the type of stroke, 
timing, use of thrombolysis, existing medical conditions, and pharmacologic 
changes.

13.3.1.5  Antiplatelet Strategies

For the prevention of secondary stroke, antiplatelet therapy is extensively studied. 
Monotherapy with aspirin was used for secondary prevention of ischemic events in 
cardiovascular patients for several years, and it was believed to subside the risk of 
such events 25% compared to a placebo [28]. The recent trials have found out the 
competence of new antiplatelet agent strategies. Several agents have been evaluated 
in this setting, both in isolation and combination for reducing the risk of cardiovas-
cular events specifically on cardioembolic strokes. The most commonly used anti-
platelet agents approved by FDA are aspirin, thienopyridines (ticlopidine and 
clopidogrel), and phosphodiesterase (PDE) inhibitors (dipyridamole and cilostazol) 
[29]. The glycoprotein (GP) IIb/IIIa antagonists specifically prevent aggregation by 
inhibiting the fibrinogen receptor αIIbβ3 [30].Clopidogrel is a precious alternative 
to aspirin in case of monotherapy. The combination of clopidogrel and aspirin 
proves useful in the treatment of patients with high risks of vascular blockage, but it 
is generally prescribed for acute coronary artery injuries like myocardial infarction 
(heart attack), coronary stenting, as well as peripheral stenting [31]. But it is seen 
that stable patients of cardiovascular diseases prefer monotherapy. The combination 
of dipyridamole and aspirin was found effective in ischemic stroke than monotreat-
ment with mild doses of aspirin, but its use is limited due to certain side effects. The 
research for new APA strategies is still under process.

13.3.1.6  Surgery for Cerebral Edema

Cerebral edema is the most common reason of death due to AIS. It begins soon after 
the onset of ischemic stroke and attains peak at 24–96 h [32]. Initially, it is cytotoxic 
because the cell membranes are disturbed, and later disturbance in the blood-brain 
barrier (BBB) led to the occurrence of vasogenic edema. The larger the infarct, the 
more severe will be the edema. Brain herniation due to symptomatic cerebral edema 
is seen in case of 5–10% patients. It is so problematic that even minute quantities of 
edema from a stroke can elevate the intracranial pressure in the posterior fossa.

In order to relieve high intracranial pressure due to edema, decompressive surgi-
cal techniques are used. But there is no cemented evidence that these surgical pro-
cedures have improved outcome after massive stroke. These surgeries involve the 
removal of some of the skull bones lying above the region of swelling which may 
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reduce the risk of death and disability, but it may become risky in patients who are 
acutely ill after a stroke [32, 33].

13.3.1.7  Antithrombotic Therapy

The basic pathophysiological process involved in acute coronary syndromes is 
thrombosis. Thus the use of antithrombotic therapy becomes quite evident in these 
processes, and it includes proper selection of antithrombotic drugs to reduce platelet 
aggregation or interference with the clotting process. Antithrombotic drugs include 
antiplatelet as well as anticoagulants and are responsible for the reduction of first- 
ever and recurrent ischemic stroke in patients with AF [34]. The administration of 
regulated dose of warfarin (anticoagulant) reduces the occurrence of stroke by 
approximately 60% compared with no treatment similarly 20% by aspirin compared 
with no treatment and about 40% by warfarin compared to aspirin [35, 36]. Meta- 
analysis revealed that warfarin reduces ischemic stroke by 65% [37]. But the long- 
term use of warfarin (anticoagulant therapy) may not be as effective in case of 
elderly persons [38]. Atrial fibrillation (AF) is a potent risk factor for stroke, but its 
threat can be gradually reduced by proper use of antithrombotic agents.

13.3.2  Post-discharge

Sixteen to 17 million people suffer stroke each year, 6 million of whom do not sur-
vive. Fifteen percent ischemic stroke patients die within a month of being hospital-
ized. Over 30% of ischemic stroke patients die within a year of being hospitalized. 
More than 60% of ischemic stroke patients are either readmitted or die within 
12 months post-discharge [39]. There are several important aspects which are dis-
cussed below that should be taken care in order to decrease mortality rate in post- 
discharge stroke patients.

13.3.2.1  Lifestyle Physical Activity

13.3.2.1.1 Smoking

Smoking elevates the chances of ischemic and hemorrhagic stroke due to blood ves-
sel obstruction and alteration in blood dynamicity. To overcome from a subsequent 
stroke in post-discharge patients, several therapies are recommended for smoking 
cessation. Nicotine replacement therapy, the use of antidepressants (like bupropion, 
nortriptyline, varenicline), and behavioral therapies (telephone counseling) improve 
smoking cessation [40].
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13.3.2.1.2 Alcohol

Excessive alcohol abuse increases the incidence of stroke, but no study has been 
done specifically to secondary stroke prevention. National guideline recommends 
limited alcohol consumption to two standard drink/day [41].

13.3.2.1.3 Diet

Dietary modification is important to maintain an optimal level of blood glucose, 
lipid level, and blood pressure that help to prevent stroke. Diet with low-sodium 
intake, avoidance of excessive sugar, low fat but high in fruit and vegetable, and 
high in oily fish is beneficial in controlling dyslipidemia, obesity, and hypertension 
and reduces recurrence of stroke in post-discharge stroke patients [42].

13.3.2.1.4 Physical Activity

Physical inactivity after stroke is highly prevalent. Regular exercise improves the 
functional capacity, ability to perform mundane activities, and lifestyle, and it low-
ers the risk for subsequent cardiovascular events. The inclusion of physiotherapy in 
stroke survivors emphasizes on moderate aerobic activity, cardio and muscle- 
strengthening exercises, and reduction of sedentary behavior [43].

Other therapies like occupational therapy for recuperation from physical and 
mental illness involve reacquiring the skills needed for everyday living that include 
taking food, using bathroom, grooming, dressing, etc. On the contrary, speech ther-
apy includes techniques to mitigate problems in communication, thinking, or swal-
lowing of food [44].

13.3.2.2  Blood Glucose Management

In 25% patients, glucose intolerance after stroke is common and is linked to high 
stroke recurrence [45]. Hyperglycemia may worsen brain injury during acute cere-
bral infarct. The intravenous insulin protocol corrects hyperglycemia in post- 
discharge patients or during acute cerebral infarction [46].

13.3.2.3  Cholesterol Management

High cholesterol level may increase the risk of stroke recurrence by forming a clot 
in the arteries. Several drugs, including a class of drug statins, may help in lowering 
cholesterol levels. Unless cholesterol levels are already low, taking a statin is gener-
ally beneficial. Diet plays an important role in maintaining blood serum lipid 
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profile, therefore avoiding oily food; increase fiber-rich diet helps in lowering cho-
lesterol level [47].

13.3.2.4  Blood Pressure Management

High BP is the threat for upcoming stroke in post-discharge patients. Therefore the 
consumption of antihypertensive agents (except beta-blocker) and ACE inhibitor 
(alone or with a diuretic) is effective in lowering blood pressure. Other drugs like 
calcium channel blockers, angiotensin receptor antagonists, clonidine, and glyceryl 
trinitrate lower blood pressure, while phenylephrine appeared to increase blood 
pressure, but there is no proof that therapy declines mortality or improves functional 
outcomes [25].

13.3.2.5  Anticoagulation and Antiplatelet Therapy

Anticoagulant and antiplatelet both prevent clot, but anticoagulant requires regular 
monitoring by healthcare [48]. Main antiplatelet like ASA can be given 81 mg daily 
or combination of ASA, and Plavix can be given in the first 21 days to 3 months after 
stroke. Anticoagulant like Coumadin and NOACs are beneficial in blood clotting 
situation. In comparison with placebo, aspirin, or DAPT, oral anticoagulants with 
dose-adjusted warfarin are associated with reduction in risk of stroke [49].

13.3.2.6  Herbal Neuroprotective Intervention

Stroke is a major cause of several disabilities and patient develops dementia within 
3 months after a stroke. One of the world’s oldest documented medical systems, i.e., 
traditional Chinese medicine (TCM) system through herbal medicines, has been 
used for the treatment of stroke subjects [50]. Cognitive dysfunction and dementia 
have been reduced by the leaf extract of Ginkgo biloba, which can be helpful for 
treatment of stroke [51]. G. biloba leaf extract contains several derivatives such as 
ginkgolides A, B, C, J, and M and bilobalide that have some helpful results against 
cognitive dysfunction. Ginkgolides, which is an antagonist for platelet-activating 
factor, have shown to reduce activation of platelet and their aggregation, which 
finally helps in improving the blood circulation. Additionally, bilobalide, one of the 
constituent Egb 761, has shown to mitigate the repercussions associated with brain 
ischemia and neuronal death.

Another neuroprotective medicinal plant, i.e., Scutellaria baicalensis, shows 
anti-inflammatory and antioxidant activity and has been widely used in the oriental 
(Korean and Chinese) areas of the world. In Korea, several neuro-inflammatory 
diseases have been treated with root extract rich in bioactive components, which 
have shown some pretty good results against inflammation. Additionally, flavo-
noids, baicalein, and baicalin act as antioxidant agents, in different in vitro cultures 
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and in vivo models by quenching the ROS that literally helps in protecting the neu-
rons from ROS/RNS damage in cerebral ischemia/reperfusion (I/R) injury [52].

13.4  Limitations of Treatment

Post-stroke participants experience several challenges including paucity of medium 
of transport and topography in the village areas not suitable to wheelchair use. 
Because of restricted participation and lack of accomplishment, only approximately 
40% of patients receive physiotherapy [53]. There are limitations in walking, per-
sonal care, and household activities. The stroke patients who have been discharged 
from hospital have reduced social interactions, incompetence to resume to the prior 
job, and shiftlessness in participating in activities related to religion [54].

13.5  Conclusion

The medical care for stroke survivors is often patchy and incompatible. Once admit-
ted, patients are confronted with a baffling range of tests, people, and places, as well 
as confusion about treatment and services. This chapter takes into account the vari-
ous strategies that could be employed to treat patients suffering from both ischemic 
and hemorrhagic stroke. The advances in acute treatment are saving the lives of 
people who would not have survived in the past. As a result post-stroke therapy is 
more important than ever. The inhospital treatments include the administration of 
thrombolytic agents like rtPA or urokinase as a part of thrombolysis therapy; aspirin 
(acetylsalicylic acid) for the prevention of MI and AIS; targeted temperature treat-
ment to clear blood obstructions; management of blood pressure; the use of anti-
platelet agents such as aspirin, clopidogrel, and PDE inhibitors; surgery of cerebral 
edema; and antithrombotic agents. The post-discharge therapies in stroke rehabilita-
tion are mostly noninvasive and include lifestyle restrictions such as limiting the 
daily alcohol intake, abstaining from smoking, and resorting to physical exercise 
and herbal medications. Many trials are currently underway, which, in time, may 
impact on future rehabilitative practice.

References

 1. Benjamin, E.  J., Blaha, M.  J., Chiuve, S.  E., Cushman, M., Das, S.  R., Deo, R., et  al. 
(2017). Heart disease and stroke statistics—2017 update: A report from the American Heart 
Association. Circulation, 135(10), e146–e603.

 2. Langhorne, P., Bernhardt, J., & Kwakkel, G. (2011). Stroke rehabilitation. The Lancet, 
377(9778), 1693–1702.

M. R. Gedda et al.



187

 3. Rabinstein, A.  A. (2017). Treatment of acute ischemic stroke. CONTINUUM: Lifelong 
Learning in Neurology, 23(1, Cerebrovascular Disease), 62–81.

 4. Wardlaw, J. M., Murray, V., Berge, E., & Del Zoppo, G. J. (2009). Thrombolysis for acute 
ischaemic stroke. Cochrane Database of Systematic Reviews, 4, CD000213.

 5. Group, S. S. (1995). Tissue plasminogen activator for acute ischemic stroke. The New England 
Journal of Medicine, 333, 1581–1587.

 6. Hacke, W., Kaste, M., Bluhmki, E., Brozman, M., Dávalos, A., Guidetti, D., et  al. (2008). 
Thrombolysis with alteplase 3 to 4.5 hours after acute ischemic stroke. The New England 
Journal of Medicine, 359(13), 1317–1329.

 7. Wahlgren, N., Ahmed, N., Dávalos, A., Ford, G.  A., Grond, M., Hacke, W., et  al. (2007). 
Thrombolysis with alteplase for acute ischaemic stroke in the Safe Implementation of 
Thrombolysis in Stroke-Monitoring Study (SITS-MOST): An observational study. The Lancet, 
369(9558), 275–282.

 8. ATLANTIS T. (2004). Association of outcome with early stroke treatment: Pooled analysis of 
ATLANTIS, ECASS, and NINDS rt-PA stroke trials. The Lancet, 363(9411), 768–774.

 9. Saver, J.  L. (2004). Number needed to treat estimates incorporating effects over the entire 
range of clinical outcomes: Novel derivation method and application to thrombolytic therapy 
for acute stroke. Archives of Neurology, 61(7), 1066–1070.

 10. Furlan, A., Higashida, R., Wechsler, L., Gent, M., Rowley, H., Kase, C., et al. (1999). Intra- 
arterial prourokinase for acute ischemic stroke: The PROACT II study: A randomized con-
trolled trial. Journal of the American Medical Association, 282(21), 2003–2011.

 11. Dawson, J. (2009). Prevention of stroke: Risk stratification and targeted and novel therapies. 
University of Glasgow.

 12. Arnold, M., Nedeltchev, K., Schroth, G., Baumgartner, R., Remonda, L., Loher, T., et  al. 
(2004). Clinical and radiological predictors of recanalisation and outcome of 40 patients with 
acute basilar artery occlusion treated with intra-arterial thrombolysis. Journal of Neurology, 
Neurosurgery & Psychiatry, 75(6), 857–862.

 13. Lindsberg, P., & Mattle, H. (2006). Therapy of basilar artery occlusion: A systematic analysis 
comparing intra-arterial and intravenous thrombolysis. Stroke, 37(3), 922–928.

 14. Dalen, J. E. (2006). Aspirin to prevent heart attack and stroke: What’s the right dose? The 
American Journal of Medicine, 119(3), 198–202.

 15. Castillo, J., Davalos, A., Naveiro, J., & Noya, M. (1996). Neuroexcitatory amino acids and their 
relation to infarct size and neurological deficit in ischemic stroke. Stroke, 27(6), 1060–1065.

 16. Castillo, J., Leira, R., Moro, M. Á., Lizasoain, I., Serena, J.  N., & Dávalos, A. (2003). 
Neuroprotective effects of aspirin in patients with acute cerebral infarction. Neuroscience 
Letters, 339(3), 248–250.

 17. Ansara, A. J., Nisly, S. A., Arif, S. A., Koehler, J. M., & Nordmeyer, S. T. (2010). Aspirin dos-
ing for the prevention and treatment of ischemic stroke: An indication-specific review of the 
literature. The Annals of Pharmacotherapy, 44(5), 851–862.

 18. Warner, T. D., Nylander, S., & Whatling, C. (2011). Anti-platelet therapy: Cyclo-oxygenase 
inhibition and the use of aspirin with particular regard to dual anti-platelet therapy. British 
Journal of Clinical Pharmacology, 72(4), 619–633.

 19. Diener, H.-C., Sacco, R. L., Yusuf, S., Cotton, D., Ôunpuu, S., Lawton, W. A., et al. (2008). 
Effects of aspirin plus extended-release dipyridamole versus clopidogrel and telmisartan on 
disability and cognitive function after recurrent stroke in patients with ischaemic stroke in 
the Prevention Regimen for Effectively Avoiding Second Strokes (PRoFESS) trial: A double- 
blind, active and placebo-controlled study. The Lancet Neurology, 7(10), 875–884.

 20. Andresen, M., Gazmuri, J. T., Marín, A., Regueira, T., & Rovegno, M. (2015). Therapeutic 
hypothermia for acute brain injuries. Scandinavian Journal of Trauma, Resuscitation and 
Emergency Medicine, 23(1), 42.

 21. Liu, L., & Yenari, M. A. (2009). Clinical application of therapeutic hypothermia in stroke. 
Neurological Research, 31(4), 331–335.

13 Post-Stroke Treatment Strategies, Management, and Rehabilitation: Where We Stand?



188

 22. Karnatovskaia, L. V., Wartenberg, K. E., & Freeman, W. D. (2014). Therapeutic hypothermia for 
neuroprotection: History, mechanisms, risks, and clinical applications. The Neurohospitalist, 
4(3), 153–163.

 23. Yokobori, S., Frantzen, J., Bullock, R., Gajavelli, S., Burks, S., Bramlett, H., et al. (2011). The 
use of hypothermia therapy in traumatic ischemic/reperfusional brain injury: Review of the 
literatures. Therapeutic Hypothermia and Temperature Management, 1(4), 185–192.

 24. McManus, M., & Liebeskind, D. S. (2016). Blood pressure in acute ischemic stroke. Journal 
of Clinical Neurology, 12(2), 137–146.

 25. Appleton, J. P., Sprigg, N., & Bath, P. M. (2016). Blood pressure management in acute stroke. 
Stroke and Vascular Neurology, 1, e000020.

 26. Bowry, R., Navalkele, D. D., & Gonzales, N. R. (2014). Blood pressure management in stroke 
five new things. Neurology: Clinical Practice, 4(5), 419–426.

 27. Martin-Schild, S., Hallevi, H., Albright, K. C., Khaja, A. M., Barreto, A. D., Gonzales, N. R., 
et al. (2008). Aggressive blood pressure–lowering treatment before intravenous tissue plas-
minogen activator therapy in acute ischemic stroke. Archives of Neurology, 65(9), 1174–1178.

 28. Fontana, P., & Reny, J.-L. (2007). New antiplatelet strategies in atherothrombosis and their 
indications. European Journal of Vascular and Endovascular Surgery, 34(1), 10–17.

 29. Gurbel, P.  A., & Tantry, U.  S. (2010). Combination antithrombotic therapies. Circulation, 
121(4), 569–583.

 30. Schneider, D.  J. (2011). Anti-platelet therapy: Glycoprotein IIb-IIIa antagonists. British 
Journal of Clinical Pharmacology, 72(4), 672–682.

 31. Yip, S., & Benavente, O. (2011). Antiplatelet agents for stroke prevention. Neurotherapeutics, 
8(3), 475.

 32. Jha, S. (2003). Cerebral edema and its management. Medical Journal, Armed Forces India, 
59(4), 326.

 33. Park, J.-O., Park, D.-H., Kim, S.-D., Lim, D.-J., & Park, J.-Y. (2007). Surgical treatment for 
acute, severe brain infarction. Journal of Korean Neurosurgical Society, 42(4), 326–330.

 34. Broderick, J. P., Bonomo, J. B., Kissela, B. M., Khoury, J. C., Moomaw, C. J., Alwell, K., et al. 
(2011). Withdrawal of antithrombotic agents and its impact on ischemic stroke occurrence. 
Stroke, 42(9), 2509–2514.

 35. Guo, Y., Wang, H., Tian, Y., Wang, Y., & Lip, G. Y. (2015). Time trends of aspirin and warfarin 
use on stroke and bleeding events in Chinese patients with new-onset atrial fibrillation. CHEST 
Journal, 148(1), 62–72.

 36. Rybak, I., Ehle, M., Buckley, L., & Fanikos, J. (2011). Efficacy and safety of novel anticoagu-
lants compared with established agents. Therapeutic Advances in Hematology, 2(3), 175–195.

 37. Molteni, M., & Cimminiello, C. (2014). Warfarin and atrial fibrillation: From ideal to real the 
warfarin affaire. Thrombosis Journal, 12(1), 5.

 38. Bajorek, B. (2011). A review of the safety of anticoagulants in older people using the medi-
cines management pathway: Weighing the benefits against the risks. Therapeutic Advances in 
Drug Safety, 2(2), 45–58.

 39. Fonarow, G. C., Smith, E. E., Reeves, M. J., Pan, W., Olson, D., Hernandez, A. F., et al. (2011). 
Hospital-level variation in mortality and rehospitalization for medicare beneficiaries with 
acute ischemic stroke. Stroke, 42(1), 159–166.

 40. Casella, G., Caponnetto, P., & Polosa, R. (2010). Therapeutic advances in the treatment of nic-
otine addiction: Present and future. Therapeutic Advances in Chronic Disease, 1(3), 95–106.

 41. Goldstein, L. B., Bushnell, C. D., Adams, R. J., Appel, L. J., Braun, L. T., & Chaturvedi, S., 
et al. (2010). Guidelines for the primary prevention of stroke. A guideline for healthcare pro-
fessionals from the American Heart Association/American Stroke Association. Stroke.

 42. Ding, E. L., & Mozaffarian, D. (Eds.). (2006). Optimal dietary habits for the prevention of 
stroke. Seminars in neurology. New York: Copyright© 2006 by Thieme Medical Publishers.

 43. Billinger, S. A., Arena, R., Bernhardt, J., Eng, J.  J., Franklin, B. A., Johnson, C. M., et al. 
(2014). Physical activity and exercise recommendations for stroke survivors. Stroke, 45(8), 
2532–2553.

M. R. Gedda et al.



189

 44. Freire, F.  R., Coelho, F., Lacerda, J.  R., Silva, M.  F. D., Gonçalves, V.  T., Machado, 
S., et  al. (2011). Cognitive rehabilitation following traumatic brain injury. Dementia & 
Neuropsychologia, 5(1), 17–25.

 45. Kernan, W. N., Viscoli, C. M., Inzucchi, S. E., Brass, L. M., Bravata, D. M., Shulman, G. I., 
et al. (2005). Prevalence of abnormal glucose tolerance following a transient ischemic attack 
or ischemic stroke. Archives of Internal Medicine, 165(2), 227–233.

 46. Bruno, A., Kent, T. A., Coull, B. M., Shankar, R. R., Saha, C., Becker, K. J., et al. (2008). 
Treatment of hyperglycemia in ischemic stroke (THIS). Stroke, 39(2), 384–389.

 47. Foroughi, M., Akhavanzanjani, M., Maghsoudi, Z., Ghiasvand, R., Khorvash, F., & Askari, 
G. (2013). Stroke and nutrition: A review of studies. International Journal of Preventive 
Medicine, 4(Suppl 2), S165.

 48. Michota, F. (2013). Transitions of care in anticoagulated patients. Journal of Multidisciplinary 
Healthcare, 6, 215.

 49. Goto, K., Nakai, K., Shizuta, S., Morimoto, T., Shiomi, H., Natsuaki, M., et  al. (2014). 
Anticoagulant and antiplatelet therapy in patients with atrial fibrillation undergoing percutane-
ous coronary intervention. The American Journal of Cardiology, 114(1), 70–78.

 50. Fung, F.  Y., & Linn, Y.  C. (2015). Developing traditional Chinese medicine in the era of 
evidence- based medicine: Current evidences and challenges. Evidence-Based Complementary 
and Alternative Medicine, 2015, 425037.

 51. Birks, J., & Grimley, E. J. (2007). Ginkgo biloba for cognitive impairment and dementia.
 52. Iriti, M., Vitalini, S., Fico, G., & Faoro, F. (2010). Neuroprotective herbs and foods from dif-

ferent traditional medicines and diets. Molecules (Basel, Switzerland), 15(5), 3517–3555.
 53. Rhoda, A., Cunningham, N., Azaria, S., & Urimubenshi, G. (2015). Provision of inpatient 

rehabilitation and challenges experienced with participation post discharge: Quantitative and 
qualitative inquiry of African stroke patients. BMC Health Services Research, 15(1), 423.

 54. Urimubenshi, G. (2015). Activity limitations and participation restrictions experienced by 
people with stroke in Musanze district in Rwanda. African Health Sciences, 15(3), 917–924.

13 Post-Stroke Treatment Strategies, Management, and Rehabilitation: Where We Stand?


	Contents
	About the Editors
	Chapter 1: Cerebral Stroke: An Introduction
	1.1 Introduction
	1.2 Types of Stroke
	1.2.1 Ischemic Stroke
	1.2.2 Hemorrhagic Stroke
	1.2.3 Transient Ischemic Attack

	1.3 Stroke Pathophysiology
	1.4 Current Treatment Option for Stroke Patients
	1.5 Neuroprotective Agents in Preclinical and Clinical Trials
	1.6 Stroke-Induced BBB Disruption
	1.7 Ischemic Stroke-Induced ER Stress
	1.8 The Emerging Role of mi-RNA in Stroke Pathophysiology
	1.9 Neuroprotective Potential of Low-Frequency Electromagnetic Field
	1.10 Stem Cell Therapies for Cerebral Stroke
	1.11 Conclusion
	References

	Chapter 2: Inflammation, Oxidative Stress, and Cerebral Stroke: Basic Principles
	2.1 Introduction
	2.2 Inflammation
	2.3 Inflammatory Role of Cytokines and Chemokines During Cerebral Stroke
	2.4 Oxidative Stress
	2.5 Treatment Strategy for Stroke
	2.5.1 Targeting Antioxidant Enzyme as a Therapeutic Strategy for Ischemic Stroke
	2.5.2 Regulation of Microglial Activation in Stroke
	2.5.3 Targeting the Cholinergic Anti-inflammatory Pathway

	References

	Chapter 3: Stroke Induced Blood-Brain Barrier Disruption
	3.1 Introduction
	3.2 BBB Anatomy
	3.3 BBB Junctional Complexes
	3.3.1 Adherens Junctions (AJs)
	3.3.2 Tight Junctions (TJs)
	3.3.3 Gap Junctions
	3.3.3.1 Junctional Adhesion Molecule (JAM)
	3.3.3.2 Occludin
	3.3.3.3 Claudins

	3.3.4 Membrane-Associated Guanylate Kinase (MAGUK)-Like Proteins
	3.3.5 Accessory Proteins

	3.4 Calcium Modulation of TJ and TJ Proteins
	3.5 Phosphorylation: A Novel Regulatory Mechanism of TJ Proteins
	3.6 Impairment of BBB Integrity in Neuropathological Disorder
	3.6.1 Alteration of BBB Integrity in Stroke Injury

	3.7 Evaluation of BBB Disruption in Rodent Ischemic Stroke
	3.8 Quantitative Evaluation of BBB in Ischemic Stroke Using Dynamic Contrast-Enhanced (DCE) MRI
	3.9 Conclusion
	References

	Chapter 4: Ischemic Stroke-Induced Endoplasmic Reticulum Stress
	4.1 Introduction
	4.2 ER Stress, UPR, and Ischemia
	4.2.1 Components of UPR in Ischemia
	4.2.1.1 GRP78
	4.2.1.2 PERK
	4.2.1.3 ATF6
	4.2.1.4 IRE1


	4.3 Chronic ER Stress, UPR, and Pro-apoptotic Signaling in IR Injury
	4.3.1 CHOP
	4.3.2 Caspase 12
	4.3.3 JNK

	4.4 ER Stress and Autophagy in IR Injury
	4.5 ER Stress and miRNAs in IR Injury
	4.6 Conclusion
	References

	Chapter 5: The Role of Autophagy in Ischaemic Stroke: Friend or Foe?
	5.1 Introduction
	5.2 Pathophysiology of Ischaemic Stroke
	5.3 Various Animal Models to Study IS
	5.3.1 Intra-arterial Suture Middle Cerebral Arterial Occlusion Model
	5.3.2 Craniotomy Model
	5.3.3 Photothrombosis Model
	5.3.4 Endothelin-I Model
	5.3.5 Clot Embolic Model of Stroke

	5.4 Autophagy and Its Machinery
	5.5 Autophagy and Its Role in Cerebral Ischaemia
	5.5.1 Autophagy Activation in Ischaemic Stroke Protects Neurons
	5.5.2 Autophagy Is Also Responsible for Neuronal Death After Ischaemic Stroke
	5.5.3 Degree of Autophagy Is Critical in Ischaemic Stroke
	5.5.4 Autophagy Contributes to Ischaemic Tolerance After Preconditioning
	5.5.5 Autophagy May Be Disrupted During Ischaemia

	5.6 Concluding Remarks
	References

	Chapter 6: Critical Role of Mitochondrial Autophagy in Cerebral Stroke
	6.1 Introduction
	6.2 Autophagy
	6.3 Nonselective Autophagy and Mitophagy
	6.4 Mitochondria Dynamics: Fission and Fusion of Mitochondria
	6.5 Molecular Mechanisms of Mitophagy
	6.6 Mitophagy in Cerebral Ischemia
	6.7 Effect of Cerebral Ischemia in Mitochondrial Dynamic Mediators
	6.8 Mitophagy Regulation: An Anti-inflammation Approach in Cerebral Ischemia
	6.9 Mitophagy Regulation: A Neuroprotective Approach in Cerebral Ischemia
	6.10 Conclusion
	References

	Chapter 7: Application of Neuroimaging Tools in Identification of Pinpoint Location of Blockage
	7.1 Introduction
	7.2 Neuroimaging Modalities for Stroke Detection
	7.3 Hardware-Based Imaging Modalities
	7.3.1 Computed Tomography (CT)
	7.3.2 Magnetic Resonance Imaging(MRI)
	7.3.3 Microwave-Based Imaging(MW)
	7.3.4 Single-Photon Emission Computed Tomography (SPECT)
	7.3.5 Positron Emission Tomography (PET)
	7.3.6 Cranial Ultrasound

	7.4 Software-Based Image Processing Modalities
	7.4.1 Image Filtering
	7.4.2 Image Enhancement
	7.4.3 Image Segmentation
	7.4.4 Image Compression

	7.5 Computer-Aided Automatic Detection
	7.5.1 Graphical User Interface Based (GUI)
	7.5.2 Computer-Aided Algorithm-Based Detection

	7.6 Comparison of Neuroimaging Modalities
	7.7 Conclusion
	References

	Chapter 8: Emerging Role of Electromagnetic Field Therapy in Stroke
	8.1 Introduction
	8.2 Importance of Electromagnetic Therapy
	8.3 Physical Basis of the Generation of a Magnetic Field
	8.3.1 Stationary Magnetic Field
	8.3.2 Pulsed Electromagnetic Field

	8.4 Primary Biological Effects of Magnetic Fields
	8.4.1 Cell Proliferation and Cell Cycle Regulation
	8.4.2 Genotoxic Effects
	8.4.3 Effects on Cellular Membrane Permeability

	8.5 Role of Electromagnetic Therapy in Ischemic Stroke
	8.6 Conclusion
	Basic Terminology
	References

	Chapter 9: Stem Cell-Based Therapy for Ischemic Stroke
	9.1 Introduction
	9.2 Stem Cell Transplantation for Stroke
	9.3 Neural Stem Cells
	9.4 Embryonic Stem Cells
	9.5 Mesenchymal Stem Cells
	9.5.1 Bone Marrow-Derived Mesenchymal Stem Cells
	9.5.2 Adipose Mesenchymal Stem Cells
	9.5.3 Human Umbilical Cord Mesenchymal Stem Cells
	9.5.4 Menstrual Blood-Derived Mesenchymal Stem Cells

	9.6 Hematopoietic Stem Cells
	9.7 Inducible Pluripotent Stem Cells
	9.7.1 Reprogramming Methods for Human Somatic Cells into iPSCs

	9.8 Preconditioning Strategy in Stem Cell Transplantation Therapy
	9.9 Conclusion
	References

	Chapter 10: Emerging Role of microRNAs in Cerebral Stroke Pathophysiology
	10.1 Introduction
	10.2 MicroRNA Biogenesis
	10.3 Current Therapy and the Possible Role of miRNA in Neuroprotection
	10.4 Development of Therapeutic Approaches Using miRNA Mimics and Inhibitors
	10.5 Techniques for miRNA Expression Analysis
	10.6 Computational Target Gene Prediction
	10.7 Experimental Approaches to miRNA Target Validation
	10.8 miRNA as a Prognostic Biomarker in Ischemic Stroke
	10.9 Circular RNA
	References

	Chapter 11: Therapeutic Aspects of Nanomedicines in Stroke Treatment
	11.1 Introduction
	11.2 Secondary Neuronal Damage After Stroke and BBB Breakdown
	11.3 Existing Treatment of Stroke
	11.4 Drug Delivery Through BBB During Stroke
	11.5 NP-Based Drug Delivery
	11.6 NP-Based Chemical Agents
	11.7 A Hope: NPs as a Diagnostic Tool in Stroke
	11.8 Composition of Nanocarrier Used in Stroke Therapy
	11.9 Lipid Nanoparticles
	11.10 Polymer Carriers
	11.10.1 Inorganic-Based Nanocarriers

	11.11 Nanocarriers-Based Thrombolytic Therapy: Preclinical Development
	11.12 Streptokinase
	11.13 Nanocarriers Loaded with SK
	11.14 Urokinase (UK)
	11.15 Urokinase-Loaded Nanocarriers
	11.16 Tissue Plasminogen Recombinant (tPA, rtPA)
	11.17 rtPA-Loaded Nanocarriers
	11.18 Conclusion
	References

	Chapter 12: Neuroprotective Potential of Small Molecule Phytochemicals in Stroke Therapy
	12.1 Introduction
	12.2 Role of Molecular Mediators in Apoptotic, Necrotic, and Necroptotic Neuronal Cell Death
	12.3 Impact of Neurodegeneration in Neurological Disorders Including Stroke
	12.4 Small Molecule Bioactive Phytochemicals as Neuroprotective Agents in Ischemic Stroke
	12.4.1 Flavonoids
	12.4.2 Terpenoids
	12.4.3 Alkaloids
	12.4.4 Withanolides

	12.5 Conclusion
	References

	Chapter 13: Post-Stroke Treatment Strategies, Management, and Rehabilitation: Where We Stand?
	13.1 Introduction
	13.2 Types of Stroke
	13.3 Treatments
	13.3.1 In hospital
	13.3.1.1 Thrombolysis
	13.3.1.1.1 Intravenous Thrombolytic Therapy
	13.3.1.1.2 Intra-arterial Thrombolysis

	13.3.1.2 Aspirin Treatment
	13.3.1.3 Therapeutic Hypothermia
	13.3.1.4 Blood Pressure Management
	13.3.1.5 Antiplatelet Strategies
	13.3.1.6 Surgery for Cerebral Edema
	13.3.1.7 Antithrombotic Therapy

	13.3.2 Post-discharge
	13.3.2.1 Lifestyle Physical Activity
	13.3.2.1.1 Smoking
	13.3.2.1.2 Alcohol
	13.3.2.1.3 Diet
	13.3.2.1.4 Physical Activity

	13.3.2.2 Blood Glucose Management
	13.3.2.3 Cholesterol Management
	13.3.2.4 Blood Pressure Management
	13.3.2.5 Anticoagulation and Antiplatelet Therapy
	13.3.2.6 Herbal Neuroprotective Intervention


	13.4 Limitations of Treatment
	13.5 Conclusion
	References


