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Preface 

This book is based on therapeutic strategies against neurodegenerative disorders 
(NDDs). Currently, NDDs have become a severe burden for patients and community 
healthcare because of their relatively long duration and expensive treatment costs. 
There are many strategies for therapy, but they have less efficacy and more side 
effects. The stem cells-based therapy is promising. Stem cells can be differentiated 
into the desired cells in vitro as well as in vivo. Apart from stem cells, stem cells-
derived molecules are also found to be more effective tools against NDDs. There-
fore, in the chapters, we provided information on the treatment strategies for 
different types of neurodegenerative disorders with the help of stem cells and derived 
molecules like exosomes. So we investigated the causes of NDDs and the history of 
disease in the book. Apart from that, we have shed light on the role of stem cells and 
their mechanistic approach against the NDDs. The role of exosomes in the treatment 
of disease is also discussed in the book. We are very grateful to our authors, who 
have taken time off their busy schedules to contribute one or more chapters to this 
book. Dr. Bhavik Sawhney at Springer Nature has been the enthusiastic initiator of 
this project, and without his continuing encouragement, one or the other editor 
would probably have given up along the way. Many thanks are due to supportive 
staff in the background, particularly the copy editors, who, as always, have done an 
outstanding job polishing the chapters. 

There are numerous people who deserve thanks. I, Sadaf Jahan, would like to 
begin by thanking the Almighty and my late grandma, Mrs. Akhtari Begam, for their 
unceasing support. My parents, Mr. Furkan Ali and Mrs. Farhat Sultana, my 
brothers, Mr. Shoeb Ali and Mr. Suhail Ali, and all family members have been a 
major source of inspiration for me throughout my life. My husband Muhammad 
Alam and my son Azlaan Muhammad Umar are great blessing and support to fulfill 
my dreams. 

I, Arif Siddiqui, express my special thanks to my parents Mr. Hakimuddin 
Siddiqui and Mrs. Shahnaz Begum, wife Ruhi Parveen, son Ariz Siddiqui, and all 
family members for their everlasting love, enthusiasm for science, and encourage-
ment to pursue every task successfully. 

Al-Majmaah, Saudi Arabia Sadaf Jahan 
Hail, Saudi Arabia Arif Jamal Siddiqui
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History, Origin and Types of Neurological 
Disorders 1 
Shouvik Mukherjee, Shaheen Ali, Saweza Hashmi, and Sadaf Jahan 

Abstract 

Neurological disorders generally affect the brain and spinal cord as well as the 
nerves found throughout the body. These disorders might result in symptoms 
such as muscle weakness, paralysis, seizures, loss of sensation, confusion, pain or 
even altered levels of consciousness. The existance of such diseases dates back to 
the history of mankind. However, the study of such diseases gained momentum a 
few decades back only. There may be several causes of neurological disorders 
such as genetic defects, congenital abnormalities, malnutrition, spinal cord injury, 
brain damage, nerve injury, disorders of the central or peripheral nervous system 
such as epilepsy, Alzheimer’s disease, dementias, stroke, migraine, Parkinson’s 
disease, multiple sclerosis, traumatic disorders, brain tumours, neuronal 
infections, etc. According to an estimate, around six million people die due to 
stroke every year, out of which 80% cases are observed in low-income countries.
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More than 50 million people have epilepsy, 47.5 million people suffer from 
dementia and more than 10% have migraine worldwide. This chapter discusses 
the history, origin and types of neurological disorders, their prevalence over the 
ages and remedies available for their management.

2 S. Mukherjee et al.

Keywords 

Neurology · Neurological disorders · Nervous system · Diagnosis · Treatment 

1.1 Introduction 

Neurological disorders have affected a large population throughout the world. 
According to the World Health Organization (WHO), these are the diseases of the 
peripheral and central nervous system. Alternatively, any disorder in the spinal cord, 
brain, cranial nerves, peripheral nerves, autonomic nervous system, muscles and 
neuromuscular junction are neurological disorders including Alzheimer’s disease 
(AD), epilepsy, cerebrovascular disease like stroke, headaches, migraine, multiple 
sclerosis, Parkinson’s disease, brain tumours, traumatic disorders, etc. It is reported 
by the WHO that around six million people die due to stroke every year. Around 
50 million of people have epilepsy. According to an estimate, there are 47.5 million 
people suffering from dementia worldwide and 7.7 million new cases are reported 
each year. AD is the most frequent cause of dementia and may be blamed for 60 to 
70% of the cases. Indeed, the prevalence of migraine is above 10% worldwide 
(Mental Health: Neurological Disorders 2016) (Fig. 1.1). 

The causes of the neurological disorders may vary on genetic and environment 
factors. Congenital abnormalities, lifestyle and environmental factors may cause 
such disorders. According to the US National Library of Medicine, there are more 
than 600 neurological diseases. Whatever type of neurologic disease may be, all are 
caused by some or other kinds of abnormalities in the nervous system. Depending on 
the type or site of onset and severity, it determines the level of damage to communi-
cation, hearing, vision, movement or cognition (Neurological Disorders 2022). 

1.2 History of Neurology and Neurological Disorders 

The term ‘neurology’ is derived from a combination of two words: ‘neuron’ or the 
string, which means nerve, and ‘logia,’ which means study of. Neurology, a branch 
of medicine, deals with the structures, diseases and functions of the nervous system 
(ACGME 2013. In 1700 BC, Edwin Smith Papyrus, an Egyptian, wrote a treatise 
concerning trauma surgery, and it contains various treatments including those of 
neurological disorders. It has description for meninges, external surface of the brain 
and cerebrospinal fluid as well as intracranial pulsations. The work also mentions 
that some bodily functions can be impaired by brain injuries or by injuries to the 
cervical spine. Sumerians in 4000 BC, in a sculpture, observed about paraplegia of a 
lion with an arrow on the back. During the Vedic period, in a literature of medicine in
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ancient India, Charaka Samhita discussed various symptoms and possible 
treatments of epilepsy. However, it stated that epilepsy has a sacred cause until 
Hippocrates in the fourth century BC stated that epilepsy has a natural cause and not 
a sacred cause. It was also stated by him that the brain is the seat of all mental 
processes and functions by distributing air to different parts of the body.

4 S. Mukherjee et al.

Aristotle in the fourth century, in his work De motu Animalium, described 
meninges and also distinguished between the cerebrum and cerebellum. He stated 
that the brain acts as a radiator for the circulating blood as it is overheated by 
seething heart. Andreas Vesalius, a Greek physician during the Renaissance period, 
wrote a book called De Humani Corporis Fabrica Libri Septem in 1543, and it has 
detailed images depicting the ventricles, pituitary gland, cranial nerves, spinal cord 
and meninges and also an image of peripheral nerves. His observation also stated 
that the brain consists of a pair of seven nerves called brain nerves, each with some 
specialized function. He did not support the statement that the ventricles were 
responsible for the brain functions arguing that many animals do have the system 
of ventricles similar to those of humans but has no true intelligence. Leonardo da 
Vinci in 1504 AD produced wax cast of human ventricles. Thomas Willis, in the 
year 1664, described in detail the structure of the brainstem, ventricles, cerebrum and 
cerebral hemispheres as well as circle of Willis. His book On Epilepsy and the use of 
Guaiac wood in that affection: Likewise of tinnitus of the Ears described about 
epilepsy. He also described about apoplexy and paralysis. René Descartes in 1648 
proposed the theory of Dualism to tackle the issue of the brain’s relation to the mind. 
He asserted that the pineal gland is where the mind interacted with the body after 
recording brain mechanism responsible for circulating cerebrospinal fluid. He also 
stated that every activity recorded is a response to some external stimuli, and the 
responses too carried under a specific path of the nervous system. 

Then, Steven Hales and Robert Whytt demonstrated spinal segmental reflex 
action, and around that time, Felice Fontana and J Aldini demonstrated electrical 
stimulation in animals as well as decapitated criminals. Samuel Thomas von 
Sömmering in the year 1778 described all 12 cranial nerves. Francesco Gennari 
and Felix Vicq d’Azyr demonstrated the laminar structure of the cortex and the 
internal structure of the brain. Domenico Cotugno, on the other hand, discovered the 
cerebrospinal fluid. J E Purkinje described about neurons for the first time, while 
Matthew Baillie and Jean Cruveilhier illustrated lesions in stroke. Later in the 
nineteenth and twentieth century, several things were discovered, terms like blood-
brain barrier was coined by M Lewandowsky in 1900, and 5 years later, the phrase 
parasympathetic nervous system was introduced. Nevertheless, the contributions of 
Jean-Martin Charcot are remarkable, leading to consider him as the father of 
neurology. Neurology in the recent years has developed a lot, and treatment and 
diagnosis for several neurological disorders have remarkably improved, helping the 
world population to find a better solution for such disorders (Neurological Disorders 
2022; Gardner-Thorpe 2000; Kumar et al. 2011; Tyler et al. 2003; Mishra et al. 
2013; Brown 2019).
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1.3 Biology of Organs Related to Neurological Disorders 

The organs related to the neurological disorders are the organs of the central and 
peripheral nervous system. The central nervous system consists of the brain and 
spinal cord, while the peripheral nervous system consists of nerves. A neuron 
consists of the axon, dendrite, cell body and nucleus. The axon is protected by a 
myelin sheath (oligodendrocytes). A long, tail-like structure is an axon. The axon 
hillock, a specialized junction, is where it connects to the cell body. Fibrous roots 
known as dendrites extend out from the cell body. Dendrites, like antennae, pick up 
and interpret messages sent by the axons of other neurons. Dendritic trees, or many 
sets of dendrites on a single neuron, are possible. Types of neurons include unipolar 
(single axon at the same side), pyramidal (several dendrites forming a pyramidal 
shape), multipolar (single axon and symmetrical dendrite), bipolar (one axon and 
dendrite) and Purkinje (multiple dendrites). 

1.3.1 Brain 

The brain functions in a unique way. It has billions of nerve cells. All kinds of 
thoughts, moods, beliefs and behaviours arise from the brain. The brain is the 
location of cognition and intellect as well as the body’s control centre (Maiese 
2023a, b, c). The brain is made up of 60% fat, while the rest (40%) is a mixture 
of protein, carbohydrate, salts and water. Both the brain and the spinal cord consist 
of the two things called the grey matter and white matter. The grey matter consists of 
neuron somas and is present on the outer part of the brain, while the white matter 
consists of axons wrapped in myelin which is present inside. The grey matter is 
responsible for processing and interpreting data, while the white matter oversees 
transmitting data to other regions of the nervous system (Anatomy of the Brain 
2023). 

The brain can be divided into three main sections: the cerebrum, cerebellum and 
brainstem. The cerebrum comprises the largest part of the brain and is divided into 
left and right hemispheres. It is responsible for speech, reasoning, emotions, learning 
and interpretation of touch, vision and hearing. The cerebellum, which is located 
under the cerebrum, is responsible for muscle movements and maintains posture and 
balance. The brainstem works as a relay centre that connects the cerebrum and the 
cerebellum directly to the spinal cord. It performs many functions such as autonomic 
activities, e.g. breathing, temperature, heartbeat, wake and sleep cycles, sneezing, 
digestion, coughing, vomiting and swallowing. Different parts of the brain have 
different functions which we shall study in the next subsection. Lobes of the brain 
fissures pass through the hemisphere of the brain which divide the brain into two 
hemispheres. Each of these hemispheres has four lobes having different functions 
(Mayfield Brain and Spine 2018). The functions of these lobes are summarized 
below (Mayfield Brain and Spine 2018) (Fig. 1.2).
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Broca’s area for 
speaking and 
writing 
Motor strip area 
that helps for 
body movement 
Intelligence 
Concentration 
Self-awareness 

Interpretation of word 
and language 
Sensory strip that helps to 
sense temperature, pain, 
touch 
Interprets signals from 
vision, hearing, motor, 
memory and sensory 
Spatial perception 
Visual perception 

Interpretation of 
vision based on 
light, colour, 
movement 

Wernicke’s area 
present in the lobe 
helps to understand 
language 
To sequence as well as 
organise 
Memory and hearing 

1.3.2 Spinal Cord 

The spinal cord in humans begins at the bottom of the brainstem and ends in the 
lower back by forming a cone-like structure called conus medullaris. The human 
spinal cord is around 18 inches in length consisting of 33 bones called vertebrae. The 
coccyx is made up of four tiny vertebrae that are fused together. The rest of the spinal 
cord has cervical vertebrae (C1 to C7- located in the neck), thoracic vertebrae (T1 to 
T12—attached to the ribcage), lumbar vertebrae (L1 to L5—located in the lower 
back) and sacral vertebrae (S1 to S5—located in the pelvis). The discs in between the 
vertebral bodies, except for the cervical vertebrae 1 and 2, act as the spine’s support 
system. The nucleus pulposus, a softer substance, is enclosed by a stiff outer layer 
(annulus fibrosus) in these oval-shaped discs. The spinal bones are cushioned by 
these discs. Ligaments that are joined to the vertebrae also act as structural supports 
(A Neurosurgeon’s Overview of the Anatomy of the Spine and Peripheral Nervous 
System 2023). Thirty-one pairs of spinal neurons from the spinal cord stretch out 
between the vertebrae. Two thin branches emerge from each nerve (roots). One side 
presents towards the front called motor or anterior roots which are responsible for 
carrying different commands from the spinal cord as well as the brain to the skeletal 
muscles to control movement, while the other side is the posterior roots present at the 
back, which are sensory roots carrying information such as temperature, position, 
vibration, pain, etc. from other bodily parts to the brain (Maiese 2023b). The spinal 
cord is responsible for reflex action that involves quick response to a particular threat 
or substance. This reflex action may be vestibulo-ocular reflex, knee jerk reflex or the 
reflex action of the hands.
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1.3.3 Nerve 

It constitutes the peripheral nervous system also called nerves, which consists of 
more than hundred billion of nerves or neurons. The neurons are like threads that 
traverse the body. They connect the brain and the other parts of the human body. 
Bundles of nerve fibres make up peripheral nerves. These fibres are covered in 
several layers of tissue made of myelin, a fatty material. The myelin sheath, which is 
formed by these layers, quickens the movement of electrical impulses along a nerve 
fibre. The nerve consists of two main parts: the somatic nervous system and the 
autonomic nervous system. The nerves which link/interconnect the brain and spinal 
cord as well as the voluntary muscles and skin sensory receptors make up the 
somatic nervous system. The brainstem and spinal cord are linked to the internal 
organs through the autonomic nervous system, which controls the body’s automatic 
internal operations. The autonomic nervous system comprises two divisions, 
i.e. sympathetic (prepares the body for difficult or urgent circumstances) and para-
sympathetic (maintains normal body functions in times of normal situations) (men-
tioned below) (Maiese 2023b). Different functions of the autonomic nervous system 
include maintaining blood pressure and heart rate as well as breathing rates; diges-
tion; temperature of the body; body metabolism; body fluid production such as 
saliva, tears and sweat; urination; defecation; sexual response; and the balance of 
electrolytes and water in the body (Low 2023). 

Sympathetic Parasympathetic

• Dilates pupil
• Inhibits salivation
• Relaxes airways
• Constricts blood vessels
• Accelerates heart beat
• Stimulates sweat production
• Celiac ganglion
• Superior mesenteric ganglion
• Inferior mesenteric ganglion
• Stimulates secretion of epinephrine and 
norepinephrine
• Inhibits digestion
• Inhibits secretion
• Inhibits voiding
• Stimulates orgasm and ejaculation

• Constricts pupils
• Stimulates tear production and 
salivation
• Constricts airways
• Slows heartbeat
• Stimulates bile release
• Stimulates digestion
• Stimulates secretion
• Promotes voiding (of urinary bladder)
• Stimulates erection
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1.4 Origin and Causes of Neurological Disorders 

1.4.1 Risk Factors for Neurological Disorders 

There are various risk factors that are related to neurological disorders. One of the 
most important risk factors is sleep disorder. Sleep disorder may constitute stroke, 
where the risk factor of sleep deprivation may or may not be directly involved. 
Indirect mechanism for sleep disorder affects the glucose metabolism in the body, 
and it has been linked to hypertension, type 2 diabetes mellitus and even obesity. All 
of which has been linked to increase the likeliness of stroke. The risk of hyperten-
sion, cardiovascular disease and stroke may also rise if periodic limb movement 
(PLM) and restless leg syndrome (RLS) coexist with other sleep-related movement 
disorders. Sleep disorder is also related to diseases like AD. Sleep deprivation is 
especially dangerous for some neurocognitive domains, such as executive attention 
and other higher cognitive processes. A study suggests that sleep deprivation is also 
related to loss of memory. In fact, imaging and pathological studies in the part of the 
brain linked to sleep have demonstrated some abnormalities, revealing the impact of 
sleep deprivation on AD. Patients with Parkinson’s disease (PD) have also revealed 
such abnormalities related to the daytime sleepiness. Patients with multiple sclerosis 
and epilepsy revealed history of disrupted sleep patterns and disorders. Other factor 
involves smoking which phosphorylates the tau protein, which in turn creates 
neurofibrillary tangles resulting in synaptic dysfunction/degeneration leading to 
amyloid plaque. A study also reveals that smoking increases the risk of ischaemic 
stroke and neurotoxicity. Exposure to neurotoxic metals such as aluminium also 
affects neurological functions, leading to neurodegenerative disorders like AD. This 
is because higher immunoglobulin Al (IgA1) secretion increases amyloid aggrega-
tion. Al also promotes inflammatory signalization, one of the key characteristics of 
AD in the brain, through the pro-inflammatory transcription factor nuclear factor 
kappa B (NF-kB). Al which has the ability to activate monoamine oxidase B 
increases patients with PD. Even with multiple sclerosis, Al concentrations were 
higher in the urine samples of the patients. 

1.4.2 Symptoms of Various Neurological Disorders 

There are various neurological disorders and every such disorder may show unique 
signs and symptoms, while some of the most common symptoms may include 
memory loss, muscle cramps, weakness and numbness (Symptoms of Neurologic 
Disorders–Merck Manuals Professional Edition 2023). Different diseases such as 
multiple sclerosis exhibit different symptoms; these may include fatigue and loss of 
balance. In cerebral palsy, there is severe harm to the motor nerve system, which 
may even lead to paralysis (Da Cunha De Sá-Caputo et al. 2021). Some of the 
manifestations of PD, which is the most commonly known neurological disorder, are 
tremor and bradykinesia; however, it is also a rarely known fact that patients with 
Parkinson’s disease experience the disease very differently and also the symptoms



(continued)

fluctuate from hour to hour and day to day. Indeed, some may not feel the tremor as 
onset of early symptoms, while some may not experience this on years to come 
(https://www.michaeljfox.org/news/seven-misconceptions-about-living-parkinsons-
disease). Some of the most important neurological disorders we shall study are 
presented in the table below. 
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Disease name Prevalence Symptoms Reference 

Alzheimer’s 
disease 

Usually occurs above the 
age of 65 years

• Disorientation
• Mood swings
• Behavioural changes
• Confusion about time, 
events/places
• Memory loss
• Difficulty in swallowing, 
speaking and walking
• Suspicion about friends, 
family and professional 
caregivers 

(Shea et al. 2021) 
(Fowler et al. 
2021) 
(Mayeux and 
Stern 2012) 

Multiple 
sclerosis 

Usually affects the age 
group of 20–40 years old

• Loss of vision
• Fatigue
• Loss of balance
• Loss of bladder control
• Demyelinating lesions in 
the brain and the spinal cord
• Progressive disability 
leading to negatively impact 
on cognition as well as on 
daily social and physical 
activities 

(Momtazmanesh 
et al. 2021) 
(Naseri et al. 
2022) 
(Marin et al. 
2021) 

Parkinson’s 
disease 

Male and female above 
the age of 80 have higher 
chances of suffering from 
the disease

• Resting tremor
• Cogwheel rigidity
• Bradykinesia
• Postural instability
• Autonomic dysfunction 

(Hirsch et al. 
2016) 
(Postuma and 
Berg 2016) 
(Muangpaisan 
et al. 2011) 

Cerebral 
palsy 

Occurs before, during or 
shortly after birth

•Diminution in the gestures’ 
motor repertoire a drop in 
the frequency of regular 
motor patterns and a loss of 
movement quality
• Both moving and being 
motionless positions are 
challenging for the young 
child 

(McNamara et al. 
2021) 
(McMorris et al. 
2021) 

Autism 
spectrum 
disorder 

Age group of 8–11 has 
maximum occurrence

• Aggression
• Self-mutilation
• Crying
• Lack of eye contact
• Shouting
• Hyperactivity
• Involuntary imitation of 

(Hodges et al. 
2020) 
(Association 
2013)

https://www.michaeljfox.org/news/seven-misconceptions-about-living-parkinsons-disease
https://www.michaeljfox.org/news/seven-misconceptions-about-living-parkinsons-disease


other’s movement
• Impulsivity
• Improper social interaction
• Irritability
• Repetition of meaningless
words
• Delay of speech in a child
• Lack of cognition,
attention
• Depression
• Intense interest in a few
things
• Anxiety
• Lack of empathy
• Lack of sensitivity to
sound
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Disease name Prevalence Symptoms Reference 

Amyotrophic 
lateral 
sclerosis 

Age 55–75 is the most 
affected

• Muscle weakness usually 
affecting the arm, leg, neck 
and diaphragm, nasal and 
slurred speech, difficulty in 
chewing and swallowing
• Muscle cramps
• Stiff and tight muscles
• Muscle twitches 

(Amyotrophic 
Lateral Sclerosis 
(ALS) 2023) 

Myasthenia 
gravis 

Affects women more than 
men. Affects women 
under 40 and men above 
60 years of age

• Compromise in working of 
muscles responsible for 
eyelid movement, facial 
expression, talking, 
swallowing and chewing
• Ocular myasthenia.
• Ptosis
• Diplopia
• Dysarthria
• Weakness of hands, arms, 
fingers, neck, leg
• Respiratory failure (severe 
cases) 

(Nalbantoglu 
et al. 2021) 
(Hou et al. 2021) 
(Spillane et al. 
2014) 
(Li et al. 2013) 
(Myasthenia 
Gravis 2023) 

Strokes Affects at any age 
More prevalent below 
65 years of age

• Dizziness
• Loss of balance
• Lack of coordination
• Severe headache
• Sudden trouble in seeing
• Sudden trouble in walking
• Sudden trouble in speaking
• Weakness or numbness in 
one part/side of the body or 
the face, leg, arm 

(Mozaffarian 
et al. 2016) 
(Esmael et al. 
2021) 
(stroke facts | 
cdc.gov 2022)
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1.5 Different Neurological Disorders 

1.5.1 Autonomic Nervous System Disorders 

The autonomic nervous system (ANS) controls involuntary physiological activities 
including heart rate, blood pressure, digestion and breathing as well as sexual 
arousal, which is a part of the peripheral nervous system. It has three physically 
separate divisions: parasympathetic, sympathetic and enteric. Furthermore, it also 
plays a part in maintaining homeostasis (McCorry 2007). The rapid, immediate 
effects of the ANS on the body’s most diverse physiological functions, such as 
gland secretion and the activation of visceral smooth muscle in arterial beds. On the 
other hand, tubular organs, balance the slow-acting, long-lasting effects of the 
endocrine system (Waxenbaum et al. 2021). In both healthy and diseased 
individuals, the ANS dynamically regulates the heart. Autonomic nerve problems 
may be the primary cause of ANS dysfunction or other systemic diseases may be the 
secondary cause. Changes in the cardiac autonomic function that are both anatomical 
and functional may be facilitated by heart problems. These modifications may, in 
turn, aid in the development of arrhythmias or contribute to the disease’s progression 
(Vaseghi et al. 2017). The most well-known autonomic intervention connected to 
better results is a β-adrenergic inhibitor. Other methods, such as the cardiac sympa-
thetic denervation, have shown promising results in treating persistent ventricular 
arrhythmias (Vaseghi et al. 2017). The two causes of autonomic dysfunction are 
intrinsic and extrinsic. Intrinsic autonomic dysfunction is impacted by diseases like 
diabetes mellitus and other primary autonomic failures that directly affect the 
autonomic nerves. The onset of both peripheral and autonomic neuropathies is 
linked to diabetes mellitus. Due to its significant occurrence, diabetes is the main 
reason of primary autonomic dysfunction. In the pathological research, myelinated 
vagus nerve axons have been found to be lost or damaged (Guo et al. 1987; 
Kristensson et al. 1971). 

The presence of large nerve cells, vacuolization and neuroaxonal degeneration in 
the sympathetic nerves and ganglia has been questioned (Appenzeller and 
Richardson 1966; Schmidt 2002). In the study by Appenzeller and Richardson, 
anomalies were not found in the four patients without neuropathy and in four out 
of five patients having diabetes as well as neuropathy. In this research, people having 
diabetes mellitus and those who had a disease as well as peripheral neuropathy were 
found to have significant pathological alterations in their autonomic nerves 
(Appenzeller and Richardson 1966). It is probable that heterogeneous results are 
due to interplay or interaction amongst several pathways in the pathogenesis of the 
diabetic cardiac autonomic neuropathy which is done in vivo (Schmidt 2002; 
Schönauer et al. 2008; Vinik et al. 2003). The possible aberrant parasympathetic 
innervation of the heart is frequently the first indication of the cardiac autonomic 
neuropathy since the vagus nerve is the longest autonomic nerve in the body 
(Pop-Busui 2010). 

Various conditions, such as idiopathic orthostatic hypotension, pure autonomic 
failure, multiple system atrophy and PD with autonomic failure, are amongst the 
other possible primary disorders of the autonomic dysfunction. Orthostatic



hypotension and other symptoms combine to make up these diseases (Schatz et al. 
1996). The complicated syndrome known as postural orthostatic tachycardia syn-
drome has a significant autonomic component. Some of these disorders may have 
autoimmune origin which possibly targets the ganglionic receptors (specially the 
nicotinic acetylcholine receptors) (Vernino et al. 2000). 
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1.6 Brain Dysfunction and Infection 

1.6.1 Brain Dysfunction 

Numerous dysfunctions can result from brain damage. Such dysfunctions can affect 
one or more of the several distinct processes that contribute to conscious experience, 
ranging from impairment of one or more of these processes to total absence/loss of 
consciousness (like the one occurring in coma) to the disorientation as well as failure 
to pay attention (state of delirium) (Tindall 1990). Coma is characterized as a state of 
profound unconsciousness and unresponsiveness with the eyes closed. While it is 
possible for a coma to last a lifetime or even for a long time, it is often a temporary 
condition. The brain’s alerting and arousal mechanisms, awareness and conscious 
content are all impacted (Huff et al. 2012). Coma indicates brain dysfunction and 
may be caused by a metabolic process across the body or by a central nervous system 
process. The causes of coma can range from correctable metabolic irregularities to 
serious life-threatening mass lesions (Kadapatti and Iyer 2022). 

Coma is a consequence of bilateral supratentorial or diencephalic brainstem 
dysfunction. This classification, however, usually is not in practice. To take an 
example, unilateral hemisphere lesions have a mass impact that might result in 
diencephalic-mesencephalic dysfunction and contralateral hemispheric dysfunction. 
The classification of underlying causes is according to pragmatic use. Major 
categories under this are global anoxia-ischaemia, cerebrovascular disease 
(haemorrhagic/ischaemic), etc. (Sakusic and Rabinstein 2021). The recognized 
pathophysiology of a coma is neuronal dysfunction carried on by a decreased 
amount of glucose or oxygen reaching the brain. The most serious clinical conditions 
that might arise from a range of aetiologies that alter the underlying substrate are 
diffuse CNS dysfunction and coma. For instance, any clinical intervention that 
results in substantial hypoxia or circulatory collapse could be the cause of a coma 
(Kadapatti and Iyer 2022). 

In clinical practice, hypoglycaemia is a common occurrence, most usually in 
connection with the treatment of diabetes mellitus or as a side effect of alcoholism. 
Hyponatraemia and hypercalcaemia are two electrolyte disorders that might interfere 
with normal brain metabolism. Although the biology of various metabolic coma 
causes is unclear, it may involve erroneous neurotransmitters as in hepatic encepha-
lopathy (Kadapatti and Iyer 2022). Coma may result from structural CNS lesions, 
such as intracerebral haemorrhage, that directly harm the brain’s arousal centres or 
from secondary damage caused by the shifting of intracranial structures, vascular 
compression or elevated intracranial pressure. Clinically observable physical



screening characteristics known as herniation syndromes may be used to identify the 
anatomic site of a CNS lesion (Maramattom and Wijdicks 2005). 
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Even though many physicians rush to order tests when they encounter a patient in 
a coma, the most important information regarding the cause of the coma is frequently 
discovered through a thorough history and an expert medical examination (Edlow 
et al. 2014). The Glasgow Coma Scale, the FOUR score and other rating systems can 
be used to roughly quantify the recording of the neurologic examination. While 
effective for sequential patient monitoring, short rating scales do have some 
drawbacks. Therefore, these systems record the eye response, motor response and 
verbal response which ranges from the different scores (Stead et al. 2009; Sternbach 
2000). Treatment for all patients with altered mental status, point-of-care testing or 
empiric glucose administration is advised in order to determine the serum glucose 
level. Patients who exhibit symptoms of the narcotic toxidrome, such as reduced 
breathing rate, narrow pupils or changed mental status, should be given naloxone 
(Jordan and Morrisonponce 2022). Further testing is advised if a quickly reversible 
coma is not found. The main goal of the management strategy is to maintain the 
mean arterial pressure while maintaining the cerebral perfusion pressure. It is vital to 
continue providing supportive care while maintaining blood pressure and protecting 
the airways (Stevens et al. 2012). 

Another disease of brain dysfunction is delirium which is an extreme neuropsy-
chiatric syndrome described by acute occurrence of attentional as well as cognitive 
impairments. Frequently altered arousal is also experienced by a patient, ranging 
from hypervigilance and acute agitation to decreased responsiveness (at a near coma 
level). Additionally, one may have extremely distressing psychotic symptoms such 
as hallucinations as well as delusions and even mood swings (Wilson et al. 2020). 
Although delirium can have a single origin, it usually has several causes due to the 
interaction of predisposing and precipitating events. Lower magnitudes of 
precipitating factors are essential reasons for delirium the more heavily the 
predisposing elements are burdened (Inouye et al. 1990). There are four predisposing 
factors for delirium and five precipitating causes. These latter ones consist of 
malnutrition or poor nutritional status, the use of restrictions of any kind, the recent 
prescriptions of three or even more drugs and urinary bladder catheterization as well 
as other iatrogenic causes. Dementia or cognitive impairment, sensory deprivation 
and dehydration as well as the intensity of an acute illness are examples of the former 
(Inouye and Charpentier 1996). 

The epidemiology of delirium has been studied in a variety of treatment settings 
throughout the world. The incidence and the prevalence of delirium are affected by 
the population studied (elders, children, adults and mixed age groups), the estimation 
method (screening instrument, diagnostic instrument) and the treatment setting (ICU 
or intensive care units, medical/surgical wards and also postoperative patients as 
well as consultation-liaison psychiatry services) (Grover and Avasthi 2018). Delir-
ium is a psychiatric situation which necessitates precise detection and identification 
of the underlying cause as well as treatment of the symptoms. Delirium is a mental 
emergency that has to be precisely detected and its underlying cause found as well as 
its symptoms treated. This first and foremost requires a precise diagnosis. Since



suitable rating scales must be employed to assess the severity of the symptoms and 
subtypes of delirium, the diagnosis should be made using any accepted nosological 
system (Grover and Kate 2012). Identifying potential causes, addressing or 
eliminating the etiological variables and managing delirium symptoms by both 
pharmaceutical and non-pharmacological treatment are all necessary once a patient 
has been diagnosed with delirium (Grover and Avasthi 2018). 
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1.6.2 Brain Infection 

Any abnormalities, disorders or disease conditions in the brain have an impact on the 
entire body. The brain is prone to infections of the neurons or tissues as well as 
neurological diseases. Meningitis probably is the commonly found infectious dis-
ease that affects the CNS which results in inflammation of the brain’s meningeal 
membranes. The dura, arachnoid and pia mater are the three membranes, also called 
meninges, which cover the vertebral canal of the skull, which encloses the brain as 
well as the spinal cord. On the other hand, encephalitis is an infection of the brain 
(Flægstad 2020). The disease causation is due to many pathogens such as fungi, 
bacteria and viruses; however, bacterial meningitis (common bacteria like 
Haemophilus influenzae, Streptococcus pneumoniae and Neisseria meningitidis) is  
seen highly worldwide. In the year 2015, there were around 8.7 million meningitis 
cases observed to be reported worldwide, having 379,000 fatalities as a conse-
quence, despite advances in detection, treatment and vaccine (Flægstad 2020). 
Prior to the development of antibiotics, the condition was always fatal. 

However, despite enormous advancements in healthcare, the disease still has a 
death rate that is very close to 25% (Hersi et al. 2022). Meningitis risk factors include 
chronic medical problems (such as renal or kidney failure, adrenal insufficiency and 
diabetes mellitus as well as cystic fibrosis), old age and lack of immunization, as well 
as immuno-suppressed states (such as transplant recipients, iatrogenic, AIDS, con-
genital deficiencies and so on). Meningitis can manifest clinically in a number of 
ways, depending on the host’s age as well as immunological status. Symptoms 
frequently include fever and stiff/painful neck, as well as photophobia. Vomiting, 
headache, disorientation, dizziness, delirium and nausea as well as agitation are 
amongst the more general symptoms. Seizures, altered mental status and neurologic 
impairments are warning signs of elevated intracranial pressure and indicate a poor 
prognosis. In the neonates as well as infants, symptoms as well as signs are way less 
noticeable. Indeed, they may have a bulging fontanelle, reduced oral intake, altered 
state of mind or mental status, hypothermia or even fever and/or any combination of 
these. It is important to obtain information on vaccinations and the whole parental 
history. Meningitis can be prevented by vaccination against some of the most 
common causes, including measles, pneumococcus and varicella as well as 
Haemophilus influenzae type B (Hersi et al. 2022). 

In bacterial meningitis, antibiotics and supportive care play an important role. 
Additionally, managing the airways, maintaining oxygenation and providing fever 
control while giving adequate intravenous fluids are factors of the foundation of



meningitis management. The probable organism responsible for the infection 
determines the type of antibiotic to be used. The patient’s demographics and prior 
medical history must be taken into consideration by the clinician in order to offer the 
most effective antibacterial coverage (Hersi et al. 2022). 
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1.7 Cranial Nerve Disorders and Peripheral Nerve Disorders 

Our whole body is powered by nerves, yet those nerves may be harmed by trauma or 
diseases like diabetes. Our capacity to feel and move is impacted by the illness 
known as neuropathy, which damages the nerves. Depending on where in the body 
the injured nerves reside, different things might happen to our body and how we 
move. Cranial neuropathy is the term used to describe the condition of nerves in the 
brain or brainstem. The cranial nerves, which originate in your brain or brainstem, 
are those nerves that frequently have an impact on the face and eyes. Microvascular 
cranial nerve palsy, Bell’s palsy and third, fourth or sixth nerve palsies are a few of 
the several cranial neuropathies. When the face nerve (seventh cranial nerve) is 
damaged, Bell’s palsy develops. 

People with diabetes and those who have high blood pressure are more likely to 
experience it. The third cranial nerve is impacted by this disorder. This nerve aids in 
controlling the eye movement muscle. Fourth nerve paralysis is sometimes termed 
superior oblique palsy. It has an impact on the superior oblique muscle, which aids in 
eye convergence (to look at the tip of your nose). Sixth nerve paralysis is also known 
as abducens palsy or cranial nerve VI palsy. The sixth cranial nerve, which also aids 
in regulating eye movement, is impacted. A virus that results in swelling frequently 
causes Bell’s palsy. The facial nerve is under strain as a result. People with excessive 
blood pressure may develop microvascular cranial nerve palsy. Third nerve palsy 
can occasionally be present at birth. But an illness or a brain injury is also a potential 
cause. Third nerve palsy can also be caused by a condition that affects the brain, such 
as a brain tumour or aneurysm. Other factors include migraines and diabetes. A 
newborn is often born with fourth nerve palsy as a congenital birth condition. Fourth 
nerve palsy, however, can also result from a brain injury, stroke or malignancy. 
Infections, tumours, strokes, elevated brain pressure and even headaches can harm 
the sixth cranial nerve. (Multiple Cranial Neuropathies 2020). 

Now when we talk about peripheral nerve disorders, weakness or numbness and 
pain are usually the most common symptoms belonging to peripheral neuropathy 
that develops when the peripheral nerves, which are situated outside the brain or 
spinal cord, are destroyed or damaged. It can affect several physiological functions 
like digestion, urination and circulation. The remainder of your body receives 
information from our brain as well as spinal cord (central nervous system) through 
our PNS. Additionally, the CNS receives sensory data from the peripheral nerves. 
Infections, traumatic injuries, metabolic issues and genetic causes, as well as expo-
sure to various toxins, might be the potential reasons for peripheral neuropathy. 
Diabetes is one of the most typical causes. Patients with peripheral neuropathy



typically describe their pain as stabbing, tingling or even burning. Symptoms 
frequently improve, especially if they were caused by a treatable disease. 
Medications can be used to treat the pain of a peripheral neuropathy. The symptoms 
vary depending on the type of nerves injured since each nerve in your peripheral 
nervous system has a distinct purpose. According to their classification, sensory 
nerves that receive sensations from the skin, such as heat, pain, vibration or touch, 
muscular movement is controlled by motor neurons. 
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Autonomic nerves regulate bodily processes including sweating, heat rate, blood 
pressure and urination as well as digestion. Peripheral neuropathy symptoms and 
signs may include progressive start of tingling, numbness or even prickling in the 
hands/feet that may eventually move up legs and arms; throbbing, stabbing, sharp or 
scorching pain and a high threshold for touch. Signs and symptoms of autonomic 
nerve dysfunction include inability to control intestinal or excessive perspiration, 
heat sensitivity, bladder or bowel issues and drops in blood pressure that make 
people feel lightheaded or dizzy. Nerve damage known as peripheral neuropathy is 
caused by a variety of disorders. The medical disorders can result in peripheral 
neuropathy: autoimmune conditions, and these include lupus, rheumatoid arthritis, 
Guillain-Barre syndrome, chronic inflammatory demyelinating polyneuropathy and 
vasculitis as well as Sjogren’s disease. More than half of diabetics have been 
observed with some form of neuropathy. These include specific viral or bacterial 
illnesses, such as HIV, leprosy, hepatitis C or B, diphtheria, shingles, Epstein-Barr 
virus and Lyme disease, as well as hepatitis B and C inherited illnesses. 
Neuropathies that run in families include Charcot-Marie-Tooth disease and other 
conditions. Tumours on the nerves or near the nerves can form both cancerous 
(malignant) and non-cancerous (benign) growths. Additionally, some malignancies 
linked to the body’s immunological response can lead to polyneuropathy. These are 
a subtype of paraneoplastic syndrome, which is a degenerative bone marrow condi-
tion. These include monoclonal gammopathies, a rare illness called amyloidosis, 
lymphoma and a kind of bone cancer called myeloma. 

Additional reasons for neuropathies include alcoholism. Vitamin deficits can 
result from poor food choices made by alcoholics and toxins being exposed. 
Industrial chemicals, heavy metals like lead and mercury and medications are 
examples of toxic compounds. Peripheral neuropathy can be caused by some 
drugs, notably those used to treat cancer (chemotherapy) and a nerve injury or 
pressure. Peripheral nerves can be severed or damaged by injuries, such as those 
caused by car accidents, slips and falls or sports injuries. Nerve pressure can be 
caused by wearing a cast, using crutches or repeatedly performing an action like 
typing and deficits in vitamins. Niacin, vitamin E and B vitamins such as B1, B6 and 
B12, are essential for maintaining healthy nerves. Several risk factors for peripheral 
neuropathy include diabetes mellitus, particularly even if the blood sugar levels are 
inadequately managed, abuse of alcohol and vitamin deficits, especially those of the 
B vitamins. Infections such as human immunodeficiency virus, hepatitis B or C, 
Lyme disease and shingles as well as Epstein-Barr virus are all autoimmune illnesses 
where the body’s immune system assaults its own tissues (Peripheral Neuropathy– 
Symptoms and Causes–Mayo Clinic 2022).
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1.8 Cranio-Cervical Junction Disorders 

The cranio-cervical junction, a complicated region where the skull and upper 
cervical spine converge, is the site of several spinal diseases. The area of the 
cranio-cervical junction, near the base of the brainstem, is where the brain and spinal 
cord are connected. Disorders of the cranio-cervical junction can weaken the spine 
and harm the nervous system. An issue with the cranio-cervical junction may cause 
neck discomfort, headaches, balance issues, voice changes, difficulty swallowing, 
respiratory troubles or sleep apnoea, articulation difficulties due to motor speech 
impairments, spinal cord compression, spasticity, twisted or rotated neck and other 
symptoms. The tops of the vertebrae shift upward, which causes the skull’s hole 
where the spinal cord and brain meet to close and perhaps put pressure on the 
brainstem. Segmentation faults are a condition when the vertebrae are out of place. 
Hypoplasia syndrome entails congenital fusions and the lack of some spinal 
segments. Anomalies in growth and development, achondroplastic stenosis, osteo-
genesis imperfecta and renal rickets are some of the diseases that affect development. 
Platybasia, i.e. flattening of the occipital bone at the base of the skull, causes this 
disorder. When the brain tissue collapses into a wide hole, it results in a Chiari 
malformation. Spina bifida and encephalocele disorders are caused by the spinal 
cord’s or its coverings’ inadequate development (Craniocervical Junction Disorders | 
Children’s Healthcare of Atlanta 2022). 

1.9 Headaches, Meningitis, Delirium and Dementia 

1.9.1 Headache 

Pain in any part of the head, which includes the face, scalp and upper neck and inside 
the head, is referred to as a headache. One of the most frequent causes of doctor visits 
is headaches. Some people suffers with headaches oftenly. These are two categories 
of headaches: primary headaches, and secondary headaches. Primary headache 
conditions include migraine, cluster headache, and various trigeminal autonomic 
cephalalgia such as hemicrania continua, chronic paroxysmal hemicrania and short-
lasting unilateral neuralgiform headache along with conjunctival injection and tears. 
Secondary headaches may be caused by conditions affecting the eyes, brain, throat, 
nose, teeth, ears, jaws, throat or neck, as well as by conditions that affect the entire 
body (systemic). Primary headaches have two main reasons that are frequently 
encountered: tension-type (most common overall) and migraine. Less frequent 
reasons include cluster headaches, and a less frequent main headache condition or 
one of the several secondary headache disorders is less frequently the cause of 
headaches. Few of the secondary headache conditions, especially those affecting 
the human brain, such as meningitis, bleeding or a brain tumour inside the brain, are 
dangerous (intracerebral haemorrhage). The reason of the headache determines how 
to treat it. Acetaminophen or a nonsteroidal anti-inflammatory drug (NSAID) can be



utilized to treat tension headaches or headaches that come with a small viral illness 
(Silberstein 2023). 
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1.9.2 Delirium and Dementia 

The common frequent reason for mental (cognitive) dysfunction (the failure or the 
inability to learn, remember and apply information normally) are dementia as well as 
delirium. Both disorders are quite harmful and may or may not coexists. Although, 
both disorders are quite different. Usually Dilirium starts off abruptly, alters mental 
state/function and are usually reversible, whereas dementia develops incrementally, 
advances slowly and are irreversible. Additionally, there are two conditions that 
have various effects on mental function: Mainly, attention is impacted by delirium. 
Memory is significantly impacted by dementia. Although delirium and dementia can 
strike anybody at any age, they are significantly more prevalent in older individuals 
due to changes in the brain caused by aging. One such example of dementia is AD; 
deterioration of the brain tissue is the primary cause of the AD-related gradual loss of 
mental function, which includes the death or loss of several nerve cells, usual build-
up of an aberrant protein of beta-amyloid and the emergence of neurofibrillary 
tangles. Another example is chronic traumatic encephalopathy, which generally 
affects athletes but can also affect troops who have been exposed to explosions 
and is a gradual degradation of brain cells caused by various head injuries. Lewy 
bodies are formed in the nerve cells because of the progressive loss of the mental 
function which characterizes dementia with Lewy bodies. Dementia caused by 
Parkinson’s disease is characterized by Lewy bodies developing in the brains of 
those who have the condition. Though some of these disorders cannot be 
treated completely but controlled upto some extent. Therefore, much emphasis is 
required to research about more forms of dementia as well as delirium related 
disorders (Huang 2023a, b, c, d). 

1.9.3 Meningitis 

Meningitis is an inflammation of the fluid-filled area in-between the meninges as 
well as the layers of tissues which surround the human brain as well as the spinal 
cord (subarachnoid space). Meningitis can be caused by bacteria, viruses, or fungi, 
as well as by illnesses other than infections and medications. Fever, headaches, and a 
stiff neck which makes dropping the chin towards the chest difficult or nearly 
impossible are all signs of the meningitis. It is notable that infants may not develop 
a stiff neck, but the end symptoms may usually vary amongst the extremely elderly 
as well as in those who use immunosuppressive medications. To collect a sample of 
the cerebrospinal fluid for conducting an experiment, a technique is performed 
known as, spinal tap. Drugs to alleviate symptoms are also used in the treatment 
of meningitis, which is dependent on the aetiology (for instance, antibiotics for 
bacterial meningitis). Different kinds of meningitis may result in various symptoms.



Furthermore, the severity and rate of onset of the symptoms vary. However, they all 
lead to the following: a very tight neck that makes it difficult or impossible to drop 
the chin towards the chest and headache/fever. Meningitis treatment is based on the 
underlying cause. Antimicrobial medications (like antiviral, antibiotic or even anti-
fungal medications) are given as necessary if meningitis is caused by an infection. 
Since bacterial meningitis advances quickly and is life threatening. Therefore, 
antibiotices and corticosteroids may also be administered to patients to minimize 
brain swelling (Greenlee 2023). 
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1.9.4 Prion Disease 

Prion disease is a very uncommon neurological condition. It is lethal to both humans 
and animals, in humans various kinds of prion disease occur like Creutzfeldt-Jakob 
disease (CJD), variant Creutzfeldt-Jakob disease (vCJD), Gerstmann-Straussler-
Scheinker syndrome, fatal familial insomnia and kuru. In animals bovine 
spongiform encephalopathy (BSE), chronic wasting disease (CWD), scrapie, trans-
missible mink encephalopathy, feline spongiform encephalopathy and ungulate 
spongiform encephalopathy (CDC Works 24/7 2023) are common prion diseases. 
It is a series of illnesses caused by an irregularly shaped host protein known as a 
prion, specifically the misfolding of the PrP protein of the prion family. The 
condition can be:

• Sporadic—misfolded PrP appears without a known reason. Patients are sporadic 
in 80% to 95% of cases like Creutzfeldt-Jakob disease.

• Genetic—usually caused by a mutation in PrP-coding gene. About 10% to 15% 
are inherited cases (typically from a family member) like Creutzfeldt-Jakob 
disease, Gerstmann-Straussler-Scheinker syndrome and fatal familial insomnia.

• Acquired—less than 1% that are acquired due to contaminated blood and medical 
equipment like kuru, variant Jakob-Creutzfeldt disease and iatro-
genic Creutzfeldt-Jakob disease (Geschwind 2015; Seladi-Schulman 2022). 

In the 1920s, the first case of human prion disease was discovered. Human prion 
disorders affect most of the developed world, with 1 to 1.5 cases per million people 
per year (Geschwind 2015). Misfolded PrP accumulates in the brain tissue, forming 
a sponge-like structure under a microscope. It is also known as spongiform 
encephalopathies or TSEs (Prion Diseases 2019). This build-up causes memory 
loss, personality changes, hallucinations, immobility, weariness and other 
symptoms. A biopsy of the brain tissue can be used to diagnose it. Prion disease 
cannot be cured; however, it can be slowed down by medicine (Prion Diseases 
2021).
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1.9.5 Sleep Disorder 

Sleep disorders, usually referred to as sleep-wake disorders, are issues with sleep 
amount, quality and timing that can cause daytime sleepiness and other symptoms. 
The National Sleep Foundation recommends that adults get between 7 and 9 h of 
sleep per night. Sleepiness disrupts brain functions, which can lead to personality 
changes, sadness and memory loss in people of all ages as well as learning 
disabilities in children. Physical, medical, neurological and environmental factors, 
working the night shift, drugs, heredity and ageing are the main reasons for sleep 
disturbances. About 80 different types of sleep problems exist. The following 
stands out: 

(a) Insomnia: People with insomnia have trouble getting to sleep or staying asleep. 
Both chronic and acute insomnia exist. Stress can induce acute insomnia, which 
can last anywhere from one night to a few weeks, but chronic insomnia, which 
affects at least three nights per week for at least 3 months or more, is caused by 
depression and ongoing stress. Amongst individuals who reported having sleep 
issues, 97% indicated that they were depressed and 59% said it significantly 
affected their quality of life (Nutt et al. 2008). 

(b) Chronic Sleep Apnoea: When a person’s breathing is disrupted while they are 
asleep, they are at risk of developing the potentially deadly sleep disorder 
known as sleep apnoea. It might be both obstructive and central. Obstructive 
apnoea occurs when the throat’s soft tissue at the back tightens or constricts, 
when a person is sleeping which frequently blocks the airway. Central does not 
have a blockage in the airway, however the brain is unable to signal the body for 
breath. 

(c) Restless Leg Syndrome: Restless leg syndrome is a neurological disorder that 
causes inability to fall and remain asleep due to an irrepressible impulse to 
twitch the legs. Issues with daytime tiredness, irritability and attention may be 
related to it. 

(d) Narcolepsy: Narcolepsy is a kind of neurological disorder which potentially 
affects how well the body regulates sleep as well as wakefulness. There are 
uncontrollable episodes, excessive daytime sleepiness and sporadic episodes of 
daytime sleepiness. (Common Sleep Disorders: Symptoms, Causes, and Treat-
ment 2020). 

(e) Additional Sleep Disorders: Slow eye movement disorders of sleep arousal, 
nightmares, hypersomnolence, circadian rhythm sleep-wake disturbances and 
rapid eye movement sleep behaviour (What Are Sleep Disorders? 2020). 

1.9.6 Spinal Cord Disorder 

Ailments that damage and erode the spinal cord or adjacent tissues and bones are 
referred to as spinal cord diseases. One could lose mobility or function in various 
bodily areas depending on the degree of the injury. Spinal cord disorder symptoms



are limb weakness or paralysis, loss of touch, alterations in reflexes, loss of bowel or 
bladder control, spontaneous muscle contractions and backache. Surgery, medicine 
and physical therapy are all available forms of treatment. Disorders of the spinal cord 
frequently result from causes outside the cord, including the following: 
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(a) Compression because of spinal stenosis. 
(b) Problem of herniated or rubbery disc. 
(c) Tumour. 
(d) Abscess (collection of pus with great pain). 
(e) Haematoma (blood collection but outside blood vessel). 

Less often than other types of disorders, cord-specific disorders occur. Infarction 
of the spinal cord, haemorrhage, transverse myelitis, poliovirus infection, HIV 
infection, infection caused by West Nile, syphilis (that can result in tabes dorsalis), 
vitamin B12 insufficiency and trauma are only a few examples of intrinsic illnesses. 

1.9.7 Stroke and Tumour 

Stroke usually happens when the artery leading to our brain narrows or bursts, killing 
a portion of the brain tissue (cerebral infarction) and causing symptoms to appear 
quickly. Most strokes are ischaemic (often caused by arterial blockage), but others 
are usually haemorrhagic (results because of rupture of an artery). Like ischaemic 
strokes, transient ischaemic episodes have symptoms which usually go away in an 
hour, but there is no permanent brain damage. Symptoms that arise suddenly include 
muscle weakness paralysis or altered or lost feelings on one side of the body, trouble 
in speaking, disorientation, vision problems, dizziness, loss of balance as well as 
coordination and even in certain cases haemorrhagic strokes and a sudden, severe 
headache. Imaging and blood tests are also performed; however, symptoms are the 
major basis for diagnosis. The extent and location of brain injury, the patient’s age 
and the existence of other illnesses are only a few of the variables that influence 
recovery after a stroke. Strokes can be avoided by controlling higher blood pressure 
or cholesterol and excessive blood sugar as well as quitting smoking. Treatment 
options include surgery to remove a clot, different treatments to address blocked or 
restricted arteries and medications to reduce the likelihood of blood clotting or break 
up existing clots such as angioplasty (Chong 2023a, b, c). 

Any abnormal development, whether cancerous or benign, is referred to as a 
tumour. The effects of a non-cancerous tumour are minimal or non-existent in many 
areas of the body. However, because the structures that shelter the brain as well as 
the spinal cord, i.e. the skull as well as the spine, cannot enlarge to accommodate any 
development in their contents, any growth or mass in the brain or the spinal cord. 
Probably a brain or a spinal cord tumour can be extremely harmful. Nerve tissue in 
the brain or spinal cord can give rise to tumours, whether they are malignant or 
benign. From other parts of the body, cancerous tumours can spread (metastasize) to 
the brain or spinal cord. Even when there is no proof that the nerve tissue has been



invaded, some tumours that are in other parts of the body can nonetheless generate 
symptoms of nervous system failure. 
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Paraneoplastic syndromes are the name given to these conditions. The most 
prevalent paraneoplastic disorders include muscular weakness, numbness and tin-
gling because of peripheral nerve damage (polyneuropathy). Seizures, incoordina-
tion, double vision, aberrant eye movements and psychosis (which may include 
delusions, hallucinations and unusual behaviours) are all symptoms of more severe 
paraneoplastic disorders. Even when the tumour is stable, these symptoms might be 
lethal. In these situations, therapy entails eliminating blood antibodies that might 
result in the paraneoplastic syndrome (plasmapheresis). But removing the tumour is 
the best course of action. Surgery, radiation treatment, chemotherapy or—most 
frequently—a combination of these approaches can be used to treat nervous system 
tumours. Despite all attempts to avoid it, radiation treatment occasionally causes 
harm to the neurological system. Because chemotherapy might impact brain func-
tion, clinicians carefully choose chemotherapy medications to prevent unintended 
side effects (Goldman 2023). 

1.10 Diagnosis of the Brain, Spinal Cord and Nerve Disorders 

A diagnosis that is inferred from the medical history and neurologic examination 
may require diagnostic tests to be confirmed. 

Electroencephalography: The electrical activity of the brain is captured as wave 
patterns through an easy, painless process called electroencephalography (EEG), 
which is then written on a paper or can be stored in a computer. EEG can assist in 
determining the following, such as: 

(a) Various disorders of seizures. 
(b) Disruptions in sleep. 
(c) Certain brain structural or metabolic conditions. 

EEG, for instance, can assist in locating the source of a seizure and revealing 
abnormalities in electrical activity linked to disorientation, which may be caused by 
diseases like liver failure (liver encephalopathy) or medications. An examiner 
applies tiny, circular adhesive sensors (electrodes) to the subject’s scalp as part of 
the operation. The electrodes are wired up to a device that creates a record or tracing 
of the minute voltage alterations that each electrode detects. The electroencephalo-
gram consists of these tracings (the EEG). 

Even when the first EEG is normal and a seizure disorder is suspected, a second 
EEG is performed after employing a technique that increases the likelihood of 
seizure activity. For example, the patient may be made to experience sleep depriva-
tion, may be encouraged to breathe rapidly and deeply (hyperventilate) or may 
exposed to a flashing light (stroboscope). Sometimes when patients are being 
observed in a hospital via a video camera, the brain’s electrical activity is recorded 
for 24 h or even more (for instance, when a behaviour that mimics a seizure is



challenging to separate from a mental disease). This technique is known as EEG. 
When a seizure-like behaviour is captured by the camera, the physicians can assess if 
it is a seizure or whether the brain activity is normal and then suggests a psychiatric 
condition by looking or observing at the EEG at the same instant. 
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1.10.1 Electromyography 

A tiny needle is placed into a muscle during electromyography (EMG) to capture the 
muscle’s electrical activity both at rest and during contraction. Normally, electrical 
activity in resting muscle is absent. Electrical activity is generated by even a little 
contraction, and it grows as the contraction gets stronger. The electromyogram is the 
name given to the EMG record. It is abnormal if muscle weakness results from a 
problem with a spinal nerve root, a peripheral nerve, a muscle or a neuromuscular 
junction. Based on the patient’s symptoms, the examination and electromyography 
findings, each type of issue has a specific pattern of anomalies that may be 
recognized. In contrast to CT and EEG, which may be performed often by 
technicians, EMG calls for a neurologist’s competence since they must choose the 
proper nerves and muscles to test and interpret the data. 

1.10.2 Nerve Conduction Studies 

The rate upon which the motor or the sensory nerves transmit impulses is measured 
by nerve conduction experiments. An impulse is stimulated along the nerve being 
tested by a little electrical current. Several electrodes positioned on the skin’s surface 
or numerous needles put along the nerve’s course can both give electricity. The 
muscle contracts as the impulse travels along the nerve and ultimately reaches 
it. Physicians can determine the speed or responsiveness of nerve transmission by 
monitoring the time it takes for the nerve impulse to reach the target muscle as well 
as the distance from the impulse to reach the muscle and the distance from the 
stimulating electrode or needle to the muscle. A single or several stimulations of the 
nerve are possible (to determine how well the neuromuscular junction is function-
ing). For instance, a single nerve condition like carpal tunnel syndrome may be the 
root of delayed nerve conduction (painful compression of a nerve in the wrist). 
Alternately, the issue might be caused by a polyneuropathy, a condition that destroys 
nerves all over the body, starting with those in the feet. After repeated stimulation, if 
the muscle’s reaction becomes gradually weaker, there may be an issue at the 
neuromuscular junction (as in myasthenia gravis). 

1.10.3 Evoked Responses and Imaging Tests 

For this exam, medical professionals utilize stimuli for sight, hearing and touch to 
trigger brain regions and elicit reactions. The reaction that the stimuli trigger is



discovered via EEG. Doctors can determine how effectively those brain regions are 
functioning based on these answers. For instance, a flashing light can excite the 
retina of the eye and the optic nerve as well as the nerve pathway to the back of the 
brain, where vision is received and processed or interpreted. Evoked reactions are 
particularly helpful for assessing how effectively a child’s or infant’s senses are 
working. For instance, by making a clicking sound at each ear and listening for a 
reaction, clinicians can assess a baby’s hearing. Evoked responses are also helpful in 
determining how the optic nerve, brainstem and spinal cord are affected by multiple 
sclerosis and other diseases. MRI may or may not be able to find these effects. The 
imaging tests are often used to identify neurological (nervous system) disorders; they 
are magnetic resonance imaging (MRI), positron emission tomography, angiogra-
phy, Doppler ultrasonography and computed tomography (CT). 
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1.10.4 Myelography 

In myelography, a radiopaque contrast agent is given via a spinal tap into the 
subarachnoid space before x-ray images of the spinal cord are obtained. MRI has 
essentially supplanted myelography since it is quicker and safer and typically 
generates more detailed pictures. When MRI cannot give the necessary level of 
information of the spinal cord and surrounding bone, myelography using CT is 
employed. When MRI is unavailable or cannot be performed safely, myelography 
with CT is also employed (if someone has a cardiac pacemaker, for instance). 

1.10.5 Spinal Tap 

Between the tissue layers (meninges) which surround the brain as well as the spinal 
cord, cerebrospinal fluid travels via a passageway called the subarachnoid space. The 
fluid that surrounds the brain as well as the spinal cord guards them against slight 
trauma and rapid shock. A spinal tap also called as lumbar punctures involves the 
removal of a cerebrospinal fluid along with a needle and sending it to a lab for 
analysis. Tumours, infections and even bleeding in the brain as well as the spinal 
cord are looked for in the cerebrospinal fluid. The cerebrospinal fluid, which 
typically includes few red and white blood cells and is clear and colourless, may 
vary in composition and appearance because of certain illnesses. For instance, the 
subsequent data points to specific disorders are as follows: 

– The presence of more white blood cells in cerebrospinal fluid is basically a sign 
that the brain or spinal cord may be infected or inflamed. 

– Cloudy fluid, which is caused by the presence of many white blood cells, may 
indicate encephalitis or meningitis and an inflammation as well as infection of the 
tissues surrounding the spinal cord as well as the brain (infection and inflamma-
tion of the brain).
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– Any lesion to the spinal nerve root, the brain or the spinal cord might cause rise of 
protein levels in the fluid (the part of a spinal nerve next to the spinal cord). 

– Multiple sclerosis or an infection is suggested by abnormal antibodies found in 
the fluid. 

– Fall of sugar or glucose levels may signal malignancy or even meningitis. 
– Blood present in the fluid may be a sign of a brain haemorrhage, such as when an 

aneurysm, a round swelling or a bulge present in a weak artery in the brain bursts 
or ruptures. 

– Many diseases, including meningitis and brain tumours, can cause a rise in the 
fluid’s pressure. 

Other tests include biopsy of the skin, muscle and nerves and 
echoencephalography which utilizes ultrasound images to generate image of the 
brain as well as genetic testing (Neurological Diagnostic Tests and Procedures 2020; 
Levin 2023). 

1.11 Treatment of Neurological Disorders 

The field of neuroscience medicine includes neuroradiology. Problems with the 
neurological system are the primary focus of the treatment. In interventional neuro-
radiology, tiny, flexible tubes also known as catheters are inserted into the blood 
arteries supplying the brain. Hence, this makes it possible for the physician to treat 
blood vessel conditions like stroke which can have an impact on the neurological 
system of the body. The following are examples of interventions used in interven-
tional neuroradiology: 

(a) Balloon angioplasty as well as stenting of carotid or vertebral arteries. 
(b) Endovascular embolization and coiling to treat cerebral aneurysms. 
(c) Intra-arterial therapy (for stroke). 
(d) Myelography, a technique for photographing the spinal structures. 
(e) Brain and spine radiation oncology. 
(f) Soft tissue needle biopsies. 
(g) Kyphoplasty and vertebroplasty for treating vertebral fractures. 

For the treatment of issues with the brain and its supporting structures, open or 
conventional neurosurgery may be required. This type of invasive surgery calls for 
the creation of a craniotomy or opening in the skull. Using a microscope and tiny, 
precise equipment, the surgeon may perform microsurgery on very minute brain 
regions. Some forms of nervous system problems may need stereotactic radiosur-
gery. Other methods of treating diseases or abnormalities of the nervous system, 
perhaps administered via a drug pump, and medications (as those prescribed to 
persons who experience acute muscular spasms) include:
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(a) Spinal cord stimulation. 
(b) Deep brain stimulation. 
(c) Physical treatment as well as rehabilitation after a stroke or brain damage. 
(d) Spinal surgery (Neurosciences: MedlinePlus Medical Encyclopedia 2023). 

1.12 Conclusion 

Neurological disorders pose a great challenge towards the society as it plays with the 
functional activity of brain. Now a days, significant part of populations are affected 
with these neurological complications. These complications are the result of 
impairements in the nervous system including the brain, spinal cord and the nerves. 
Some complications are easily curable while some are controlled under proper 
medications only. Furthermore, some complications are getting worst with the 
time. The research is needed to maintain a better condition with minimum side 
effects. In order to have promising treatments, we need to understand the nature of 
such complications and disorders. It’s also remarkable to see that though many 
developments have been made, biggest achievements like the deep brain stimulation 
are still needed. Possible therapeutic agents can be searched for neurodegenerative 
disorders in interdisciplinary science such as stem cells technology and their derived 
factors like exosomes, virology, immunology, biotechnology and nanotechnology. 
Further research for personalized therapies and testing regimens can also solve the 
issue of such disorders. 
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Abstract 

Neurodegenerative disorders are rare hereditary disorders, which lead to the 
gradual deterioration of neural function in specific regions of the central nervous 
system. Neurodegenerative disorders are commonly depicted by the aggregation 
of extracellular and intracellular protein misfolds and neuronal degeneration in 
the selective areas of the nervous system. The misfolded proteins in neurodegen-
erative diseases possess unusual conformational effects, and the interaction 
between toxic proteins may escalate in different regions in the central nervous 
system, thereby causing degeneration of neurons. There are multiple pieces of 
evidence that specify substantial interaction between amyloidosis, tauopathies,
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synucleinopathies, and unusual protein aggregation of other disorders. The esca-
lation of protein aggregates worsens over time due to abnormal functioning of 
intracellular mechanisms, leading to the inappropriate and unusual supplies of the 
essential factors and the mislaid interaction between the neurons. The molecular 
mechanism involves the dispersion and the transmission between the misfolded 
pathogenic proteins and the impact of the neuronal cells on the configuration and 
the effects of abnormal inclusions. In this regard, this chapter aims to highlight the 
mechanisms involved in neurodegenerative diseases, misfolding of proteins, the 
role of proteostasis, involvement of chaperones, and the association of ubiquitin-
proteasome system and to emphasize the oxidative stress involvement and mito-
chondrial deficit in the progression of the diseases and the alternative splicing 
events in the neurodegenerative disorders.
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2.1 Introduction 

Neurodegenerative disorders (NDs) can be extensively characterized by their clinical 
manifestations, with cognitive and movement disorders, which affect millions of 
populations globally. These diseases are linked with the progressive neural disinte-
gration in the different regions of the brain. Their pathogenesis includes intermittent 
aggregation and deposition of specific protein moieties in different areas of the brain 
as extracellular accumulations or intracellular inclusions. However, the NDs allocate 
several other cellular processes linked with the progressive neuronal damage and 
eventually the death of neurons, which include oxidative stress, mitochondrial 
impairment, apoptosis, proteotoxic stress, neuroinflammation, and irregularities in 
the ubiquitin-proteasomal system. The most common NDs are Alzheimer’s disease 
(AD) and Parkinson’s disease (PD), which widely affect the elderly population of the 
world. The unusual protein configuration and their dispersal in the neuronal cells 
comprise the key events of pathological structures in these disorders such as 
α-synuclein (α-syn) in Lewy bodies, Tau in neurofibrillary tangles, and Aβ (amy-
loid-β) in senile plaques. 

The abnormal aggregations of α-syn, Tau, and amyloid-β are comprised of 
cellular components and intrinsic neuronal proteins and vary in different diseases 
like Aβ and Tau aggregates in AD and abnormal α-syn protein moiety in 
PD. Multiple pieces of evidence have documented the toxicity produced by these 
abnormal protein aggregates in the different regions of the brain and examined the 
molecular mechanism intricated in the neuronal degeneration and impairment 
(Clavaguera et al. 2014; Laferriere et al. 2019). Also, the critical function of 
misfolded protein has been emphasized in the progression and pathogenesis of 
NDs. The dispersal of misfolded proteins in unhealthy individuals observes



stereotypical configurations (Braak and Braak 1991; Braak et al. 2003), which 
describes the alterations in the susceptibility of neurons in the CNS (Surmeier 
et al. 2017). Over the years, several studies have presented that the protein intricated 
in the pathogenesis of different NDs experiences communication between the cells 
by using various cellular and animal models. Following communication, the 
misfolded proteins perform as templates to prompt typical correlative proteins to 
dysregulate in the recipient cell, triggering the augmentation of the misfolded protein 
moiety configuration (Guo et al. 2016; Luk et al. 2012; Volpicelli-Daley et al. 2011). 
Therefore, the intracellular communication and augmentation of these misfolded 
proteins could play an instrumental role in the distribution of abnormal proteins in 
the CNS. Besides, several studies have observed the complexity of the abnormal 
protein lesions and the mechanisms involved that could inflect the communication 
between the neurons. The aim of this chapter is to abridge the mechanistic approach 
associated with the progression of NDs. 
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2.2 Mechanisms Involved in ND Progression 

The mechanisms associated with the progression of NDs are multiple factors includ-
ing external, genetic, and endogenous influences and are categorized based on their 
known genetic markers or their protein accumulation. Irregular protein interactions 
and conformations leading to the toxic extracellular and intracellular accumulations 
of misformed proteins including the generation of insoluble fibrils are pathological 
features of several NDs. Irregular communications between the proteins and the 
afflictions generated from them cause neuronal impairment and eventually the death 
of neurons (Palop et al. 2006; Seeley et al. 2009). The unusual communication 
progressively translates the normal proteins into insoluble fibrils along with the 
aggregates of irregular forms (Ecroyd and Carver 2008). 

The toxicity of the elements generated during early events is considered to be 
reliable for the production of protein aggregates and their association with the NDs 
(Israeli and Sharon 2009; Selkoe 2008; Soto and Estrada 2008). In toxic oligomeri-
zation, domain antibody alone could identify a conformational antigenic detriment 
that is presented by proteins linked with several dysfunctions such as α-syn, 
β-amyloid, Tau protein, etc. (Aguzzi et al. 2008; Lafaye et al. 2009; Moore et al. 
2009; Williams and Paulson 2008). In AD, soluble Aβ peptides are upregulated in 
plasma and brain tissues, and their varied concentrations are associated with cogni-
tive impairment (Xia et al. 2009; Tomic et al. 2009). Several pieces of observation 
support the existence of diverse forms of Aβ42, in which some strains may generate 
toxicity and some aggregate into oligomers without conforming to toxic 
configurations (Harmeier  et  al.  2009). The amyloid precursor protein (APP)-like 
protein-1 (APLP1) has been anticipated as a viable arbitrator of Aβ-incited synaptic 
impairment (Lauren et al. 2009). The Aβ peptides function as an indispensable 
component in the synchronization of the liberation of synapse vesicle, which 
indicates its principal pathological role in leading to the loss of synapse formation 
in AD (Abramov et al. 2009). The APLP1 is a dominant marker receptor for Aβ toxic



oligomer, which is mostly present on the cell surface, making up heterodimers with 
APP protein (Nygaard and Strittmatter 2009). These proteins conceivably affect the 
presynaptic and postsynaptic area, the transmission of synapses, and the agitation of 
APP synaptic binding action which may eventually lead to synaptic impairment and 
AD pathology (Nimmrich and Ebert 2009; Hoe et al. 2009). 
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The Tau proteins are responsible for providing microtubule network stability, 
assembly, and support for the axonal transport as well as synaptic activity. The 
oxidation, ubiquitination, and glycosylation processes modify the Tau protein 
posttranslationally (Goedert et al. 2006). The Tau protein is unable to bind the 
microtubules when it is hyperphosphorylated, which breaks the consistency of 
microtubules. The pathological elements of AD trigger multiple protein kinases 
that cleave the Tau protein in distinct regions, which in turn initiates the generation 
of Tau-specific fragments (Arnaud et al. 2006). The Tau protein fragments could 
present an enhanced inclination for self-association prior to the production of 
exposed aggregates. Thus, the cells become deficient to clear the oligomers effec-
tively, which diminishes the neuronal function. Consequently, the stability between 
the clearance and processing of Tau protein is important to maintain the appropriate 
Tau levels. It is documented that Tau oligomeric forms are toxic, and its aggregates 
disperse via cellular transmission of abnormal proteins (Frost and Jacks 2009; Ren 
et al. 2009; Clavaguera et al. 2009). 

The α-syn accretion is central to several disorders including PD. The assemblage 
of α-syn into soluble oligomers might lead to the generation of indecipherable 
aggregates that play a vital part in the degeneration of neurons in PD (Kazantsev 
and Kolchinsky 2008). The α-syn protein is much more susceptible to misfolding 
and contributes to the death of neurons (Uversky 2007). The protein aggregation, 
processing, and toxicity are potentially affected by cathepsin D, a lysosomal prote-
ase, and α-syn has been found to be intricated in the phosphorylation of Tau by 
glycogen synthase kinase 3β in PD models (Cullen et al. 2009; Duka et al. 2009). In 
relation to dementia brains with Lewy body subjects, the enhanced extents of α-syn 
oligomers were identified (Paleologou et al. 2009). Induction of α-syn oligomeriza-
tion might cause the dispersion of its pathogenicity and contribute to the Lewy body 
generation (Danzer et al. 2009; Luk et al. 2009), and the transmission of α-syn 
aggregates between the cells through endocytosis triggers nuclear disintegration and 
the stimulation of caspase-3 (Desplats et al. 2009). 

2.3 Protein Aggregation as a Primary Disease-Initiating Event 

2.3.1 Alzheimer’s Disease 

AD is a neurodegenerative disorder manifested by the progressive loss in memory, 
diminished execution of tasks, low speech, and difficulty with naming objects. 
Several adverse internal and external factors lead to neural damage in the hippocam-
pal region and in the basal forebrain of the CNS, which triggers inaccurate neuronal



connections and synaptic impairment (Selkoe 2002; Hardy and Selkoe 2002). Two 
major protein aggregates are associated with AD pathogenesis, including extracellu-
lar amyloid deposits and intracellular tangles. The primary element of amyloid 
plaques is the Aβ peptide, which is produced through proteolytic APP processing, 
and the neurofibrillary tangles are produced by the Tau protein 
hyperphosphorylation. The proteolytic cleavage could play a crucial part in neuro-
degenerative conditions including AD, in which the formation of Aβ peptide is 
carried by the biochemical activity of β-secretase and γ-secretase (Esler and Wolfe 
2001; Citron 2002). In contrast, the α-secretase and γ-secretase cleave the APP 
protein, which possesses less tendency to aggregate while in intact form. 
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2.3.2 Parkinson’s Disease 

PD is another neurodegenerative disease in which the dopaminergic neurons in the 
substantia nigra get degenerated, leading to resting tremors, postural instability, 
rigidity, and bradykinesia. There are multiple genetic markers involved in the 
progression of the disease, but the main causative agent includes α-syn expressed 
in the presynaptic region of neurons. The genetic mutations in several genes could 
trigger the early onset of the disease, like α-syn gene point mutation that led to 
autosomal dominant PD, whereas the mutations in PINK1 or DJ-1 genes cause 
recessive early-onset PD (Valente et al. 2004). Lewy bodies are the detrimental 
elements of adult-onset PD existing in the cytoplasm of neurons, which are densely 
occurring in the substantia nigra but are also seen in other areas of the brain. The 
principal component of Lewy bodies is accumulated α-syn protein. 

2.4 Protein Misfolding 

2.4.1 Alzheimer’s Disease 

Generally, in abnormal conditions, the toxicity of proteins occurs following their 
switch from α-helix state to β-sheet confirmation. The β-sheet configuration is 
existing in various innate proteins, and the shifting from one state of α-helix to 
β-sheet conformation is the distinctive hallmark of amyloid accumulation 
(Kirkitadze et al. 2001). The occurrence of this transition is mostly linked with the 
transformation of a normal role to a pathological state, and this irregularity in 
conformational changes displays hydrophobic amino acid residues and triggers the 
aggregation of proteins (Dobson 1999, 2002). Subsequently, the toxic proteins 
involve other innate proteins to change their normal conformation into toxic ones, 
and those freshly generated abnormal proteins can repeat this transition to introduce 
a self-sustaining twist, thus stimulating the amplification of the generated toxicity 
with more impairment. The proteins perform their activity smoothly when their 
amino acids are folded appropriately, whereas they produce adverse effects when



in misfolded conditions, following their deposition into insoluble forms that trigger 
toxicity to the cells (Dobson 1999, 2002). 
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The two factors of the unfolded protein response (UPR) including inositol-
requiring enzyme 1 (IRE1) and activating transcription factor 6 (ATF6) are involved 
in the proteolytic function of presenilins (PS). The UPR system stimulates the 
proteolytic dissolution of IRE1, which initiates the transferring of cytosolic domains 
into the nucleus to take part in RNA splicing. However, the UPR mechanism gets 
reduced in the cells without PS1, which confirms that PS1 is a crucial element of 
UPR. It is mentioned that PS1 alterations damage the UPR system which leads 
to the deposition of unfolded proteins following endoplasmic stress 
(ER) (Katayama et al. 2001). The enhanced Aβ1–42 levels in these cells could be 
the effect of the preservation of unfolded APP in ER due to the defective protein 
folding mechanism. 

2.4.2 Parkinson’s Disease 

In the ubiquitin/proteasome system, the aggregation and impairment of proteins are 
considered to be the essential step in the progression of PD. In protein folding 
mechanism, syn is an active constituent that has modified structures in different 
environments, such as a coil structure in aqueous solution, but displays significant 
upregulation in its helical state while having communication with phospholipids 
(Conway et al. 1998; Jo et al. 2000; Perrin et al. 2000). The confirmation switching 
of syn with other proteins could be vital for the normal physiological protein 
function. However, the relaxation in conformational transitions might trigger the 
exhibition of hydrophobic residues, which enhances the formation of insoluble 
aggregates of synuclein protein. It has been evidenced that syn protein possesses a 
tendency to generate fibrils with enhanced β-sheet confirmation which come across 
with the filaments present in LB (Lewy body) (Rochet et al. 2000; Serpell et al. 
2000). The deposits of α-syn protein in the cell could interrupt the cellular mecha-
nism and aggravate mitochondrial impairment, ER stress, and defective protein 
quality regulator structures (Giasson et al. 2000; Rosenberg 2000). Several studies 
have postulated that α-syn in the oligomeric and protofibrillarly forms also triggers 
toxicity to damage neuronal cells. Moreover, the occurrence of mutations in the 
Parkin was believed to be because of the impairment in enzymatic action, but 
subsequently, it has been manifested that most of the missense mutants of 
Parkin recollect their enzymatic ability (Kahle et al. 2000; Sherrington et al. 
1995). Rather, the inactivation of the Parkin is believed to be due to the instigation 
of misfolding by these mutations. These missense mutations affect its solubility and 
consequently initiate its aggregation (Abeliovich et al. 2000; Shimura et al. 2001) 
(Fig. 2.1).
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Fig. 2.1 Protein aggregation, misfolding, and protein conformation changes in AD and PD leading 
to the accumulation of aggregated proteins via the activity of ubiquitin proteasome system, leading 
to the degeneration of neurons 

2.5 Proteostasis and Molecular Chaperons 

2.5.1 Alzheimer’s Disease 

The impairment in proteome function and maintenance of consistency of cells occur 
in the living system, and to maintain the appropriate protein configuration, the 
protein misfolding must be rectified efficiently. In this regard, the molecular 
chaperones are considered to be the vital elements in either initiating the process 
of refolding or proceeding with the protein-degradation process. In AD, Aβ, Tau 
metabolism, and alteration in the proteostasis lead to neuronal damage and eventu-
ally the death of neurons (Ross and Poirier 2004; Ahmad et al. 2018a, b; Khan et al. 
2012). The altered proteostasis initiates the deposition of aggregated and misfolded 
proteins, which are the major events in neurodegeneration as depicted in AD. The 
HSP70 and HSP90 are the two key chaperon scaffolds along with the co-chaperons 
that delineate the release and binding of substrate and are constrained via heat shock 
elements (HSE) through the HSF1 transcription factor. It has been proposed that the 
promoter region of the APP gene displayed HSEs which signify the role of HSPs on 
AD pathogenesis (Dewji and Do 1996; Salbaum et al. 1988). The APP protein 
moiety develops in Golgi bodies and the endoplasmic reticulum (ER), and the APP 
ectodomain is connected with the luminal ER chaperon (GRP78) glucose-related 
protein 78, the isotype of HSP70. The occurrence of this interplay deteriorates its 
development which leads to the production of Aβ40 and Aβ42 peptides (Hoshino



et al. 2007; Yang et al. 1998). In the Golgi apparatus and ER, the cytosolic HSP70 
co-chaperone carboxy terminus of HSC70-interacting protein (CHIP) coordinates 
with the APP intracellular region, facilitating a connection between APP processing 
and molecular chaperons (Kumar et al. 2007). The cytosolic chaperons are also in 
coordination with the metabolism of Aβ and APP protein (Cottrell et al. 2005). 
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It is documented that HSP22 and HSP27 chaperons could integrate with Aβ fibrils 
to regulate additional fibrilization, and the HSP70 and HSP90 chaperons are cen-
trally linked with the inhibition of early phases of Aβ accretion (Evans et al. 2006; 
Wilhelmus et al. 2006). In an experimental study, it has been detected that the 
HSP70 and HSP90 enhanced the Aβ42 peptide contents in microglia after day one 
and subsequently diminished its concentration after a time period of 3 days, which 
suggests that the HSP action in the instigation of microglial cells could provide 
protection against Aβ accumulation (Kakimura et al. 2002). The Tau 
hyperphosphorylation affects its transmission with microtubules and triggers its 
accretion intracellularly. It is reported that the CHIP, HSP27, and HSP70 could 
identify Tau irregularity and subsequently diminish its extent by the processes of 
dephosphorylation and degradation (Dou et al. 2003; Petrucelli et al. 2004; Shimura 
et al. 2004). 

2.5.2 Parkinson’s Disease 

The α-syn exists extensively in the brain tissues and the aggregation of its abnormal 
form led to the initiation of PD. The α-syn accumulation begins when its 
non-amyloid-β component (NAC) hydrophobic region encounters a configurational 
modification into β-sheets and incites polymerization which in turn give rises to 
oligomers and the formation of fibrils (Meade et al. 2019). There are several proteins 
responsible for the folding, deposition, and misfolding of α-syn protein. The two 
configurations of HSP90, i.e., HSP90α and HSP90β, are existing in mammals, and 
the HSP90 chaperon is extensively present in the cytosol but its isoforms have been 
reported in the ER and mitochondria (Hoter et al. 2018). It has N-terminal, central, 
and C-terminal domains and is the principal chaperon that triggers the α-syn 
fibrilization in PD (Bohush et al. 2019). Its involvement in the maturation of fibrils 
in an ATP-dependent manner has been found in a study by interacting with the NAC 
region of the α-syn (Falsone et al. 2009). The toxicity caused by α-syn in HSP90 
cells was found to be in the enhanced state compared to the normal cells in the PD 
model of yeast (Liang et al. 2008). However, its inhibition supports that diminishing 
results of oligomerization and α-syn fibril formation in the H4 neuroglioma cells 
(Putcha et al. 2010). The HSP90 isoform overexpression in mitochondria includes 
TNF receptor-associated protein 1 (TRAP1), attenuating toxicity caused by α-syn in 
primary neurons of rat, HEK293 cells, and fruit fly (Butler et al. 2012). 

Thus, the chaperons imperatively participate in the regulation of proteostasis by 
rectifying the abnormal proteins and in the folding of novel proteins (Hartl and 
Hayer-Hartl 2002). The HSP70 chaperon is intricated in the attenuation of α-syn 
accumulation by participating in the misfolded protein degradation or by fixing



refolding through the ubiquitin proteasome pathway (UPS). In PD rodent model, the 
enhanced toxicity of α-syn was observed due to alterations in the ATPase domain of 
HSP70 chaperon, which signifies that the refolding action of HSP70 was crucial for 
its defensive activity (Klucken et al. 2004). The dopaminergic neurons were 
degenerated via the overexpression of human WT α-syn in flies, which was fixed 
by α-syn and HSP70 co-expression, highlighting the HSP70 activity in attenuating 
the toxicity produced by α-syn protein (Auluck et al. 2002) (Table 2.1). 
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Table 2.1 Proteins affecting proteostasis in Alzheimer’s and Parkinson’s disease 

Proteins Function Reference 

AD Aβ40/42 Diminishes proteasome activity and regulates 
autophagy via mTOR signaling 

(Spilman 
et al. 2010) 

Tau Tau accumulates induced modulatory effect on 
proteasome activity 

(Keck et al. 
2003) 

HSPs (HSP22, 
27, 70, 90) 

HSP22 and 27 tend to fix with fibrillar amyloid 
deposits to regulate their fibrilization, whereas HSP70 
and 90 play a crucial role in regulating early phases of 
amyloid accumulation 

(Wilhelmus 
et al. 2006) 

PS1 PS1 augments Aβ42 generation and is vital for the 
lysosomal autophagy and proteolysis 

(Citron et al. 
1997) 

BAG1 Participates in the modulation of Tau proteasomal 
degradation in the presence of HSP70 

(Elliott et al. 
2007) 

HSF1 It plays an instrumental role in the induction of APP 
gene during stress 

(Salbaum 
et al. 1988) 

PD PINK1 
(HSP90) 

Takes part in the balancing of cleaved patterns of 
PINK1 gene 

(Lin and 
Kang 2008) 

PINK1 
(HSP60) 

It plays an essential role in protein folding in 
mitochondria 

(Rakovic 
et al. 2011) 

LRRK2 
(HSP90) 

Maintains the stability of LRRK2 (Wang et al. 
2008) 

LRRK2 
(HSC70) 

Participates in the LRRK2 proteasomal degradation (Wang et al. 
2008) 

2.6 The Role of the Ubiquitin-Proteasome System 

2.6.1 Alzheimer’s Disease 

The ubiquitin-proteasome system (UPS) plays an indispensable function in the 
degradation pathway of the cell. The two oligomers Aβ40 and Aβ42 could obstruct 
the activity of proteasome, while the internal surface binding of Aβ40 oligomer to 
the proteasome prevents the 20S chymotrypsin-like activity (Lopez Salon et al. 
2003; Oh et al. 2005). It is evidenced in a dose-dependent study that these Aβ 
oligomers diminished the proteolytic function of proteasome (Tseng et al. 2008). 
Moreover, the 20S proteasome was detected in the degradation of Aβ oligomers 
in vitro, whereas the proteasome inhibition in cultured cells augmented the



intracellular levels of these oligomers (Tseng et al. 2008). The Aβ42 oligomer has 
been manifested to deposit extensively in the healthy and AD brain in multivesicular 
bodies, which suggests that these patterns are the potential communication region of 
Aβ and the proteasome (Takahashi et al. 2002). It has also been manifested that the 
proteasome degrades the PS1 and PS2 proteins, which indicates the impact of UPS 
on the metabolism of Aβ oligomers. Therefore, the attenuation of the activity of 
proteasome could enhance the γ-secretase function and supports the generation of 
Aβ (Checler et al. 2000), which defines the Aβ and proteostasis association while 
emphasizing the crucial role of UPS in Aβ processing. 
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The 26S and 20S proteasomes have been found in the deterioration of Tau 
protein, and the proteasome inhibitors employed in the cellular and animal models 
enhanced the possibility of Tau protein deposition (Cardozo and Michaud 2002; 
David et al. 2002; Liu et al. 2009; Ren et al. 2006). A study has manifested that 
co-precipitation of Tau aggregates and 20S proteasome exhibited the attenuated 
levels of Tau aggregates in samples with least action of proteasome, highlighting 
the obstructive interaction between proteasome and Tau aggregates (Keck et al. 
2003). Moreover, Tau accumulation from the human brain with AD has been found 
in the inhibition of proteasome directly in an in vitro study, whereas normal Tau 
isolates had no impact on the proteasome activity (Keck et al. 2003). The deposition 
and the maintenance of hyperphosphorylated Tau protein in AD might limit the 
interaction between Tau protein and CHIP (Dickey et al. 2006). Also, the Tau 
protein is acetylated posttranslationally, leads to the dysfunction of proteasomal 
degradation activity, and facilitates the enhanced Tau accumulation, which specifies 
the critical function of proteasome activity in the degradation of Tau aggregates (Min 
et al. 2010). 

2.6.2 Parkinson’s Disease 

The internal occurrence of ubiquitinated proteins in neural insertions is one of the 
factors of NDs and holds several UPS structures which are involved in the intracel-
lular exoneration of proteins. The impairment in the UPS system led to the initiation 
of neurodegenerative processes. In PD, proteasome and autophagy are critically 
allied with the degradation of α-syn that also depicts the association between UPS 
and autophagy lysosome pathway (Cuervo et al. 2004). The approximal occurrence 
of PARKIN and α-syn in LBs highlights that the PARKIN is centrally involved in 
the posttranslational alteration and α-syn ubiquitination (Schlossmacher et al. 2002). 
Another protein, i.e., PINK1, which coordinates with Beclin1 triggers the process of 
autophagy (Michiorri et al. 2010), whereas PARKIN protein via proteasome-
dependent pathway conveniently augments the clearance of cellular Aβ (Rosen 
et al. 2010). An efficient Ub-3-ligase complex encompassing mutations in PINK1, 
PARKIN, and DJ1 proteins triggers misfolded protein degradation and might create 
a toxic process for recessive inherited types of PD (Eliezer 2009; Xiong et al. 2009). 
The inhibition of UPS could be responsible for the severe worsening of NDs, and the



transportation of integral elements to the nervous system that augments the toxic 
protein degradation might get challenges in the abnormal functioning of UPS. 
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2.7 Aberrant Alternative Splicing Events 
in Neurodegenerative Disease 

2.7.1 Alzheimer’s Disease 

The aberrant alternative splicing performs an instrumental function in the organism’s 
complexity, and approximately 95% genes are spliced, alternatively stimulating 
the production of 100,000 proteins in the human genome (Mills et al. 2013). 
The alternative splicing events appears co-transcriptionally or generates 
posttranscriptionally various variants of mRNA from a single gene. The 
spliceosomes bring about the splicing which is made of U1 to U6 small RNA 
molecules and various other proteins (Qian and Liu 2014), whereas the specific 
nucleotide sequences present inside mRNA are involved in the regulation of splicing 
events. These nucleotide sequences or cis-elements are comprised of intronic splic-
ing silencers, exonic splicing enhancers, and silencers (Qian and Liu 2014). In 
addition to the cis-elements, trans-elements are also involved in the splicing events 
in association with the sis-elements to regulate the process of alternative splicing 
(Stilling et al. 2014), and the mutations in this splicing system could trigger the onset 
of the disease. 

The alternative splicing events and the differential gene expression could affect 
several signaling pathways in AD. The overexpressed genes in AD participate in the 
processes of transmission, synaptogenesis, long-term potentiation, and postsynaptic 
density, which collectively promote AD pathogenesis (Stilling et al. 2014). The 
splicing events could initiate the enhanced gene expression in AD associated with 
immune pathways, stimulating the upregulated responses of neuroinflammation in 
the hippocampal region (Stilling et al. 2014). Consequently, it has been anticipated 
that the diminishing specific AD genes might trigger chromosomal instability due to 
improper DNA repair mechanism (Penna et al. 2013). The Aβ oligomer aggregation 
gets affected by the mutation incidences in AD-associated factors such as APP, 
PSEN1, and PSEN2 (Schellenberg et al. 1992; Levy-Lahad et al. 1995). The PSEN1 
and PSEN2 are part of the γ-secretase complex, and the abnormal cleaving of APP 
by this complex triggers the deposition of β-amyloid (Baulac et al. 2003). The 
alterations in PSEN1 gene occur in intron-4, leading to the defective splicing and 
elimination of exon-4 (De Jonghe et al. 1999), with the incidence of other alteration 
events that could promote the β-amyloid expression (Cruts and Van Broeckhoven 
1998). 

The alternative splicing of exons 2, 3, and 10 of the Tau protein marks the 
formation of six homologs expressed in the brain (Andreadis et al. 1992). The 
second microtubule binding repeat encoded by exon 10, and its insertion, produces 
isoforms of Tau gene with three or four binding sites such as 3R-tau and 4R-tau 
(Goedert et al. 1989). The proteins rich in serine/arginine (SR) residues are the



family of splicing agents which promote Tau protein alternative splicing events, in 
which an SR protein, i.e., SC35, participates in the inclusion of exon 10 while acting 
as an enhancer on SC35 protein at 5’ end of the Tau protein RNA transcript (Qian 
et al. 2011). In SC35 phosphorylation event by PKA (protein kinase A) regulates the 
inclusion of exon 10 that triggers the enhanced 3R-tau isotype expression (Chen 
et al. 2014). The elevation of exon 10 inclusion is directly associated with the 3R-tau 
to 4R-tau imbalance which occurs due to attenuation of the PKA phosphorylation 
pathway (Chen et al. 2014). Additionally, the exon 10 inclusion has been reported to 
produce 4R-tau isoform that promotes the amelioration in Tau aggregation and 
neurofibrillary tangles (Goedert et al. 1989). Several other SR proteins also execute 
the splicing of Tau gene regulation such as SRSR6, SRSF9, and SRSF1, which are 
also involved in the advancement of exon 10 inclusion, whereas SRSF3-SRSF4, 
SRSF7, and SRSF11 proteins are critically involved in suppressing exon 10 inclusion 
(Qian and Liu 2014). Thus, the role of PKA is believed to be a common mechanistic 
approach to regulate splicing events by acting on several SR proteins. 
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2.7.2 Parkinson’s Disease 

In PD, multiple related factors are involved in the unusual alternatively splicing 
events. The PD-associated gene PARK2 contains 12 exons which encodes 
465 amino acids, and due to alternative splicing events, directs the production of 
seven isoforms including transcript variants (D’Agata and Cavallaro 2004). Their 
altered expression patterns have been associated with LB disorder. It has been 
demonstrated that in frame deletions, the transcript variant 3 expression lacks three 
to five exons and the transcript variant 12 lacks two to seven exons, which were 
ameliorated in PD conditions compared to normal conditions (Beyer et al. 2008; 
Humbert et al. 2007). Another gene, i.e., SNCAIP, which a presynaptic protein, is 
present at synaptic terminals which encodes synphilin-1 (Ribeiro et al. 2002). The 
SNAIP gene alternative splicing results in the generation of eight splicing variants, 
and among them four variants are condensed proteins of the C-terminus. However, 
the small length isoforms of the synphilin-1 might present robust interactions 
compared to the normal-sized proteins, and their altered expression patterns have 
been detected in LB disorder conditions (Humbert et al. 2007). Several studies have 
presented that synphilin-1A contains exon 9A but lacks exons 3 and 4 in PD. Hence, 
its overexpression enhances aggregation and triggers the inclusion generation and 
proteasome saturation, and protein toxicity, which specifies that synphilin-1A could 
play an indispensable role in neuronal degeneration (Eyal et al. 2006; Humbert et al. 
2007). 

In addition, LRRK2 is a PD-associated gene containing 51 exons which encode 
almost 2527 amino acids, and its genetic alteration is the common cause of PD 
(Farrer 2006). To date, 51 exons of LRRK2 have been sequenced and two missense 
alterations such as T23561 and G2019s have been reported which are disease-
specific (Johnson et al. 2007). Moreover, at the splice donor site of exon 19, a



4-bp intronic deletion has been found to obliterate normal splicing events, and the 
mutation events in LRRK2 gene contribute approximately to 5% of the familial PD 
cases (Johnson et al. 2007). The first gene detected in PD pathophysiology is SNCA 
gene which encodes a presynaptic α-syn protein (Polymeropoulos et al. 1997). The 
SNCA gene consists of seven exons, and its alternative splicing isoforms have been 
found to be allied with abnormal expression patterns in disease conditions (Beyer 
et al. 2008). Four major isoforms have been distinguished in SNCA gene in which 
SNCA-140 is the full-length form, and SNCA-98 lacking exons 3 and 5, SNCA-112 
lacking exon 5, and SNCA-126 lacking exon 3 are short-length transcripts (Campion 
et al. 1995; Ueda et al. 1994). The exon 5 excision, that is, SNCA-112, occurs at the 
3’ end of the SNCA gene, which could produce functional impairment pertinent to 
LB pathogenesis. The excision leads to the C-terminus condensation that promotes 
the improved aggregation of α-syn, which in turn directs the production of LB 
(Beyer 2006; Hoyer et al. 2004; Lee et al. 2002; Spillantini et al. 1997). 
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2.8 Mitochondrial Dysfunction in NDs 

2.8.1 Alzheimer’s Disease 

The cytoplasmic organelle mitochondria are crucial for functions and survival of 
cells and neurons, which are critically intricated in the cell propagation, protein 
folding, cellular motility, and intermediary metabolism (Galluzzi et al. 2012; Ahmed 
et al. 2013, 2018a, b). The main purpose of mitochondria is its role in oxidative 
metabolism, and incidences of impairment in the production of ATP, which triggers 
loss of energy and cellular impairment and eventually causes cell death, as evidenced 
from several NDs (Beal 1996; Ahmad et al. 2019). In case of AD, impairment in the 
mitochondrial activity is considered to be the initial sign, prior to other involved fatal 
lesions, and any oxidative injury in mitochondria lead to the advancement of the 
disease (Hirai et al. 2001; Readnower et al. 2011; Rather et al. 2021). The incidences 
of alternations in the activity of mitochondria play a central role in the generation of 
oxidative stress, which triggers impairment to lipids, DNA, and proteins of 
mitochondria. It is documented that deficits in the energy production and 
upregulation of oxidative damage in mitochondria are the initial pathological signs 
that trigger neuronal degeneration (Johri and Beal 2012; Javed et al. 2015). The 
damage caused by the reactive oxygen species (ROS) initiates glial cells to produce 
pro-inflammatory markers and NO, following reactive nitrogen species (RNS) 
formation (Jekabsone et al. 2006). Subsequently, activated glial cells release H2O2 
that is converted into a more toxic prooxidant called hypochlorous acid (Halliwell 
1992). Therefore, the oxidative stress, mitochondrial deficit, and the instigation of 
inflammatory mediators leads to the pathogenesis of AD.
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2.8.2 Parkinson’s Disease 

Mitochondrial impairment following oxidative stress is linked with the PD patho-
genesis. Cardiolipin, a specific mitochondrial lipid, gets peroxidized by oxidative 
stress, results in cytochrome-c release in the cytosol, and subsequently triggers 
apoptosis. The cells and neurons require ATP for energy, and superoxide radicals 
and H2O2 are generated during oxidative phosphorylation in the mitochondria. In 
the pathological state, mitochondria get affected, leading to its impairment, which in 
turn enhances ROS production and damages the antioxidant mechanism. The dopa-
minergic neurons are more susceptible to the ROS products, and occurrence of 
additional oxidative damage could be detrimental to the cells and neurons. It is 
believed that electron transport chain complex I is crucial for the survival of neurons, 
and the intraperitoneal induction of MPTP and rotenone produced toxicity to the 
dopaminergic neurons (Betarbet 2002). Moreover, the downregulated activity of 
complex I has been observed in the PD subjects (Benecke 1993). Also, it was 
reported that in the somatodendritic area of nigral neurons, the mitochondrial density 
was remarkably reduced (Liang 2007). Mutations in the PARKIN, PINK1, and DJ-1 
proteins are linked with the mitochondrial dysfunction and are associated with 
familial PD forms. The PARKIN is usually linked with the external membrane of 
mitochondria, and the cells obtained from PARKIN gene-mutated patients exhibited 
attenuated ATP generation and complex I activity (Darios 2003; Grunewald 2010; 
Mortiboys 2008). The incidence of mutations in another protein kinase, i.e., PINK1, 
present in mitochondria causes decline in ATP generation, diminished mitochondrial 
DNA, and formation of free radicals (Gegg 2009; Grunewald 2009). DJ-1 is a redox-
sensitive protein existing in the mitochondria, which is involved in the elimination of 
H2O2 (Andres-Mateos 2007). Furthermore, α-syn interacts with the mitochondrial 
membranes, though it is present in cytosol, but has been found to obstruct complex I 
system (Liu et al. 2009). Also, it is reported that enhanced expression of α-syn in 
mice model manifested structural and functional irregularity in mitochondria (Martin 
2006). 

2.9 Role of Oxidative Stress and ROS in NDs 

2.9.1 Alzheimer’s Disease 

The imbalance between the antioxidant defensive mechanism and the free radical 
formation is referred to as oxidative stress, and the capability of the intracellular 
system to counter and remove the adverse effects via antioxidants. A free radical 
immensely reacts with other molecules by carrying unpaired electrons, which is 
capable of interacting chemically with lipids, proteins, and DNA components to 
achieve stability among themselves. The stability of free radicals poses a great threat 
to destabilization of cellular components, following their extensive chain reactions. 
Due to the extra lipid contents in the brain makes it more susceptible target to 
oxidative stress, and its production is greatly involved in the progression of NDs



such as AD (Pratico et al. 2002). Incidences of oxidative products of lipids, DNA, 
and proteins in postmortem tissues of AD subjects have been evident, which 
confirms its role in NDs (Giasson et al. 2002). 
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The extensive generation of ROS products has been observed in Aβ aggregates to 
advance amyloidogenesis and eventually causes death of neurons (Frank and Gupta 
2005). The inference of ROS progression is reinforced by several clinical 
confirmations in AD including DNA and protein oxidation, lipid peroxidation, 
enhanced concentrations of neurotoxic trace metal ions, and diminished energy 
metabolism (Markesbery 1997). Thus, antioxidant defensive mechanism is an 
essential cellular defense system to eliminate the generation of ROS products and 
protects ROS-induced neuronal damage. 

2.9.2 Parkinson’s Disease 

In the progression of PD, oxidative stress is considered to be the initial event that 
halts cellular defense mechanism and destabilize the normal function of the cells and 
tissues (Andersen 2004; Jenner 2003). The enhanced oxidized levels of DNA, 
proteins, and lipids were found in the substantia nigra of PD subjects (Bosco 
2006; Nakabeppu 2007). Because of the presence of ROS-producing kinases 
which include tyrosinase, monoamine oxidase, and tyrosine hydroxylase, the dopa-
minergic neurons are predominantly susceptible to ROS. A temperate level of 
oxidative stress could also promote a cascade of oxidative events that directs the 
death of cells, because of the extra intracellular susceptibility to ROS. The 
impairment in mitochondria, dopamine metabolism, and inflammation are involved 
in the generation of ROS products and are considered to be the main sources of 
oxidative affliction for dopaminergic neurons. Environmental and genetic factors 
such as dopaminergic toxins and genetic mutations in PARKIN, PINK1, and DJ-1, 
whose gene products are essential for the normal functioning of mitochondria, are 
responsible for bringing dysfunctionality in mitochondria. Thus, mitochondrial 
impairment causes ROS deposition and cytochrome-c release and a cascade of 
apoptotic events (Fig. 2.2). 

2.10 Conclusion 

There are multiple components and mutations involved in the pathogenesis of NDs, 
and in the past several years, research had focused on exploring the mechanistic 
approach involved in the progression of NDs. In this chapter, we have summarized 
the evidences procured by mechanistic approach to the pathogenesis of NDs. The 
molecular mechanisms involved in the progression of NDs are the transportation of 
pathological proteins, conformational changes, formation of fibrils, and pathological 
protein aggregates in the cells and neurons. The impairment in proteostasis is 
documented as a predominant mechanism which involves protein misfolding and 
aggregation, following deficient clearance approach, which results in dysfunction of



various cellular processes and ultimately leads to cell death. The active functional 
configuration is absent in subsequent protein aggregates, which produces local stress 
and toxicity to the cellular environment. The formation of protein aggregates is the 
crucial step in the pathogenesis of NDs, and the contribution of UPS protein 
degradation is possibly a subsidiary event that advances the production of fibrils. 
The accumulated evidences supported that UPS is intricated in the constructive 
response caused by the protein deposits that transforms its action, which results in 
generation of enhanced protein aggregates. However, various pathological proteins 
have been detected, and the occurrence of conformational changes in them has 
emphasized the molecular pathogenesis in NDs. The advancement of novel 
techniques to detect, isolate, and scrutinize the pathological proteins involved in 
the progression of NDs would further provide the novel insights of molecular 
pathogenesis in NDs. 
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Fig. 2.2 Mechanisms involved in the progression of neurodegenerative disorders: Mitochondrial 
function, inflammatory cytokines, autophagy, protein homeostasis, and nuclear structure are dam-
aged in NDs, which triggers aggregation of misfolded proteins, mitochondrial impairment, altered 
calcium homeostasis, damage to the antioxidant defense mechanism, and cell death, which eventu-
ally leads to neurodegeneration 

References 

Abeliovich A, Schmitz Y, Farinas I, Choi-Lundberg D, Ho WH, Castillo PE et al (2000) Mice 
lacking alpha-synuclein display functional deficits in the nigrostriatal dopamine system. Neuron 
25:239–252 

Abramov E, Dolev I, Fogel H et al (2009) Amyloid-beta as a positive endogenous regulator of 
release probability at hippocampal synapses. Nat Neurosci 12:1567–1576



2 The Mechanistic Approach Involved in the Progression of. . . 49

Aguzzi A, Sigurdson C, Heikenwaelder M (2008) Molecular mechanisms of prion pathogenesis. 
Annu Rev Pathol 3:11–40 

Ahmad RM, Thenmozhi AJ, Manivasagam T, Bharathi DM, Essa MM, Guillemin GJ (2018a) 
Neuroprotective role of Asiatic acid in aluminium chloride induced rat model of Alzheimer's 
disease. Front Biosci (Schol Ed) 10(2):262–275 

Ahmad RM, Thenmozhi AJ, Manivasagam T, Nataraj J, Essa MM, Chidambaram SB (2018b) 
Asiatic acid nullified aluminium toxicity in in vitro model of Alzheimer's disease. Front Biosci 
(Elite Ed) 10(2):287–299 

Ahmad RM, Thenmozhi AJ, Manivasagam T, Saravanababu C, Guillemin GJ, Essa MM (2019) 
Asiatic acid attenuated aluminum chloride-induced tau pathology, oxidative stress and apoptosis 
via AKT/GSK-3β signaling pathway in Wistar rats. Neurotox Res 35(4):955–968 

Ahmed ME, Javed H, Khan MM, Vaibhav K, Ahmad A, Khan A, Tabassum R, Islam F, Safhi MM, 
Islam F (2013) Attenuation of oxidative damage-associated cognitive decline by Withania 
somnifera in rat model of streptozotocin-induced cognitive impairment. Protoplasma 250(5): 
1067–1078 

Andersen JK (2004) Oxidative stress in neurodegeneration: cause or consequence? Nat Med 10: 
S18–S25 

Andreadis A, Brown WM, Kosik KS (1992) Structure and novel exons of the human tau gene. 
Biochemistry 31:10626–10633 

Andres-Mateos E (2007) DJ-1 gene deletion reveals that DJ-1 is an atypical peroxiredoxin like 
peroxidase. Proc Natl Acad Sci U S A 104:14807–14812 

Arnaud L, Robakis NK, Figueiredo-Pereia ME (2006) It may take inflammation, phosphorylation 
and ubiquitination to ‘tangle’ in Alzheimer’s disease. Neurodegener Dis 3:313–319 

Auluck PK, Chan HE, Trojanowski JQ, Lee VMY, Bonini NM (2002) Chaperone suppression of 
α-synuclein toxicity in a drosophila model for Parkinson’s disease. Science 295:865–868 

Baulac S, LaVoie MJ, Kimberly WT, Strahle J, Wolfe MS et al (2003) Functional gamma-secretase 
complex assembly in Golgi/trans-Golgi network: interactions among presenilin, nicastrin, 
Aph1, Pen-2, and gamma-secretase substrates. Neurobiol Dis 14:194–204 

Beal MF (1996) Mitochondria, free radicals, and neurodegeneration. Curr Opin Neurobiol 6:661– 
666 

Benecke R (1993) Electron transfer complexes I and IV of platelets are abnormal in Parkinson's 
disease but normal in Parkinson-plus syndromes. Brain 116(6):1451–1463 

Betarbet R (2002) Animal models of Parkinson's disease. BioEssays 24:308–318 
Beyer K (2006) α-Synuclein structure, posttranslational modification and alternative splicing as 

aggregation enhancers. Acta Neuropathol 112:237–251 
Beyer K, Domingo-Sabat M, Humbert J, Carrato C, Ferrer I, Ariza A (2008) Differential expression 

of a-synuclein, parkin, and synphilin-1 isoforms in Lewy body disease. Neurogenetics 9:163– 
172 

Bohush A, Bieganowski P, Filipek A (2019) Hsp90 and its co-chaperones in neurodegenerative 
diseases. Int J Mol Sci 20:4976 

Bosco DA (2006) Elevated levels of oxidized cholesterol metabolites in Lewy body disease brains 
accelerate alpha-synuclein fibrilization. Nat Chem Biol 2:249–253 

Braak H et al (2003) Staging of brain pathology related to sporadic Parkinson’s disease. Neurobiol 
Aging 24:197–211 

Braak H, Braak E (1991) Neuropathological staging of Alzheimer-related changes. Acta 
Neuropathol 82:239–259 

Butler EK, Voigt A, Lutz AK, Toegel JP, Gerhardt E, Karsten P, Falkenburger B, Reinartz A, 
Winklhofer KF, Schulz JB (2012) The mitochondrial chaperone protein TRAP1 mitigates 
α-Synuclein toxicity. PLoS Genet 8:e1002488 

Campion D, Martin C, Heilig R, Charbonnier F, Moreau V, Flaman JM, Petit JL, Hannequin D, 
Brice A, Frebourg T (1995) The NACP/synuclein gene: chromosomal assignment and screening 
for alterations in Alzheimer disease. Genomics 26:254–257



50 M. A. Rather et al.

Cardozo C, Michaud C (2002) Proteasome-mediated degradation of tau proteins occurs indepen-
dently of the chymotrypsin-like activity by a nonprocessive pathway. Arch Biochem Biophys 
408:103–110 

Checler F, da Costa CA, Ancolio K, Chevallier N, Lopez-Perez E, Marambaud P (2000) Role of the 
proteasome in Alzheimer’s disease. Biochim Biophys Acta 1502:133–138 

Chen C, Jin N, Qian W, Liu W, Tan X et al (2014) Cyclic AMP-dependent protein kinase enhances 
SC35-promoted tau exon 10 inclusion. Mol Neurobiol 49:615–624 

Citron M (2002) Alzheimer’s disease: treatments in discovery and development. Nat Neurosci 5: 
1055–1057 

Citron M, Westaway D, Xia W, Carlson G, Diehl T, Levesque G et al (1997) Mutant presenilins of 
Alzheimer’s disease increase production of 42-residue amyloid beta-protein in both transfected 
cells and transgenic mice. Nat Med 3:67–72 

Clavaguera F et al (2014) Peripheral administration of tau aggregates triggers intracerebral 
tauopathy in transgenic mice. Acta Neuropathol 127:299–301 

Clavaguera F, Bolmont T, Crowther RA et al (2009) Transmission and spreading of tauopathy in 
transgenic mouse brain. Nat Cell Biol 11:909–913 

Conway KA, Harper JD, Lansbury PT (1998) Accelerated in vitro fibril formation by a mutant 
alpha-synuclein linked to early-onset Parkinson disease. Nat Med 4:1318–1320 

Cottrell BA, Galvan V, Banwait S, Gorostiza O, Lombardo CR, Williams T, Schilling B, Peel A, 
Gibson B, Koo EH, Link CD, Bredesen DE (2005) A pilot proteomic study of amyloid 
precursor interactors in Alzheimer’s disease. Ann Neurol 58:277–289 

Cruts M, Van Broeckhoven C (1998) Presenilin mutations in Alzheimer’s disease. Hum Mutat 11: 
183–190 

Cuervo AM, Stefanis L, Fredenburg R et al (2004) Impaired degradation of mutant alpha-synuclein 
by chaperone-mediated autophagy. Science 305:1292–1295 

Cullen V, Lindfors M, Ng J et al (2009) Cathepsin D expression level affects alpha-synuclein 
processing, aggregation, and toxicity in vivo. Mol Brain 2. https://doi.org/10.1186/1756-6606-
2-5 

D’Agata V, Cavallaro S (2004) Parkin transcript variants in rat and human brain. Neurochem Res 
29:1715–1724 

Danzer KM, Krebs SK, Wolff M et al (2009) Seeding induced by alpha-synuclein oligomers 
provides evidence for spreading of alpha-synuclein pathology. J Neurochem 111:192–203 

Darios F (2003) Parkin prevents mitochondrial swelling and cytochrome c release in mitochondria-
dependent cell death. Hum Mol Genet 12:517–526 

David DC, Layfield R, Serpell L, Narain Y, Goedert M, Spillantini MG (2002) Proteasomal 
degradation of tau protein. J Neurochem 83:176–185 

De Jonghe C, Cruts M, Rogaeva EA, Tysoe C, Singleton A et al (1999) Aberrant splicing in the 
presenilin-1 intron 4 mutation causes presenile Alzheimer’s disease by increased Abeta42 
secretion. Hum Mol Genet 8:1529–1540 

Desplats P, Lee HJ, Bae EJ et al (2009) Inclusion formation and neuronal cell death through neuron-
to-neuron transmission of alpha-synuclein. Proc Natl Acad Sci U S A 106:13010–13015 

Dewji NN, Do C (1996) Heat shock factor-1 mediates the transcriptional activation of Alzheimer’s 
beta-amyloid precursor protein gene in response to stress. Brain Res Mol Brain Res 35:325–328 

Dickey CA, Yue M, Lin WL, Dickson DW, Dunmore JH, Lee WC, Zehr C, West G, Cao S, Clark 
AM, Caldwell GA, Caldwell KA, Eckman C, Patterson C, Hutton M, Petrucelli L (2006) 
Deletion of the ubiquitin ligase CHIP leads to the accumulation, but not the aggregation, of 
both endogenous phospho- and caspase-3-cleaved tau species. J Neurosci 26:6985–6996 

Dobson CM (1999) Protein misfolding, evolution and disease. Trends Biochem Sci 24(9):329–332 
Dobson CM (2002) Protein-misfolding diseases: getting out of shape. Nature 418(6899):729–730 
Dou F, Netzer WJ, Tanemura K, Li F, Hartl FU, Takashima A, Gouras GK, Greengard P, Xu H 

(2003) Chaperones increase association of tau protein with microtubules. Proc Natl Acad Sci U 
S A 100:721–726

https://doi.org/10.1186/1756-6606-2-5
https://doi.org/10.1186/1756-6606-2-5


2 The Mechanistic Approach Involved in the Progression of. . . 51

Duka T, Duka V, Joyce JN et al (2009) Alpha-Synuclein contributes to GSK-3beta-catalyzed tau 
phosphorylation in Parkinson’s disease models. FASEB J 23:2820–2830 

Ecroyd H, Carver JA (2008) Unraveling the mysteries of protein folding and misfolding. IUBMB 
Life 60:769–774 

Eliezer D (2009) Biophysical characterization of intrinsically disordered proteins. Curr Opin Struct 
Biol 19:23–30 

Elliott E, Tsvetkov P, Ginzburg I (2007) BAG-1 associates with Hsc70.Tau complex and regulates 
the proteasomal degradation of tau protein. J Biol Chem 282:37276–37284 

Esler WP, Wolfe MS (2001) A portrait of Alzheimer’s secretases-new features and familiar faces. 
Science 293:1449–1454 

Evans CG, Wisen S, Gestwicki JE (2006) Heat shock proteins 70 and 90 inhibit early stages of 
amyloid beta-(1-42) aggregation in vitro. J Biol Chem 281:33182–33191 

Eyal A, Szargel R, Avraham E, Liani E, Haskin J, Rott R, Engelender S (2006) Synphilin-1A: an 
aggregation-prone isoform of synphilin-1 that causes neuronal death and is present in aggregates 
from a-synucleinopathy patients. Proc Natl Acad Sci U S A 103:5917–5922 

Falsone SF, Kungl AJ, Rek A, Cappai R, Zangger K (2009) The molecular chaperone Hsp90 
modulates intermediate steps of amyloid assembly of the Parkinson-related protein α-synuclein. 
J Biol Chem 284:31190–31199 

Farrer MJ (2006) Genetics of Parkinson disease: paradigm shifts and future prospects. Nat Rev 
Genet 7:306–318 

Frank B, Gupta S (2005) A review of antioxidants and Alzheimer's disease. Ann Clin Psychiatry 17: 
269–286 

Frost B, Jacks RL (2009) Diamond MI. Propagation of tau misfolding from the outside to the inside 
of a cell. J Biol Chem 284:12845–12852 

Galluzzi L, Keppo O, Trojel-Hansen C, Kroemer G (2012) Mitochondrial control of cellular life, 
stress, and death. Circ Res 111:1198–1207 

Gegg ME (2009) Silencing of PINK1 expression affects mitochondrial DNA and oxidative 
phosphorylation in dopaminergic cells. PLoS One 4:e4756 

Giasson BI, Duda JE, Murray IV, Chen Q, Souza JM, Hurtig HI et al (2000) Oxidative damage 
linked to neurodegeneration by selective alpha-synuclein nitration in synucleinopathy lesions. 
Science 290:985–989 

Giasson BI, Ischiropoulos H, Lee VM, Trojanowski JO (2002) The relationship between oxidative/ 
nitrative stress and pathological inclusions in Alzheimer’s and Parkinson’s diseases. Free Radic 
Biol Med 32:1264–1275 

Goedert M, Klug A, Crowther RA (2006) Tau protein, the paired helical filament and Alzheimer’s 
disease. J Alzheimers Dis 9:195–207 

Goedert M, Spillantini MG, Jakes R, Rutherford D, Crowther RA (1989) Multiple isoforms of 
human microtubule-associated protein tau: sequences and localization in neurofibrillary tangles 
of Alzheimer’s disease. Neuron 3:519–526 

Grunewald A (2009) Differential effects of PINK1 nonsense and missense mutations on mitochon-
drial function and morphology. Exp Neurol 219:266–273 

Grunewald A (2010) Mutant Parkin impairs mitochondrial function and morphology in human 
fibroblasts. PLoS One 5:e12962 

Guo JL et al (2016) Unique pathological tau conformers from Alzheimer’s brains transmit tau 
pathology in nontransgenic mice. J Exp Med 213:2635–2654 

Halliwell B (1992) Reactive oxygen species and the central nervous system. J Neurochem 59:1609– 
1623 

Hardy J, Selkoe DJ (2002) The amyloid hypothesis of Alzheimer’s disease: progress and problems 
on the road to therapeutics. Science 297:353–356 

Harmeier A, Wozny C, Rost BR et al (2009) Role of amyloid-beta glycine 33 in oligomerization, 
toxicity, and neuronal plasticity. J Neurosci 29:7582–7590 

Hartl FU, Hayer-Hartl M (2002) Molecular chaperones in the cytosol: from nascent chain to folded 
protein. Science 295:1852–1858



52 M. A. Rather et al.

Hirai K, Aliev G, Nunomura A, Fujioka H, Russell RL, Atwood CS, Johnson AB, Kress Y, Vinters 
HV, Tabaton M, SHimohama S, Cash AD, Siedlak SL, Harris LR, Jones PK, Petersen RB, 
Perry G, Smith M (2001) Mitochondrial abnormalities in Alzheimer’s disease. J Neurosci 21: 
3017–3023 

Hoe HS, Fu Z, Makarova A et al (2009) The effects of amyloid precursor protein on postsynaptic 
composition and activity. J Biol Chem 284:8495–8506 

Hoshino T, Nakaya T, Araki W, Suzuki K, Suzuki T, Mizushima T (2007) Endoplasmic reticulum 
chaperones inhibit the production of amyloid-beta peptides. Biochem J 402:581–589 

Hoter A, El-Sabban ME, Naim HY (2018) The HSP90 family: structure, regulation, function, and 
implications in health and disease. Int J Mol Sci 19:2560 

Hoyer W, Cherny D, Subramaniam V, Jovin TM (2004) Impact of the acidic C-terminal region 
comprising amino acids 109–140 on a-synuclein aggregation in vitro. Biochemistry 43:16233– 
16242 

Humbert J, Beyer K, Carrato C, Mate JL, Ferrer I, Ariza A (2007) Parkin and synphilin-1 isoform 
expression changes in Lewy body diseases. Neurobiol Dis 26:681–687 

Israeli E, Sharon R (2009) Beta-synuclein occurs in vivo in lipid-associated oligomers and forms 
hetero-oligomers with alpha-synuclein. J Neurochem 108:465–474 

Javed H, Vaibhav K, Ahmed ME, Khan A, Tabassum R, Islam F, Safhi MM, Islam F (2015) Effect 
of hesperidin on neurobehavioral, neuroinflammation, oxidative stress and lipid alteration in 
intracerebroventricular streptozotocin induced cognitive impairment in mice. J Neurol Sci 
348(1–2):51–59 

Jekabsone A, Mander PK, Tickler A, Sharpe M, Brown GC (2006) Fibrillar beta-amyloid peptide 
Abeta1-40 activates microglial proliferation via stimulating TNF-alpha release and H2O2 
derived from NADPH oxidase: a cell culture study. J Neuroinflammation 3:24 

Jenner P (2003) Oxidative stress in Parkinson's disease. Ann Neurol 53(3):S26–S36 
Jo E, McLaurin J, Yip CM, St. George-Hyslop P, Fraser PE (2000) Alpha-synuclein membrane 

interactions and lipid specificity. J Biol Chem 275:34328–34334 
Johnson J, Paisan-Ruiz C, Lopez G, Crews C, Britton A, Malkani R, Evans EW, McInerney-Leo A 

et al (2007) Comprehensive screening of a north American Parkinson’s disease cohort for 
LRRK2 mutation. Neurodegener Dis 4:386–391 

Johri A, Beal MF (2012) Mitochondrial dysfunction in neurodegenerative diseases. J Pharmacol 
Exp Ther 342:619–630 

Kahle PJ, Leimer U, Haass C (2000) Does failure of Parkin-mediated ubiquitination cause juvenile 
parkinsonism? Trends Biochem Sci 25:524–527 

Kakimura J, Kitamura Y, Takata K, Umeki M, Suzuki S, Shibagaki K, Taniguchi T, Nomura Y, 
Gebicke-Haerter PJ, Smith MA, Perry G, Shimohama S (2002) Microglial activation and 
amyloid-beta clearance induced by exogenous heat-shock proteins. FASEB J 16:601–603 

Katayama T, Imaizumi K, Honda A, Yoneda T, Kudo T, Takeda M et al (2001) Disturbed activation 
of endoplasmic reticulum stress transducers by familial Alzheimer’s disease-linked presenilin 
1 mutation. J Biol Chem 16(276):43446–43454 

Kazantsev AG, Kolchinsky AM (2008) Central role of alpha-synuclein oligomers in 
neurodegeneration in Parkinson disease. Arch Neurol 65:1577–1581 

Keck S, Nitsch R, Grune T, Ullrich O (2003) Proteasome inhibition by paired helical filament-tau in 
brains of patients with Alzheimer’s disease. J Neurochem 85:115–122 

Khan A, Vaibhav K, Javed H, Khan MM, Tabassum R, Ahmed ME, Srivastava P, Khuwaja G, 
Islam F, Siddiqui MS, Safhi MM, Islam F (2012) Attenuation of Aβ-induced neurotoxicity by 
thymoquinone via inhibition of mitochondrial dysfunction and oxidative stress. Mol Cell 
Biochem 369(1–2):55–65 

Kirkitadze MD, Condron MM, Teplow DB (2001) Identification and characterization of key kinetic 
intermediates in amyloid beta-protein fibrillogenesis. J Mol Biol 312(5):1103–1119 

Klucken J, Shin Y, Masliah E, Hyman BT, McLean PJ (2004) Hsp70 reduces α-synuclein 
aggregation and toxicity. J Biol Chem 279:25497–25502



2 The Mechanistic Approach Involved in the Progression of. . . 53

Kumar P, Ambasta RK, Veereshwarayya V, Rosen KM, Kosik KS, Band H, Mestril R, Patterson C, 
Querfurth HW (2007) CHIP and HSPs interact with beta-APP in a proteasome-dependent 
manner and influence Abeta metabolism. Hum Mol Genet 16:848–864 

Lafaye P, Achour I, England P et al (2009) Single-domain antibodies recognize selectively small 
oligomeric forms of amyloid beta, prevent Abeta-induced neurotoxicity and inhibit fibril 
formation. Mol Immunol 46:695–704 

Laferriere F et al (2019) TDP-43 extracted from frontotemporal lobar degeneration subject brains 
displays distinct aggregate assemblies and neurotoxic effects reflecting disease progression 
rates. Nat Neurosci 22:65–77 

Lauren J, Gimbel DA, Nygaard HB et al (2009) Cellular prion protein mediates impairment of 
synaptic plasticity by amyloid-beta oligomers. Nature 457:1128–1132 

Lee HJ, Choi C, Lee SJ (2002) Membrane-bound a-synuclein has a high aggregation propensity and 
the ability to seed the aggregation of the cytosolic form. J Biol Chem 277:671–678 

Levy-Lahad E, Wijsman EM, Nemens E, Anderson L, Goddard KA et al (1995) A familial 
Alzheimer’s disease locus on chromosome 1. Science 269:970–973 

Liang CL (2007) Mitochondria mass is low in mouse substantia nigra dopamine neurons: 
implications for Parkinson's disease. Exp Neurol 203:370–380 

Liang J, Clark-Dixon C, Wang S, Flower TR, Williams-Hart T, Zweig R, Robinson LC, Tatchell K, 
Witt SN (2008) Novel suppressors of α-synuclein toxicity identified using yeast. Hum Mol 
Genet 17:3784–3795 

Lin W, Kang UJ (2008) Characterization of PINK1 processing, stability, and subcellular localiza-
tion. J Neurochem 106:464–474 

Liu YH, Wei W, Yin J, Liu GP, Wang Q, Cao FY, Wang JZ (2009) Proteasome inhibition increases 
tau accumulation independent of phosphorylation. Neurobiol Aging 30:1949–1961 

Lopez Salon M, Pasquini L, Besio Moreno M, Pasquini JM, Soto E (2003) Relationship between 
beta-amyloid degradation and the 26S proteasome in neural cells. Exp Neurol 180:131–143 

Luk KC et al (2012) Pathological alpha- synuclein transmission initiates Parkinson-like 
neurodegeneration in nontransgenic mice. Science 338:949–953 

Luk KC, Song C, O’Brien P et al (2009) Exogenous alpha-synuclein fibrils seed the formation of 
Lewy body-like intracellular inclusions in cultured cells. Proc Natl Acad Sci U S A 106:20051– 
20056 

Markesbery WR (1997) Oxidative stress hypothesis in Alzheimer's disease. Free Radic Biol Med 
23:134–147 

Martin LJ (2006) Parkinson's disease alpha-synuclein transgenic mice develop neuronal mitochon-
drial degeneration and cell death. J Neurosci 26:41–50 

Meade RM, Fairlie DP, Mason JM (2019) Alpha-synuclein structure and Parkinson’s disease– 
lessons and emerging principles. Mol Neurodegener 14:29 

Michiorri S, Gelmetti V, Giarda E et al (2010) The Parkinson-associated protein PINK1 interacts 
with Beclin 1 and promotes autophagy. Cell Death Differ 17:962. https://doi.org/10.1038/cdd. 
2009.200 

Mills JD, Nalpathamkalam T, Jacobs HI, Janitz C, Merico D et al (2013) RNA-Seq analysis of the 
parietal cortex in Alzheimer’s disease reveals alternatively spliced isoforms related to lipid 
metabolism. Neurosci Lett 536:90–95 

Min SW, Cho SH, Zhou Y, Schroeder S, Haroutunian V, Seeley WW, Huang EJ, Shen Y, 
Masliah E, Mukherjee C, Meyers D, Cole PA, Ott M, Gan L (2010) Acetylation of tau inhibits 
its degradation and contributes to tauopathy. Neuron 67:953–966 

Moore RA, Taubner LM, Priola SA (2009) Prion protein misfolding and disease. Curr Opin Struct 
Biol 19:14–22 

Mortiboys H (2008) Mitochondrial function and morphology are impaired in parkin-mutant 
fibroblasts. Ann Neurol 64:555–565 

Nakabeppu Y (2007) Oxidative damage in nucleic acids and Parkinson's disease. J Neurosci Res 85: 
919–934

https://doi.org/10.1038/cdd.2009.200
https://doi.org/10.1038/cdd.2009.200


54 M. A. Rather et al.

Nimmrich V, Ebert U (2009) Is Alzheimer’s disease a result of presynaptic failure? Synaptic 
dysfunctions induced by oligomeric beta-amyloid. Rev Neurosci 20:1–12 

Nygaard HB, Strittmatter SM (2009) Cellular prion protein mediates the toxicity of beta-amyloid 
oligomers: implications for Alzheimer disease. Arch Neurol 66:1325–1328 

Oh S, Hong HS, Hwang E, Sim HJ, Lee W, Shin SJ, Mook-Jung I (2005) Amyloid peptide 
attenuates the proteasome activity in neuronal cells. Mech Ageing Dev 126:1292–1299 

Paleologou KE, Kragh CL, Mann DM et al (2009) Detection of elevated levels of soluble alpha-
synuclein oligomers in post-mortem brain extracts from patients with dementia with Lewy 
bodies. Brain 132:1093–1101 

Palop JJ, Chin J, Mucke L (2006) A network dysfunction perspective on neurodegenerative 
diseases. Nature 443:768–773 

Penna I, Vassallo I, Nizzari M, Russo D, Costa D et al (2013) A novel snRNA-like transcript affects 
amyloidogenesis and cell cycle progression through perturbation of Fe65L1 (APBB2) alterna-
tive splicing. Biochim Biophys Acta 1833:1511–1526 

Perrin RJ, Woods WS, Clayton DF, George JM (2000) Interaction of human alpha-synuclein and 
Parkinson’s disease variants with phospholipids. Structural analysis using site-directed muta-
genesis. J Biol Chem 275:34393–34398 

Petrucelli L, Dickson D, Kehoe K, Taylor J, Snyder H, Grover A, De Lucia M, McGowan E, 
Lewis J, Prihar G, Kim J, Dillmann WH, Browne SE, Hall A, Voellmy R, Tsuboi Y, Dawson 
TM, Wolozin B, Hardy J, Hutton M (2004) CHIP and Hsp70 regulate tau ubiquitination, 
degradation and aggregation. Hum Mol Genet 13:703–714 

Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra A, Pike B, Root H, 
Rubenstein J, Boyer R et al (1997) Mutation in the a-synuclein gene identified in families 
with Parkinson’s disease. Science 276:2045–2047 

Pratico D, Uryu K, Sung S, Tang S, Trojanowski JQ, Lee VM (2002) Aluminum modulates brain 
amyloidosis through oxidative stress in APP transgenic mice. FASEB J 16:1138–1140 

Putcha P, Danzer KM, Kranich LR, Scott A, Silinski M, Mabbett S, Hicks CD, Veal JM, Steed PM, 
Hyman BT (2010) Brain-permeable small-molecule inhibitors of Hsp90 prevent α-synuclein 
oligomer formation and rescue α-synuclein-induced toxicity. J Pharmacol Exp Ther 332:849– 
857 

Qian W, Liang H, Shi J, Jin N, Grundke-Iqbal I et al (2011) Regulation of the alternative splicing of 
tau exon 10 by SC35 and Dyrk1A. Nucleic Acids Res 39:6161–6171 

Qian W, Liu F (2014) Regulation of alternative splicing of tau exon 10. Neurosci Bull 30:367–377 
Rather MA, Khan A, Alshahrani S, Rashid H, Qadri M, Rashid S, Alsaffar RM, Kamal MA, 

Rehman MU (2021) Inflammation and Alzheimer's disease: mechanisms and therapeutic 
implications by natural products. Mediat Inflamm 31:9982954 

Rakovic A, Grünewald A, Voges L, Hofmann S, Orolicki S, Lohmann K, Klein C (2011) PINK1-
interacting proteins: proteomic analysis of overexpressed PINK1. Parkinsons Dis 6:153979 

Readnower RD, Sauerbeck AD, Sullivan PG (2011) Mitochondria, amyloid β, and Alzheimer’s 
disease. Int J Alzheimers Dis 10:1042–1045 

Ren PH, Lauckner JE, Kachirskaia I et al (2009) Cytoplasmic penetration and persistent infection of 
mammalian cells by polyglutamine aggregates. Nat Cell Biol 11:219–225 

Ren QG, Liao XM, Wang ZF, Qu ZS, Wang JZ (2006) The involvement of glycogen synthase 
kinase-3 and protein phosphatase-2A in lactacystin-induced tau accumulation. FEBS Lett 580: 
2503–2511 

Ribeiro CS, Carneiro K, Ross CA, Menezes JR, Engelender S (2002) Synphilin-1 is developmen-
tally localized to synaptic terminals, and its association with synaptic vesicles is modulated by 
a-synuclein. J Biol Chem 277:23927–23933 

Rochet JC, Conway KA, Lansbury PT (2000) Inhibition of fibrillization and accumulation of 
prefibrillar oligomers in mixtures of human and mouse alpha-synuclein. Biochemistry 39: 
10619–10626 

Rosen KM, Moussa CE, Lee HK et al (2010) Parkin reverses intracellular beta-amyloid accumula-
tion and its negative effects on proteasome function. J Neurosci Res 88:167–178



2 The Mechanistic Approach Involved in the Progression of. . . 55

Rosenberg RN (2000) The molecular and genetic basis of AD: the end of the beginning. Neurology 
54:2045–2054 

Ross CA, Poirier MA (2004) Protein aggregation and neurodegenerative disease. Nat Med 10:S10– 
S17 

Salbaum JM, Weidemann A, Lemaire HG, Masters CL, Beyreuther K (1988) The promoter of 
Alzheimer’s disease amyloid A4 precursor gene. EMBO J 7:2807–2813 

Schellenberg GD, Bird TD, Wijsman EM, Orr HT, Anderson L et al (1992) Genetic linkage 
evidence for a familial Alzheimer’s disease locus on chromosome 14. Science 258:668–671 

Schlossmacher MG, Frosch MP, Gai WP et al (2002) Parkin localizes to the Lewy bodies of 
Parkinson disease and dementia with Lewy bodies. Am J Pathol 160:1655–1667 

Seeley WW, Crawford RK, Zhou J et al (2009) Neurodegenerative diseases target large-scale 
human brain networks. Neuron 62:42–52 

Selkoe DJ (2002) Alzheimer’s disease is a synaptic failure. Science 298:789–791 
Selkoe DJ (2008) Soluble oligomers of the amyloid beta-protein impair synaptic plasticity and 

behavior. Behav Brain Res 192:106–113 
Serpell LC, Berrimann J, Jakes R, Goedert M, Crowther RA (2000) Fiber diffraction of synthetic 

alpha-synuclein filaments shows amyloid-like cross-beta conformation. Proc Natl Acad Sci U S 
A 97:4897–4902 

Sherrington R, Rogaev EI, Liang Y, Rogaeva EA, Levesque G, Ikeda M et al (1995) Cloning of a 
gene bearing missense mutations in early-onset familial Alzheimer’s disease. Nature 375:754– 
760 

Shimura H, Miura-Shimura Y, Kosik KS (2004) Binding of tau to heat shock protein 27 leads to 
decreased concentration of hyperphosphorylated tau and enhanced cell survival. J Biol Chem 
279:17957–17962 

Shimura H, Schlossmacher MG, Hattori N, Frosch MP, Trockenbacher A, Schneider R et al (2001) 
Ubiquitination of a new form of alpha-synuclein by Parkin from human brain: implications for 
Parkinson’s disease. Science 293:263–269 

Soto C, Estrada LD (2008) Protein misfolding and neurodegeneration. Arch Neurol 65:184–189 
Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, Goedert M (1997) α-Synuclein in 

Lewy bodies. Nature 388:839–840 
Spilman P, Podlutskaya N, Hart MJ, Debnath J, Gorostiza O, Bredesen D, Richardson A, Strong R, 

Galvan V (2010) Inhibition of mTOR by rapamycin abolishes cognitive deficits and reduces 
amyloid-beta levels in a mouse model of Alzheimer’s disease. PLoS One 5:e9979 

Stilling RM, Benito E, Gertig M, Barth J, Capece V et al (2014) De-regulation of gene expression 
and alternative splicing affects distinct cellular pathways in the aging hippocampus. Front Cell 
Neurosci 8:373 

Surmeier DJ, Obeso JA, Halliday GM (2017) Selective neuronal vulnerability in Parkinson disease. 
Nat Rev Neurosci 18:101–113 

Takahashi RH, Milner TA, Li F, Nam EE, Edgar MA, YamaguchiH BMF, Xu H, Greengard P, 
Gouras GK (2002) Intraneuronal Alzheimer abeta42 accumulates in multivesicular bodies and is 
associated with synaptic pathology. Am J Pathol 161:1869–1879 

Tomic JL, Pensalfini A, Head E et al (2009) Soluble fibrillar oligomer levels are elevated in 
Alzheimer’s disease brain and correlate with cognitive dysfunction. Neurobiol Dis 35:352–358 

Tseng BP, Green KN, Chan JL, Blurton-Jones M, LaFerla FM (2008) Abeta inhibits the proteasome 
and enhances amyloid and tau accumulation. Neurobiol Aging 29:1607–1618 

Ueda K, Saitoh T, Mori H (1994) Tissue-dependent alternative splicing of mRNA for NACP, the 
precursor of non-ab component of Alzheimer’s disease amyloid. Biochem Biophys Res 
Commun 205:1366–1372 

Uversky VN (2007) Neuropathology, biochemistry, and biophysics of alpha-synuclein aggregation. 
J Neurochem 103:17–37 

Valente EM et al (2004) Hereditary early-onset Parkinson’s disease caused by mutations in PINK1. 
Science 304:1158–1160



56 M. A. Rather et al.

Volpicelli-Daley LA et al (2011) Exogenous α-synuclein fibrils induce Lewy body pathology 
leading to synaptic dysfunction and neuron death. Neuron 72:57–71 

Wang L, Xie C, Greggio E, Parisiadou L, Shim H, Sun L, Chandran J, Lin X, Lai C, Yang WJ 
(2008) The chaperone activity of heat shock protein 90 is critical for maintaining the stability of 
leucine-rich repeat kinase 2. J Neurosci 28:3384–3391 

Wilhelmus MM, Otte-Holler I, Wesseling P, de Waal RM, Boelens WC, Verbeek MM (2006) 
Specific association of small heat shock proteins with the pathological hallmarks of Alzheimer’s 
disease brains. Neuropathol Appl Neurobiol 32:119–130 

Williams AJ, Paulson HL (2008) Polyglutamine neurodegeneration: protein misfolding revisited. 
Trends Neurosci 31:521–528 

Xia W, Yang T, Shankar G et al (2009) A specific enzyme-linked immunosorbent assay for 
measuring beta-amyloid protein oligomers in human plasma and brain tissue of patients with 
Alzheimer disease. Arch Neurol 66:190–199 

Xiong H, Wang D, Chen L et al (2009) Parkin, PINK1, and DJ-1 form a ubiquitin E3 ligase 
complex promoting unfolded protein degradation. J Clin Invest 119:650–660 

Yang Y, Turner RS, Gaut JR (1998) The chaperone BiP/GRP78 binds to amyloid precursor protein 
and decreases Abeta40 and Abeta42 secretion. J Biol Chem 273:25552–25555



57

Isolation, Characterization 
and Differentiation of Stem Cells 3 
Hmed Ben-Nasr, Mongi Saoudi, and Riadh Badraoui 

Abstract 

Throughout the development of metazoan, a pool of genes and factors, the black 
box cassette (BBC), regulates all processes deciding cells’ proliferation and 
differentiation, in a fascinating and synchronized hierarchical pathway. At matu-
rity, only a tiny fraction of cell subsets, the totipotent cells, retain in memory an 
active BBC in order to achieve regeneration and repair of damaged tissues. 
Totipotency, mainly the memorial BBC, forged a new era of scientific, agronomic 
and medical researches, among which the cellular therapy is intended to cut off 
with several diseases of degenerative nature or needing tissue replacement. 
However, the application of SCs is still refrained at its different steps. This 
chapter discusses recent status of totipotent cell identification, selection and 
conditioning for stem cell (SC)-based application, particularly for clinical use. 
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3.1 Introduction 

The story of stem cells begun in the mid-seventeenth century when Robert Hooke 
first discovered that all living organisms are made of a unified structure, the cell 
(Hyllner et al. 2015). Details of how a unique cell arises into metazoan body were 
progressively disclosed based on the great advances in embryology and oncology. In 
fact, the fertilized egg undergoes a sequential series of cellular division and differ-
entiation to build specialized tissues and organs of a new organism. Hundreds of 
cells with different shapes and functions are consequently formed. The term totipo-
tency was coined to describe this peculiar phenomenon that is progressively lost 
throughout the developmental course, i.e. from zygote to maturation. In adulthood, 
totipotency is substantially retained in some tiny subpopulations, namely, stem cells 
(SCs) that are featured to repair some damaged tissues, to ensure immune defence or 
to reproduce (germinal cells: GCs). The unique cells that keep their total totipotency 
belong to the germinal line. Other cellular types, the somatic ones, are generally 
classified according to their ability to regenerate tissues or to differentiate into other 
cell types, e.g., multi-, pluri-, or uni-potent stem cells. Those totally losing this 
capability are termed somatic cells. 

SCs are a keystone basis in several domains including assisted reproduction and 
the production of hybrids, transgenic organisms and clones. Perhaps, the genesis of 
genetically modified organisms intended to ameliorate food production is the most 
commonly known application based on stem cells (Heller 2003; Slack 2018). 
Recognition of the cellular stemness and its potential to regenerate damaged parts 
of the body instigates a new genera of pharmacological treatment, i.e. ‘the cellular 
therapy’ (CT). It is conceived that bone marrow (BM) replacement in 
haematological cancer represents the first successful application of such therapy 
(Thomas et al. 1975a, b). Early assays of BM replacement were limited by the 
immune self-recognition sentinel, leading to graft rejection. The immune system of 
patients is then profoundly compromised by total irradiation for grafting success. 
Great knowledge in molecular biology, and in particular oncology, divulgated the 
elemental sequences involved in this process and allowed engineering of the func-
tion, proliferation and differentiation of cells, to give a novel type of stem cells, the 
induced pluripotent stem cells (iPSCs). iPSCs are basically crucial in almost cellular 
and molecular biotechnologies, and eventually CT (Gage 1998). This chapter 
addresses the major problems that limit application of SCs with special focus on 
selection, isolation and control techniques of stem cells.
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3.2 The Concept of a Stem Cell 

Stem cells have been defined as those cells capable of self-renewing and 
differentiating into other cell types and regenerating tissues or organs. Throughout 
their development, they can be isolated from the embryonic (ESC), extraembryonic 
(exESC) or foetus and adult tissues (ASC). Germinal stem cells (GSC), which are 
specifically intended for reproduction, are found in both embryonic and fetal-
adult stages. ESC isolated from early embryos (2 to 16 cell blastocysts) and GSC 
have a versatile totipotency and can develop into a complete new body. Once the 
blastocyst compacts, an outer cell layer, forming a ‘shell’ for an inner mass cell 
(IMC), appears in its surface. The ‘shell’ layer develops into extraembryonic tissues 
that comprise the trophoblast, which is an important source of human pluripotent 
cells (hPSCs). IMC segregates into two layers: the hypoblast and the epiblast. The 
former is ideal to form the endoderm which is committed to differentiate into 
digestive tract and yolk sac. The epiblastic layer duplicates under mechanical and 
chemical inductive cues provided by the endoderm to give the ectoderm and the 
mesoderm. These three germ layers constitute the first progenitors of the future 
tissues of the organism. Epithelial and neuronal cells derive from ectoderm and other 
tissues (muscle, skin, bone, etc.) originate from the mesoderm layer (Pera et al. 2000; 
Baker and Pera 2018; Rossant and Tam 2022). Cell-to-extracellular matrix (EMC) 
and cell-to-cell contacts are determinants in inducing and guiding differentiation and 
movements of a PSC to reach its final functional status. Certainly, this physico-
spatial environment of PSC varies with its progressive advancement towards its fate, 
alongside embryogenesis and foetal/adult growth. For example, if a naive PSC from 
the dorsal root of the epiblast is patterned to become a neurone, it is firstly submitted 
to influences of mesodermal inductions, ectodermal surrounding cells and organizer 
centres, during neurulation and ontogenesis. A naive PSC will never transform into 
the sought neurone if it is directly engrafted into the final tissue, since it will miss all 
intermediate commitments and differentiation events. Otherwise, there are time- and 
space-dependent restrictions and conditions for PSC to go throughout its destiny 
(Rao 1999). These step-wise differentiation and cells’ fate decision are governed by 
two ‘soft programmes’. The first one, we named herein the ‘black box cassette’ 
(BBC), is proper to the cell and involves genetic and cytoplasmic factors such as 
maternal mRNA. The second regulator involves the environmental/epigenetic 
factors (EF) imposed by surrounding conditions. BBC and EF are firmly coordinated 
and hierarchized to ensure the appropriate development of the future newborn. 
Disruption in the BBC programme and/or EF, at any developmental stage of the 
metazoan body, might lead to the appearance of particular organoids: tumors and 
cancers (Nasr et al. 2013). During morphogenesis and ontogenesis, cellular changes 
(moving from place to place, shape-shaping and connecting to other cells or EMC, 
achieving energetic demands, proliferation and apoptosis) occurs chronologically in 
an orchestrated and hierarchized fashion with surrounding environment, towards the 
fate of the committed cell in adulthood. Any alteration in these regulated variations 
of the cell leads to abnormal development and tumorigenesis (Fong et al. 2010).
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A decade after the successful transfer of an epithelial into an enucleated embryo 
cell to clone the sheep Dolly (Tian et al. 2003), researchers were able to transform 
somatic cell into a new type of stem cell, the induced pluripotent stem cell (iPSC). 
The first iPSCs were obtained by modifying the expression of Oct4, Sox2, Klf4 and 
c-Myc genes in fibroblastic cells that acquired an ESC-like cell features (Bilic and 
Belmonte 2012; Shi et al. 2017). iPSC engineering guides researches to regulate and 
control the ‘fate’ of SC and subsequent application in scientific researches, 
biotechnologies and in particular, the sought CT. 

3.3 Challenges to Characterize and Use SCs 

Totipotent stem cells are isolated from developing embryos and their annexed tissues 
(trophoblast). Most of progenitors of adult PSC originate from IMC-derived tissues. 
During the development of organisms, cells’ totipotency is regulated by a specific 
pool of genes (BBC) and surrounding conditions. In the earliest embryogenesis, the 
BBC is fully active and becomes progressively locked down. Only pluri- or 
uni-potent adult stem cells will retain a part of the active BBC devoted for tissue 
repair and regeneration (Fig. 3.1). Through cell reprogramming by retroviral intro-
duction of genes, nuclear transfer, mutations, methylation/demethylation, or expo-
sure to specific factors like the leukaemia inhibitory factor (LIF), it was possible to 
make changes in BBC to get iPSC of specific features. 

In assisted reproduction, the fully totipotent stem cells, the fertilized egg and its 
earliest daughter cells require mere morphological screening through microscopic 
observation and in vitro conditioning to attain their ultimate goal. During 
transgenesis, techniques appear more difficult and involve nuclei handling of 
ESCs that should retain their full capacity to build a structured embryo. Up to the 
blastocyst compaction, further colossal interventions to isolate, identify and 
reprogramme SCs are needed to achieve the objective like CT. 

Envisioned applications of SCs in scientific researches and therapy encompass 
tissue replacement, drug delivery, endocrine secretion and many other medical 
domains. Despite the accelerated research towards human pluripotent stem cells 
(hPSCs) and their characterization and utilization in CT, and generally in other

Fig. 3.1 Schematic representation of origins of SCs, adapted from (Pera et al. 2000; Nasr et al. 
2013; Baker and Pera 2018; Rossant and Tam 2022)



disciplines, many challenges remain unsolved. These constraints can be summarized 
in three major questions: Which stem cells fit the best target, how to isolate and 
prepare stem cells to attain their endpoint and what is the way to control the fate 
decision of SC? (Fig. 3.2).
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Fig. 3.2 Step-wise laboratory assays towards cellular therapy application (photomicrograph of 
biopsy from (Badraoui et al. 2007)) 

To use pluripotent cells in CT, PSC need firstly to be isolated from a tissue of 
choice and identified through successive laboratory tests. In the third step, 
characterized PSC are reprogrammed in order to fit the ultimate goal of CT (drug 
delivery, secretome therapy or repair and replacement transplantation). Produced 
iPSC are then submitted to the same serial laboratory assays, before in vitro and 
in vivo experimental trials of transplantation. Because of the important conditional 
variations between the culture media, and the targeted tissue and which of the origin, 
accurate mathematical models might predict the fate of iPSC and CT to avoid 
tumorigenesis and wrong pathway of CT. 

3.3.1 Which Stem Cells Fit Best the Ultimate Endpoint? 

To produce transgenic and genetically modified organisms, fertilized oocyte or SCs 
isolated from early embryo are used by enucleation and pronuclei injection or gene 
transfection. Although it requires meticulous in vitro conditioning and nucleic 
handling, the final goal is easily attained by in utero embryo transfer to obtain the 
transgenic organism. SCs used for such endpoint are either in vitro-fertilized eggs or 
their first blastocyst-derived cells of known properties (Council 1989; Gama Sosa 
et al. 2010). For CT and molecular and genetic researches, SCs can be obtained from 
a large variety of tissues, including the bone marrow, brain, muscle, adipose tissue,



lung, hair follicle and gut, and at different developmental stages. Several techniques 
are required to harvest, identify and separate SCs from non-proliferative somatic 
cells that exhibit different features, totipotencies and gene expression patterns to 
differentiate into the desired tissue or to accomplish a specific function. Subse-
quently SC’s potential to reach the ultimate goal changes within the origin of the 
cell. According to the International Stem Cell Initiative (ISCI) there are, for example, 
59 different human embryonic stem cells (hESCs) that are ready to be used in 
scientific and clinical studies. While having the same origin, these cells exhibit 
some common CD markers, such as glycolipid, keratan sulphate and CD9 antigens, 
but differ in many others (collection et al. 2007). Concomitantly, the naive pluripo-
tent cell undergoes progressive variations in its phenotyping. Trusler and her 
colleagues reviewed these variations in hPSCs. They pointed that an hPSC takes 
different states during in vivo development commencing by a naive state 
(pre-implantation) and primed or committed state (post-implantation) (Trusler 
et al. 2018). Thus, both in in vitro or in vivo conditions, PSC can give rise to 
undesired cell populations. 
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SC totipotency declines from multipotency to unipotency alongside with ageing 
as a consequence of the progressive locking down of the BBC that can be inhibited 
by telemore shortening (Blasco 2007), thus enabling cells to have more specificity 
and stability. Therefore, it is recognized that uni-potent stem cells isolated from the 
CT-targeted tissue are the best SCs to ensure the success of the therapy. Such choice 
allows low time- and cost-consuming techniques and yields SC with adequate cell 
determinants (CD) that fit to the target. It also permits avoiding the matter of immune 
histocompatibility. Therefore, a neural stem cell, for example, which is isolated from 
the brain, more suitable in CT for than a mesenchymal stem cell (MSC) Alzheimer’s 
disease. However, it is not always the case because of the morbidity of invasive 
techniques of isolation and problems of donor graft’s host compatibility of the stem 
cell to be used in CT. Determining the origin and the timing for SC isolation is 
crucial for a successful CT. 

3.3.2 How to Isolate, Identify and Prepare Stem Cells for their 
Endpoint? 

The International Stem Cell Banking Initiative postulates that SC is best 
characterized through three laboratory assays: (i) the pluripotency tests, (ii) in vitro 
and in vivo differentiation tests and (iii) karyotype analysis to outline their genetic 
stability (Crook et al. 2010). SCs can be obtained from tissue’s explant or in vitro 
engineering of cells. Because of their motility and ability to adhere to plastic 
surfaces, they are easily separated from other cells of the native tissue. Explants 
are excised into small pieces or submitted to digestion by proteolytic enzymes and 
cultured in adequate medium, for sufficient time to liberate SC that mostly adhere to 
plastic surfaces of culture dishes or flasks (Zhu et al. 2010). Successive cultures of 
the obtained SC yield a relatively pure population of SC. Condition of isolating SC 
greatly varies within the tissue of origin and the expected SC to be enriched. During



processes of SC harvest, proliferation and differentiation assays and cryopreserva-
tion, bioreactor systems should be supplemented with prerequisite nutrients, growth 
factors, cytokines, antibiotics, foetal bovine serum (FBS), EMC substrate 
(e.g. Matrigel matrix) and many other factors, in order to maintain their survival 
and totipotency (Ulloa-Montoya et al. 2005). Many investigators outlined the 
requirement of coculture with feeder cells, like irradiated embryonic fibroblast, in 
addition to standard soluble factors in culture medium, in order to maintain hPSC 
survival and pluripotency. However, for mouse PSC, adequate soluble factors 
related to BMP-4, Stat 3 and LIF are sufficient (Villa-Diaz et al. 2013; Chen et al. 
2014). The adjustment of culture media and conditions is therefore of great concern 
for successful SC isolation and monitoring. Pragmatically, the culture system might 
reproduce a similar condition close to these of original tissue. On peripheral blood or 
aspirates of the bone marrow, PSC are isolated using density gradient centrifugation, 
magnetic cell separation and flow cytometry coupled with immunophenotyping by 
fluorescent antigens. More accurate and sophisticated techniques, such as array 
comparative genomic hybridization (aCGH), are needed which permit the detection 
of many chromosomal abnormalities appearing in SC at the same time (Elliott et al. 
2010). Isolated PSC might spontaneously change their phenotypes, because of their 
instability out of their original tissue. In effect, it was shown that many SCs 
differentiate after ten passages in culture medium and arise into heterogeneous-
derived cell population (Blum and Benvenisty 2008). This fact breaks the concept 
of SC stability. Recourse for identifying and selecting the desired SC is, de novo, 
required, and several cellular markers including cluster differentiation (CD), meta-
bolic enzymes and gene transcriptome are ready to be used for identification of PSC. 
Wang and his colleagues found that hiPSC and hESC could be rapidly identified by 
their capability to differentially bind to 13 lectins (extracted from different plant 
species) at the same time. This property is ensured by lectins’ differential binding to 
hydrophobic glycoproteins moving in the outer surface of the cytoplasmic mem-
brane. This glycomic array-based technique fairly separate PSC from non-totipotent 
cells (Wang et al. 2011). 
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Each of the 200 cellular types that are present in the human body expresses a 
unique set of genes. Analysing these transcriptomes might inform about the origin, 
developmental stage and eventually the pluripotency of the SC (Yilmaz and 
Benvenisty 2019). Because of the great biotechnological progress, scientists are 
now able to depict the transcriptome of these genes and introduce or retrieve some of 
them to produce a large variety of iPSC with specific patterns. 

According to the ISCI (collection et al. 2007), all hESCs share in common the 
same surface markers and developmental gene transcriptomes. This signature 
includes membrane surface markers (glycolipids SSEA3 and SSEA4, keratan 
sulphate TRA-1-60 and TRA-1-81 (CD34-related transmembrane glycoproteins), 
GCTM2, GCT343, CD9, CD90, HLA-1, tissue-non-specific alkaline phosphatase 
enzyme and the transcriptome of a variety of development- regulating genes 
(NANOG, OCT4 or POU5F1, TDGF1, DNMT38, GABRB3 and GDF3) (collection 
et al. 2007). Interestingly, expression of most of these genes is also shared with 
cancer stem cells that develop into tumours (Hanahan and Weinberg 2011). We



coined the term the ‘black box cassette (BBC)’ to this pool of genes which are 
involved in both embryogenesis and tumorigenesis (Nasr et al. 2013). Because of 
this close similarity between PSC and cancer stem cell (CSC), tumours are produced 
from PSC, a fact that refrains the application of CT (Ghosh et al. 2011; Chen et al. 
2012). Other genes are also differentially expressed during embryogenesis such as 
SOX and BMP. Some of them have a temporary expression or repression in relation 
to the developmental stage and the targeted organ. The distal enhancer gene OCT4 
regulates PSC entrance in differentiation and maintains its pluripotency. In contrast 
to the Sox2 gene, the Oct4 gene is overexpressed in naive human mesenchymal stem 
cell from different origins such as the bone marrow, muscle and brain (Theunissen 
et al. 2014). Obviously, none of these gene modifications is sufficient to change 
totipotency. Thus, mathematical models are now developed to outline correlations 
between these hallmarks of SC’s identification, differentiation and ontogenesis. 
These models might solve the problem of SC markers changes within development 
and predict the time and localization of the sought PSC to be selected and used in 
CT. They might also estimate the accuracy and safety of CT (Borsani et al. 2019). 
Nonetheless, standard methods and PSC identifiers exist and permit isolation and 
selection of various types with encouraging findings towards CT. 
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Table 3.1 Examples of human pluripotent stem cells and their identifiers 

Type of 
SC Original tissue Cellular identifiers Reference

In vitro-cultured 
embryo 

hESC SSEA-3+, SSEA-4+, TRA-1-60+, 
TRA-1-81+, GDTM-2+, alkaline 
phosphatase+, Oct-4+, germ cell nuclear 
factor+, GDF-3+, TDGF-1+ 

(Pera et al. 
2000) 

Peripheral blood, bone 
marrow, umbilical 
cord blood 

hHSC CD34+ , CD59+ , Thy1+ , CD38low/-, 
c-kit-/ low , Lin-

(Geraerts 
and 
Verfaillie 
2009) 

Bone marrow 
All tissues 

hMSC CD10+ , CD13+ , CD73+ , CD90+ , CD105+ , 
CD140b+ , CD146+ , CD271+ , CD340 + , 
CD349+ , W8B2+ , SSEA4+ , Stro-1+ 

Bone marrow hBMSC CD45-, MHC I/II-, 
c-Kitlow ,CD90low/- / Oct4-

Amniotic fluid hAFS cKit+ , MHC-I+ , MHCIIlow , CD45-, 
CD34-, CD133-, CD29+ , CD44+ , 
CD73+ , CD90+ , CD105+ and SSEA4+ / 
Oct4+ 

Table 3.1 summarizes the common markers of some human stem cells. An SC 
subtype is characterized by a combination of this marker expression (presence/ 
absence or high/low expression). Some markers could be shared by different SCs 
such as the stage-specific embryonic antigen (SSEA4) which is commonly expressed 
by human embryonic stem cell (hESC), human mesenchymal stem cell (hMSC) and 
human amniotic fluid cell (hAFC). Interestingly, human hematopoietic stem cell 
(hHSC), human mesenchymal stem cell (hMSC) and human bone marrow-derived



stem cell (hBMSC) can be isolated from the same origin, with the bone marrow 
while having enormous differences in its hallmarks. Such diversification reflects the 
ambiguity of the accurate characterization of SCs. 

3 Isolation, Characterization and Differentiation of Stem Cells 65

3.3.3 How to Control the Fate Decision of SC? 

During normal embryogenesis, the regulation of SC proliferation and its differentia-
tion is imposed by a cascade of multiple genes controlling the polarization, segmen-
tation and ontogenesis of the embryo. Each pool of genes responds to several soluble 
growth factors (FGF, TGF, LIF etc.) and instructive induction that comprises 
physically established intercellular and extracellular matrix interactions and 
gradient-diffuse signals. Understanding these BBC and EF elements is a basic 
keystone in CT. 

CT is suggested as a good solution to cut off with matters of organ transplanta-
tion, targeted- drug delivery and many endocrine dysfunctions, and using this 
approach in clinical trials is continuously reported (Trounson and McDonald 
2015). But the possibility that transplanted PSC turns in a wrong way and leads to 
cancer development remains embarrassing (Cunningham et al. 2012). According to 
the ultimate goal of cellular therapy, there is a need to reprogramme the PSC to 
obtain the sought features. Because of their ability to home the injured tissues or 
tumours, PSC, are sought as good drug carriers to target injured tissues and tumours. 
In general, they handle the expression of exosomes carrying the active molecules and 
the release of exosomes at the disease’s ‘niche’. They can be also used to counteract 
cancer development through their proteic transcriptome that includes chemokines, 
growth factors and angiogenic factors. In particular, MSC overexpress the stromal 
cell-derived factor 1 that orients it to the injured tissue, thus facilitating the drug 
delivery to the ‘cible’ (Lai et al. 2013; Tran and Damaser 2015; Duan et al. 2021). 
These MSC are characterized by several markers including CD119, CD121, CD25, 
CD123, CD124, CD54, CD56, CD58, CD62, CD166 and many others that rely on 
chemotaxis and cell adhesion (Saeedi et al. 2019). While encouraging for repair and 
regeneration of many damaged tissues, transplantation of PSC for such issue remains 
inconclusive. 

Techniques for producing iPSCs are multiple and involve genetic modifications 
through viral transduction and non-viral transfection. Associated adenovirus (AAV) 
and lentivirus (LV) vectors are the most used vectors for gene transfection in PSC. 
This technique inserts specific genes to be amplified or to produce transgenic cells 
(Shakhbazau et al. 2008; Park et al. 2015; Zubkova et al. 2021). Through such 
technique, Palma and his collaborators (2013) induced the overexpression of OCT4, 
a prominent gene in pluripotency, in both MSC and fibroblast. As a result, there was 
activation of the expression of some development related genes such SOX, NANOG 
and c-MYC (Palma et al. 2013). However, while promoting results and advances in 
clinical trials for some diseases, accurate genome editing for a successful and safe 
CT remains far to be established and needs further hard work (Hockemeyer and 
Jaenisch 2016).
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3.4 Conclusion 

Since their discovery, SCs gained much attention in biology and medicine. In 
addition to ethical considerations, their existence in numerous tissues and at very 
low amounts, particularly in adulthood, restrains their isolation and identification. 
Multipotent ESCs are already used in many domains such as assisted reproduction 
and the production of transgenic and genetically modified organisms that needs ease 
and ‘simple’ in vitro handling to attain the ultimate goal. However, in other 
applications like CT, it sounds technically more difficult because of the need to 
control the in vivo microenvironment and the fate of SCs that is yet far to be 
recognized. To endorse the applications of SCs, there should be predictive 
approaches modelling the choice of SC subtype and its origin and frameworks of 
technical methods of isolation, identification, genetic reprogramming and eventually 
in vitro and in vivo microenvironment conditioning. The choice of the SC type and 
its isolation technique from the original tissue must fit the best targeted endpoint. 
The more proximate the isolated SC to the featured targeted tissue/organ, the less 
handling will be needed. Up-to-date genetic reprogramming of SCs includes 
nanotechniques that present highly specific target at molecular and genetic levels 
and might strengthen their application accuracy. 
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Abstract 

Different degrees of paralysis and/or loss of consciousness and feeling are caused 
by neurodegenerative diseases that develop as neurons gradually lose their 
structure and function. The lack of efficient treatments for neurodegenerative 
diseases has a severe negative social and economic influence. Regenerative cell 
treatment, commonly referred to as stem cell therapy, has offered a fantastic 
chance to research potentially effective cutting-edge methods for treating neuro-
degenerative illnesses in the previous 20 years. This is because stem cells can
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repair damaged neural tissue by replacing lost or damaged cells with 
differentiated cells, promoting a regenerative environment, or protecting already 
healthy neurons and glial cells from damage. To develop practical and effective 
treatments for neurodegenerative disease augmentation by a greater knowledge of 
stem cell technologies and further research in this area is inevitable. Consider-
ably, this chapter provides an overview of the different stem cell types, stem cell-
based treatments for neurodegenerative disorders and new developments in 
this area.
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4.1 Introduction 

Neurodegenerative disorders (NDDs), such as Parkinson’s disease (PD), 
Alzheimer’s disease (AD), Huntington’s disease (HD), amyotrophic lateral sclerosis 
(ALS) and frontotemporal dementia (FTD), are characterized by the loss of structure, 
form, or function of neurons in the brain or spinal cord (Enciu et al. 2011). There are 
many factors responsible for NDDs like age, hormonal imbalance, growth factors 
and chemical exposure (Heyer and Meredith 2017). It is reported that reversal of 
NDDs is not possible and current medical treatment is costly with side effects. 
Additionally, for most individuals, a primary barrier is the central nervous system’s 
(CNS) restricted capacity for regeneration and the challenges associated with 
identifying and treating pervasive neuronal cell death (Heyer and Meredith 2017; 
Lie et al. 2004). The blood-brain barrier (BBB) makes treating these disorders even 
more challenging. Hence, researchers are continuously working on promising tools 
to cure NDDs. Although there are some traditional natural therapies available, cell 
therapy is also used. One of the uses of stem cells is in cellular therapy which is 
helpful to reverse the degeneration process. In stem cell treatment or regenerative 
therapy, stem cells or their derivatives are used to improve the capacity of dysfunc-
tional and injured tissue to react to healing procedures. Stem cell treatments usually 
focus on either cellular substitution or environmental improvement (Kashyap et al. 
2015; Sivandzade and Cucullo 2021). When used therapeutically, it has provided 
advantageous and alluring options for treating a range of diseases, including neuro-
degenerative disorders. 

Specific groups of neurons lose their ability to maintain their protein balance in 
neurodegenerative disorders, and inclusion bodies that are composed of proteins that 
are not soluble or have unfavourable conformations are common (Soto 2003). The 
gradual loss of sensation, memory and motor neurons and paralysis are all results of 
this pathogenic process. Despite the fact that billions of dollars have been spent on 
clinical studies of these diseases, there are still no measurable biomarkers or effec-
tive treatments for their progression. Despite the fact that stem cell therapy is still in



its infancy, it has already proven to be a beneficial, secure and breakthrough method 
to pursue in order to treat neurodegenerative diseases (Karussis et al. 2013). The 
specific types of neurons and neural networks that were affected by the disease are 
being restored through stem cell therapy for disorders that cause neurodegeneration. 
Enhancing the environment to support the neurons of the host by producing 
neurotrophic or scavenging factors that are toxic or constructing additional neural 
networks around the region that is impacted is another method of treating neurode-
generative diseases (Temple and Alvarez-Buylla 1999). 
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In recent times, several approaches have been attempted to treat neurodegenera-
tive diseases using stem cells, and they participate in the production of glial and 
neuronal cells. To find the most effective and profitable strategy for utilizing stem 
cells to treat neurological disorders, scientists have investigated multiple stem cell 
sources (Ahmadian-Moghadam et al. 2020). In vivo studies are conducted to see the 
impact of stem cells into stem cell treatment for neurodegenerative illnesses. 
According to these studies, stem cells may be able to affect native cells, encourage 
the effective restoration of nervous tissue, develop into neurons and glial cells and 
lessen motor impairments (Lee et al. 2007). Several clinical studies are investigating 
different aspects of stem cell therapies for brain diseases. Other important stages in 
developing and bringing stem cell treatments from the lab to patients include 
selecting the right stem cell type, the supporting mechanism and the specific neural 
disease. For instance, when a particular sort of neuronal component has been 
removed in PD, replacing cellular components may be advantageous. On the other 
hand, ALS may profit from therapies that improve the spinal cord’s surroundings to 
support the remaining neurons. The pathogenesis of common neurodegenerative 
illnesses and the process of regeneration were then covered. Therefore, in the next 
section, we will discuss the types of stem cells and how these stem cells are found to 
be promising therapeutic agents. 

4.2 Classifications of Stem Cell 

Based on the capacity to convert into lineages, stem cells are classified as pluripo-
tent, multipotent and unipotent (Singh et al. 2016). Multipotent stem cells can 
specialize in distinct cells from specific cell lineages, but pluripotent stem cells 
(PSCs) have a broader variety of differentiation than these cells. One example is a 
stem cell that produces blood cells, these cells can develop into different types of 
cells. From a blood cell precursor, an oligopotent cell is created. However, because 
some multipotent cells have the capacity to differentiate into various cell types, the 
term “pluripotent cell” is more correct. Multiple cell types can be created from 
oligopotent stem cells. The stem cell known as a myeloid can only generate white 
blood cells; it cannot make red blood cells. The lowest degree of differentiation and 
singular specialization that defines unipotent stem cells is their capacity for division 
that is singular. They are a hopeful option for therapeutic application in the field of 
regenerative medicine because of their higher quality (Fig. 4.1).
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Fig. 4.1 Zygote has the highest potency which can form both embryonic and extra-embryonic 
tissues. As differentiation occurs, stem cells become pluripotent as embryonic stem cells (ESCs) 
and induced pluripotent stem cells (iPSCs), which can form embryonic tissues only. Further, neural 
stem cells (NSCs), haematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs) are 
multipotent, and adipose stem cells (ASCs), intestinal stem cells (ISCs) and epithelial stem cells are 
unipotent in their capabilities 

4.2.1 Embryonic Stem Cells 

ESCs have the potential to be intriguing research subjects because of their capacity 
to continuously regenerate and differentiate into all of the major cell types of the 
central nervous system. These cells are currently being utilized as a valuable source 
of human neural progenitor cells in numerous research projects regarding neurode-
generative diseases (Barker et al. 2015). Although having advantages, some 
disadvantages are also reported. ESCs can show that the immune rejection in the 
patient is in translational medicine. 

4.2.2 Induced Pluripotent-Related Stem Cells (iPSCs) 

iPSCs were created for the first time in Professor Shinya Yamanaka’s lab in 2007 
(Takahashi et al. 2007). Promoting the production of genes and transcription factors 
in non-pluripotent cells like fibroblasts, hepatocytes, blood T cells and keratinocytes 
that support the development of embryonic stem cells results in iPSCs, a type of stem 
cell that is similar to pluripotent stem cells (Shi et al. 2017). These altered cells now 
serve as a potential component of creating an endless supply of autologous neurons 
for transplantation in patients suffering from neurodegenerative diseases (Guan et al. 
2020). Cells that can be derived from all cells in a patient’s somatic tissue, such as



the cells in Fig. 4.2, are called pluripotent. The process of creating iPSCs may lead to 
a reliable source of cells that produce neurons affected by degenerative diseases in 
the brain (Sivandzade and Cucullo 2021). One of the primary benefits of using iPSCs 
is that they can be created without the utilization of oocytes or embryos; as a result, 
there is no risk of violating any religious or ethical principles. Another benefit of  
iPSCs is that it provides a valuable option for autologous cell transfusion without the 
risk of immune rejection and without the need for immunosuppressive drugs 
(Yasuhara et al. 2017). 
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Fig. 4.2 Pluripotent stem cells as embryonic stem cells (ESCs) and induced pluripotent stem cells 
(iPSCs) can be derived from the blastocyst and somatic cells of patients, respectively. These stem 
cells have the potential to be differentiated into cells of three germ layers. Under specific conditions 
and according to therapeutic demands, such stem cells or thereby differentiated cells can be utilized 
to cure or reverse the damage caused by the neurodegenerative diseases 

The iPSCs may be advantageous for therapeutic use due to their simple 
harvesting procedures, reduced adverse effects and unique terminally differentiated 
cell phenotypes. In contrast to ESCs, the maturation process into adult neuron cells is 
more difficult in iPSCs. 

4.2.3 Mesenchymal Stem Cells (MSCs) 

MSCs are usually found in the bones, cord, fat and liver. These cells can be 
differentiated into a variety of cell lineages, including bone, cartilage, adipose, 
muscle and neurons (Sadaf Jahan et al. 2017). MSCs have substantial therapeutic 
promise and are considered the best source of cells for transplantation in the 
treatment of neurodegenerative diseases due to their extraordinary ability for self-
renewal while maintaining multi-potency. Because of the simple collection 
techniques and fewer associated ethical, religious and immune concerns, neurons 
derived from MSCs have the potential to treat neurodegenerative disorders (Jahan 
et al. 2018). Additionally, it has been documented that unlike other primordial cells 
like ESCs, MSCs do not develop tumours. MSCs are beneficial cell type for 
investigating neurological disorders because they possess several important



properties. Preclinical studies and continuing clinical trials are presently examining 
the therapeutic utility of MSCs in various neurodegenerative diseases. Injections into 
the intrathecal or intracerebral cavity are used to deliver MSCs. MSCs start working 
in a neuro-regenerative manner as soon as they are implanted; this involves promot-
ing neuronal development, producing neurotrophic factors, promoting endogenous 
neurogenesis, engaging with microglia, lowering apoptosis and free radicals and 
reducing inflammation (Wilkins et al. 2009). 
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4.2.4 Neural Stem Cells 

The brain tissues contain stem cells, which are more limited in their potential 
outcomes. Basically, neural stem cells develop into only a small number of various 
types of brain cells, such as oligodendrocytes, neurons and astrocytes, and have a 
limited capacity for self-renewal. NSCs can be isolated from various parts of the 
human prenatal and embryonic brain, as well as from brain tissues of patients who 
underwent surgery (Kim et al. 2013b). NSC transplantation in other brain areas is a 
potential medicinal approach for the management of many neurodegenerative 
diseases. By producing chemical substances that have a neuro-modulatory effect, 
such as controlling neural excitability, synaptic activity and learning, NSCs can have 
a gliogenic effect (Vay et al. 2016). 

Unlike ESCs, NSCs are considered to have a more evolutionary stability and be 
less tumorigenic. The alteration of genetic material in these cells can lead to 
immortalized NSCs with increased proliferation potential. These cells can resolve 
the low capacity for self-renewal of NSCs (Martínez-Serrano and Björklund 1997). 

4.3 Stem Cell-Based Therapeutic Strategies against 
Neurodegenerative Disorders 

4.3.1 Therapy Using Stem Cells for Alzheimer’s Disease (AD) 

A strategy for treating terminal brain diseases like Alzheimer’s has been proposed as 
a result of the development of stem cell technology. The primary cause of AD is 
neuronal degeneration throughout the brain, particularly in the basal cortex, hippo-
campus and prefrontal regions. Through pathological analysis, it was discovered that 
misfolded tau and A-(amyloid) proteins accumulated as AD progressed, and this 
adversely affected the neurons of the cholinergic system and their connections, 
ultimately leading to the degeneration of other neurons in various cerebral regions. 
There is currently no treatment for this illness, despite cases where acetylcholines-
terase inhibitors briefly relieve some symptoms. Recent research have shown that 
neurons are the source of early Alzheimer’s disease death that are compromised as 
well as dysfunctional glial cells (Zhao et al. 2021; Tajbakhsh et al. 2021). The cells 
that are derived from the stem cells will be used to promote natural neurogenesis and 
repair damaged or defective cells in the brain (Taupin 2008). All accessible stem cell



sources are comprised of human ESC, MSC, iPSC and NSC produced from the 
umbilical cord and bone marrow, as well as directly initiated neurons (iN) derived 
from somatic cells (Alessandrini et al. 2019). Even though some ESC transplant 
experiments have shown that they can improve brain performance in rodent models 
of brain injury, the ability to translate these findings to humans has been limited 
(Titomanlio et al. 2011). 
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A research from 2013 showed that ESCs can grow into progenitor cells that 
resemble middle ganglionic eminences, a form of temporary brain cell that is located 
in the developing brain. Following transplantation into a rat brain injury model, these 
cells were able to grow into GABAergic and cholinergic neurons as well as form 
synapses with host networks, which caused changes in impaired learning and spatial 
memory (Liu et al. 2013). Despite continuing preclinical research, the development 
of ESC-based treatments is severely hampered by the intrinsic moral and immuno-
genic problems associated with using allogeneic cells as a source of cells (Tolosa 
et al. 2016). It has been demonstrated that the paracrine activity of NSCs has 
significant therapeutic promise. In a rat AD model, growth factor-secreting NSC 
transplantation enhanced neurogenesis and cognitive performance (Blurton-Jones 
et al. 2009) and aged primate brain (Kordower et al. 1994), while human NSCs 
overexpressing choline acetyltransferase reversed learning and memory deficits in a 
cholinergic neurotoxic rat model (Park et al. 2013). Recent additional studies found 
that NSC implantation reduced neuro-inflammation in rodent models of AD (Zhang 
et al. 2016), attenuated tau and AD neuropathology (Lee et al. 2015), promoted 
neurogenesis and synaptogenesis (Lilja et al. 2015) (Ager et al. 2015) and reversed 
cognitive impairments (Ager et al. 2015; Zhang et al. 2016). Although the therapeu-
tic mechanisms underpinning these changes are unclear, paracrine neuroprotective 
or immunomodulatory factor release as well as direct neuronal differentiation is most 
likely to be involved in their mediating effects (Moghadam et al. 2009; Xuan et al. 
2009). 

Because of their abundance, MSCs are one of the stem cell types that are 
presently being researched the most. In elderly rodent models, transplanted MSCs 
have been shown to differentiate into various types of brain cells, which increased 
the amounts of the neurotransmitters acetylcholine, BDNF and NGF and improved 
movement and cognitive function (Park et al. 2013). With the addition of 
MSC-secreted compounds that promote survival, neuronal development and growth 
in areas that are naturally neurogenic. Paracrine activity with anti-oxidative impact 
of MSCs has a big role in medical field (Teixeira et al. 2015) and in cellular models 
of AD (Zilka et al. 2011). Similar to this, the transplantation of MSCs has been 
shown to prevent the death of cells associated with Aβ and tau in rodent models of 
AD (Lee et al. 2012); reduce Aβ deposits and plaque formation (Naaldijk et al. 
2017); stimulate neurogenesis, synaptogenesis and neuronal differentiation (Oh et al. 
2015; Yang et al. 2013); and rescue spatial learning and memory deficits (Lee et al. 
2012). According to some studies, donated MSCs have extra anti-inflammatory and 
immunologically modulatory paracrine activity. This is accompanied by elevated 
levels of neuroprotective cytokines like IL-10 and decreased levels of inflammatory 
cytokines like TNF- and IL-1 (Kim et al. 2013a; Lee et al. 2012). MSCs that are 
intravenously administered have the capacity to travel to areas of neural damage and



penetrate the blood-brain barrier without developing tumorigenicity or immunologi-
cal reactions (Ra et al. 2011). 
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The iPSC-derived neurons have the ability to develop electro-physiologically 
active synaptic networks because they are physically and functionally developed 
(Pang et al. 2011). Additionally, it enabled the differentiation to be directed into 
specific neuronal groups, such as the dopamine neurons, by utilizing extra transcrip-
tion factors during the induction period (X. Liu et al. 2012). Because iPSC trans-
plantation is a novel technique, there haven’t been many early animal model 
transplantation trials. In a rat model of an ischaemic stroke, human iPSC-derived 
NSCs improved diminished neurological function and lowered pro-inflammatory 
indicators through a neurotrophin-associated bystander impact. Another recent 
research discovered that human iPSC-derived cholinergic neuronal progenitors 
survived a transgenic AD rat model’s intra-hippocampal transplant evolved into 
phenotypically mature cholinergic neurons and corrected spatial memory 
impairments (Fujiwara et al. 2013). 

The iPSC technique makes it possible to produce individual pluripotent stem cells 
while avoiding the moral and immunological rejection issues related to sources that 
are not identical to the patient. Conversely, autologous iPSCs may not be very 
beneficial for neuro-replacement because neurons from AD patients have neuropath-
ological features including increased Aβ levels, hyper-phosphorylated tau, shorter 
processes and reduced electrical excitability (Balez et al. 2016; Hossini et al. 2015). 
Alternatively, there are significant implications regarding the origin of AD and the 
detection of potential treatments when using iPSC-derived neurons to simulate the 
disease in vitro. As a result, as mentioned previously, they are currently the focus of 
extensive in vitro research (Truong et al. 2016) (Fig. 4.3). 

Fig. 4.3 Human pluripotent stem cells (PSCs) such as iPSCs and ESCs can be differentiated into 
neural stem cells (NSCs) and mesenchymal stem cells (MSCs), from which the cells of the brain like 
neurons, oligodendrocytes and astrocytes can be derived. MSCs have a trophic effect that includes 
the release of growth factors and neurotrophic chemicals which can facilitate the recovery of 
damaged nerve tissue by promoting angiogenesis, neurogenesis and immunomodulation
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4.3.2 Therapy for Parkinson’s Disease (PD) Using Stem Cells 

The most prevalent neurological illness is Parkinson’s disease (PD), which is second 
only to Alzheimer’s disease (AD). Worldwide, PD affects six million people, the 
majority of whom are over 65. Ageing is a major risk factor for the development of 
the disease, and the average age at which PD shows itself is 55 (Marchetti et al. 
2020). Young-onset PD, described as a diagnosis between the ages of 21 and 
50, affects about 10% of PD cases (Schrag and Schott 2006), which is more likely 
to be inherited from family members (Poewe et al. 2017). Beyond the age of 70, PD 
patients are frequently identified. Clinically, PD manifests as motor dysfunction, 
which includes bradykinesia, muscular stiffness, resting trembling and unstable gait. 
The accumulation of toxic -synuclein (-syn) is what primarily drives the neurologi-
cal processes connected to Parkinson’s disease (PD), a presynaptic neural protein 
that builds up in the nervous system to create Lewy bodies (LBs) and Lewy neurites 
(LNs). With ageing, motor impairment becomes more prevalent in PD patients. The 
disease’s most prevalent sign, i.e. tremor, manifests at repose but subsides with 
intentional movement. Additional non-motor complaints and these include cognitive 
loss, hyposmia, constipation, anxiety, melancholy, orthostatic hypotension, urinary 
disruption and disorders of rapid eye movement sleep behaviour. Only a tiny 
percentage of Parkinson’s patients experience symptoms of mental illness like 
dementia and melancholy. Years after the start of motor disability, dementia-related 
PD is common and is likely to impact 30–80% of those who are afflicted (Maeda 
et al. 2017). 

There is still a debate regarding the exact cause of PD. Advanced age is a major 
risk factor for PD. The substantia nigra (SN) can experience a series of stressors 
brought on by ageing that reduce neurons’ receptivity to shocks in the future. It is 
well known that environmental and hereditary factors affect the risk and develop-
ment of disease. Only 10% of instances of PD are brought on by hereditary causes 
(Tysnes and Storstein 2017). Vascular brain shock, repetitive head trauma, 
neuroleptics, pesticide exposure, nicotine, caffeine use and manganese toxicity 
were all linked to an increased risk of Parkinson’s disease (Ayeni et al. 2022). 
Numerous crucial pathways have been found as potential treatment targets as a 
result of the increased comprehension of the origin and pathophysiology of 
Parkinson’s disease. With the help of recent genetic research, it may be feasible to 
use nerve preventive treatments in people who are predisposed to MS, delaying the 
start and development of the illness. Traditional approaches are still used to address 
the signs and symptoms of PD. Researchers are looking into stem cells as potential 
replacements for damaged or diseased organs or synapses in addition to efforts to 
avoid and manage the symptoms of PD (Parmar et al. 2020). 

Dopaminergic (DA) cell transfer is regarded as the most effective cell replace-
ment therapy. A DA-depleted striatum can be transplanted with midbrain DA 
neurons to re-establish DA neurotransmission and aid PD patients in replacing 
missing neurons. Research is being done on a few stem cell methods as a potential 
way to restore cells through regenerative medicine. Clinical studies showed that the 
transfer of foetal midbrain tissue improved neurological symptoms and recovered



muscle function in PD patients (Kefalopoulou et al. 2014; Olanow et al. 2003). 
Striatal grafts of midbrain DA neurons can be made from embryonic tissues, carotid 
body cells, immature retinal cells and SN neurons from pig embryos (Obeso et al. 
2010). Despite the need for more research into the safety and efficacy of many cell-
based therapies in humans, this is an exciting field to explore, and it is believed that 
they will eventually fall under the purview of PD management. 
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Oculomotor neurons, reticular neurons and DA neurons from the substantia nigra 
(SN) and ventral tegmental (VT) areas are some of the neuronal groups that make up 
the foetal ventral mesencephalon (VM) (Puelles 2007). Late in the 1970s and early in 
the 1980s, the first studies to involve patients in the open-label transfer of VM cells 
into the brains of PD patients were conducted (Lindvall et al. 1989, 1990). The 
recovery of DA neurotransmission is observed at 6 months; however, the slow 
recovery suggests that the cells transplanted are still developing (Piccini et al. 
2000). The transferred cells of some patients who had received foetal VM transplants 
did, however, show signs of Lewy bodies (LB) illness upon postmortem inspection 
(Farag et al. 2009; Kordower et al. 1994), increasing the chance that LB pathology 
may be transferred from the recipient to the transplant (Brundin et al. 2008). 

The special effects of embryonic VM cells for transplantation on the symptoms of 
PD have been documented in animals extensively. In a European, open-label, 
assessor-blinded trial, conducted by TRANSEURO, VM tissues were used to treat 
150 individuals with younger-onset Parkinson’s disease (PD) without substantial 
levodopa-induced dyskinesia (Z. Liu and Cheung 2020). The patients underwent 
regular PET and MRI scans as well as clinical monitoring for over 4 years (Bang 
et al. 2015). The TRANSEURO trials helped to define preclinical and clinical 
standards, the viability and clinical effectiveness of treating with foetal cells and 
the procedures for upcoming cell-based therapies using DA neurons derived from 
iPSCs (Fan and Ng 2020). 

There are a number of technical hurdles that must be cleared before foetal VM 
transplantation can be used in therapeutic practice. The limited DA neuron survival 
and the constrained dopaminergic re-innervation in the host striatum are two impor-
tant drawbacks. In order to overcome these challenges, co-transplantation with 
neural/para-neural supplies and neurotrophic factors such as BDNF have been 
employed to promote neurogenesis (Wang et al. 2020). The absence of 
standardization and a variety of techniques, as well as the scarcity of human foetal 
tissues, are two additional problems. One different cell treatment that has been 
studied is mesenchymal stem cells (MSCs). MSCs have been shown to be effective 
in the treatment of a number of illnesses, including PD (Mendes Filho et al. 2018). 
With low immunogenicity, MSCs are found to be appropriate for transplantation 
with low chances of teratoma and tumorigenicity (Jahan et al. 2017). Human 
umbilical cord MSCs are appropriate for use in medicinal applications due to their 
multi-lineage differentiation potential, autologous transplantation viability, simplic-
ity of procurement and absence of ethical concerns (Chung et al. 2018). In contrast, 
the mortality rate and infection of human umbilical cord MSCs in the host are low, 
and cells transplanted from a vein have a chance of causing embolism in the 
capillaries, which would lead to uncontrolled growth. Only a handful of human



umbilical cord MSCs implanted into the body have been observed in the intended 
location (Phinney and Prockop 2007). Nevertheless, after transplantation, it was 
reported that MSCs from different sources reduced PD symptoms in an animal 
model using the 6-OHDA drug. Some benefits were also noticed when transplanted 
MSCs released mitotic and angiogenic factors like fibroblast growth factor 2, endo-
thelial growth factor and vascular endothelial growth factor, and MSC-secreted 
neurotrophic factors (BDNF, glial cell line-derived neurotrophic factor, nerve 
growth factor) can prevent DA neurons from apoptosis and promote neurogenesis 
(d’Angelo et al. 2020). 6-OHDA is linked with the induction of inflammation and 
oxidative stress, which can contribute to the denervation of dopaminergic neurons 
and degeneration of the nervous system (Gasparotto et al. 2017; Saeedi et al. 2019). 
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MSCs can be manipulated to degenerate into astrocytes and neurons in the 
presence of the proper conditions. Both undifferentiated MSCs and neuronal-primed 
MSCs had advantageous impacts following their injection into PD animal models, 
indicating that MSCs might not always be able to reverse PD by replacing cells 
directly. In neurotoxin-induced PD models, MSCs not only reduce PD symptoms 
but also potentially slow down the degradation of DA neurons. By preventing tau 
phosphorylation, MSCs preserved the assembly of microtubules in a PD model that 
also contained the A53T -syn mutant. As a result, the trafficking of axons was 
increased, which enhanced the autophagosome clearance of -syn and the 
neuroprotective effects on DA neurons. MSCs can come from a variety of origins 
and possess less racial issues rather than foetal VM tissues, but they are varied and 
frequently challenging to distinguish from fibroblasts. Additionally, MSCs are not 
expandable for numerous runs. Clinical-grade MSCs are frequently transferred prior 
to phase 3, yet the number of cells is usually not enough for donation at this point 
(dos Santos et al. 2011). 

Both ESCs and iPSCs are examples of pluripotent cells (also known as PSCs), 
which can develop into different types of cells, including DA neurons. PSCs are 
capable of being renewed indefinitely, allowing an infinite supply of brain 
transplanting cells to be produced. Since Shinya Yamanaka’s discovery of iPSC-
based cell replacement therapy, it has become more widely used because iPSCs have 
less ethical concerns than ESCs but a comparable capacity for differentiation (Chung 
et al. 2018; Sonntag et al. 2018). Both 2D and 3D cultures have protocols for 
separating human ESCs/iPSCs to particular, localized neuronal subgroups (Golas 
2018). 

In PD rodent models, transplantation results in the DA neurons that were previ-
ously generated using the FP-based method were transferred, and then this technique 
may be successfully engrafted in vivo and functionally restore motor deficits (Liu 
and Cheung 2020). A behavioural investigation showed that rotational asymmetry 
caused by amphetamine had been restored (Kirkeby et al. 2012). Furthermore, 
6-OHDA PD rats with DA progenitors implanted into their striatum displayed better 
forelimb use and akinesia in tests (Hargus et al. 2010; Martínez-Cerdeño et al. 2010). 
Midbrain DA neurons from hESCs performed similarly to human foetal DA neurons 
in terms of transplant survival, efficacy and ability to improve motor function in PD 
rats (Grealish et al. 2014). Since a single injection of transplantation is sufficient and



the long-term goal is to decrease the possibility of neurosurgery, engraftment and 
survival of cells is paramount for cell therapy. Midbrain DA neurons derived from 
hESCs exhibited a lifespan of over 6 months after being transplanted into rats and 
mice with 6-OHDA lesioning as shown by PET and single-photon emission 
computed tomography (Grealish et al. 2014). The electrical and chemical activity 
of the transplant can now be observed and analysed in real time via the development 
of optogenetics. To produce DA and make effective recovery possible, the activity of 
engrafted cells needs to be carefully controlled. Drug-dependent activation or 
inhibition of human DA neuron transplants recovered motor function in PD rodents 
(Chen et al. 2016). 
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One benefit of using iPSCs for cell replacement is the absence of risk associated 
with immunological rejection when using native iPSC-derived cells in the donor’s 
own body (Laperle et al. 2020). The applicability of this idea has been established in 
wild animals. In MPTP-lesioned cynomolgus monkey brains, human iPSC-derived 
DA neurons significantly improved motor function without immunosuppression 
(Hallett et al. 2015). Clinical studies involving human iPSC-derived DA neurons 
must be investigated in a primate model that involves long-term studies in nonhuman 
primates with post-transplantation safety and efficacy evidence. In an MPTP-
induced monkey model of PD, hPSC-derived DA progenitor cells were observed 
to have a lifespan of at least 2 years, to grow in the absence of tumours and to 
function as midbrain DA neurons (Kikuchi et al. 2017). For the treatment of 
Parkinson’s disease, clinical trials involving hESC-/iPSC-derived cell products 
have started in Australia (NCT02452723), China (NCT03119636) and Japan 
(JMA-IIA00384, UMIN000033564); however, these investigations have a higher 
risk than other clinical investigations that utilize MSCs (Doi et al. 2020). Other cells 
of the stem cell family that are also utilized in medical research include human 
amniotic epithelial cells (hAECs). These cells have the capacity to promote neuronal 
cell survival and regrowth, restore neurons that have been harmed and produce and 
release neurotrophic compounds and neurotransmitters (Xu et al. 2019). 

4.3.3 Stem Cell Application in Huntington’s Disease 

Other than the cognitive and emotional declines, HD is a deadly, autosomal-
dominant neurodegenerative disease marked by the loss of inhibitory, spiny neurons 
in the striatum of the forebrain, which affects the cortex, thalamus and hippocampus 
(Gan and Johnson 2014). Unintended movement, dementia and cognitive and 
emotional declines are all caused by the huntingtin protein’s N-terminal aberrant 
increase of CAG repeats (Htt) (Lunn et al. 2011). With a disease path spanning 20 to 
30 years, HD frequently manifests and the same occurred to her when she was in her 
fourth or fifth decade of existence. Effective treatments for HD are still illusive 
despite the illness’s well-established genetic basis and disease processes. 

Stem cell-based treatments have yielded encouraging results and a lot of attention 
for HD treatments. Repairing deceased or injured neurons while also altering faulty 
genes with enlarged CAG repeats is the aim of the stem cell therapy for HD. The



majority of stem cells used for HD treatment, according to a recent study, are NSCs. 
Multiple sources, including the body and brain cells of HD patients, have been used 
to create and produce NSCs. Despite the fact that HD experimental and therapeutic 
stem cell research studies are still in the early phases, strong proof shows that stem 
cells or their derivatives can be infused into animal models of HD. Motor neuron 
integration and host circuitry growth were observed in the first stem cell treatments 
using ESC-derived NSCs transplanted into HD animals. The moral and theological 
ramifications of using foetal tissues, however, continue to be crucial problems. 
While unaltered neural stem cells (NSCs) had no neuroprotective advantages, 
GDNF-expressing neural progenitor cells (NPCs) offered nerve protection and 
functional recovery. Due to their capacity to minimize immune system dysfunction, 
augment compensatory neurogenesis, decrease apoptosis, augment mitochondrial 
function and enhance cell viability, MSCs are presently a hopeful supply of cells for 
treating HD (Connor 2018). Dey et al. demonstrated in 2010 that genetically 
modified MSCs that overexpressed BDNF or NGF had the opposite effect on the 
behaviour and death of neurons. Thus, transplanting BDNF-expressing MSCs into 
the striatum may create a favourable environment to arrest neurodegenerative 
processes (Sakthiswary and Raymond 2012). Lin et al. also showed that neural 
development, neurotrophic support and anti-apoptotic activities of human-derived 
MSCs contributed to neuroprotection and neuro-restoration. Other studies have 
revealed that tooth pulp stem cells may offer a therapeutic source for HD treatment 
that is less likely to experience post-transplant immunological resistance (Snyder 
et al. 2011). Injections of NPC into the striatum of HD rats produced comparable 
functional benefits (Lunn et al. 2014). Functional gains are brought about by NPC 
incorporation and relocation to secondary places related to HD sickness. 
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Few studies have investigated the ability of iPSC-derived NSCs to treat HD 
through cell replacement. In the initial investigation, when Jeon et al. attempted to 
transplant 72 CAG repeats from an HD patient’s hiPSC-derived NSCs into an HD 
rodent model, the behavioural results were better, and there was no build-up of 
human mutant huntingtin (mHTT) in the transferred cells (Jeon et al. 2012). After 
that, iPSC-derived NSCs were transplanted into the brain of healthy mice, and 
33 weeks later, the cells were observed to exhibit mHTT aggregation in the lateral 
ventricle. In a second research, An et al. produced human neural stem cells (hNSCs) 
after correcting an iPSC mutation obtained from HD patients, which were then 
implanted into HD mouse models. In addition to surviving the transfer, the cells 
effectively developed into motor neurons. Stem cell therapy for the management of 
HD is still a long way, and it will take more extensive, thorough preliminary research 
to show how effective it is as a treatment (Rosser and Svendsen 2014). 

4.3.4 Therapy Using Amyotrophic Lateral Sclerosis Stem Cells 

Motor neuron loss in the ventral horn and cortex of the spinal cord is a hallmark of 
Lou Gehrig’s disease (ALS), a degenerative, progressive illness. As the illness 
worsens, symptoms like muscular weakness, twitching, rigidity and a lack of



purposeful movement control become more noticeable (Gan and Johnson 2014; 
Sakthiswary and Raymond 2012). Typically, 20 to 48 months are needed for ALS to 
progress from the beginning to mortality. Investigations have uncovered additional 
abnormalities that may be associated with the onset of random and non-SOD1 
familial ALS (Sivandzade et al. 2019). These include the deleterious and degenera-
tive effects of non-neural cells on motor neurons, protein instability, RNA-/DNA-
binding protein aggregation and disintegration and malfunction of the neuronal 
cytoskeleton (Lin et al. 2019). 
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Stem cell treatments have piqued the curiosity of many people as a potential 
therapeutic method. However, no definitive outcomes from preclinical or clinical 
research have yet been revealed. The most difficult obstacles to surmount when 
deciding on the most effective cell type and location for implantation have a 
deficiency of knowledge about the progression of the disease in the human body. 
Similar to other neurodegenerative illnesses, ALS can be effectively treated with 
stem cell treatments by replacing injured or deceased motor neurons, reducing 
inflammation and upregulating the expression of neurotrophic factors. An ultimate 
goal of the treatment is identical to the other objectives: to provide both a neural 
component that is integrated and the necessary contextual additions to inhibit the 
degeneration of existing motor neurons (Lunn et al. 2011). The purpose of the 
experiment which took place in 2010 at Emory University was to determine if 
NSCs were safe to insert into the nerves of the spinal cords of patients (Raore 
et al. 2011). Then, Martinez et al. looked into the safety of stem cell implantation in 
ALS patients’ frontal motor cortex (Meamar et al. 2013). 

Other than safety, the effectiveness of the treatment was necessary to be assessed. 
ALS patients in Spain who received MSC transplants showed an increase in motor 
neuron numbers and a decrease in ubiquitin deposits in their motor neurons 
(Blanquer et al. 2012). Because trustworthy data shows that injecting foetal NSCs 
into patients’ spinal cords delays the onset of ALS, current clinical studies also 
concentrate on exogenous NSC transplantation (Mazzini et al. 2015). Research is 
currently being done on growth factors’ critical shielding impact on surviving motor 
neurons. For instance, Brainstorm Cell Therapeutics is working on a method to add 
MSCs to the fluid surrounding ALS patients’ brains and spinal cords (through 
intrathecal injection). The aim of the study is to investigate the beneficial impacts 
of neurotrophic, angiogenic, anti-inflammatory and immunomodulatory chemicals 
generated by MSCs (Petrou et al. 2016). Overall, despite the reality that ALS stem 
cell therapy is still in its early stages, experts from around the world are optimistic 
that therapies like this will slow the progression of the disease and augment the 
effectiveness of existing treatments (Lunn et al. 2014). 

4.3.5 Dementia with Frontotemporal Stem Cell Therapy 

The second most frequent factor contributing to progressive dementia is also the 
most sneaky of the diseases that impact people under the age of 65: frontotemporal 
dementia (FTD) (Karageorgiou and Miller 2014; Bang et al. 2015). Growing



abnormalities in personality, cognition, behaviour and language skills associated 
with FTD are brought on by the frontotemporal cortex neurodegeneration and 
selective death of cerebral cortical neurons (Capozzo et al. 2017). FTD is a complex 
hereditary and pathological disease that can occur in families or on its own. 
According to statistics, up to 15–20% of FTD cases are family variations, and the 
MAPT gene, which produces the tau protein linked with microtubules, is mutated in 
up to 20% of these cases (Ferrari et al. 2019; Kim et al. 2018). FTD is a public health 
issue because of its rising prevalence, dearth of treatments and social burden. 

4 Role of Stem Cells as a Protective Agent against Neurological Complications 83

Mutations in the tau (MAPT), progranulin (PGRN) and C9ORF72 genes have 
been found to be the most common genetic variables associated with FTD to date 
(Hedges et al. 2016). Recently, these genes have been the focus of research into the 
illness process and the creation of ground-breaking FTD pharmaceutical treatments. 
The mechanisms of FTD are still unknown, despite major study findings over the 
preceding two decades. This might be because there aren’t many disease models that 
properly represent the various diseases associated with FTD. On the basis of clinical 
diagnostic factors, there are also still difficult and erroneous clinical evaluations of 
sporadic FTD. 

It has been difficult to create suitable models for studying the molecular causes of 
FTD because cell lines and animal models lack the ability to replicate the intricate 
pattern of mutations present in the human CNS in its adult form. In addition, multiple 
tau overexpression experiments may result in FTD symptoms that may not accu-
rately reflect endogenous tau expression (Lines et al. 2020). Surprisingly, the 
capacity to convert somatic cells into iPSCs may serve as a beneficial model for 
studying the cause of FTD (Karch et al. 2019). The iPSCs have proven to be a 
successful method for simulating the symptoms of FTD patients in order to identify 
the disease pathways and accelerate the creation of new treatments (Guo et al. 2017). 
Recent investigations have described the procedures for and characteristics of iPSCs 
derived from individuals with familial FTD (Freibaum et al. 2015). Individuals with 
FTD supplied peripheral blood mononuclear cells, according to Lee et al. 

In Grn-deficient patient neurons, they successfully discovered cell-autonomous, 
reversible abnormalities, offering a useful model for researching and the effects of 
GRN-dependent processes that are pathogenic and the creation of potential 
treatments. Ehrlich et al. also generated iPSCs from individuals with mutations in 
the MAPT gene in order to develop an in vitro model for the detection of particular 
degenerative changes in frontotemporal dementia with parkinsonism. These genes 
are associated with FTD and then differentiated the neurons into an adult phenotype 
(FTDP-17) (Ehrlich et al. 2015). In order to develop patient-specific iPSC lines and 
assess the expression of disease indicators like FTD-tau, TDP-43, active caspase-3 
and fused in sarcoma, all of which have been associated with FUS, were all identified 
in PBMCs from two different patients with FTD (Kim et al. 2020). They discovered 
that the active caspase-3 expression was considerably greater than in the controls in 
their immunocytochemical and immunoblot analyses. This neurodegenerative com-
ponent of FTD has the potential to be utilized as a means of identifying pathways 
associated with the disease and screening for therapeutics. To construct a genuine 
FTD model that selectively degenerates the frontal and temporal regions, Raitano



et al. also investigated the specific neurons and neurons of the cortex that were 
derived from the iPSCs of patients with FTD (Raitano et al. 2015). Despite the fact 
that the use of stem cell technology for FTD modelling is still in its infancy, 
researchers anticipate using iPSCs as a helpful instrument to support the investiga-
tion of disease causes and the creation of treatment approaches. 
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4.4 Summary and Conclusion 

Because of lack of proper treatment, neurodegenerative disorders previously were 
considered complicated to cure. Nowadays, there are many available natural 
therapies including cell-based therapy. Studies have shown that stem cell therapies 
are successful in treating neurological illnesses. Alzheimer’s disease, amyotrophic 
lateral sclerosis, amyotrophic lateral degeneration, Huntington’s disease, spinal 
muscular atrophy and other diseases are being treated with stem cells. Early 
investigations of stem cell therapy for ALS in humans have made significant 
progress towards ensuring safety, despite still being in its infancy. Determining 
treatment efficacy is now critically important, while in simultaneously recognising 
the most effective cell dose, stem cell source, delivery location and method. Addi-
tionally, if treatment is to be most effective early in the course of the illness, the 
therapeutic window of opportunity must be precisely defined, and this field of study 
may need to collaborate with early ALS diagnosis techniques. 

Stem cell therapy for ALS offers tremendous confidence and is one of the 
disease’s early warning signs. While it is being developed from the lab to the 
bedside, it will be important to protect its validity and the safety of the patients, 
promoting sound clinical study design to accurately gauge therapy effectiveness. 
Another study on Huntington’s disease was reported for the experimental drug 
Cellavita HD’s dose-response analysis following intravenous administration in 
patients with Huntington’s disease. Huntington’s disease stem cell treatment 
Cellavita HD is now available. Therefore, we can state that stem cell therapy 
currently offers powerful, promising treatments for many diseases. There is still 
much to be done, even though some of these drugs are presently undertaking clinical 
studies and preclinical research is becoming more and more important. By replacing 
injured neurons and offering neuroprotection and neuro-restoration, stem cell ther-
apy is anticipated to play a major role in the development of future therapies for 
neurodegenerative disorders. The transport of medicines and regenerative treatments 
has also been improved by recent developments in hydrogels and nanoparticles with 
integrated stem cells. As a consequence, it is anticipated that replacement and 
regenerative treatments for the brain will be successfully integrated into therapeutic 
practice in the near future.
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Abstract 

Intense research has tremendously increased our knowledge about molecular and 
cellular mechanisms of neuronal pathogenesis and has yielded new insights into 
potential therapeutic targets that may be applicable in neurodegenerative diseases. 
For instance, stem cell-based therapy has over the last two decades emerged as a 
promising tool for neurodegenerative disorder’s therapy. One approach is using 
mesenchymal stem cells (MSCs) which had intrigued a great interest, thanks to 
their availability, high differentiation potency, and lack of ethical concern. MSCs 
are able to be differentiated into nerve and glia cells. This property makes this 
type of cells a perfect candidate to replace cells that were damaged or lost during 
neurodegenerative disorders. In this chapter, we have outlined potential therapeu-
tic mechanisms of MSCs with respect to neurodegenerative diseases, in particular 
amyotrophic lateral sclerosis, multiple sclerosis, and Parkinson’s, Huntington’s, 
and Alzheimer’s diseases. Then, we reviewed on recent advances relevant to 
pre-clinical and clinical trials using this technique and lastly, we discussed the 
limitations that hamper the application of this approach for neurodegenerative 
diseases. 
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Abbreviations 

AD Alzheimer’s disease 
Aβ Amyloid-β 
ALS Amyotrophic lateral sclerosis 
ASCs Mesenchymal stem cells isolated from adipose tissue 
BDNF Brain-derived neurotrophic factor 
BM-MSCs Mesenchymal stem cells isolated from bone marrow 
BNDF Brain-derived neurotrophic factor 
ChAT Choline acetyltransferase 
CNS Central nervous system 
DA Dopamine 
DPSCs Dental pulp stem cells 
EAE Encephalomyelitis 
EVs Extracellular vesicles 
GDNF Glial cell-derived neurotrophic factor 
HD Huntington’s disease 
HTT Huntingtin gene or protein 
IL-10 Interleukin-10 
IL-6 Interleukin-6 
MCP-1 Monocyte chemoattractant protein-1 
MS Multiple sclerosis 
MSA Multiple system atrophy 
MSCs Mesenchymal stem cells 
NDs Neurodegenerative diseases 
NTFs Neurotrophic factors 
PD Parkinson’s disease 
SN Substantia nigra 
SOD1 Superoxide dismutatse-1 
TGF-β Transforming growth factor-β 
TH Tyrosine hydroxylase 
TNF-α Tumor necrosis factor-α 
UC-MSCs Mesenchymal stem cells isolated from the umbilical cord 
WJ-MSCs Mesenchymal stem cells isolated from Wharton’s jelly 
α-Syn Alpha-synuclein 

5.1 Introduction 

Neurodegenerative diseases (NDs) include a wide range of nervous system disorders 
mainly described by progressive neuronal degeneration, decrease in neuronal activ-
ity, cerebral shrinkage, and pathological accumulation of protein aggregates. The 
most common NDs are multiple system atrophy (MSA), Huntington’s disease (HD),



amyotrophic lateral sclerosis (ALS), Parkinson’s disease (PD), Alzheimer’s disease 
(AD), spinal muscular atrophy, prion disease, multiple sclerosis (MS), and 
spinocerebellar ataxia. Given that the brain has low capacity to self-repairing and 
neurogenesis, conventional treatments for NDs have failed to achieve satisfactory 
results. Hence, available treatments can only help control the disease’s symptoms in 
order to ameliorate patients’ well-being. Over the last two decades, cell-based 
approaches have risen up as a potential efficient strategy in ND therapy. Particularly, 
marrow stromal cells or mesenchymal stem cells (MSCs) are considered as a highly 
efficient candidate for cell-based therapy, thanks to their abundance, accessibility in 
the body, regeneration capacity, ability to regulate the immune system, associated 
low risk to initiate tumorigenesis, and limited related ethical concerns (Aleynik et al. 
2014). MSCs were initially characterized by Friedenstein et al. (1976) as  “colony 
forming units-fibroblastic” because of their capacity to form colonies from a singular 
cell. Later on, in the 2000s, they were named as “multipotent mesenchymal stromal 
cells” (Krampera et al. 2013). 

5 Mesenchymal Stem Cells and their Applications against. . . 93

MSCs are multipotent cell type that can self-renew and differentiate into cells of 
the mesodermal lineage, including adipocytes, osteocytes, tenocytes, chondrocytes, 
skeletal myocytes, and cardiomyocytes (Pittenger et al. 1999). Furthermore, studies 
have indicated that cells from ectodermal and endodermal origin, including func-
tional liver cells, pancreatic islet β-like cells, renal epithelial lineage, and 
photoreceptor-like cells, can be differentiated from MSCs when specific culture 
conditions and stimuli are applied (Morigi et al. 2004). MSCs can also give rise to 
neuronal cells with neuron-like functions (Hermann et al. 2004). However, it is still 
uncertain whether MSCs that have undergone differentiation or undifferentiated 
MSCs can integrate the host neuronal circuitry and establish new synaptic 
connections with host cells (Zeng et al. 2015). In the following, we overviewed 
the therapeutic mechanisms of MSCs and explored their potential use as novel 
targets for ND treatment. Then, we reviewed recent progress in using MSCs in 
preclinical and clinical applications in ND therapy. Finally, we discussed the 
underlying limitations of the use of stem-based approach for neurodegenerative 
disorders. 

5.2 Therapeutic Mechanisms of MCSs 

MSCs have attracted considerable interest for many years, thanks to their high self-
renewal capacity, differentiation potency, and low immunogenicity. The therapeutic 
potential of MSCs implies different mechanisms including immunomodulation, 
paracrine secretion, and migration toward damaged areas in response to cytokines, 
chemokines, and other signaling molecules secreted from lesions (Fig. 5.1). Being 
initially used in tissue repair and regenerative medicine because of their multipotent 
differentiation capacity, MSCs are currently investigated for the treatment of many 
diseases including neurodegenerative disorders, thanks to their distinctive migratory 
property and trophic and immunosuppressive effects.
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Fig. 5.1 Potential therapeutic mechanisms of MSCs during neurodegenerative disorders. 
(1) Immune regulation, (2) migration and differentiation, (3) paracrine secretion. NPC, neuronal 
progenitor cell; DC, dendritic cell; VEGF, vascular endothelial growth factor 

5.2.1 Migration into Damaged Tissue 

MSCs can spontaneously migrate to the damaged areas after transplantation, a 
process known as homing (Rombouts and Ploemacher 2003). Previous histopath-
ological studies have indicated an efficient migration of MSCs to the damaged tissue 
of the central nervous system (CNS) and their differentiation into neuronal and glial 
cells, resulting in persisting enhancement of motor function after acute spinal cord 
injury (Chopp et al. 2000). Significant homing capacity over long distance in the 
brain was also demonstrated after transplantation of MSCs previously labeled with 
iron nanoparticles, which migrated from the site of injection in the subventricular 
zone toward damaged areas in the olfactory bulb (Delcroix et al. 2009). In addition, 
when transfused intravenously, MSCs were reported to engraft into the bone marrow 
compartment of allogeneic recipients without significant toxicity (Devine et al. 
2001). However, effectiveness of MSC homing varies greatly depending on many 
factors including age and number of cells, protocol of cell isolation and culture, 
pretreatment of cells, route of administration, and time of injection (Rombouts and 
Ploemacher 2003). Moreover, studies indicated that MSC migration, proliferation, 
and differentiation markedly decreased in age-related disorders including ALS 
(Violatto et al. 2015).
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5.2.2 Paracrine Secretion 

Latest findings have indicated that therapeutic effect of engrafted MSCs is mainly 
due to their secretory function (Merimi et al. 2021). Stem cells are able to secrete a 
large number of molecules, including cytokines, chemokines, antioxidants, and 
nucleic acids packaged into extracellular vesicles (EVs), that can modulate cell 
migration, apoptosis, angiogenesis, differentiation, proliferation, and inflammation 
in damaged tissue (Boomsma and Geenen 2012). The paracrine effect of MSCs and 
its potential applications in treating human diseases have been reported in several 
studies (Osugi et al. 2012). Furthermore, evidence has indicated that MSCs could 
also act through a paracrine signaling mechanism without direct cell interaction. For 
example, it was reported that the conditioned medium obtained by culturing MSCs 
had a protective effect on neurons by reducing inflammation in the absence of 
engraftment (Sun et al. 2013). In addition, EVs derived from MSCs were shown to 
exert similar beneficial effects as MSCs (Nawaz et al. 2016). Their role in the 
treatment of NDs has been well documented in many studies (Gratpain et al. 
2021), as they can easily cross the blood-brain barrier. 

5.2.3 Immunomodulatory and Anti-Inflammatory Effects 

Given their immunoregulatory and anti-inflammatory effects that are primarily 
mediated by intercellular interactions and secretion of a large number of molecules, 
MSCs may play a significant role in several diseases (Aggarwal and Pittenger 2005). 
Previous research findings have indicated that MSCs could prevent cytokine secre-
tion, proliferation, and activation of cells of the immune system, particularly B and T 
lymphocytes and natural killer cells, and inhibit the maturation and activation of 
dendritic cells (Aggarwal and Pittenger 2005; Spaggiari et al. 2008). In the CNS, 
immune response deficiency is a key process in nervous system disorders. 
Neuroinflammation in the CNS results from the activation of glial cells and/or 
infiltration of lymphocytes which contribute to neurodegenerative process. Several 
studies have indicated that MSCs may play important immunomodulatory roles in 
NDs, mostly by modulating microglia-mediated neuroinflammation (Liu et al. 
2019). Importantly, it was shown that MSCs’ immunoregulatory actions may vary 
depending on the disease condition and the microenvironment (Gao et al. 2016). 

5.2.4 MCSs Application in Neurodegenerative Disorders 

Given their plasticity and high multipotency to differentiate into various neuronal 
cells, MSCs represent a promising approach for treatment of NDs. Researches have 
shown that MSCs can regulate neuroinflammation (Lee et al. 2012), promote axonal 
growth (Sasaki et al. 2009), stimulate endogenous neurogenesis (Kan et al. 2011), 
activate astroglia (Vigo et al. 2021), induce functional modifications of microglia 
(Giunti et al. 2012), enhance synaptic connection and interhemispheric cortical



communication, and decrease apoptosis and oxidative stress ((Hirota et al. 2022, 
Angeloni et al. 2020). 
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5.2.4.1 Parkinson’s Disease 
Parkinson’s disease is the second most frequent neurodegenerative disorder among 
older adults worldwide. PD pathology has been mainly associated with a dopamine 
(DA) depletion in the striatum resulting from the loss of DA-secreting neuronal cells 
in the substantia nigra (SN) (Buddhala et al. 2015). Neuronal degeneration is usually 
associated with the accumulation of intracellular inclusions, named Lewy bodies, 
which are composed mainly of alpha-synuclein (α-Syn) (Gómez-Benito et al. 2020). 
Common symptoms include bradykinesia, resting tremor, muscular rigidity, sleep 
disorder, and olfactory and cognitive impairment. Existing treatments for PD are 
only used to relieve the symptoms and are unable to slow or stop the disease 
progression. To date, several studies are investigating the therapeutic actions of 
MSCs for PD treatment. Particularly, MSCs can be differentiated into dopaminergic 
neurons and can produce a large number of trophic factors that stimulate tissue 
regeneration (Shetty et al. 2013). It was reported that administration of MSCs into 
the SN has been found to reconstitute damaged dopaminergic neuronal circuitry and 
decrease DA deficiency in PD animal models (Danielyan et al. 2011). Moreover, 
research data indicated a rescue of dopaminergic neurons resulting in an improve-
ment in motor functions and reduction in behavioral deterioration following MSC 
treatment in PD animal models (Mostafavi et al. 2019). More research findings 
demonstrated that MSCs exert neuroprotective actions by modulating α-syn trans-
mission in Parkinsonian models (Shin and Lee 2020). Furthermore, data suggested 
that MSCs protect dopaminergic neurons by decreasing pro-inflammatory cytokines 
and modulating activation of microglia (Kim et al. 2009a). MSCs have also been 
used to mediate gene transfer in experimental PD models. For example, transplanta-
tion of engineered MSCs overexpressing the gene coding for a marker for DA, 
tyrosine hydroxylase (TH), induced DA level in damaged striatal region of the rat’s 
brain (Lu et al. 2005). In addition, administration of glial cell-derived neurotrophic 
factors (GDNF)-overexpressing MSCs significantly rescued the dopaminergic 
neurons from neurotoxicity in Parkinsonian rat models (Hoban et al. 2015) and 
MPTP-treated nonhuman primates (Ren et al. 2013). 

5.2.4.2 Multiple Sclerosis 
Multiple sclerosis is an inflammatory and chronic neurodegenerative disorder 
characterized by a progressive degeneration of axons and loss of myelin sheath. It 
is also known as the most frequent disabling neurological disorder of younger adults 
(Dimitrov and Turner 2014). In addition, many MS patients eventually develop 
secondary-progressive MS, resulting in a steady progression of symptoms (Inojosa 
et al. 2021). Available therapeutic strategies are predicated on immunomodulation, 
which can merely delay the disease progression and relieve symptoms. During the 
past decade, evidence suggested a high advantage of using MSCs for MS treatment 
using animal models of MS, including experimental autoimmune encephalomyelitis 
(EAE), the common animal model for inflammatory demyelinating disease (Martin



1997; Karussis et al. 2010). Studies have indicated that MSCs injected intravenously 
could migrate toward the CNS and lymphatic system and thereafter decreased 
neuroinflammation, demyelination, and disease severity in EAE mice model (Zappia 
et al. 2005). Moreover, as reported by Mohajeri et al. (2011), engrafted MSCs were 
able to induce immune tolerance by increasing T regulatory cell frequency in EAE 
animal model. Nevertheless, the use of MSCs to treat MS is not restricted to its 
immunomodulatory activity. Their mechanism of action in MS-based therapy was 
also related to their ability to differentiate and their paracrine function. Interestingly, 
human BM-MSCs showed efficient differentiation into myelinogenic mature 
oligodendrocytes in vivo (Lam et al. 2019). Also, remyelination of mouse brain by 
MSCs significantly extended animal lifespan and improved motor function (Lam 
et al. 2019). Moreover, MSC secretome was found to promote axonal myelination 
and stem cell oligodendrogenesis and integration into the neuronal circuitry (Jadasz 
et al. 2018). Further studies by Mohammadi (2020) showed that systemic injection 
of exosomes secreted by MSCs resulted in sustained recovery and improved motor 
function of EAE mice. This recovery was associated with reduction in 
neuroinflammation (Mohammadi 2020). 

5 Mesenchymal Stem Cells and their Applications against. . . 97

5.2.4.3 Alzheimer’s Disease 
Alzheimer’s disease is a progressive neurologic disorder in older adults and the most 
prevalent form of dementia, a syndrome characterized by a loss or decline in memory 
and other cognitive and behavioral abilities such as conversation, attention, memory, 
judgment, and social skills. The disease was initially recorded in 1907 by Dr. Alois 
Alzheimer. The aggregation and accumulation of Tau proteins and amyloid-β (Aβ) 
in the brain are key players of AD pathophysiology. AD is also characterized by a 
progressive neuronal loss and synapse damage throughout the brain (DeTure and 
Dickson 2019). Available pharmacological treatments do not cure AD, but are used 
to temporarily manage symptoms of dementia and mental disorders such as depres-
sion. MSCs derived from the bone marrow (BM-MSCs) were broadly investigated in 
animal models with AD, including DAL mice, APP mice, and scopolamine-induced 
rats (Qin et al. 2020). Evidence have indicated that MSC administration could 
attenuate neuropathology, cognitive deficit, and memory loss (Qin et al. 2020; Lee 
et al. 2012). Moreover, MSCs manifested remarkable ability to reduce Aβ plaques 
and Tau tangle accumulation, enhance synaptic transmission, and reduce neuronal 
apoptosis (Bae et al. 2013). MSCs were reported to have neuroprotective functions 
due to their paracrine effects. For example, BM-MSC-derived EVs were found to 
enhance neurogenesis in the subventricular region and in the hippocampus, relieve 
cognitive deficits (Reza-Zaldivar et al. 2019), and improve neuronal survival by 
reducing synapse damage and oxidative stress (Bodart-Santos et al. 2019). Another 
study by Nakano et al. (2020) proposed that exosomal transfer by MSC led to 
restoration of astrocytic function which enhanced synaptogenesis and correction of 
cognitive decline in mice model of AD.
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5.2.4.4 Amyotrophic Lateral Sclerosis 
Also called Charcot or Lou Gehrig’s syndrome, amyotrophic lateral sclerosis is a 
late-onset fatal disease that results from a progressive motor nerve cell degeneration 
in the CNS. The accumulation of ubiquitinated inclusions into motor neurons and 
surrounding glial cells is usually observed in ALS (Blokhuis et al. 2013). Muscle 
weakness, crumps, loss of coordination, slurred speech or dysarthria, twitching, and 
muscle wasting (myopenia), which can eventually lead to fatal paralysis and even to 
death, are hallmark signs of ALS (Nowicka et al. 2019). Despite the significant 
research efforts in clinical trials for ALS therapy, no effective treatment is available 
to alleviate progression of the disease. Instead, patients are treated to partially 
alleviate the symptoms (Nowicka et al. 2019). It has been reported that MSCs 
isolated from multiple tissues could differentiate into motor neurons expressing 
specific markers such as Pax-6, choline acetyltransferase (ChAT), and nestin 
(Abdullah et al. 2016). In this regard, many studies were conducted to assess the 
advantage of using MSCs in ALS animal models, particularly superoxide 
dismutatse-1 (SOD1) transgenic models (Philips and Rothstein 2015). Research 
data indicated significant delay of disease onset and disease progression, protection 
of motor neurons, and enhanced motor function recovery, leading to increased 
viability in ALS rodent model (Kim et al. 2010). Authors indicated a dose-dependent 
effect of MSCs (Kim et al. 2010). In addition, it was demonstrated that MSC 
transplantation can slow down disease progression, improve motor performance, 
prevent neuroinflammation, reduce microglial activation and astrogliosis, and 
increase motor neuronal survival in pre-symptomatic SOD1 mice (Sun et al. 2014) 
and after the occurrence of clinical symptoms (Sun et al. 2014; Sironi et al. 2017). 
Furthermore, evidence has shown that repeated MSC injections were more advanta-
geous in controlling ALS pathology than single injection (Sironi et al. 2017; Sun 
et al. 2014), during early stage of the disease and after symptom onset. 

5.2.4.5 Huntington’s Disease 
HD is an inherited rare disease that results from a selective degeneration of striatal 
neurons, leading to a more widespread brain atrophy. The disease occurs after 
inheritance of an autosomal dominant mutation in Huntingtin (HTT) gene. The 
movement disorder is distinctive and is the hallmark of HD, but symptoms may 
get progressively worse, leading to cognitive decline such as dementia, dystonia, 
memory lapses, and psychiatric disorders. Available treatments for HD can only help 
reduce some of the problems it causes but are ineffective to slow down or reverse the 
disease progression. Therefore, many preclinical trials were carried out in order to 
investigate potential benefit of using MSCs in HD therapy. Studies showed that 
transplantation of MSCs isolated from human adipose tissues (ASCs) in the ipsilat-
eral striatal border rescued HD mice models from striatal degeneration and behav-
ioral deterioration and increased their survival rate (Lee et al. 2009). A possible role 
of secreted factors by transplanted MSCs was proposed (Lee et al. 2009). Similarly, 
other studies showed that intraperitoneal injection of MSC extract increased motor 
impairment recovery in HD rodent models (Im et al. 2013). The treatment also 
decreased the level of HTT aggregates and associated atrophy in the striatal region



(Im et al. 2013). Another study showed that human BM-MSC intrastriatal transplan-
tation attenuated motor impairment and prolonged survival of mouse model with 
HD, as administrated MSCs appeared to activate proliferation and differentiation of 
neurons and migration of neuroblasts and microglia into lesioned areas (Lin et al. 
2011). Authors suggested angiogenic and anti-apoptotic effects of MSC transplants 
(Lin et al. 2011). Migratory property of MSCs over a long distance in the CNS was 
also demonstrated in quinolinic acid model with HD by magnetic resonance imaging 
and histological study. Engrafted MSCs that are induced to secrete neurotrophic 
factors (NTFs) could regenerate damaged dopaminergic neurons in the striatum 
(Sadan et al. 2009). Moreover, several studies have demonstrated that MSCs may 
have an immunomodulatory effects through secretion of cytokines and NTFs 
including brain-derived neurotrophic factor (BDNF). It was reported that intrana-
sally administrated BM-MSCs increased TH expression in the striatum, microglia 
shift into alternative M2 phenotype, and suppressed monocyte chemoattractant 
protein-1 (MCP-1), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) 
which are usually upregulated in the striatum during HD (Yu-Taeger et al. 2019). 
In addition, MSCs used as vectors for gene transfer to target tissue were investigated 
in HD experimental models. For example, administration of MSCs overexpressing 
BDNF, known to promote neuronal survival and function, enhanced motor recovery 
in HD transgenic mice (Dey et al. 2010). 
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5.3 Clinical Trials Using MSC Therapies for Neurodegenerative 
Diseases 

Preclinical success using cell-based therapies has supported their approval for 
human trials. MSCs are the most frequently used stem cells for human medical 
applications, given their unique therapeutic potentials. Since their first clinical use in 
1995 (Lazarus et al. 1995), several studies using MSCs were conducted to treat many 
diseases including cardiovascular diseases, bone and cartilage diseases, autoimmune 
diseases, diabetes, liver diseases, cancer, and neurodegenerative disorders in clinical 
setting (Petrou et al. 2016; Chulpanova et al. 2018) for decades. Over 900 clinical 
studies, either completed or in the process, that report using MSCs are listed at 
ClinicalTrials.gov, 218 studies of which are related to the nervous system. 
Registered clinical trials for AD, PD, ALS, MS, and HD are overviewed in 
Table 5.1. 

5.3.1 ALS 

Several delivery methods including direct transplantation into the spinal cord and 
intravenous, intramuscular, and intrathecal injection have been reported to test the 
tolerability of MSC injection in ALS patients (Petrou et al. 2016; Mazzini et al. 
2012). Outcomes of human pilot clinical trials using MSC approach suggested some

http://clinicaltrials.gov


(continued)

100 I. Bahrini

Table 5.1 Clinical research studies registered in ClinicalTrials.gov for neurodegenerative 
disorders (as of July 2022) 

Clinical
phase

Source of 
MSCs Disease Site of injection Location

ALS I/II WJ-MSCs Intrathecal Poland 

I UC-MSCs Intrathecal Antigua and Barbuda 

II ASCs Intrathecal USA 

I BM-MSCs Intravenous Iran 

I BM-MSCs Intrathecal Iran 

II UC-MSCs Intrathecal China 

I/II BM-MSCs Intrathecal Brazil 

III BM-MSCs Intrathecal USA 

I/II ASCs Intravenous Spain 

II ASCs Intrathecal USA 

II BM-MSCs Intramuscular Israel 

I/II BM-MSCs Intrathecal and 
intramuscular 

Israel 

PD I UC-MSCs Intravenous China 

I/II BM-MSCs Intravenous China 

I UC-MSCs Intravenous Antigua and Barbuda 

I BM-MSCs Intravenous USA 

II BM-MSCs Intravenous USA 

I/II UC-MSCs Intravenous Jordan 

II/III BM-MSCs Intravenous Belarus 

MS I/II BM-MSCs Intravenous Iran 

I/II BM-MSCs Intravenous Italy 

I/II BM-MSCs Intravenous Sweden 

I BM-MSCs Intravenous Sweden 

I/II BM-MSCs Intrathecal Jordan 

I ASCs Intravenous Cayman Islands 

I/II BM-MSCs Intravenous France 

I/II UC-MSCs Intravenous USA 

II BM-MSCs Intravenous Spain 

I/II BM-MSCs Intravenous UK 

I/II UC-MSCs Intravenous China 

I/II BM-MSCs Intravenous Spain 

I/II BM-MSCs Intrathecal Norway 

I/II BM-MSCs Intravenous UK 

I/II BM-MSCs Intravenous Spain 

I/II UC-MSCs Intrathecal Jordan 

I BM-MSCs Intrathecal USA 

I UC-MSCs Intravenous Antigua and Barbuda 

II BM-MSCs Intravenous Canada 

II BM-MSCs Intrathecal USA 

I BM-MSCs Intravenous USA

http://clinicaltrials.gov/


Disease Site of injection Location

stabilization in ALS pathology (Kim et al. 2009b, 2014; Mazzini et al. 2012). The 
healing effect of MSC transplantation was associated with its immunomodulatory 
effect (Kwon et al. 2014) and paracrine secretion of MSCs (Kim et al. 2014). A 
phase I research study showed that after MSC injection, secretion level of IL-10, 
IL-6, and TGF-β cytokines was increased, while production of MCP-1, which has a 
synergistic effect on ALS pathogenesis, was reduced (Oh et al. 2015). Authors have 
indicated that multiple MSC injections increased their beneficial effects. Moreover, 
the advantageous effect of MSCs that are induced to secrete NTFs was also 
demonstrated (Gothelf et al. 2014; Petrou et al. 2016). Additionally, MSCs’ mode 
of administration appeared to be important for the observation of therapeutic effects 
in patients with ALS. Intrathecal method was less invasive and showed good 
migration of MSCs to the CNS, leading to more efficacy to reduce ALS progression 
(Petrou et al. 2016; Karussis et al. 2010). In contrast, intramuscular injection resulted 
in only little local impact on ALS disease (Petrou et al. 2016).
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Table 5.1 (continued)

Clinical 
phase 

Source of 
MSCs 

I/II UC-MSCs Intravenous Trinidad and Tobago 

I/II UC-MSCs Intravenous Spain 

II UC-MSCs Intravenous Israel 

I/II BM-MSCs Intravenous Spain 

AD II BM-MSCs Intravenous USA 

I/II UC-MSCs Intraventricular Korea 

I BM-MSCs Intravenous USA 

I UC-MSCs Intraventricular Korea 

I/II UC-MSCs Intravenous China 

I/II UC-MSCs Intraventricular Korea 

HD I DPSCs Intravenous Brazil 

II DPSCs Intravenous Brazil 

II/III DPSCs Intravenous Brazil 

5.3.2 PD 

Human clinical trials have demonstrated good safety and some level of efficacy of 
using MSCs in controlling PD pathogenesis. Hence, a pilot study by Venkataramana 
et al. (2010) using MSC transplantation was shown effective in improving functional 
recovery including dyskinesia and had no serious clinical side effects in patients with 
PD. More recently, single intravenous infusion of MSCs was reported to be tolerated 
with no immunogenic response in PD patients with mild to moderate symptoms 
(Schiess et al. 2021). This study indicated a downregulation of inflammatory 
cytokines along with an increased level of BDNF, when MSCs were administrated



at highest doses. All patients sustained motor improvement except for one patient 
who suffered from dyskinesias within 3 weeks following MSC infusion (Schiess 
et al. 2021). 
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5.3.3 MS 

Phase I and phase II clinical studies were conducted to evaluate whether MSC 
administration is safe and effective in slowing down MS progression in human 
(Karussis et al. 2010). Trial studies have indicated that MSCs intravenously or 
intrathecally injected over several days in subjects with MS were tolerated with no 
serious complication or evidence of disease activation (Bonab et al. 2012; Riordan 
et al. 2018). Many benefits from using this method including a decrease in magnetic 
resonance imaging lesions, walking and upper extremity motor recovery, control of 
bladder and bowel dysfunction, fatigue and sexual impotence, and enhanced life 
quality were observed. Improvement in symptoms was recorded 1 month (for some 
cases, 1 year) after MSC transplantation (Riordan et al. 2018). Moreover, a recent 
study by Lu and colleagues suggested that combining intrathecal and intravenous 
transplantation of human MSCs derived from the umbilical cord (UC-MSCs) at low 
dosage was safe and feasible (Lu et al. 2020). 

5.3.4 AD 

Though preclinical trials in AD animal models demonstrated neuroprotective effects 
of MSC transplantation, they did not translate clinically (Drummond and 
Wisniewski 2017; Duncan and Valenzuela 2017). Several studies were carried out 
in AD patients in order to assess the effects of MSCs isolated from different tissues, 
but majority of trials have not been completed and have failed to publish results 
(Kim et al. 2015a; Oliva Jr et al. 2020). Recently, it was showed that skin amyloid 
deposition disappeared after intravenous administration of ASCs in AD patients 
(Shigematsu et al. 2021). Authors suggested a possible secretion of neprilysin, an Aβ 
peptide-degrading enzyme, by MSCs. In addition, it was shown that single stereo-
tactic injection of human UC-MSCs into the brain was generally safe and well 
tolerated and did not report any significant side effects between patients with mild 
to moderate dementia recruited in a phase I clinical trial. However, this technique did 
not reduce or slow the progression of AD symptoms over a 2-year follow-up (Kim 
et al. 2015a). Although EVs isolated from MSCs have proven their efficacy in AD 
experimental models, only one clinical study received approval to evaluate their 
tolerability and efficacy in subjects having mild to moderate dementia so far (Wang 
et al. 2020).
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5.3.5 HD 

MSCs have been largely investigated in animal models with HD and have shown 
success in alleviating the disease pathology; nonetheless, not much clinical trials has 
been undertaken so far, due to the complexity of HD syndrome in human. Initial 
clinical trials in HD patients aimed to investigate the tolerability as well as effective-
ness of fetal striatal MSC administration (Bachoud-Lévi et al. 2006; Rosser et al. 
2002). Findings reported improved motor and cognitive performance maintained for 
several years post-transplantation. Nevertheless, benefits of MSC administration 
were not consistent in all studies, and some safety concerns were addressed, notably 
in advanced stage of HD (Barker et al. 2013). More recently, Deng and colleagues 
have engineered BDNF-overexpressing MSCs to be potentially tested in a phase I 
clinical trial for safety and efficacy in patients with early stage of HD (Deng et al. 
2016). At present, three clinical studies using MSCs are ongoing in order to assess 
their efficacy and safety to treat patients with HD (NCT02728115, NCT03252535, 
and NCT04219241). Another study was designed to characterize small molecule 
markers of HD in cerebrospinal fluid and plasma, including BDNF (NCT01937923). 

5.4 Limitations and Future Directions in MSC Application 
for ND Treatment 

Although the preclinical and early clinical findings were promising, several 
limitations need to be overcome before MSC-based treatments for neurodegenera-
tive disorders become widely available. For example, many studies reported that 
transplanted MSCs have short lifespan and limited migration capacity (Preda et al. 
2021; Eggenhofer et al. 2012). Moreover, outcomes of preclinical studies varied 
largely with the cell donor, age of cells, number of MSC injection, cell dosage, 
administration method, and time of intervention (Lu et al. 2020; Schiess et al. 2021; 
Sun et al. 2014; Kim et al. 2015b). Some strategies have been proposed so far to 
improve cell survival or potency, including preconditioning of MSCs or priming 
(Sart et al. 2014) and genetic manipulation (Nakano et al. 2020). However, despite 
the stable and intensive potency of engineered MSCs in the treatment of neurode-
generative disorders, critical concerns about their safety might hamper their utiliza-
tion in clinical setting. Furthermore, preclinical studies in ND outcomes were 
frequently model-dependent and poorly reflected in clinical research studies 
performed on patients. Notably, transgenic animal models for NDs are mainly 
based on gene mutations associated with familial forms of the diseases, while the 
large majority of human neurodegenerative disorders occurs sporadically (Kalinderi 
et al. 2016), thereby limiting the effectiveness of translational research. Furthermore, 
key questions including mechanisms of action of MSCs, preferred source, suitable 
dose, best route of administration, time and frequency of intervention, and long-term 
safety are critical to exploit full potency of MSCs in ND therapy.

https://clinicaltrials.gov/ct2/show/NCT01937923
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Abstract 

Since the birth of human-induced pluripotent stem cells (iPSCs) in 2007, its 
applications have been widened to solve the challenges of metabolic and neuro-
degenerative disorders. The developments of pioneering techniques and novel 
treatment methods for the neurodegenerative disorders like amyotrophic lateral 
sclerosis (ALS) and Alzheimer’s and Parkinson’s diseases using innovative 
systems such as 3D in vitro cell culture and clustered regularly interspaced 
short palindromic repeat-associated protein 9 (CRISPR-Cas9) have opened a 
novel vista of hope in the field of medical sciences. As iPSC technique produces 
the pluripotent stem cells from one’s own somatic cells, its application in the field 
of stem cell therapy has been immensely potentiated. There are various iPSC-
based disease models for drug development and therapeutic interventions having 
vast implications in the field of modern neurobiology. In this chapter, we will 
elaborate how iPSCs can be employed to ameliorate the neurodegenerative 
disorders. 
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6.1 Introduction 

The human brain is a composite and prime organ. It is the center of control and 
coordination of the nervous system. Besides the brain, the spinal cord contributes to 
the functioning of the central nervous system (CNS). The peripheral nervous system 
(PNS) further extends into the extremities and organs of the individual and 
establishes a network of communication. Lately, discovery of neurogenesis and 
regenerative capacity of the brain has given a new tool to the neurobiologist to 
explore the cellular and molecular mechanisms governing brain structures and 
functions (Lepousez et al. 2015). A scalable amount of stem cells and defined 
in vitro conditions to differentiate them into desired lineages including brain cells, 
viz., neuron, glia and oligodendrocyte, have further accelerated the voyage to 
explore this master organ (Conley et al. 2004). 

6.1.1 Stem Cells 

Naïve cells, which can self-renew and have differentiation potential forming cells of 
various lineages, are termed as stem cells. Basically, they can proliferate and 
differentiate as per their niche and meet the requirements of time and space of a 
multicellular organism’s life (Moore and Lemischka 2006). All multicellular 
organisms start their development from a single cell, zygote, which forms the 
three germ layers and extraembryonic membranes. Subsequently, the capacity of 
proliferation and lineage specification become limited as individuals mature and 
cells get terminally differentiated (Zakrzewski et al. 2019). 

6.1.2 Stem Cell Types and Potency 

Stem cells have been categorised and named as per their differentiation potential and 
origin. The potency of stem cells is their ability to differentiate in various lineages. 
Totipotent stem cells can form the cells of both embryonic and extraembryonic 
tissues, whereas unipotent stem cells have potential only to differentiate into a 
particular cell type. The zygote is a totipotent stem cell as it can form the foetus as 
well as the placenta which connects the foetus to its mother. At the blastula stage of 
embryonic development, inner cell mass (ICM) has the capability to form all the 
germ layers; these cells are denoted as pluripotent stem cells (PSCs). Moreover, they 
are also named as embryonic stem cells (ESCs), which means being derived from the 
embryo. In 2006, Takahashi and Yamanaka characterised a group of genes whose 
expression can induce pluripotency in somatic cells. They termed these cells as 
induced pluripotent stem cells (iPSCs) (Yu et al. 2007). Multipotent stem cells and 
oligopotent stem cells have potency that ranges between pluripotency and 
unipotency. For instance, haematopoietic stem cells (HSCs) can differentiate into 
various blood cells and mesenchymal stem cells (MSCs) have been differentiated 
into several somatic cells (Bacigalupo 2004). These multipotent cells have been



named as per their origins. Similarly, neural stem cells (NSCs) (Gage 2000), adipo-
cyte stem cells (ASCs) (Bunnell et al. 2008), endothelial stem cells (Chambers et al. 
2021), mammary stem cells (Tharmapalan et al. 2019), intestinal stem cells (Santos 
et al. 2018), etc. have their respective origin and sometimes referred to as somatic or 
adult stem cells. 
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6.1.3 Sources of Stem Cells 

The discovery and characterization of stem cells have been made mainly from four 
sources: embryonic tissues, foetal tissues, adult organ tissues and differentiated 
somatic cells. The pluripotent stem cells have been isolated from embryonic tissues, 
whereas the multipotent and unipotent stem cells have been purified from foetal 
tissues and fully developed organ tissues, respectively. iPSCs have been developed 
from various terminally differentiated somatic cells. ICM isolated from preimplan-
tation blastocyst can be cultured in in vitro conditions. These cells can be retained in 
undifferentiated and pluripotent forms in the presence of leukaemia inhibitory factor 
(LIF) or embryonic fibroblast for virtually indefinite time (Mossahebi-Mohammadi 
et al. 2020). Further, in specific conditions (using growth factors, cytokines, etc.), the 
cells can be differentiated as per need. 

Adult stem cells have varied sources. Almost every tissue has been described to 
contain the resident stem cells residing in specific niches. The umbilical cord 
(UC) has been extensively utilized as a mesenchymal stem (stromal) cell (MSC) 
source. Distinct anatomical regions of human UC like Wharton’s jelly, umbilical 
arteries, vein, cord lining and the blood from it have been described in literature for 
isolating MSCs (Iwatani et al. 2019). These cells have been differentiated into 
adipocytes, hepatocytes, osteocytes, chondrocytes and cardiac and neural cells, 
suggesting their multipotency (Mebarki et al. 2021). 

6.1.4 Safety and Ethics 

Although stem cells have tremendous potential in the areas of regenerative medicine 
and drug development, their clinical applications must be thoroughly assessed (Doss 
and Sachinidis 2019). Safety of donors from any infection must be assured after the 
somatic cell isolation for the iPSC preparation or taking tissue for the isolation of 
adult stem cells (Garreta et al. 2018). Various procedures of clinical applications 
require compliance with ethical guidelines (Volarevic et al. 2018). Terms and 
conditions of consent related to a particular procedure of isolation and 
therapy must be understood and duly signed by the concerned subject (Barker 
et al. 2018).
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6.2 Induced Pluripotent Stem Cells 

Since the 1950s, researchers have been able to demonstrate that differentiated cells 
have the same genetic information as the cells of developing embryo, thanks to 
development like the somatic cell nuclear transfer technique (SCNT). Subsequent 
isolation, culture and characterization of PSCs and the demonstrations that transcrip-
tion factors govern the cell fate whose manipulation can transfer one mature cell into 
another provided the platform for the creation of iPSCs. Moreover, the development 
of iPSCs is legally and ethically more feasible and technically more achievable than 
the SCNT. So, in order to utilize the iPSC potential, suitable technique of factor 
delivery, identification of appropriate reprogrammed cell and establishment of 
clinical procedures were required (Rowe and Daley 2019). 

6.2.1 Origin of iPSC 

The induced pluripotency was first achieved in 2006 by Kazutoshi Takahashi and 
Shinya Yamanaka. Their laboratory devised an elegant method for screening 
pluripotency-associated genes (Yamanaka 2012). A pool of 24 genes could activate 
ESC-specific allele present on Fbxo15 locus which otherwise was dormant and drug 
resistant. The drug-resistant mouse fibroblast colony had characteristic ESC mor-
phology. The laboratory eliminated these genes in their subsequent experiments and 
reached on conclusion of minimally required essential set of four genes: Klf4, Sox2, 
c-Myc and Oct4 (Takahashi et al. 2007). Later, these sets of genes were known as 
Yamanaka factors. iPSCs are then created by reprogramming mouse or human 
somatic cells with Yamanaka factors and other combinations of factors. Such 
pluripotent cells expressed the markers like SSEA-1 and Nanog and engendered 
subcutaneous teratomas when inoculated in immunocompromised mice (Ohnuki 
et al. 2009). Although iPSCs fulfilled the various criteria of being pluripotent, they 
were not the same as ESCs. The expression level of key genes was found to be lower 
when compared with the pluripotency genes of ESCs. Specifically, iPSCs 
demonstrated incomplete promoter demethylation (Liang and Zhang 2013) for 
genes like Oct4 and could neither generate postnatal chimera nor form germline 
(Puri and Nagy 2012). Inferring that these first generations of iPSCs are partially 
reprogrammed, several laboratories improved upon these outcomes. For instance, 
some essential pluripotency genes such as Nanog and Oct4 were selected for 
reactivation instead of Fbxo15. The case of X chromosome inactivation and reacti-
vation of human female iPSCs through the reprogramming process was also taken 
into consideration to remove any abnormality that can hamper the authenticity of 
pluripotency and subsequent clinical applications. 

Pluripotency has been induced in the somatic cells of various species including 
human (Ohnuki et al. 2009), rat (Liao et al. 2009) and rhesus monkey (Fang et al. 
2014) by the expression of Yamanaka factors. Hence, it can be concluded that the 
transcriptional machinery controlling pluripotency has evolved while retaining its 
essential features. Similarly, there have been various cell populations such as neural



cells, keratinocytes, melanocytes, the liver and stomach cells, as well as genetically 
marked β cells from the pancreas and terminally differentiated lymphocytes being 
utilized for the reprogramming into iPSCs, proving the ubiquity of induced 
pluripotency (Rowe and Daley 2019). Now, iPSCs from any source is identical to 
the ESCs, and in vitro they have capability to differentiate into every cells of all germ 
layers and essentially can originate from any cell of an adult organism (Wu and 
Hochedlinger 2011). iPSCs have the capability to aggregate and incorporate the ICM 
and can develop into an embryo when injected into host blastocyst followed by 
transfer into a foster pregnant female. Moreover, iPSCs contributing to the germline 
formation (Zhao et al. 2021) have potential to produce viable and fertile organisms 
(Yamashiro et al. 2018). 
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6.2.2 Genetics 

As evident, some genes play indispensable function in the preservation of stemness 
in the cells. Ectopic expression of these genes opened direct route to pluripotency. 
Pioneer studies on iPSCs constitutively utilized retroviral vectors to stably integrate 
genes like c-Myc, Klf4, Oct4 and Sox2 into the host cell genome (Malik and Rao 
2013). Generally, the retroviral transgenes are silenced at the end of reprogramming, 
but the process is often incomplete due to activation of DNA and histone 
methyltransferases (Haridhasapavalan et al. 2020). This results into incompletely 
reprogramed cell lines that need exogenous factors corresponding to endogenous 
genes for pluripotency characterization. 

Often, the viral transgenes have residual activities or get reactivated in iPSC-
originated somatic cells that can hamper their developmental capabilities or can 
subsequently form tumours in vivo. The issue gets escalated when iPSCs are 
produced using constitutive lentiviral vectors because lentiviral vectors are even 
less proficiently silenced than that of retroviral vectors (Chan et al. 2009). This leads 
to differentiation block. Using the inducible lentiviral vectors provides an alternative 
as their expression can be controlled by the inert drug doxycycline. This permits 
selection of fully reprogrammed iPSCs, as the cells requiring exogenous factors stop 
proliferation in the absence of doxycycline (Sim et al. 2014). Moreover, including all 
four essential reprogramming factors in lentiviral vectors, the efficiency of 
reprogramming increases by transferring cells from various sources to the lentiviral 
vectors (Bar-Nur et al. 2014). 

Conventional reprogramming methods are based on integrating vectors having 
issues of reactivation, cell death, immunogenicity, residual expression, insertional 
mutagenesis and uninhibited silencing of transgenes (Krause et al. 2016). These 
issues have been addressed by numerous alternative methods. These methods are 
generally divided into two categories: transgene and chemical reprogramming. 
Transgene reprogramming can be further classified as protein transduction and 
RNA- and DNA-based reprogramming. Protein transduction involves direct delivery 
of gene product, while RNA programming is achieved by transduction or transfec-
tion of either synthetic mRNAs, miRNAs, RNA viruses or synthetic RNA replicons.



DNA-based methods are the most common, and they mostly take three forms: 
transposons, plasmids and viral particles. These viruses may be retro- or DNA 
viruses (Malik and Rao 2013) as summarized in Table 6.1. 
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6.2.3 Physiology 

Morphologically, the reprogrammed cells form compact colonies, have distinct 
margins with well-defined boundaries and made up of scanty cytoplasm, large 
nucleus and large nucleoli. Although many such colonies appear morphologically 
like ESCs, only a few have analogous physiology in terms of their molecular and 
functional characteristics. The bona fide iPSCs can be distinguished from that of 
partially reprogrammed cells only by using molecular hallmark, i.e. pluripotency 
genes such as OCT4, SOX2 and NANOG in the level comparable to that of ESCs. At 
the molecular level, it can be noticed that telomerase gene expression is reactivated, 
THY1 is downregulated and SSEA1 is upregulated (Spyrou et al. 2019). Earlier, 
cells staining for alkaline phosphatase were considered as pluripotent, but as inter-
mediately reprogrammed cells also stained positive, this method for testing 
pluripotency was discouraged. In virus-mediated reprogrammed cells, the pro-viral 
genes get silenced when endogenous genes for pluripotency are activated, and this 
event can be paired with the expression of embryonic antigens such as DNA 
methyltransferase 3β (DNMT3β), TRA-1-60, TRA-1-81, REX1 and SSEA3 (Loh 
et al. 2009). 

Moreover, the epigenetic reprogramming throughout the genome is crucial for 
confirming cells as fully reprogrammed, and notably, the extent of success is 
assessed by the evaluation of methylation of the promoter region of the genes 
accountable for maintenance of pluripotency as well as at the genes essential for 
controlling differentiation (Stadtfeld et al. 2008). The reactivation of X chromosome 
is an equally important epigenetic phenomenon which occurs later during the 
reprogramming and represents assurance of basal state pluripotency (Payer et al. 
2011). If reprogrammed iPSCs show all these characteristic features at the physio-
logical level, they can be said to be like ESCs. However, disparities in epigenetic 
reprogramming in terms of methylation extent, persistence integrated provirus 
expression and other factors can modify iPSC’s differentiation potentials (Maherali 
et al. 2007). 

6.2.4 In Vitro Culture and Consideration 

Somatic cell reprogramming for producing iPSCs is extremely inefficient. Only 
0.01% to 0.1% of cell population gets converted into fully pluripotent cells because 
the process takes a long time to complete, i.e. around 2 weeks (Robinton and Daley 
2012). Even if the somatic cells express the factors homogenously, the fibroblast 
reprogramming efficiency mostly remains between 1% and 5% (Table 6.1). This 
observation has been explained by two opposing and mutually nonexclusive models.
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The first one is the “elite” or “deterministic” model which explains that only rare 
somatic cells in the culture are receptive to reprogramming, which is why the 
reprogramming efficiency is low. The second one, in contrast to the first one, states 
that all somatic cells in the culture are equally responsive to the factor-driven 
reprogramming, but they must pass across a sequence of epigenetic incidents for 
acquiring pluripotency. Here, only a limited number of somatic cells successfully go 
through the roadblocks and hence the efficiency is low (Omole and Fakoya 2018).
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6.2.4.1 Co-culture 
Studying neurodegenerative disorders (NDDs) in vitro has always been challenging 
due to lack of proper models that could mimic the human brain. Development of 
iPSCs and other techniques has enabled successful differentiation of iPSCs into 
numerous cell types including the cells of the nervous system such as dopaminergic 
neurons and astrocytes. One of the advantages of using iPSCs is the fact that iPSC-
differentiated cells have the same genetic mark as the donor which allows 
researchers to investigate the cause of NDDs. There are various protocols to differ-
entiate iPSCs into neurons, astrocytes and midbrain-like neural progenitor cells 
(NPCs) (Denham and Dottori 2011). Astrocytes carry its core properties along 
with their specialized functions influenced by their local identity which may have 
a role to play during the development of NDDs. Therefore, it becomes imperative to 
produce neurons with astrocytes which have originated from the same midbrain-like 
NPC population to study NDDs such as Parkinson’s disease (Laperle et al. 2020). 
Here, interaction and communication at both physical and chemical levels between 
astrocytes and neurons become crucial for the maintenance and disruption of 
neuronal health. Notably, dysfunctional astrocytes have been observed causing 
NDDs (Li et al. 2019). That’s why several culture systems have been developed 
for studying communication between astrocyte and neuron such as co-culture of 
dopaminergic neuron and astrocyte, NPC differentiating into astrocyte and dopami-
nergic neuron and proper dopaminergic neuron and astrocyte (Kuijlaars et al. 2016). 

6.2.4.2 3D Culture 
Culturing cells on flat surface is always different from the cells in a tissue. A cell in 
natural milieu can grow, divide and communicate in all directions. In a dynamic 
environment, extracellular matrix (ECM) plays its role by letting the cell to migrate, 
home around and form gradients of different biochemical factors (Ahmed 2016). 
Hence, there are number of physiological functions such as proliferation, differenti-
ation, survival, apoptosis, growth and neurotrophic and other factors that can be 
influenced by the 3D micro-environmental conditions. Keeping the differences 
between flat surfaces (2D) and 3D biomimetic conditions in consideration, 
researchers have been trying to better understand the behaviour of cells in 3D 
conditions. To establish the 3D organotypic culture system, compatibility of cells 
with biomaterials has to be checked first. So, different combinations of cells with 
biomaterials have been investigated to meet the demand of optimum proliferation 
rate and desired differentiation lineage (Schaap-Oziemlak et al. 2014). Among all 
other cells, pluripotent stem cells have advantages in terms of both differentiation



and proliferation capabilities (Fig. 6.1). In this connection, bulk proliferation and 
differentiation of human pluripotent stem cells (HPSCs) have been done. Others 
have indicated towards specific needs of cells when proliferating and differentiating 
them (Dawson et al. 2008). Alternatively, it has been advocated that different ECMs 
should be used for these two purposes. 
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Fig. 6.1 Pluripotent stem 
cells (PSCs) can be expanded 
on conventional flat surface 
culture and characterized for 
the purity of pluripotency. 
Under suitable conditions of 
growth factors and 
biomaterial, the stem cells can 
further be differentiated into 
neuronal lineage cells such as 
neurons, oligodendrocytes or 
astrocytes. Further, to 
recapitulate the in vivo three-
dimensional milieu, stem cells 
may be utilized to form brain 
organoids 

iPSCs have edge over other pluripotent stem cells in relation to ethical clearance 
and wide applicability. iPSCs from patients under in vitro conditions can directly be 
observed and manipulated as and when required. The deficiencies can be corrected 
and differentiated into required cells or organs or organoids in 3D culture conditions. 
Subsequently, they can be grafted in the body of the patient without immunological 
consequences. HPSCs, both iPSCs and ESCs, have been well characterized 
for their proliferation and differentiation in 3D suspension as well as matrix 
(hydrogel)-assisted 3D cultures to form human brain organoid. The study on gene-
environment interactions has addressed the use of iPSCs in time-dependent interac-
tion of chemicals to interfere with epigenetic mechanisms. Additionally, poly 
(3-hydroxybutyrateco-3-hydroxyvalerate) (PHB-HV) was found to be an attractive



option for spinal cord repair. Co-culture of tissues can also guide organogenesis by 
manipulating epithelial-mesenchymal interactions (Sasai 2013). 
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HPSCs have been either differentiated into the specific lineage cells such as 
dopamine neuron, striatal neuron and glial cells or directed into 3D neuronal tissue 
formation, for instance, cerebral organoid (Lancaster et al. 2013), inner ear sensory 
epithelia (Koehler et al. 2013), optic cup (Eiraku et al. 2011) and adenohypophysis 
(Suga et al. 2011). In vitro maintenance and specific differentiation of the stem cells 
have resulted in different neuronal forms. One of the examples is the use of 
Rho-associated protein kinase (ROCK) inhibitor in serum-free chemically defined 
medium which greatly improved the isolated survival of HPSCs. The efficiency and 
speed of neuronal induction have been enhanced in manifold ways by the use of 
inhibitors of transforming growth factor (TGF) and signalling governed by bone 
morphogenetic protein (BMP) (Lei and Schaffer 2013). Using precise patterning 
strategies combined with the above in vitro-modified tools, one can develop CNS 
and PNS tissues in 3D environment. Having achieved the above feats, the in vivo 
process of brain development which starts from neurogenesis and is followed by 
migration, dendrite and axon elongation, myelination, synaptogenesis and apoptosis 
can be accomplished in 3D in vitro systems. 

6.2.4.3 Brain Organoids 
Fine-tuned in vitro system and procedures required for in vitro organogenesis 
forming a functional 3D organ-like tissue have been established. Apart from other 
human organ development, the development of brain tissues has been successfully 
achieved by different researchers. No report yet claims the development of whole 
functional human brain but parts of it have been successfully formed in 3D in vitro 
culture conditions (refer to Table 6.2). As a general rule, when one starts from the 
pluripotent stem cells, the lineage specification is required to form a particular organ 
or tissue. For instance, the neural differentiation takes place in ESCs when these cells 
are grown in the absence of mesoderm or endoderm inductive signals. Following 
this, neural progenitors are specified along the dorso-ventral and anterior-posterior 
axes by RA, Shh and Wnt patterns. It is believed that there are different “organizer” 
regions which impart signals along the wide areas of the embryonic tissues 
for pattern formation, creating morphogenetic gradients. The gradient forms the 
committed regions of cells, giving rise to specific organs during organogenesis.

Table 6.2 Neurodevelopmental/neurodegenerative 3D organoid models 

Year 3D organoid models References 

2017 Inner ear organoid (Koehler et al. 2017) 

2016 Alzheimer’s disease model (Choi et al. 2016) 

2013 Inner ear sensory epithelium (Koehler et al. 2013) 

2013 Cerebral organoid and microcephaly (Lancaster et al. 2013) 

2011 Self-organised optic cup (Eiraku et al. 2011) 

2011 Functional adenohypophysis (Suga et al. 2011) 

2008 Self-organized polarised cortical tissue (Eiraku et al. 2008)



The expansion of neuro-epithelium generating radial glial (RG) stem cells marks the 
start of mammalian brain organogenesis. The RGs proliferate at the apical surface of 
the ventricular zone to generate intermediate progenitors and neurons. Subsequently, 
intermediate progenitors populate forming adjacent subventricular zone (SVZ) along 
with the neuronal migration, making other layers and zones of cortical plate. 
Corticogenesis, forming elaborate structure of the brain cortex, makes humans 
different from other mammals (Rakic 1995). In humans, SVZ is split by an inner 
fibre layer (IFL) into an inner and an outer SVZ. The outer SVZ is markedly formed 
by intermediate progenitors and a unique set of stem cells called outer radial glia. 
The IFL and outer SVZ are not present in mice, a difference that emphasizes the 
development of functional in vitro human brain model (Grinand and Matsuzaki 
2012).
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For understanding the step-by-step developmental procedure of the human brain 
and its interaction with the surrounding environment, cerebral organoid model 
developed by Lancaster et al. (2013) stands a milestone. The cerebral organoid 
model displays distinct regions of the brain with interdependency among them. 
Several regions in the developed organoid can be identified by histochemical studies, 
including the forebrain (FOXG1 and SIX3), hindbrain (KROX20 and ISL1), dorsal 
cortex (EMX1), hippocampus (NRP2, FZD9 and PROX1), prefrontal cortex 
(AUTS2), ventral forebrain (NKX2–1) and choroid plexus (TTR). Moreover, the 
model recapitulates the fundamental organizational events and functional 
interconnections of in vivo human brain development. Particularly, the cortical 
organization and functions have been well studied in the said model. Earlier in 
2011, Suga’s laboratory taking mouse ESCs developed a protocol for Rathke’s 
pouch formation. The 3D aggregate culture system supported the efficient self-
formation of 3D adenohypophysis tissue via the formation of pituitary primordium 
(Rathke’s pouch). The developed pituitary gland contained active endocrine cells 
which secreted adrenocorticotrophic hormone (ACTH) and responded for the posi-
tive and negative regulators as in in vivo endocrine homoeostasis. In addition, the 
researchers could also rescue the hypo-pituitary mouse after transplanting it under 
the kidney capsule of the mouse. This puts the 3D culture system firm at its 
applicability for generation of in vitro fully functional organ (Suga et al. 2011). 

Studies of neurodegenerative diseases are among the principal forces behind the 
advancement of in vitro models of the human brain. A successful attempt has been 
made by Choi and his group to formulate 3D culture system depicting familial 
Alzheimer’s disease (FAD). The neural stem cell-derived in vitro model allowed 
the expression of FAD mutations in beta-APP and presenilin 1, forming the extra-
cellular depositions of amyloid beta as well as amyloid beta plaques. Notably, the 
model also exhibited neuronal cells expressing high levels of silver-positive and 
detergent-resistant aggregates of phosphorylated tau along with filamentous tau in 
the cell body as well as neurites. In this way, the model successfully recapitulated 
amyloid beta and tauopathy in a 3D neural cell culture system (Raja et al. 2016). 

Generating sensory organs is secondary to the generation of the brain; however, it 
further proves the worth of 3D culture system for studying neuron and its activity. 
Various results have been coming forth in relation to the generation of inner ear



sensory epithelium, self-organizing optic cup and skin. Eiraku et al. (2011) reported 
the morphogenesis of self-organizing optic cup in 3D culture. The model not only 
formed the optic cup but also the stratified neural retina tissue resembling the natural 
eye. A similar level of success was achieved by Koehler et al. (2013) when they tried 
to form inner ear sensory epithelium taking pluripotent stem cell. After deciphering 
the non-neural ectoderm origin of the sensory epithelium of the ear, they 
recapitulated the step-by-step induction of pluripotent stem cells into the formation 
of neuro-ectoderm. The ear organoid was found to be mimicking the structural and 
biochemical aspects of natural vestibular organ. 
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6.3 Neurodegenerative Disorders 

Studying neurodegenerative disorders in vitro has been difficult due to the absence 
of accurate model which can recapitulate the human brain. The roadblock has been 
gradually removed after the successful differentiation of iPSCs into brain cells such 
as astrocytes and dopaminergic neurons. The analysis of NDDs got further 
elaborated after the development of 3D cell culture system, gene-modifying 
technologies such as CRISPR-Cas9 and other tools. This section of the chapter 
deals with the application of iPSCs for ameliorating NDDs. 

6.3.1 Origin and Definition 

In the second decade of the nineteenth century, Parkinson’s disease (PD) was 
described as a neurological syndrome, while Alzheimer’s disease (AD) was reported 
in the first decade of the twentieth century. Subsequently, such diseases were called 
neurodegenerative diseases and defined as age-related conditions where brain 
functions started to decline due to loss of neurons in contrast to static loss of neuron 
because of toxic or metabolic shock. Various symptoms pertaining to these incurable 
and devastating diseases were then outlined such as decline in cognitive abilities 
and/or loss of locomotor functions. Worldwide, the number of NDD patients is 
increasing due to ageing population posing a challenge before the healthcare system 
while patients’ quality of life is compromised (Jennekens 2014). 

Various characteristic conditions are associated with different NDDs, including 
cognitive deficits in Alzheimer’s disease, frontotemporal dementia, vascular 
dementia, mixed dementia, dementia with Lewy bodies, impaired locomotor activity 
in amyotrophic lateral sclerosis (ALS), Parkinson’s disease (PD), multiple 
sclerosis (MS) and spinocerebellar ataxia (SA). NDDs are classified based on 
either primary clinical features or anatomical distribution of neuron loss or princi-
pally involved molecular abnormalities. Based on clinical features, it may be 
identified either as dementia, motor neuron disease or parkinsonism; on anatomical 
distribution of neurodegeneration basis, either as frontotemporal degeneration, 
extrapyramidal disorder or spinocerebellar degeneration; and on the involvement



of principal molecular abnormalities, it may either be amyloidosis, taupathies, 
α-synucleinopathies or TDP-43 proteinopathies (Dugger and Dickson 2017). 
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6.3.2 Blood-Brain Barrier 

All the mammals including humans have well-developed blood-brain barrier (BBB) 
which is created by the endothelial cells from the wall of capillaries, epithelial cells 
of the choroid plexus and the avascular arachnoid epithelium (Daneman and Prat 
2015). Capillaries forming BBB provide huge area for blood-brain exchange which 
may range from 12 to 18 m2 for an average adult. Epithelial cells of the choroid 
plexus forms the second interface facing cerebrospinal fluid (CSF), while the brain 
extracellular fluid, interstitial fluid (ISF), is secreted across the first interface, 
i.e. the capillary endothelium of the BBB. The CSF and ISF secretions are controlled 
by the osmotic and ionic gradient formed by Na+ , K+-ATPase pump present on the 
abluminal membrane of the endothelium and the apical membrane of the choroid 
plexus of the BBB. The third interface, the avascular arachnoid epithelium, underly-
ing the dura, completely encloses the CNS and acts as a seal between extracellular 
fluid of the CNS and the rest of the body. All three interfaces of the BBB function as 
barrier systems through a combination of physical barriers in the form of tight 
junctions, transport barriers in the form of specificity and metabolic barriers in 
which specific enzymes stop molecules from travelling between the two. The barrier 
function is dynamic in nature which can be regulated and modulated as per physio-
logical and pathological demands (Wu et al. 2021). 

6.3.3 Cells of CNS 

The central nervous system comprises three types of cells: neurons, glial cells and 
vascular cells with pericytes. While neurons sense the environment and communi-
cate with other neurons, glial cells support them to perform their functions and 
remove metabolic wastes. Vascular cells along with pericytes regulate the 
interactions between blood vessels and brain parenchyma. Subtypes of glial cells 
are astrocytes, microglia, oligodendrocytes and ependymal cells. 

6.3.3.1 Neural Progenitor Cells and Neuron 
Progenitor cells are present in the developing embryos as well as neonatal and adult 
brain which differentiate into brain cells. Neural progenitor cells (NPCs) give rise to 
many, if not all, of the glial and neuronal cell types. These cells are resident adult 
stem cells which can replace the brain cells as and when required. Out of many brain 
cells, neurons are considered as functional units as they communicate among 
themselves as well as with other cells such as muscle and gland cells. Neurons are 
specialized in their structure and physiology to perform a specific task. Structurally, 
neurons have cell body or soma with cytoplasm containing Nissl substance, many 
dendrites and a long axon. Nissl granules contain rough endoplasmic reticulum and



free ribosomes where protein synthesis occurs. Schwann cells in the peripheral 
nervous system (PNS) and oligodendrocytes in CNS, present along the length of 
axon with the myelin sheath, provide insulation which facilitates the rapid transmis-
sion of nerve impulse. The axon ends are called axon terminals which form synapses 
with other cells and are site of interneuron signal transmission. 
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6.3.3.2 Astrocytes 
Star-shaped glial cells located in the brain and spinal cord are referred to as 
astrocytes. They have a wide range of functions including metabolic support to 
neurons, extracellular ionic environment regulation, removal of neurotransmitter 
from the extracellular space, modulation of synaptic transmission and assistance to 
oligodendrocytes in myelination process. In the CNS, their number ranges from 20% 
to 40% of the total glial cells (Li et al. 2019). 

6.3.3.3 Microglia 
Microglial cells have originated from the mesoderm unlike other CNS cells which 
have originated from the ectoderm of embryonic germ layers. They make 10%–15% 
of the total glial cells and form resident immune system of the brain. Their phago-
cytic activity removes foreign material when tissue damage is detected by them. 
These cells can also act as antigen presenting cell (Hickman et al. 2018). 

6.3.3.4 Oligodendrocytes 
The myelin sheath produced by the oligodendrocytes enwraps the axons of neurons. 
There may be myelinated and unmyelinated axons, and the way of signal transmis-
sion is different in both types of axons. In myelinated axons, gaps are present 
between the sheaths, and these are known as nodes of Ranvier. Chemically, the 
myelin is a lipid-rich substance, and it works as an insulator. The oligodendrocytes 
in the CNS are the representatives of Schwann cells in the PNS. A single oligoden-
drocyte can myelinate up to 50 axonal segments. The process of myelination starts in 
utero—early in the third trimester—increases rapidly during infancy in line with the 
development of cognitive and motor skills and continues throughout the adolescence 
and early adulthood (Kuhn et al. 2019). 

6.3.3.5 Pericytes and Vascular Cells 
Pericytes are vascular lining cells implanted in the basement membrane of fine blood 
vessels present throughout the body including the brain. Their processes are 
extended around the capillaries including pre-capillary arterioles and post-capillary 
venules. They are strategically placed between astrocytes, endothelial cells and 
neurons in the neurovascular unit of the CNS. Pericytes perform various vital 
functions by integrating, coordinating and processing the signals received from the 
neighbouring cells. They regulate BBB permeability, angiogenesis, capillary 
haemodynamic (blood flow) responses, removal of toxic metabolites, stem cell 
activities and neuroinflammation. The structure, function and expression profile of 
pericytes are location specific in the brain along the vascular bed. Dysfunctional 
pericytes have been associated with the development of vascular diseases like stroke



and neurodegenerative diseases like AD. Recently, pericytes have been extensively 
studied for their association with various neural disorders and as a prospective 
therapeutic target (Brown et al. 2019). 
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6.3.4 AD 

Alzheimer’s disease is a severe and progressive neurodegenerative disease 
elucidated by ample loss of cognitive and behavioural abilities, leading to the decline 
in patient’s quality of life. Its pathogenesis is not yet completely understood. 
However, AD’s two main forms have been described: early-onset familial AD 
(EOFAD) and late-onset AD (LOAD). The first one is less common, accounting 
for the 5% total cases, and is generally diagnosed before 65 years of age. Its 
inheritance shows autosomal dominant pattern with 1 of 200 mutations till date 
reported in the three key genes, viz. presenilin 1 (PSEN1), presenilin 2 (PSEN2) and 
amyloid precursor protein (APP). It occurs after the age of 65 without any history of 
dementia in a family but after 35 with a family history of AD. Sporadic AD, which is 
also known as late-onset AD, is the most common form of dementia. After 1992, 
AD’s pathogenesis and aetiology have been described by the amyloid cascade 
hypothesis. According to the hypothesis, APP-derived pathogenic amyloid β (Aβ) 
gets accumulated in the neurons inducing a vicious cycle that further triggers build-
up of neurofibrillary tangles (NFTs), leading to the death of neurons and eventually 
dementia (Weller and Budson 2018). 

6.3.5 PD 

Parkinson’s disease is basically a movement disorder having a variable aetiology. In 
PD, neurons of the substantia nigra have been observed getting destroyed, causing 
loss of deep grey matter, leading to deficiency of dopamine in the basal ganglia. PD 
is the second most common neurodegenerative disease, which is age related after 
AD, and affects 1–2% of persons aged above 65 years. This disease is also progres-
sive in terms of loss of nigrostriatal dopaminergic neurons, which in normal 
circumstances present unmyelinated axons forming several synapses. This is 
indicated by disrupted motor functions such as bradykinesias, resting tremors, 
rigidity and postural instability in the affected individuals. Some non-motor 
symptoms like sleep disturbances, olfactory deficit, constipation, cognitive decline 
and dementia have also been noticed in the PD patients which reduce the quality of 
life of patients severely. Neuropathologically, protein inclusions are deposited in the 
neuronal soma and neuronal processes which are known as Lewy bodies and Lewy 
neurites, respectively. The Lewy bodies are mostly composed of insoluble and 
misfolded aggregates of α-synuclein protein at the presynaptic neurons. Genetic 
form of the disease has provided the information on neuropathological mechanisms, 
although it accounts for only 5–10% of the total PD cases (Vázquez-Vélez and 
Zoghbi 2021).
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6.3.6 HD 

Huntington’s disease is the most common inherited neurodegenerative disorder, 
which is genotypically autosomal dominant and phenotypically identified by a 
triad of cognitive, motor and psychiatric descriptions. HD’s onset typically takes 
place in the mid-life of the individual which progresses irreversibly over the next 
10–15 years. All reported cases of HD have been found to be caused by the abnormal 
expansion of CAG repeat near the N terminal of the huntingtin gene (HTT) which 
when translated produces mutant huntingtin protein (mHTT). Since 1993, when the 
mutation was first reported, the exhaustive research has described various neuro-
pathological mechanisms, leading to the development of the disease. Almost all 
these mechanisms are driven by mHTT protein’s ubiquitous presence where pre-
dominantly toxic gain of function occurs. The abnormally long polyglutamine 
(polyQ) expansion in mHTT protein confers more taxic functions, leading to 
neurodegeneration (Barnat et al. 2020). 

6.3.7 ALS 

A motor neurodegenerative disease called amyotrophic lateral sclerosis results in a 
gradual loss of both upper and lower motor neurons in the brain and spinal cord, 
which leads to feebleness of the muscles, fasciculation, muscle atrophy, spasticity 
and eventually paralysis. ALS has been subtyped as “progressive muscle atrophy” 
which involves primarily lower motor neurons and “primary lateral sclerosis” where 
relatively upper motor neurons are involved. Its onset is generally focal but subse-
quently it can spread to various body regions; specifically the failure of respiratory 
muscles limits the survival of the individual to 2–5 years after the onset (Masrori and 
Van Damme 2020). 

In about 50% of the reported cases, extra-motor indications like change in 
behaviour, language difficulty and executive dysfunction have been observed. In 
other 10% of the patients, these issues may become severe enough to be clinically 
considered as frontotemporal dementia (FTD). 10% of ALS patients have familial 
history suggesting pattern of autosomal dominant inheritance, while the other 90% 
of the ALS cases have no such history and are categorized as sporadic ALS. The 
causes of ALS are only partially described as they are heterogenous. More than 
20 genes have been linked with the onset of the disease. Out of these, C9orf72 gene’s 
hexanucleotide repeat expansion has been responsible for 30%–50% of familial and 
7% of sporadic ALS. Initially in 1869, the disease was originally defined by Jean-
Martin Charcot as a pure motor disease but subsequently as a multi-system neuro-
degenerative disorder having genetic, neuropathological and clinical heterogeneity. 
Age, site and rate of progression of ALS are highly variable (Brotman et al. 2021).
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6.3.8 MS 

Multiple sclerosis is a neurodegenerative, demyelinating and chronic inflammatory 
disease which affects young adults between the ages of 20 and 40 years. Women are 
more likely to develop multiple sclerosis than men. Neuropathology of MS includes 
proliferating astrocytes, activated microglia, infiltrating macrophages and 
lymphocytes and appearance of focal plaques which contain demyelinated axons. 
Reduced population of oligodendrocytes located in the surrounding area of post-
capillary venules labelled by the BBB breakdown has also been noticed. Dysfunc-
tional motor abilities, disturbed speech and vision, loss of balance or coordination, 
acute paralysis, numbness, fatigue, nystagmus (uncontrolled eye movement), tremor 
and diminishing cognitive abilities are the major clinical symptoms of MS. The 
disease generally begins with a relapsing-remitting phase (RRMS) that is intermit-
tent, which progresses into a progressive phase at about 15 years after the initial 
onset. Out of cases yet reported, about 15% are categorized as primary progressive 
phase (PPMS) where the disease progresses relentlessly right from the onset 
(Dobson and Giovannoni 2019). 

MS is a multifactorial, heterogenous and immune-mediated disease which is 
influenced by both environmental and genetic factors. The pathogenesis has been 
described by two main hypotheses: “outside-in” and “inside-out”. The first one is 
mainly based on the findings of experiments done on animal models of MS which 
postulates that the activated auto-reactive T cells invade the CNS, thereby inciting 
neuroinflammation, tissue damage and BBB leakage. The second one hypothesizes 
that MS is primarily a degenerative disease whose severity increases on amplifica-
tion of immune responses. In this case, the trigger is inside the CNS in the form of 
defective oligodendrocytes resulting from mutation that leads to their death and 
consequently activates microglial cells. Later, demyelination and damaged axons 
contribute to neurodegenerative and neuropathological symptoms (McGinley et al. 
2021). 

6.4 Application of iPSC Technique 

It is evident that neurodegenerative diseases are progressive in nature and culminate 
into the loss of neurons. Most of them are poorly understood, incurable and 
devastatingly affecting the lives of millions of individuals globally. Therefore, 
they pose major health challenge with stern propositions on the wellbeing of 
individual as well as society. Various in vivo and in vitro disease models have 
been developed to study the pathophysiological mechanisms involved in the pro-
gression of these diseases. A gap of genetic and/or physiological constituents 
between human and the disease models have resulted into the failure of therapeutic 
interventions. To bridge this gap, 3D cell culture systems have been developed 
where iPSCs are being utilized to form biomimetic organoids. This advanced model 
system replicates aspects of brain development and brain physiology, mimics neu-
ronal and glial cell interactions and incorporates the effects of blood flow in the brain



enabling more accurate findings. Moreover, the iPSCs are easily accessible, 
originated from human and are expandable, capable of differentiating into any 
cells type, free from ethical constraints and useful in making personalized medicines 
utilizing patient-specific cells. Gene editing techniques, including CRISPR-Cas9, 
have made it possible for genetically defined human iPSCs to be used as disease 
models. 
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6.4.1 The iPSC Technique 

Integrating viral vectors like lentiviral or retroviral vectors were initially used for cell 
reprogramming to generate iPSCs. Then, there was a concern about the iPSC’s 
clinical applications owing to the potential of integration of transgenes into the 
host cell genome, leading to insertional mutagenesis. To get rid of this mutagenesis 
and these genetic modifications correlated with the lentiviral and retroviral 
transduction-mediated insertion of reprogramming factors, various non-integrating 
methods have been developed. Synthetic mRNA, episomal DNA and Sendai virus 
are among the various other approaches being applied to develop integration-free 
iPSCs which are simple and have high efficiency. The progress in the iPSC technol-
ogy, along with improvement of gene editing tool such as CRISPR-Cas9, has 
resulted in standard clinical applications such as regenerative medicine and drug 
development (Yamanaka 2020). 

6.4.2 Stem Cell Therapy 

In 1950s, bone marrow transplantation was performed for the first time which 
demonstrated that cell therapy can be useful in replenishing the damaged tissue or 
cell. Then, one of the identical twins was suffering from leukaemia whose blood-
forming cells were replaced with the healthy twin. In this case, genetic matching was 
not an issue, but that could only be realized after almost 10 years when bone marrow 
transplants were carried out between non-twin-related and unrelated donors. Today, 
the bone marrow transplants are commonly performed for the patients whose blood-
forming stem cells have been damaged due to either some disease or high radiation 
or anti-cancer drug treatment. However, an obstacle of host-versus-graft disease 
stands before the clinicians to tackle with. This challenge can be conquered with the 
help of iPSC technology and latest gene editing procedures (Sharma et al. 2019). 

iPSC technology has been flourishing rapidly since its establishment and has 
ushered in a promising new era in the fields of stem cell biology, regenerative 
medicine, disease modelling and drug discovery. The possibility of replacing dam-
aged tissue/cell by iPSC-derived differentiated cells/tissues/organs has been 
exhibited in several trials. Some of them have been successfully advanced towards 
clinical trials. The first trial was aimed at treatment of macular degeneration utilizing 
human iPSC-derived retinal pigment epithelium (RPE) (Li et al. 2016).
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6.4.3 CRISPR-Cas9 

Clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR-
associated (Cas) system contains single-guide RNA (sgRNA) and RNA-guided 
endonuclease, Cas9. Target-specific sgRNA, composed of a CRISPR RNA 
(crRNA) and a transactivating CRISPR RNA (tracrRNA), guides the Cas9 protein 
for double-stranded break (DSB) at a target-specific site. Many bacteria employ this 
mechanism as a defence system against phages and conjugative plasmids by 
exhibiting site-specific DSB in the target DNA. To recognize the target site, 
there must be short protospacer adjacent motif (PAM) flanking the target site and 
formation of R-loop accompanied by the strand scission which is driven by the 
complementary base pairing between the sgRNA and target DNA resulting in 
Cas9-DNA interactions and related conformational changes. The sgRNA is the 
synthetic analogue of natural tracrRNA-crRNA structure found in the bacteria. 
Synthetic sgRNA mimics the function of natural tracrRNA-crRNA and simplifies 
the gene editing procedure in vitro, ex vivo and in vivo delivery systems (Yip 2020). 
Other gene editing methods have also been developed which are summarized in 
Table 6.3. 

6.4.4 Application in Neurodegenerative Disorders 

Human iPSCs are specifically utilized in developing disease models whose genetic 
causes are well defined. Somatic cells containing disease-causing mutation are 
acquired to derive iPSCs and then differentiated into disease-relevant cells. Various 
studies relating to pathophysiological mechanisms, therapeutic strategies and drug 
development for the selected diseases are then carried out. The studies can be 
performed on either conventional two-dimensional (2D) culture system or 3D 
platform like organoids. 

There are several reports of development of disease models using iPSCs (Fig. 6.2). 
Prominently, AD and PD models have been devised using neurons derived from 
iPSCs. The pathology of ALS was modelled utilizing a co-culture of neurons with 
astrocyte derived from the iPSCs. NPCs have the capability to differentiate into 
neural subtypes like neurons and astrocytes. These cells are patterned towards 
defined regional identity producing neurons of specific brain region. iPSC differen-
tiation into NPCs is initiated by plating them on a monolayer followed by 
neuralization via dual SMAD inhibition. The culture is maintained for 11 days and 
then passaged and re-cultured for 7 days for acquisition of neuronal characters. 
Further, these NPCs can de differentiated into desired subtypes such as astrocytes 
and neurons. Similar protocols are available to model different neurodevelopmental 
diseases summarized in Table 6.4.
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Table 6.3 Other gene editing technologies 

System Enzyme Mode of action Reference 

ZFN Zinc-finger 
nucleases 

DSBs are induced by zinc-finger 
proteins fused to FokI; DNA repair 
occurs by non-homologous end joining 
(NHEJ) to construct small indels, or 
homology directed repair (HDR) to 
introduce precise nucleotide 
modifications 

(Paschon 
et al. 2019) 

TALEN Transcription 
activator-like 
effector nucleases 

DNA-binding transcription activator-
like effector (TALE) protein modules 
fused to FokI induce site-specific 
DSBs; DNA repair proceeds through 
NHEJ or HDR to introduce indels or 
specific mutations 

(Nakano 
et al. 2019) 

CRISPR-
Cas9 

Wild-type Cas9, 
Cas9 nickase 

The NHEJ or HDR process is triggered 
by RNA-guided site-specific DNA 
cleavage that creates indels or 
introduces precise modifications to 
DNA 

(Leal and 
Alméciga-
Díaz 2022) 

Cas9 nickase It generates targeted DSBs by 
combining a Cas9 nickase with paired 
sgRNA. The paired nicking 
significantly reduces off-target activity 
(by about 50-fold) 

(Li and 
Margolis 
2021) 

eSpCas9 A structure-guided protein engineering 
approach produced SpCas9 variants 
with reduced off-target effects, but 
robust activity on target 

(Wang et al. 
2021) 

Cas9-VRER variant This platform allows DNA 
modification to be introduced precisely 
in monoallelic or biallelic forms, called 
“consecutive re-guide or re-Cas steps to 
erase CRISPR-Cas9-blocked targets” 
(CORRECT) 

(Cai et al. 
2022) 

CRISPR-
Cas9-
cytidine 
deaminase 

Fusions of CRISPR-
Cas9 and a cytidine 
deaminase 

DSBs or donor DNA templates are not 
required with this base editing approach 

(Huang 
et al. 2019) 

6.5 Prospects and Challenges 

Drug candidates seemingly successful in pre-clinical findings have failed in phase II 
and III clinical trials owing to our partial knowledge of pathophysiology, aetiology 
and genetic and epigenetic factors involved in the onset of NDDs. Appropriate 
investigational tools such as 3D in vitro culture models are therefore required for 
selection of promising candidate compounds to get rid of shortcomings at elemen-
tary stages. This 3D model system must recapitulate the in vivo milieu to eliminate
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Somatic Cell 
Reprogramming 

Differentiation into Desired Cell Types 

Isogenic iPSCs creation 

CRISPR-Cas9Viral vector 

Patients 

Myocytes Hematopoietic 
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Neuronal Cells 

Islet Cells 

Somatic Cell 
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Screening of 
Differentiated 

Cells 

Somatic Cells 

iPSCs 

Fig. 6.2 Somatic cells isolated from patients are cultured in appropriate conditions. These cells can 
be reprogrammed using Yamanaka factors (Klf4, Sox2, c-Myc and Oct4) into induced pluripotent 
stem cells (iPSCs). With the help of viral vectors or gene editing methods such as CRISPR-Cas9, 
disease-specific mutation in patient-derived iPSCs can be corrected or therapeutic genes can be 
inserted. The modified iPSCs then can be differentiated into either neuronal lineage cells for 
therapeutic use in neurodegenerative diseases or myocytes or haematopoietic cells or islet cells. 
Before administering into the subject, the differentiated cells are screened for its purity, presence of 
any residual factors, expression level of therapeutic gene, etc 

Table 6.4 Neurodevelopmental disease modelling using iPSCs 

Cell type
differentiated from 
iPSCs 

Drug or 
functional 
tests 

Molecular defect of
donor cellDisease Reference

ALS Heterozygous 
Leu144Phe mutation 
in SOD1 

Motor neurons and 
glial cells 

No (Myszczynska 
and Ferraiuolo 
2016) 

Spinal 
muscular 
atrophy 
(SMA) 

Mutations in SMN1 Neurons and 
astrocytes and mature 
motor neurons 

Yes (Fuller et al. 
2016) 

PD Multifactorial, 
mutations in LRRK2 
and/or SNCA 

Dopaminergic 
neurons 

Yes (Beevers et al. 
2013) 

HD 72 CAG repeats in the 
huntingtin gene 

None No (Jeon et al. 
2014) 

AD A246E mutation in 
PSEN1 

Neurons No (Hernández-
Sapiéns et al. 
2020)



any chances of deviation from in vivo drug interactions. iPSCs utilized in the 3D 
culture system have shown the pluripotency but they are not the same as ESCs. The 
expression levels of key genes have been found to be lower when compared with the 
pluripotency genes of ESCs. Initially, iPSCs demonstrated incomplete promoter 
demethylation for genes like Oct4 and could neither generate postnatal chimera 
nor form germline. Such observations must be noted for rectification of issues that 
may arise. Similarly, the case of X chromosome inactivation and reactivation of 
human female iPSCs during the reprogramming process must be considered to 
remove any abnormality that may lower the authenticity of pluripotency and 
subsequent clinical success.
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Clinical experiences have underlined several issues in the field of regenerative 
medicine. Improvement in the survival and viability of transplanted cells is immedi-
ately required. We also need to find ways for facilitating cell navigation to the target 
location, i.e. homing, engraftment and retention of stem cells at the desired site to 
fully realize the potential of stem cells. Pluripotent stem cells including iPSCs have 
unlimited proliferation potential and innate capability of forming tumours, and this 
poses a risk of malignancy. Several stem cell therapies involve the usage of 
differentiated cells derived from iPSCs; here the differentiated population of 
transplanted cells must be free from any undifferentiated iPSCs. Additionally, 
there are few reports of stem cell line obtaining genetic alterations associated with 
the human cancer. In the provided scenario, an exhaustive guideline is required to 
monitor and guide the clinical applications of stem cells (Fig. 6.3). 

Decline in Cognitive Abilities 

and/or Loss of Locomotor Functions 

Neuronal 

Damage 

Genetic and/or 

Sporadic Factors 

Neuroinflammation 

Compromised Quality of Life/Early Death 

Alzheimer’s Disease 

Parkinson’s Disease 

Huntington’s Disease 

Multiple Sclerosis 

Amyotrophic Lateral Sclerosis 

Fig. 6.3 All neurodegenerative diseases whether caused by genetic factor or occur sporadically 
lead to neuronal damage that can trigger neuroinflammatory reaction in the central nervous system. 
The damaged neurons are unable to maintain the structural and functional integrity of the brain 
causing decline in cognitive abilities and/or loss of locomotor functions that ultimately compromise 
the patient’s life quality and may sometimes lead to early death
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6.6 Summary 

Underlined features of iPSCs such as unlimited proliferation capability, desired 
differentiation potential, genetic similarity with the subject and ethical clearance 
powered by the tools like 3D culture and CRISPR-Cas9 put us in a position where 
we can expect to treat diseases like neurodegenerative diseases. The powerful 
combination of iPSCs, 3D cultures and CRISPR-Cas9 has enabled several clinical 
studies and trials being carried at various phases. These trials are running at various 
stages. Clinical experiences from these trials have pointed out various limitations of 
regenerative medicine. 
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Abstract 

Exosomes, the nanosized (40–160 nanometers) extracellular bio-vesicles, are 
gaining attention worldwide owing to their regulatory role in several pathogenesis 
of various diseases as well as cell-to-cell communication. Mechanistically, it has 
now been recognized that these exosomes that were considered earlier as cellular 
trash bags actually help in transmitting some important biomolecules (e.g., DNA, 
RNA, miRNA, proteins, metabolites, enzymes, lipids, etc.) among cells. Notably, 
their biocompatible, immunomodulation capability and less toxic susceptibility 
towards cells are their imperative assets; thus, their potential in clinical 
applications (diagnosis as well as therapeutic carriers) has been endorsed. How-
ever, the precise information about their characterization, labeling, and biological 
role in exchange of genetic materials and alteration of cellular functions is still 
under scrutiny and remains to be established. The future prospects of exosomes as 
innovative therapeutic approach agents in the treatment of diseases are also 
explored. 
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7.1 Introduction 

Extracellular vesicles (EVs) refer to be the lipid bilayer membrane-bound heteroge-
neous vesicles actively released by many different types of living cells into the 
extracellular space (Doyle and Wang 2019). EVs have the potential to spot unknown 
cellular and molecular mechanisms in intercellular communication and also in organ 
physiological state and sickness. All types of cells including prokaryotes and 
eukaryotes normally secrete EVs as the natural element of their physiology through 
nonheritable anomalies. EVs are generally categorized into three major subtypes 
including microvesicles (MVs), apoptotic bodies, and exosomes based upon their 
morphology, size, content, release pathways, surface marker, and activities. More-
over, EVs are often divided into two classes: ectosomes and exosomes. Ectosomes 
are the vesicles that pinch off the cytoplasm membrane via outward budding 
consisting of microvesicles and microparticles with size ranging from ~50 nm to 
1000 nm in diameter, while exosomes are comparatively smaller in size ranging 
from 40 nm to 160 nm with an average size of approximately 100 nm in diameter 
(Kalluri and LeBleu 2020). The presence of exosomes in extracellular vesicles was 
known as early as the late 1980s. The term “exosomes” ought to be outlining the 
secreted membrane vesicles that originated within the intracellular multivesicular 
compartments discharging upon union of those sections with the cytoplasmic mem-
brane. Because of this intracellular basis, exosomes are internal vesicles with a 
diameter of around 100 nm, similar to those of multivesicular compartments 
(Théry 2011). Depending on cell of origin, exosome can contain various types of 
cellular constituents including genetic materials (like DNA and RNA), proteins (e.g., 
soluble proteins, peripheral membrane proteins, transmembrane proteins, and lipid-
anchored membrane proteins of the exosome lumen), lipids (e.g., phosphatidyletha-
nolamine (PE), phosphatidylcholine (PC), phosphatidylserine (PS), and others), 
several kinds of enzymes (e.g., glycosyltransferases, proteases, RNA editing 
enzymes, lipases, glycosidases, and metabolic enzymes), and metabolites 
(Fig. 7.1). Generating exosomes from cells is largely unknown, and it was initially 
thought that exosomes carried metabolic wastes just to maintain the cellular homeo-
stasis. However, recent investigations suggest that exosomes are very useful vehicles 
carrying the cargos loaded with bioactive molecules including nucleic acids, lipids, 
and proteins, delivering to the target cells they encounter. The delivered molecules 
ultimately reprogram the recipient cells apart from their originating cells and regulate 
the intracellular communication (Zhang et al. 2019). 

Over the past few decades, regenerative medication has drawn a considerable 
attention to use human stem cells to repair impaired tissues. The embryonic stem 
cells (ESCs), mesenchymal stem cells (MSCs), and induced pluripotent stem cells 
(iPSCs) have shown their potential in differentiation and proliferation, thus being 
capable of regenerating human tissues. Stem cells generally release a variety of 
regulatory bioactive molecules (in the form of exosomes) in an exceedingly para-
crine fashion with relevant effects. Thus, exosomes play the necessary roles in 
regulations and cell-to-cell communication.
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Fig. 7.1 Schematic representation of exosome biogenesis and its composition 

With these perspectives, in this chapter, we aim to present an overview of 
exosomes and their history derived from stem cells and isolation and characteriza-
tion. Further, this chapter deals with mode of action of exosomes isolated from



various sources. Finally, we focus on future prospects towards disease prevention 
and health intriguing aspects of exosomes. 
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7.2 History 

In the late 1960s, Anderson and Bonucci for the first time used electron microscopy 
to identify matrix vesicles in epiphyseal growth plates, and matrix vesicles were 
defined as membrane-enclosed cell-derived units associated with deposited hydroxy-
apatite particles (Bonucci 1967). At that moment, it was anticipated that matrix 
vesicles were formed by budding or disintegrating cells in the upper epiphyseal 
plate. Similarly, Wolf et al. also revealed the tiny extracellular vesicles (EVs), 
produced by platelets, also known as platelet dust with high clotting potential 
(Wolf 1967). These contemporaneous, groundbreaking studies have since been 
expanded and confirmed, revealing roles for osteogenic exosomes in pathological 
calcification of arteries and cardiac tissues in cardiovascular disease, as well as 
normal bone and tooth deposition, while thrombus-inducing exosomes can contrib-
ute to both normal and pathological thrombosis (Bonucci 1967). Post discovery of 
small ~50 nm vesicles in the extracellular space jettisoned from maturing mamma-
lian reticulocyte (immature red blood cell) in 1983 reported by Harding and Stahl 
group and Pan and Johnstone group, the term “exosomes” was first coined a few 
years later by Rose Johnstone in 1987, despite the fact that the term had already been 
used as “exosome complex” a few years earlier (1981) denoted to extramembrane 
fragments generated in biological fluids (Harding and Stahl 1983; Pan and Johnstone 
1983; Trams et al. 1981). Exosomes were largely ignored (dubbed “cellular dust”) 
until studies have revealed that they could act as intercellular messengers, potential 
medication delivery vehicles, and biomarkers for a variety of chronic and acute 
disorders. Exosomes have been shown to aid in the selective elimination of 
diversified plasma membrane proteins, as the reticulocyte later matures into red 
blood cell (erythrocyte). As in the majority of mammalian cells, a component of the 
plasma membrane is recurrently attributed as endosomes in the reticulocyte with the 
recycling rate of 50–180% per hour. Portions of the membranes of few endosomes 
are then absorbed as small vesicles. These endosomes are also referred to as 
multivesicular bodies (MVBs) owing to their morphology, which embraces numer-
ous tiny vesicles (ILVs or “intraluminal endosomal vesicles”) engulfed in greater 
body. When these MVBs fuse with the membrane of the cell, consequently internal 
vesicles are ejected out into the extracellular space, and ILVs are converted into 
exosomes. New directions in exosome research began to emerge in the early 1980s. 
The notable contribution of Trams et al. on ectoenzymes was among them, as was 
the discovery of exosomes from the prostate and epididymis in seminal fluid and 
exosome complexes that not only are essential for sperm maturation but also 
transport proteins and lipids from the prostate to and into the sperm membrane 
(Trams et al. 1981). The promise of these early discoveries has been recognized by a 
nearly explosive growth in the field of exosome biology over the intervening three 
decades, resulting in the formation of various societies including the American



Society for Exosomes and Microvesicles and International Society for Extracellular 
Vesicles and even a dedicated journal i.e., Journal of Extracellular Vesicles. More-
over, many international meetings have been conducted and thousands of research 
articles on exosomes have already been published to date. 
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7.3 Isolation of Exosomes and Challenges 

Over the past 10 years, exosome separation techniques have advanced dramatically, 
and there has been promising progress in solving the exosome mystery. It is 
challenging to accurately and quickly identify exosomes due to the complexity of 
biological samples, interference from other extracellular vesicles brought on by a 
significant physicochemical and biochemical overlapped properties, and also the 
heterogeneous nature of exosomes themselves. For example, differential ultracentri-
fugation, which is currently a known gold standard for exosome isolation, is labor-
intensive and typically yields exosomes with proteins and lipoproteins as 
contaminants. Exosomes have been isolated from a variety of bodily fluids including 
blood, plasma, cerebrospinal fluid, saliva, urine, epididymal fluid, synovial fluid, 
amniotic fluid, and breast milk. The techniques used to isolate EVs are crucial to the 
success of isolation procedures, and efforts have been made to improve and stan-
dardize these techniques in order to properly understand the mechanisms of action 
and their use in biomedical research (Li et al. 2019). Because of their small size, 
isolation of exosomes remains difficult. However, using some high-throughput 
techniques, viz., (1) ultracentrifugation, (2) ultrafiltration, (3) affinity capture on 
antibody-coupled magnetic beads, (4) chromatography, and (5) polymer-based 
precipitation, a number of laboratories have been successful in isolating exosomes. 
Moreover, the technique used for isolation and scaling up is also dependent on the 
type of samples used as exosome source. Integrating different isolation methods, 
such as ultracentrifugation and immunoaffinity capture, can produce benefits by 
combining the benefits of the physical and biological worlds, but one must consider 
the additional labor and cost. Post isolation, extracted vesicles are generally gone 
through a series of testing including proteomic, immunoblotting, or protein staining 
techniques for their purity and functionality. Different isolation techniques and 
associated advantages and limitations are discussed over here (Kurian et al. 2021). 

7.3.1 Ultracentrifugation 

Low- and high-density vesicles from yeast were typically isolated by ultracentrifu-
gation and density gradient ultracentrifugation, respectively. However, when com-
pared to ultracentrifugation or precipitation-based approaches, density gradient 
ultracentrifugation has been shown to produce the purest form of exosome popula-
tion (Van Deun et al. 2014). It is worth noting that exosome separation appears to be 
affected due to the density of the cargo present in the vesicles. Clinical samples with 
small sample quantities are ineligible for ultracentrifugation, whereas large sample



volume is suitable for this technique. The ultracentrifugation process necessitates 
high centrifugal forces of up to 1,000,000 g and this process is subdivided into two 
categories: analytical and preparative ultracentrifugation. Analytical ultracentrifuga-
tion is used to look into the physicochemical characteristics of particulate materials 
as well as the molecular interactions of polymeric materials, whereas preparative 
ultracentrifugation is utilized to separate biological components, e.g., viruses, bacte-
ria, subcellular organelles, and EVs (Li et al. 2017). To overcome the limitations of 
these approaches, relatively less complex isolation techniques that can be used with 
small sample volumes have also been developed. Although exosome isolation from 
clinical samples requires numerous overnight centrifugation procedures, which are 
labor-intensive and time-consuming, ultracentrifugation is a commonly used method 
for pelleting extravesicular protein complexes, aggregates, and other pollutants 
(Witwer et al. 2013). 
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7.3.2 Differential Centrifugation 

Differential centrifugation is the most popular method for isolating exosomes (Théry 
et al. 2006). The main goal of this technique is to pellet down the exosomes, 
shedding vesicles, and apoptotic bodies and cell debris sequentially. However, 
because of their similar sedimentation characteristics, differential centrifugation 
may produce disappointing results like low yield with insufficient purity of the 
exosome population (Witwer et al. 2013; Lane et al. 2015). Furthermore, similar 
centrifugation techniques are frequently used with different rotors excluding the 
variations in viscosity that finally cause data dissimilarity between research groups. 
Notably, the documented variations in exosomes and shedding vesicle proportions 
are most likely the result of this heterogeneity. Due to these flawed practices using a 
standard centrifugation process with different rotors, this method frequently 
produces inconsistent and inappropriate results (Tauro et al. 2012; Cvjetkovic 
et al. 2014). 

7.3.3 Size-Exclusion Chromatography (SEC) 

Size-exclusion chromatography (SEC) with Sepharose 2B- or CL-4B-packed 
columns is often utilized to isolate exosomes from biofluids. Few commercially 
available membrane filters with pores 50–450 nm in size, such as polyvinylidene 
difluoride or polycarbonate, can also be used to separate cells and large EVs from 
biological materials. After sieving cells and large EVs from biofluid, ultracentrifuga-
tion is generally followed in conjunction with filtering techniques, where membranes 
are used to separate exosomes from proteins (Momen-Heravi et al. 2012; Sabapatha 
et al. 2006). Exosomes can be separated from proteins utilizing SEC; however, it can 
be very challenging to do so when they are mixed to certain other macroparticles 
e.g., MVs, protein aggregates, lipoparticles, or particulate debris. How EVs are 
typically separated depends on how differently they can pass through the physical



barriers, like chromatography columns or filters. Using column chromatography, 
different sized EV fractions can be eluted sequentially from a single column. Filter 
techniques alone, on the other hand, are ineffective for exosome enrichment. There-
fore, in order to enrich exosomes with higher yields than either procedure alone, SEC 
has also been employed in combination with ultracentrifugation (Lai et al. 2010). 
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7.3.4 Immune Affinity Capture, Immuno-Affinity Purification 
of Exosomes 

Exosome membranes are well-known to express a large amount of surface marker 
protein. Immunoaffinity techniques are effective for separating exosomes by 
utilizing the interactions between these surface marker proteins (antigens) and 
their respective antibodies, as well as the specific interactions between ligands and 
their receptors (Li et al. 2017). This technique is especially helpful when surface 
markers produced on the exosome membranes lack of their soluble counterparts. 
Immunoaffinity purification (IP) approaches have been utilized to selectively capture 
particular exosomes from a complex population based on unique surface markers, 
overcoming the impurity of exosome preparations. This method is considered to be 
quick and simple and can also be performed using standard laboratory tools. This 
technique separates specific set of exosomes through using streptavidin-coated 
magnetic beads that have high affinity to any biotinylated antibody, such as CD81, 
CD9, or CD63. For instance, according to Tauro et al., immunoaffinity capture 
technique was more efficient than density gradient or ultracentrifugation techniques 
for isolating exosomes from colon cancer cells. This technique is promising as it has 
the capability to identify specific exosomes expressing certain exosomal markers, 
such as CD63 or proteins connected to cancer (Tauro et al. 2012; Grasso et al. 2015). 
ELISA (enzyme-linked immunosorbent assay) technique can also be utilized for 
extracting and measuring exosomes from urine plasma and serum because it uses a 
variety of targeted antibodies. In terms of specificity, exosomes isolated using 
immunoaffinity techniques have high yields comparable to those obtained using 
centrifugation processes. Immunoaffinity has been improved using submicron-sized 
magnetic particles, which have been reported to produce yields that are 10 to 
15 times greater than those of ultracentrifugation processes (Zarovni et al. 2015). 
Exosomes isolated using magnetic microbeads coated with anti-CD34 antibodies 
have typical size, shape, biological activity, and molecular profiles (Hong et al. 
2014). Additionally, due to their larger surface area and higher surface tension, 
immunoaffinity techniques using magnetic beads offer a higher capture efficiency 
and sensitivity than other microplate-based techniques. Furthermore, there are no 
volume restrictions with these methods (Li et al. 2017). The immunoaffinity tech-
nique is also used to separate specific exosomes based on the expression of surface 
proteins such as tetraspanins, CD9, CD63, and CD81. Exosomes can also be isolated 
using immunoaffinity techniques by incubating the source samples with gold-loaded 
porous ferric oxide nano-cubes coated with antibodies against specific surface 
marker proteins (Greening et al. 2015). Some affinity techniques also use very



specific molecules such as heat shock protein and heparin or parent cell markers 
including chondroitin sulfate proteoglycan 4 (CSPG4) and epithelial cellular adhe-
sion molecule (EPCAM) that can bind to the exosomes (Tauro et al. 2012). 
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The key drawback of these techniques is that the users must choose a group of 
marker-specific vesicles that may not accurately reflect in all exosomes. Only 
exosomes recognized by an antibody are collected, resulting in a lower exosomal 
yield, but separated exosomes have a higher degree of purity. Furthermore, the 
integrity of the exosomes may be compromised if the antibodies cannot be simply 
removed from the vesicles following precipitation (Taylor and Gercel-Taylor 2008). 
Additionally, the quality and specificity of the antibody are other shortcomings of 
these approaches, as most commercially available antibodies for immunoprecipita-
tion are nonspecific in nature. Immunoaffinity technique is one of the most expen-
sive techniques for isolating exosomes from a large sample volume because it 
requires a large quantity of antibody-conjugated beads, which may limit its applica-
tion. Any possible therapeutic application could thus be hampered because it might 
only be suitable for research purposes with a small sample size. 

7.3.5 Microfluidic-Based Isolation Methods 

Advanced methods are required to address the subject of high-purity exosomes 
especially for clinical settings. Traditional processes have several disadvantages, 
including poor yield and impurity, time commitment, costly, and complications in 
standardizing. Microfluidics is an advanced technology that deals with physical and 
biological characteristics of exosomes which has recently emerged as an effective 
tool that has the capability to isolate, identify, and analyze exosomes at a microscale. 
It involves not only traditional sorting (such as electrophoresis, electromagnetic 
operations, and nanowire-based traps (NTs)) but also novel separation determinants 
(such as viscoelastic flow, size, density, immunoaffinity, and nano-sized determin-
istic lateral displacement). Importantly, these procedures also require less volume of 
samples and reagents (Lee et al. 2015; Davies et al. 2012; Contreras-Naranjo et al. 
2017). Furthermore, antibody detection apprehension on a microfluidic device 
improves its specificity and subtyping capabilities (Chen et al. 2010). For instance, 
Wang et al. designed a porous silicon nanowire-on-micropillar edifices to separate 
exosomes from the rest part of the cells (Wang et al. 2013). This microfluidic system 
is capable of selectively trapping the exosomes (size from 40 to 100 nm) and 
removing proteins, other EVs, and cellular debris. In microfluidic-based 
immunoaffinity capture (Mf-IAC), “capture antibodies” or “capture beads” target 
specific surface indicators of EV subpopulations. For instance, Kanwar et al. devel-
oped “ExoChip” device that effectively collected EVs from circulation (Kanwar 
et al. 2014). Similarly, EVs have also been successfully extracted from the plasma 
membrane via mica surface-coated immunoaffinity method (Ashcroft et al. 2012). In 
this reference, using magnetic capture beads and a magnet-separating Mf-IAC 
system, Shao et al. not only isolated the exocytic vesicles but also obtained a high 
yield (Shao et al. 2016).
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7.3.6 Polyethylene Glycol (PEG)-Based Precipitation 

Polyethylene glycol (PEG) has been used as a solvent to separate exosomes from 
biofluids. Polyethylene glycol (PEG)-based precipitation has been useful to separate 
exosomes from proteins, but not from other MVs and lipoparticles. To make 
exosomes easier to precipitate from biological fluids, PEG that excludes water is 
used to change their solubility and dispersibility. This method facilitates the forma-
tion of exosome aggregates by encasing them in an aqueous PEG solution, which 
can then be precipitated by centrifugation at low speed (i.e.,1500 g) (Weng et al. 
2016). Although the isolated exosomal size range is consistent with other 
techniques, e.g., differential ultracentrifugation, the purity and specificity have to 
be compromised as the soluble non-exosomal proteins, immune complexes, and 
other contaminants. These limitations can be overcome by employing exosome-
specific markers (e.g., CD9 or other tetraspanins). However, this method typically 
results in a “biased” isolation, such as isolating the CD9+ exosome population only 
while excluding the CD9- one (Hurwitz and Meckes 2017). Because of its nonspe-
cific mechanism, this method typically yields low-quality exosome separation with a 
high yield. When combined with an immunoprecipitation assay, it can produce pure 
exosomal fractions based on immunological markers. To avoid the drawbacks of 
using PEG alone, PEG-based isolation can be combined with alternative exosomal 
enrichment methods that provide numerous advantages including use of multiple 
samples at one go, being cost-effective and not harming the exosomes (Gallart-Palau 
et al. 2015). However, the contamination of the final exosome pellet is one of the 
major disadvantages that prevents exosomes from being examined further using 
omics-based tests. Regardless, this super-hydrophilic polymer performs well in 
clinical research settings and, along with its other associated advantages, becomes 
a desirable tool for rapid exosome extraction and examination (Rider et al. 2016). 

7.3.7 Size-Based Filtration and Ultrafiltration (UF) 

This method basically employs standard membrane filtration, with the components 
primarily separated based on their molecular weight, and exosomes can be retrieved 
via membranes within the limits of their size exclusion. However, in comparison, 
ultracentrifugation is relatively simpler and faster, but the use of specialized 
nanomembranes for exosome isolation and diagnostic purposes may be advanta-
geous (Konoshenko et al. 2018). When exosomes are isolated from cell-free sources, 
e.g., urine, and cell culture medium, commercially available syringe filter-based 
isolation kits are preferred. These fast fractionators based on syringe filters can be 
used in both research and clinical settings. In the syringe filter cartridges, two 
membranes are tandemly positioned next to each another in such a way that the 
lower membrane collects small vesicles such as exosomes, while the larger 
components remain at the top membrane (Watson et al. 2018). 

Another technique for size-based exosome separation is ultrafiltration 
(UF) wherein the isolation process is performed again based on the size of exosomes.



Exosomes can be isolated using size exclusion limits, i.e., by using membrane filters 
of fixed molecular weight. UF is relatively less expensive than costly equipped 
centrifugation process. Exosome preparations with high purity can be created using 
this technique and can also be combined with size-exclusion chromatography (SEC) 
to achieve the best performance (Zeringer et al. 2015). Despite producing pure 
vesicles, ultrafiltration has the disadvantage of having difficulty in eliminating 
contaminating proteins. 
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7.3.8 Polymer Precipitation 

Exosomes between 50 and 150 nm in size can be captured and collected in “polymer 
nets” using low-speed centrifugation (1500 g). This technique is rapid and simple as 
it does not require any specialized equipment (Zeringer et al. 2015). By utilizing 
already existing technologies, this strategy enables simple incorporation into clinical 
practice and is also saleable for higher sample quantities. Notably, it is important that 
the polymers used to isolate exosomes should be made from harmless, neutral 
substances that do not elicit immunological reactions in vivo or in vitro (Ibrahim 
et al. 2014). However, the drawbacks of this method includes mixture of exosomes 
of various sizes and the chances of inclusion of non-exosomal contents, such as 
protein aggregates (Peterson et al. 2015). 

7.3.9 Isolation by Sieving 

Exosomes can be separated from biological liquids by sieving them through a 
membrane using pressure or electrophoresis (Davies et al. 2012). The technique 
can produce pure exosomes but requires less separation time (Sparks and Phillips 
1992). However, the disadvantages include non-selectivity to a specific type and 
limited recovery of isolated exosomes. 

7.4 Characterization of Exosomes 

As per the International Society of Extracellular Vesicles (ISEV) suggestions, at 
least two different technologies for individual extracellular vesicle 
(EV) characterization are necessary. It is essential as there are only minor variances 
in the physical states of various EV subpopulations. Initially, the only criterion used 
to distinguish separated extracellular vesicles was their protein contents. The higher 
protein concentration in isolated EVs is obtained as it is usually observed overvalued 
due to the presence of impurities of other factors (Zaborowski et al. 2015). There-
fore, several sophisticated approaches are being used to evaluate EVs and their 
applications in different biomedical fields. Physical analysis and chemical/biochem-
ical/compositional studies are two common forms of investigation that are now 
conducted on the separated vesicles. Physical analysis is performed to measure EV



particle size and its concentration characteristics by using electron microscopy, 
atomic force microscopy (AFM), dynamic light scattering (DLS), nanoparticle 
tracking analysis (NTA), and tunable resistive pulse sensing (TRPS), whereas the 
chemical, biological, and compositional studies are performed using staining, immu-
noblotting, or proteomic analysis to reveal information about the isolated vesicles’ 
contents (Yáñez-Mó et al. 2015) (Table 7.1). However, the most difficult part is that 
the proteome profiles of exosomes change when they are extracted from the same 
cell line using various techniques. 
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7.4.1 Nanoparticle Tracking Analysis (NTA) 

The physicochemical characteristics (e.g., size, surface charge, density, shape, and 
absorbency) of exosomes must be evaluated in order to understand their interactions 
with biological entities. Exosomes have been regularly identified and characterized 
in a number of techniques like electron microscopy, resistive pulse sensing, resistive 
flow cytometry, DLS, NTA, and AFM. But there are some limitations to each of 
these approaches that must be taken care of. Exosomes have been examined using a 
variety of methods, including the recent one (microfluidics platform). Biophysical 
approaches are commonly used to characterize the range of exosome size distribu-
tion. One such biophysical technique that can measure the exosome concentration 
and size distribution (10 nm to 2 μm) is referred to as optical particle tracking or 
more specifically, it can be called as NTA (Dragovic et al. 2011). This method 
enables atomic-level estimation of the Brownian motion of individual nanoparticles 
in a suspension. The movement of each exosome can be tracked by NTA using 
image analysis (de Necochea-Campion et al. 2018). Particle size, distribution, 
concentration, and other phenotypic characteristics can easily be determined using 
this method. Additionally, the technique employs fluorescently tagged antibodies to 
identify the presence of antigens on EVs. One of the major advantages of NTA is that 
it can measure tiny particles (approx. 30 nm). Moreover, advantages such as the ease 
of sample preparation and measurement and quick analysis are the reasons this 
method is used frequently. However, the success of NTA is significantly influenced 
by the proper dilution factor during sample preparation. Because samples may be 
returned to their original form after the tests, this procedure is even more desirable 
(Szatanek et al. 2017). 

7.4.2 Dynamic Light Scattering 

The exosome size can also be determined using photon correlation spectroscopy 
(also known as dynamic light scattering (DLS)). In DLS, a monochromatic coherent 
laser beam is passed through a suspension of particles (Szatanek et al. 2017). It is 
noticed that in samples, a time-dependent variation in interference is produced by the 
relative Brownian movements of the particles. By using this technology, it is 
possible to measure particles having a size from 1 nm to 6 nm; however, it functions



(continued)
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Table 7.1 Methods for the characterization of exosomes 

S. no Method Advantages Disadvantages Ref. 

1. Electron 
microscopy

• Determination of 
size of vesicles 
(nm resolution).
• Discrimination 
between EVs and 
other small particles 
(proteins, 
lipoproteins).
• Visualize 
biogenesis.

• Preparation can result 
in loss of vesicle shape 
(cup-shaped).
• Specialized 
equipment.
• Time intensive.
• Expensive. 

(Tauro et al. 2013; 
Colombo et al. 2014) 

2. Western blot • Cost Effective.
• Well-established 
workflow.

• No information about 
co-expression of 
markers.
• Large sample volume 
required. 

(Khodakov et al. 
2016; Cheng et al. 
2014) 

3. Simple 
Western

• Automated.
• Well-established 
workflow.
• Small sample 
volume.

• No information about 
co-expression of 
markers. 

(Yokoyama et al. 
2017) 

4. ELISA • Highly 
customizable.
• When combined 
with exosome 
standards, can be 
used for 
quantification.
• Small sample 
volume.

• Limited in scope to 
maximum expression of 
two protein markers 
(capture and detection 
antibodies).
• Analysis of bulk 
populations of 
exosomes. 

(Filipe et al. 2010) 

5. Flow 
cytometry

• Single-vesicle 
resolution.
• Co-expression of 
multiple protein 
markers.

• Cytometers must be 
specifically calibrated 
for EVs.
• Careful filtration of 
all reagents to minimize 
debris. 

(Erdbrügger and 
Lannigan 2016; 
Galindo-Hernandez 
et al. 2013; Headland 
et al. 2014) 

6. Atomic force 
microscopy

• No need of 
sample fixation and 
staining.
• Less sample 
quantity.

• It can only obtain 
surface information 
from samples.
• Single scan 
image size. 

(Wang et al. 2013; 
Coumans et al. 2017; 
Parisse et al. 2017) 

7. Resistive 
pulse sensing

• Rapid.
• Easy sample 
preparation.
• Capable of 
detecting 
non-vesicular 
material.

• For unknown size 
distribution.
• Insufficient for 
detection of all particle 
sizes >70 nm. 

(Maas et al. 2015; Van 
der Pol et al. 2014)



best when the sample is a monodispersed suspension (Bryant and Thomas 1995; 
Hoo et al. 2008). The efficiency of this technique has been confirmed with the 
volume and distribution of EVs in red blood cells and with ovarian cancer cell EVs 
(Lawrie et al. 2009). Although this method can offer information regarding a wide 
range of vesicle diameters under examination, its major drawback is the nonavail-
ability of the biochemical composition and cellular origin of EVs (Gercel-Taylor 
et al. 2012).
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Table 7.1 (continued)

S. no Method Advantages Disadvantages Ref. 

8. Dynamic 
light 
scattering

• Accurate for 
monodisperse 
sample (lower size 
<30 nm).
• Rapid preparation 
of sample.
• Downstream 
analysis.

• Unable to measure 
complex and large-
sized exosome.
• Can’t distinguish 
contaminated protein 
for the source. 

(Sokolova et al. 2011) 

9. Nanoparticle 
tracking 
analysis

• Accurate for both 
monodisperse and 
polydisperse 
samples.
• Calibration 
particle standards.
• Rapid.
• Applicable to 
particle aggregates 
and heterogeneous 
samples.

• Complex and 
sometimes it is hard to 
identify contaminated 
protein from exosome.
• Quantification of 
exosome concentration 
is not possible due to 
low-throughput camera 
and detection system. 

(Aatonen et al. 2014; 
Dragovic et al. 2015; 
Filipe et al. 2010) 

10. Transmission 
electron 
microscopy

• To observe 
morphological 
structure of 
exosomes.
• Internal structure 
information.
• Assess the 
particular size 
distribution.

• Complex processing 
of TEM.
• Large sample 
volume.
• Applicable to limited 
samples.
• SEM resolution is 
advanced than TEM. 

(Théry et al. 2018; 
Skotland et al. 2017) 

7.4.3 Resistive Pulse Sensing (TRPS) 

The in situ single-particle characterization and exosome content measuring are the 
key aspects of this technique. It has the ability to characterize things objectively, 
particle by particle. Both magnetic beads and a number of different biomolecules 
have been measured effectively using TRPS on a variety of nanoparticle solutions 
(Anderson et al. 2015). This method’s drawback is that TRPS measurements are



susceptible to system stability issues, where the pores could be blocked by the 
particles, and sensitivity where the particle sizes are too small. The authors have 
shown that by optimizing system parameters including system noise and cutoff 
limits of sensors, the system’s drawback, i.e., susceptibility to sensitivity and 
stability, may be solved. Vogel et al. confirmed the reliability and adaptability of 
TRPS via sensing the multimodal mixtures of carboxylated and bare polystyrene 
particles and mixed anionic and cationic liposomes and exosomes. Moreover, they 
also performed an in situ time-course analysis of DNA attachment onto magnetic 
nanoparticles (Vogel et al. 2017). TRPS was also employed by Patko et al. to 
scrutinize leukemia-derived EVs binding to the extracellular matrix, with a size 
range between 200 and 300 nm (Patko et al. 2013). TRPS has also been used in many 
reports, where the size distributions of EVs designed to deliver enzymes to combat 
Alzheimer’s disease (150–200 nm) and anticancer miRNAs to tumor cells were 
measured and characterized (Shimbo et al. 2014; Katsuda et al. 2013). 
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7.4.4 Atomic Force Microscopy 

For examining exosomes, AFM offers a distinctive substitute to optical and electron 
diffraction methods. It appears to be a reliable method which identifies and records 
contacts between a probing tip and the sample surface. This method’s competence to 
analyze samples in their natural environments, with limited requirements with 
preparation of samples and without using any harmful modes of operation, is a 
key component (Yuana et al. 2010). Abundance, shape, biomechanics, and biomo-
lecular makeup of exosomes are all characterized at the nanoscale using AFM. This 
technique has aided the single-vesicle and sub-vesicular levels of exosomes. With 
heterogenic populations, e.g., tumor samples, AFM can be used not only to quantify 
the abundance of EVs but also reveal the structure, biomechanics, and biomolecular 
contents of exosomes (Sharma et al. 2017). With sub-nanometer accuracy, AFM 
enables the dimensional measurement of the nano-objects. The drawback of this 
approach is that the sample’s characterization was done using outside analyses, 
which meant that it was done under various experimental settings, such as tempera-
ture or altering scan speed. AFM has been effectively used in several investigations 
to describe EVs made from blood, saliva, and synovial fluid (Hardij et al. 2013; 
Sharma et al. 2010; György et al. 2011). The isolation processes, detection 
techniques, screening of membrane components, mechanical properties, and depic-
tion of the morphology have also been described in these works. 

7.4.5 Transmission Electron Microscopy 

TEM is a method that is frequently used to describe the size and structural morphol-
ogy of diverse biological entities. TEM works by producing pictorial descriptions 
such as an electron beam traveling through a sample, generating secondary electrons 
in the process. Special lenses helps to gather and amplify these electrons. TEM and



cryo-electron microscopy are two forms of EM that are frequently employed in 
biological sample research (cryo-EM). Specimens must be dehydrated and preserved 
with glutaraldehyde before being examined under a TEM. It is necessary to take 
TEM images in a vacuum. The only way to view EVs is with TEM, and the pictures 
that are produced can be utilized to calculate the vesicular diameter. The intensive, 
multistep sample preparation required for TEM, which could affect the EVs’ shape, 
is a crucial factor to take into account. Spherical exosomes and EVs have various 
shapes, according to Colombo et al.’s observation using TEM (Colombo et al. 2014). 
Additionally, the electron beam may occasionally harm biological samples. 
Exosomes that have been extracted and analyzed by TEM often have a cup-shaped 
structure, whereas exosomes that have been frozen and examined by cryo-TEM have 
circular structures (Raposo and Stoorvogel 2013). 
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Cryo-EM is used for EV investigation because it uses a unique way of sample 
preparation and processing which prevents damaging the sample from the electron 
beam. Due to the fact that here the samples are kept in -196 °C and the cells are 
preserved under these circumstances, cryo-EM is free from the issues of sample 
dehydration and its fixation with no ultrastructural variations. The best technique for 
viewing proteins and nanoparticles without dehydration artifacts is cryo-TEM. Cryo-
TEM images of exosomes involves the membrane architecture and lumens. The 
identification of individual proteins inside the exosomes is crucial to understanding 
how exosomes function biologically. Exosomal proteins are typically labeled and 
seen using certain fluorescent dyes. Exaggerated fluorescence signals, however, can 
occasionally make it impossible to discriminate among exosomes, depending on 
their size and shape (Zaborowski et al. 2015). In order to properly define the function 
of these proteins, an alternate way is the imaging of exosomes with particular 
immunogold EM antibody binding. 

7.4.6 Flow Cytometry 

Flow cytometry is a molecular method for identifying the surface proteins of 
exosomes along with the depiction of their size and structure (Pospichalova et al. 
2015). It is one of the commonly used methods for EV analysis since it can predict 
the important information of exosomes, i.e., biological source. When employing this 
technique to separate and illustrate exosomes, the preliminary sample size (with its 
volume) is crucial. Parallelly, ultracentrifugation, Western blotting, and electron 
microscopy are some of the methods that are still the most dependable (Dragovic 
et al. 2011). However, none of these methods offer hope for use in clinical or 
diagnostic research. Contrarily, flow cytometry technology is well appropriate to 
the consistent examination even in clinical settings, enabling the investigation of 
biological characteristic features of cells and particles in suspension and permitting 
analysis of the size and characteristics of exosomes. Based on forward-scattered 
light, conventional flow cytometers can quantify particles larger than 300 nm but are 
unable to identify smaller particles (FSC). As a result, these tools prevent the direct 
identification of exosomes (Suárez et al. 2017). By passing a laser beam of a



particular wavelength through a stream of fluid containing suspended particles, the 
presence of particles in the samples can be assessed. Additionally, this method 
measures particles that have been fluorescently dyed. Although this technique is 
capable of finding relative size and granulation of particles, because of size detection 
restrictions, a sizable portion of particles evade through detection (Suárez et al. 
2017). In order to identify labeled exosomes from background pollutants, a high-end 
(with higher-sensitivity forward scatter detection) flow cytometer with advance 
fluorescence amplification system has recently been created (Erdbrügger et al. 
2014). A better particle resolution (with different angles) is provided by the new 
generation of flow cytometers (Chandler et al. 2011). The benefits of this method 
also include (i) the rapid measurement of suspended exosomes, (2) the high-
throughput identification of EVs (even smaller than 300 nm), and (3) the exact 
quantification data of exosomes (on the basis of antigen expression levels) (Orozco 
and Lewis 2010). 
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There are also a number of additional molecular methods for characterizing 
exosomes. One of these is Raman spectroscopy, which uses a laser to illuminate 
materials. This method reveals details on the chemical composition of exosomes 
(Smith et al. 2015). Exosomes binding to certain antibodies on microfluidic channels 
have been studied using a microfluidic-based approach, which also elutes the 
associated vesicles (He et al. 2014). Exosomes can also be recognized with the 
presence of cargo molecules, like RNA which can be estimated advanced methods of 
RNA quantifications like microarray analysis, next-generation sequencing, etc. 
(Ramirez et al. 2018). 

7.4.7 Electron Microscopy 

When combined with immunogold labeling, where colloidal gold-conjugated 
antibodies are used for staining, electron microscopy is a valuable device for 
assessing the size and outer morphology of EVs and identifying the protein present 
in EVs (Chiriacò et al. 2018). Transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM) are the two popular methods of electron micros-
copy used to evaluate the outer and inner structures of exosomes. Using an electron 
beam, the SEM and TEM create high-quality photographs of submicron particles 
where electrons are found to be present in the two methods is the distinction. Simply 
expressed, the electrons that scatter in the SEM and pass through the sample in the 
TEM are detected (Skoog et al. 2017). 

More specifically, in SEM, when the electrons interact with the sample’s 
particles, they scatter. This particle image is created by first detecting and then 
capturing the scattered electrons. TEM, on the other hand, uses a fluorescent screen 
to detect the electrons without interacting with the particles and pass through the 
material. The sample’s particles cast shadows or dark patches on the fluorescent 
screen, which results in the creation of an image. Both TEM and SEM in the case of 
exosomes show comparable particle size distributions but slightly distinct 
morphologies (Wu et al. 2015). Thus, the exosomes in TEM and SEM often have



a divot in their center. This is probably because of the drying procedure involved in 
getting the samples ready for TEM and SEM. 
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7.4.8 Western Blot 

Immunoblotting, also known as Western blotting, is based on the idea of the affinity 
of an antigen (target proteins) to its antibody that has been particularly designed to 
identify the antigen. Contrary to flow cytometry, which allows for the viewing of 
intact vesicles, Western blotting lyses the vesicles and causes the proteins to be 
decreased and denatured (Gallagher et al. 2011). SDS-PAGE is used to separate the 
proteins after denaturation, and the separated proteins are then transferred to 
polyvinylidene fluoride (PVDF) or nitrocellulose membranes. The membrane’s 
remaining open holes are filled with protein (derived from nonfat milk) and/or 
detergent before being exposed to an antibody against a target antigen. In an ideal 
world, the antigen on the membrane’s surface is recognized specifically by the 
antibody. The membrane is then targeted to a secondary antibody that has reactivity 
toward its initial (primary) antibody. With its fluorescent tag or the conventional 
horseradish peroxidase/alkaline phosphatase group attached to the secondary anti-
body, the detection of secondary antibody can be done easily. Due to its simplicity, 
accessibility, and capacity to identify both exosomal surface proteins and interior 
proteins, Western blotting is one of the most often used analysis method for exosome 
analysis. The main drawback is that it is not adequately multiplexed, and the 
effectiveness of the utilized antibodies limits its ability to be specific and reproduc-
ible. Exosomal protein must be employed in huge quantities in order to obtain a 
small amount of information since multiplicity is lacking. More multiplexed analyti-
cal techniques would be beneficial because the separation of exosomes is frequently 
a time-consuming and low-yield operation (Bordeaux et al. 2010). 

7.4.9 Simple Western 

Proteins that are connected to or co-isolated with EVs can be found via Western 
blotting, which can also reveal important details regarding the impurities content 
during EV preparation. It is significant that it can also verify the target protein’s 
molecular weight. The lack of housekeeping internal reference proteins to utilize for 
normalization in immunoblotting investigations in EV samples as compared to cell 
lysates is a drawback (Takov et al. 2019). 

Therefore, similar protein amounts, EV separation volumes, or particle counts are 
frequently utilized. To make accurate estimation of the enrichment of proteins in the 
EV isolate, the inclusion of the original raw sample, the EV-depleted sample, and the 
technical controls is essential. Western blotting can be difficult because it needs a lot 
of EVs in order to be sensitive enough. Dot blotting and capillary electrophoresis 
immunoassays are two alternatives that can offer significantly improved sensitivity 
(Nelson et al. 2017). Although there is disagreement over which proteins should be



looked into as potential pollutants, MISEV offers the best direction. It may be 
helpful to confirm the removal of extra endoplasmic or plasma membrane proteins 
as well as lipoproteins and serum albumin, depending on the source of the EVs 
(Théry et al. 2018). 
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7.4.10 ELISA 

ELISA is a popular immunolabeling technique that uses antibody recognition to 
quantify peptides and proteins (Wang et al. 2017). Exosome profiling and 
diagnostics use ELISA, which enables the identification of protein markers and 
quantification of tumor antigens and exosome-specific antigens. For some protein 
markers, ELISA is an affordable option, and mass spectrometry enables protein 
quantitation in a complicated biological sample (Jeppesen et al. 2014). Mass spec-
trometry has significant technical requirements, which prevents it from being widely 
used in clinical research and makes it difficult to access (Lai et al. 2022). An 
established method called ELISA is capable of highly sensitive detection in multi-
well formats. 

Sandwich ELISA is also another type of antibody detection method which is 
extensively used due to its microplate setup and higher throughput than immuno-
blotting. However, this method also consists of some limitations such as risk of false-
positive signal with low-specificity antibodies. Using enzyme-linked or fluorescent 
detection is likely necessary by merging distinct capture and detection antibodies. 
Another high-throughput and sensitive immunoassay variant associated with 
DELFIA (dissociation-enhanced lanthanide fluorescence immunoassay) has been 
proficiently used for detecting EVs and their associated molecules (Bordeaux et al. 
2010; Welton et al. 2015). Immunoassays, which are similar to dot blots in that they 
offer good sensitivity for small sample sizes, call for well-confirmed antibodies and 
do give information about the molecular weight. 

7.5 Epigenetics Biology of Exosomes 

Exosomes, which are derived from endosomal vesicles with a typical size range of 
30 to 100 nm, contribute in a number of biological processes, such as facilitating 
intercellular communication by carrying the genetic materials. Numerous tumor cells 
have also been found to release exosomes which may bind to the specific receptors of 
the target cells and release their contents into the recipient cells causing functional 
modifications (Hannafon and Ding 2013; Shah and Calin 2013). Nowadays, it is 
believed that bioactive materials, such as proteins, RNAs, DNA, and microRNAs, 
have been horizontally transferred and play significant roles in a number of tumor-
relevant processes including incursion, metastasis, development, inflammation, 
angiogenesis, and renewal of stemness in cells and its expansion. These exosomes 
provide signaling cues for tumor cell stimulation, initiation, propagation, and differ-
entiation. mRNAs, microRNAs (miRNA), and proteins found in exosomes have the



potential to be transported to target cells and cause genetic and epigenetic alterations 
(Behbahani et al. 2016). 

7 Isolation, Characterization, and Detailed History of Exosomes Derived. . . 157

In this section, we have emphasized on epigenetic molecules associated with the 
exosomes. 

7.5.1 Exosomal Noncoding RNA 

Nonprotein coding transcripts, also known as long noncoding RNAs (lncRNAs) or 
short noncoding RNAs, are commonly referred to as the noncoding RNA. miRNA is 
considered to be the most extensively studied noncoding RNA. The key finding in 
this field is the detection of circulating tumor-associated miRNAs in the blood serum 
of a cancer patient. Circulating noncoding RNAs could also be used as noninvasive 
indicators for cancer diagnosis (Lawrie et al. 2008). According to a recent study, 
tumor cells have the ability to produce extracellular vesicles containing noncoding 
RNAs which are quite stable in nature and can be easily detected in the blood serum 
while they are in the circulating state (Ma et al. 2012). Moreover, these circulating 
noncoding miRNAs are also found to be protected from endogenous RNases 
(Mitchell et al. 2008). Although the noncoding RNAs in extracellular vesicles 
have the potential to depict cancer status and their involvement in cellular talk and 
change the cancer microenvironment has yet to be determined. 

7.5.2 Exosomal Long Noncoding RNA 

Two hundred nucleotide-long nonprotein coding transcripts are designated as long 
noncoding RNAs (lncRNAs), and they are well-known for their record of post- or 
pre-transcriptional regulation of the epigenetic process (Perkel 2013). Despite 
receiving less attention than miRNAs, lncRNAs were shown to be the most predom-
inant in exosomal RNA species, accounting for 3.36% of all mappable reads, in the 
sequence analysis of 14 size-selected sequencing libraries that were previously 
described (Huang et al. 2013). The lncRNA composition of exosomes differs in 
different donors, as previously shown for miRNAs, indicating preferential secretion 
of lncRNAs (Grammatikakis et al. 2014). In a previous study, six lncRNAs 
(lincRNA-p21, MALAT1, GAS5, HOTAIR, TUG1, and CCND1-ncRNA) were 
compared between donor cells and exosomes in MCF-7 and HeLa cells, to determine 
how they differed from one another under DNA damage stress (Gezer et al. 2014). 
Although MALAT1 was found to be common, its level in exosomes was quite low; 
in contrast, lincRNA-p21 was found to be highly expressed in exosomes. 

7.5.3 Exosomal miRNAs 

MicroRNAs (miRNAs), the small noncoding RNA molecules with 22–25 nucleotide 
sequences, are implicated in RNA silencing by posttranscriptional epigenetic



modification (Ambros 2004; Bartel 2004). MiRNAs are considered to be the most 
predominant RNA species in exosomes, accounting for more than 76% of all 
mappable reads and 42% of all raw reads in 14 size-selected sequencing libraries. 
Certain groups of proteins are mainly involved in loading of miRNAs into the 
exosomes. For instance, argonaute-2 (AGO2) protein and GW182 localized in the 
P-bodies precisely and selectively load the miRNAs into exosomes (Pegtel et al. 
2010; Zomer et al. 2010; Gibbings et al. 2009). Exosomal miRNAs have varied 
functions including cell proliferation, migration, cell-cell communication, and apo-
ptosis. For instance, exosomes possessing MiR-126 isolated from chronic myeloge-
nous leukemia cell are shown to be transported into the endothelial cells causing 
variation in motility and their adherence properties (Taverna et al. 2014). Brain 
metastatic cancer cells that release extracellular vesicles carrying miRNA-181c can 
disrupt the blood-brain barrier (Tominaga et al. 2015). Tight junctions are shown to 
be damaged by exosome-mediated miR-105 released by cancer cells (Snow et al. 
1989). Breast cancer cells can be entered into dormant state in a metastatic niche by 
the exosomal transport of miRNA-23b isolated from bone marrow cells (Ono et al. 
2014). MiR-210, which is secreted by metastatic cancer cells, travels to endothelial 
cells and control the spread of cancer cells (Kosaka et al. 2013). Currently, extracel-
lular vesicular miRNAs have been proposed as potential tools for cancer diagnosis, 
prognostic evaluation, and tumor control (Rabinowits et al. 2009; Ohno et al. 2013). 
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7.5.4 DNA Methylation 

Epigenetic DNA changes of oncogenes or anti-oncogenes are crucial for the onset, 
progression, and dissemination of many malignancies (Chik et al. 2012). DNA 
methylation is one of the most universal factors responsible for the generation of 
oncogenes and anti-oncogenes. Several DNA methyltransferases (DNMT) including 
DNMT1, DNMT3a, and 3b DNMT3b typically cause gene silencing when they add 
methyl groups to the cytosines in the CpG islands of the regulatory sequences 
(Robertson et al. 1999). The degree of methylation in the promoter region 
determines the level of oncogene or anti-oncogene transcription, which eventually 
affects the tumor growth. Unmethylated portions of mammalian genomes are 
shielded from de novo methylation by demethylating enzymes such as thymine 
DNA glycosylase (TDG) and activation-induced cytidine deaminase (AICDA) 
(Shen et al. 2013; Popp et al. 2010). Extracellular vesicles have a complicated 
bioactive cargo that can turn normal cells into cancerous ones. Extracellular vesicles’ 
protein, DNA, or RNA content may influence recipient cells’ genome methylation 
state, leading to epigenetic alterations. Microvesicles are the extracellular vesicles 
that have a diameter of 100–1000 nm and are generally produced by the plasma 
membrane of tumor cells, whereas the diameter of exosomes, which are often 
produced by endosomes, lies in the range of 30–100 nm (Raposo and Stoorvogel 
2013; Ratajczak et al. 2006). It is shown that macrovesicles generated by leukemia 
cells enhance the level of overall DNA methylation in the recipient cells. In line of 
this segment in an elegant study, the hypermethylation of promoter regions of few



genes, e.g., P53 and RIZ1, was noticed when cells were treated with leukemia-
derived microvesicles. Moreover, an upregulation of DNMT3a and DNMT3b 
mRNA expression and an enhanced level of activation-induced cytidine deaminase 
(AICDA) were also recorded in the treated groups. All these findings indicate that 
genomic instability may have facilitated leukemic transformation of the recipient 
cells. The amount of DNMT3a, DNMT3b, and AICDA dropped when microvesicles 
were treated with RNase, indicating that leukemia-derived macrovesicles might have 
the ability to affect the methylation state of recipient cells via communicating 
through microvesicular RNA. Additionally, breakpoint cluster region-Abelson leu-
kemia gene human homolog 1 (BCR-ABL1) has been discovered to be the prevalent 
onco-mRNA in the microvesicles produced by the leukemia cell line K562 (Zhu 
et al. 2014). 
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7.5.5 Histone Acetylation 

Two important enzymes named histone acetyltransferase (HAT) and histone 
deacetylase (HDAC) are mainly responsible for histone modification. The latter 
reduces positive charges of histone proteins, loosening the compacted chromatin 
structure and enhancing gene transcription (Kuo 1998; Grunstein 1997). Thus, the 
cancer microenvironment may affect DNA and histone modification-based epige-
netic regulation of the expression of genes relevant to the cancer. Though the 
functions of extracellular vesicles in histone modification are currently debatable, 
genes important for transgenerational epigenetic inheritance, as well as the 
components of exosomes secreted by various cells including cancer cells, have 
been found to be strikingly overlapping as shown in various reports in the bioinfor-
matics studies (Grunstein 1997). By looking at the GO biological processes 
connected to these overlapping mRNAs and proteins, it becomes clear that the 
exosome content is concentrated on a small network of processes, including several 
processes involved in epigenetic modification, rather than having a broad impact on 
cellular activities. A remarkably high percentage of the genes identified as being 
important for transgenerational epigenetic inheritance include those related to his-
tone acetylation or deacetylation, histone ubiquitination, other histone modifications, 
and even chromatin remodeling (Sharma 2014). 

These results suggest that exosomal mRNAs and proteins may have a direct or 
indirect role in epigenetic alteration, particularly histone modification, as well as the 
response to environmental exposure. A similar correlation between environmental 
exposure and histone modification has also been found by other investigators 
working in the exosomal miRNA field (Sharma 2014). These extracellular vesicle-
related components may participate in cancer development, growth, and metastasis 
in the cancer microenvironment. For instance, G26/24 oligodendroglioma cell line 
produces extracellular vesicles purportedly including the differentiation-specific 
linker histone H1, which is not produced by the healthy astrocytes (Schiera et al. 
2013).
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Notably, the H1 histone family is considered to be the most diverse of all the 
histone families, and each subtype or variant of the H1 protein is linked to a 
particular function or distribution (Izzo et al. 2008; Marzluff et al. 2002; Kowalski 
and Pałyga 2012; Happel and Doenecke 2009). Usually, H1 is connected to the 
terminal differentiation of cells. A promising key molecular diagnostic approach for 
oligodendroglioma diagnosis could be the enhancement of histone H1 in cancer cell-
derived extracellular vesicles, while the precise pathophysiological implications of 
this event are yet unclear (Zlatanova and Doenecke 1994; Gabrilovich et al. 2002). 
Additionally, recipient cells in the tumor microenvironment may be subsequently 
affected by extracellular vesicles carrying histone H1. 

7.6 Future Prospects 

Exosomes’ ability to be employed clinically as soon as possible will primarily 
depend on how well existing exosome issues can be optimized for. The number 
one objective is to figure out how to increase the content and purity of exosomes, 
which has always been the bottleneck preventing wider application of its transfor-
mation. Recent studies have demonstrated that the proper combination of multiple 
exosome extraction and purification methods can significantly reduce the aforemen-
tioned issues, but more research is still needed to determine the optimal ways to 
combine these methods. Moreover, it is still unknown how exosomes fuse and 
secrete their contents. It is necessary to learn more about how exosome heterogeneity 
affects medication loading effectiveness. It’s also important to optimize and enhance 
exosome loading capacity and targeting strategies. Conduction of comprehensive 
and multidisciplinary studies to examine exosomes biological processes pharmaco-
kinetics, toxicological, and clinical testing research) will aid a better understanding 
of the body’s condition as well as the diagnosis and treatment of disorders. 

Such developments will hasten our grasp of the role that exosomes play in health 
and disease and enable researchers to use this information to exosome-based thera-
peutics and diagnostics. Finally, we would want to emphasize the logical fallacy in 
attempting to identify exosome subclasses based on their purported place of bud-
ding, which is further made worse by the quickly coming horizon of single-exosome 
investigations. Conceptually, it is challenging to determine the exact origin of 
secreted tiny vesicles from the cells, and there is almost currently no proper 
molecular marker or purification procedure that can unmistakably distinguish or 
identify exosomes that are formed by budding via endosomes or the plasma 
membrane. 

Oncogenes and compounds susceptible to epigenetic reprogramming are among 
the several types of biomolecules found in extracellular vesicles produced by cancer 
cells. They are expelled into the cancer microenvironment and could hasten the 
development of the disease. A significant part of this process appears to be played by 
epigenetic regulation. Extracellular vesicles include a large number of mRNAs and 
proteins that are associated with GO (gene ontology) biological processes that are 
involved in epigenetic control. Hepatocellular carcinoma cells’ extracellular vesicles



contain the lncRNA TUC339, which is involved in cell cycle progression, adhesion, 
and tumor formation. Extracellular vesicles might be used as targets for therapeutic 
intervention due to their unique messenger capability, i.e., mediating intercellular 
communication. In fact, extracellular vesicles themselves, whether isolated naturally 
or engineered artificially, provide a promising new approach of drug delivery. 
Moreover, a noninvasive method of cancer diagnosis is exemplified by the identifi-
cation of the biomarkers inherent in these extracellular vesicles. 
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7.7 Conclusion 

Under many normal and pathological circumstances, EVs play important roles. 
Exosomes are crucial in the communication between cancer enviornment and the 
cells they are targeting. Exosome release is necessary for processes like gene 
manipulation and the targeting of medicinal interventions to particular cells. 
Exosome production, composition, and yield are influenced by the health of the 
cells they come from. Existing techniques for exosome segregation and characteri-
zation are routinely employed for prognostic and diagnostic applications, despite the 
fact that various novel technologies are being developed. Here, we’ve included a 
summary of exosomes’ development, isolation, characterization, biological 
functions, importance, and prospective therapeutic uses for a range of illnesses. 
The ideas, benefits, and drawbacks of various exosome isolation and detection 
approaches have also been covered. 

Exosome properties like number and size can be analyzed using DLS and NTA 
techniques. The greatest method for examining exosome structural details is electron 
microscopy; however, the ideal methodology would be able to examine both struc-
tural and biological traits with a single piece of equipment. Therefore, the separation 
and characterization of exosomes require more advanced techniques. It is crucial to 
choose the appropriate methods for both the extraction and characterization of 
exosomes in order to improve the attribution of the isolated exosomes and the 
reliability of the results from their utilization. The ability to distinguish exosomes 
originating from normal cells from those formed from cells with diseased states is the 
main technological barrier in exosome detection in therapeutic applications. To 
distinguish exosome subtypes in diverse samples, a combination of different quanti-
tative approaches may be required. This will create new opportunities for measuring 
and detecting exosomes. The ability to separate various subpopulations of vesicles, 
to which an origin and function may be attributed, should be a key component of 
emerging methodologies. Once these challenges are overcome, the origin of 
exosomes and their isolation procedures, composition, and interactions with specific 
receptors will help us better understand their role and make it easier to create new 
treatment approaches. 

Exosomes have attracted a lot of attention from scientists both domestically and 
internationally as current research hotspots. Exosomal components can be employed 
as indicators for disease diagnosis and prognosis; however, the detection methods 
for these purposes are still being developed.
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Abstract 

Neurodegenerative disorders in older population are one of biggest cause of death 
and related disabilities causing huge burden on health systems. Dose-dependent 
and short-term pharmacological treatment produces many side effects forcing the 
medical community to develop effective treatment. Some researches proposed a 
novel therapeutic approach using stem cells to treat different neurodegenerative 
diseases like Parkinson’s disease, stroke, and Alzheimer’s disease. Stem cells and 
their secretions are found effective as a therapeutic atmosphere for treating 
neurodegenerative diseases. Extracellular vesicles like exosomes released from 
stem cells were found to be effective in targeting specific cell types and to modify 
certain proteins, lipids, and nucleic acids. In this chapter we discuss different 
therapeutic applications of stem cells and exosomes and related biomarkers 
against neurodegenerative disorders. 
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8.1 Introduction 

In the twentieth century, the rapid increase in the elderly population due to the 
developments in medicine and the increase in the average age of the individuals who 
take an active role in society have made dementia an important health problem (Loy 
et al. 2014). Dementia is a diagnosis made in the case of the clinical integrity of 
symptoms that develop due to damage to the central nervous system without acute 
unconsciousness or delirium, affect the daily life of the patient, and progress 
progressively with destruction in at least two cognitive areas. 

Vascular Dementia (VD) It is the second most known type of dementia next to 
Alzheimer’s disease (AD), accounting for 20% of dementia cases. VD is a progres-
sive disease that results from decreased blood flow to the brain. VDs include a 
heterogeneous group of dementias and can be classified according to the 
characteristics of the affected vessel, the location of the lesion, the number of lesions, 
the temporal relationship with stroke, the type of damage, the course of the disease, 
and whether it is accompanied by other degenerative pathologies (Scheltens et al. 
2016). Disease factors such as hypertension (HT), diabetes mellitus (DM), and 
hyperlipidemia increase the development of VD as in cerebrovascular diseases. 

Parkinson’s Disease Dementia Idiopathic Parkinson’s disease (PD) is an 
advanced neurodegenerative disease, manifested by latent tremor, rigidity, 
bradykinesia, and postural impairment (Beitz 2014). Deterioration of neurons in 
the compacta part of the substantia nigra and the presence of Lewy bodies in their 
cytoplasm constitute the classical pathological findings of the disease. During the 
yearslong course of PD, a picture of dementia may emerge and this picture may be 
severe and restrictive, overshadowing the movement disorder of the disease (Tysnes 
and Storstein 2017). Dementia is defined as the occurrence of losses in more than 
one cognitive area such as attention, memory, language, executive functions, praxis, 
and visuospatial functions, these losses express a significant decrease from the 
previous level, and this decrease is severe enough to affect daily, professional, and 
social life. PD dementia is mild or moderate dementia that starts insidiously, 
progresses slowly, and affects some areas of cognitive functions, especially execu-
tive functions, and psychosis often develops during its course. 

Huntington’s Disease Dementia (HHD) Huntington’s disease (HD) dementia is 
an autosomal dominant, progressive, and fatal neurodegenerative disease. The 
disease gene was isolated in 1993. The gene localized to the short arm of chromo-
some 4 is referred to as IT15 and encodes the Huntington protein (Roos 2010). In 
HD dementia, there is an increase in the “cytosine–adenine–guanine (CAG)” repeat 
sequence in this protein more than normal. Although there is an inverse correlation 
between the increase in CAG and the age of onset of the disease, there is no 
correlation between clinical findings and the number of CAG repeats (Ross and 
Tabrizi 2011). Choreic movements, cognitive disorders causing dementia, and 
psychiatric findings are the main features of the clinical picture. In addition, for



sleep and circadian rhythm disorders, signs of autonomic involvement can also be 
seen (Frank 2014). 
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1. Dementia caused by Down syndrome: Down syndrome is the most common 
genetic cause of mental retardation. Many people with Down syndrome experi-
ence health problems associated with dementia in middle and old age. 

2. Mixed dementia. 
3. Dementia with Lewy bodies. 
4. Creutzfeldt–Jakob disease. 
5. Frontotemporal dementia. 
6. Normal-pressure hydrocephalus. 
7. Korsakoff syndrome. 
8. Posterior cortical atrophy. 

8.2 Alzheimer’s Disorder 

Alzheimer’s disorder is a very complex disease categorized by severe synaptic losses 
and neuronal death, especially in regions with cognitive functions such as the 
cerebral cortex, hippocampus, entorhinal cortex, and ventral striatum. Generally, 
in an average of 10 years, the stage of minor cognitive diminishing is passed to the 
advanced stage of AD, and the patient is lost in a completely helpless state at the end 
of this period. Due to this long duration of the disease and the fact that it affects the 
vital structures that determine who we are, it creates a great emotional and financial 
load on patients’ relatives and people (Ramirez-Bermudez 2012). The German 
psychiatrist and neuropathologist Alois Alzheimer (June 14, 1864, to December 
19, 1915) first published the case of “presenile dementia,” and later this disease was 
defined as “Alzheimer’s disease” by the famous psychiatrist Emil Kraepelin. During 
his studies in Frankfurt, Alzheimer encountered 51-year-old Auguste Deter, who had 
strange behavior and short-term memory loss. When Deter died in April 1906, he 
had his file and his brain brought to Kraepelin’s laboratory in Munich for autopsy, 
where new dyeing techniques were used in the patient’s brain, and then he detected 
“amyloid plaques” and “neurofibrillary tangles (NFTs).” In November 1906, he 
presented the pathology and clinical symptoms of the disease for the first time in 
congress. Since the pioneering work of Alois Alzheimer in 1907, neuropathologists 
have recognized amyloid plaques and NFTs in brains of patients in autopsy 
examinations and stated that these pathologies causes disease (Anand et al. 2014). 
Amyloid plaques have been found to be extracellular deposits related to amyloid-
beta (Aβ) found inside the brain parenchyma and cerebral blood vessels (Golde et al. 
2011). It has been determined that the NFTs observed in the cell are composed of 
hyper-phosphorylated tau protein associated with microtubules and clustered in 
helical filaments (Palmer 2011). Additional pathological data for amyloid plaques 
and NFTs can be listed as intracellular granulovacuolar degeneration, decrease in the



number of synapses, cholinergic cell losses in Meynert’s basal nucleus, and 
astroglial activation (Lou et al. 2014) (Fig. 8.1). 
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8.2.1 Alzheimer’s Disease: Genetics, Epigenetics, 
and Epidemiology 

Studies conducted to understand AD indicate that the disease arises as a result of 
complex interactions of many genetic, epigenetic, and environmental factors. The 
Aβ peptide, which plays an important role in the pathogenesis of the disease, is 
formed as a result of the cleavage of amyloid precursor protein (APP) by secretases 
(Bakulski et al. 2012). APP is a protein with a single transmembrane domain 
expressed in almost every cell. Cleavage of this protein is via α-secretase-soluble 
APP; successive cleavage via β- and gamma-secretase leads to the formation of Aβ 
peptides. Alterations in the genes responsible for proteins including presenilin-1 
(PS1) and presenilin-2 (PS2), which are portions of the APP and gamma-secretase 
enzyme complex, cause early-onset autosomal dominant AD, which constitutes 1% 
of the disease (Bertram et al. 2010). 

These mutations cause a change in the type and rate of amyloid peptides produced 
by affecting molecular processes such as cleavage of APP from the region related to 
secretases (Bertram et al. 2010; Bekris et al. 2011). The fact that early-onset 
dementia and pathological markers of AD are observed in Down syndrome patients 
who carry a spare copy of chromosome number 21 with the APP gene and that 
replication of the APP gene also causes early-onset AD supports the hypotheses 
regarding the role of APP overexpression in the disease (Sanchez et al. 2012; 
Chouraki and Seshadri 2014). In addition, extensive genetic studies performed in 
different populations show that carriers of the apolipoprotein E (ApoE) 4 allele are 
associated with late-onset AD cases and reduce the age at which the disease is 
diagnosed (Crean et al. 2011; Holtzman et al. 2012). 

The epigenetic method also performs a part in the pathogenesis of AD (Day and 
Sweatt 2011). Researches in postmortem brain tissues, peripheral leukocytes, and 
transgenic animals in humans have revealed the presence of epigenetic changes such 
as atypical DNA methylation and histone modification in AD (Chouliaras et al. 
2010). However, it is uncertain whether these observed epigenetic variations are a 
cause of the disease or a result of developing pathological processes. Studies 
performed on twins indicate that epigenetic devices modulate disease risk 
(Chouliaras et al. 2010; Gouras et al. 2010). Inhibition of DNA methylation in the 
hippocampus immediately after a learning test impaired memory consolidation in 
healthy mice, while potentiation of histone acetylation promoted learning in 
Alzheimer’s transgenic mice (Gouras et al. 2010; Peleg et al. 2010). The results 
point to the character of epigenetic alterations in normal learning and memory 
methods as well as in disease. Increasing age is the most important epidemiological 
hazardous factor in delayed-onset AD. Although other probable risk factors have 
been identified as head trauma, low education level, hyperlipidemia, HT, DM, 
homocysteinemia, and obesity, it should be noted that there are conflicting results
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about some of them (Daviglus et al. 2010; Sharp and Gatz 2011; Sivanandam and 
Thakur 2012; Douaud et al. 2013).
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8.2.2 Pathophysiology of Alzheimer’s Disease 

The main histopathological findings observed in the brain parenchyma of the 
patients have extracellular located amyloid plaques, neurofibrillary structures 
consisting of intracellular tau protein clusters, glial activation, and traces of inflam-
mation (Bloom 2014; Silverman and Krinsky-McHale 2021). Based on these 
symptoms, many methods have been proposed for the pathogenesis of the disease. 
The main ones can be listed as the amyloid cascade hypothesis, cholinergic damage 
hypothesis, neuronal cytoskeleton hypothesis, and oxidative stress hypothesis (Jiang 
et al. 2012; Sharma et al. 2019). 

8.2.3 The Hypothesis of the Amyloid Cascade 

The study of Hardy and Higgins, published in 1992, is a pioneering study in which 
they put forward the amyloid cascade hypothesis explaining the neuropathological 
mechanism of AD (Reitz 2012). In the study, it has been suggested that the main 
neuropathological mechanism of AD is the accumulation of Aβ peptides, and as a 
result, NFTs, neuron death, and vascular damage develop secondary to amyloid 
deposition. Aβ peptides and other metabolites are formed by the proteolytic degra-
dation of APP. APP is cleaved in the first step by either α- or  β-secretase enzymes. α-
Secretase affects the Aβ region of APP, forming the 83 amino acid sequence C83 
and the α-secretory amyloid precursor protein (α-APPs) (Tayeb et al. 2013; Crary 
2016). In a healthy person, α-secretase activity is dominant in the brain and α-APP 
release is higher. The beta-secretase enzyme, on the other hand, affects the amino 
terminus of APP to form C99 and beta-amyloid precursor protein (β-APPs) with a 
99 amino acid sequence. Gamma secretase, which comes into play, later on, is a 
protease complex consisting of many subunits and has not been fully characterized, 
but it is known that it basically consists of four important proteins. These are PS1, 
PS2, nicastrin, and “anterior pharynx-defective-1 (APH-1)” proteins. This enzyme 
affects both C83 and C99, forming the intercellular domain APP with its peptide P3 
from C83 and Aβ from C99. Aβ peptides can have 38, 40, and 42 amino acid 
sequences and accumulate with the “β-sheet” conformation (Kumar and Walter 
2011; Ivanova et al. 2021). Since amyloid deposits are in the “β-sheet” structure, 
they polymerize easily and form clusters rapidly. These deposits have very low 
solubility and are seen as filaments when examined under a microscope and show 
cytotoxic properties by combining with other proteins such as proteoglycan and 
apolipoproteins (Fändrich et al. 2011). It has been determined that genetic mutations 
in PS proteins in the structure of secretases that control APP and Aβ processes 
increase the level of Aβ42. In the early occurrence of AD, autosomal dominant 
mutations in PS1, PS2, or APP must be found to affect APP metabolism and lead to



Aβ accumulation and aggregation (Atsmon-Raz and Miller 2016). Manifestation of 
mutant APP in humans alone or in combination with transformed PS1 in transgenic 
rats triggered AH-like molecular and cognitive changes. It is thought that the Aβ 
peptide plays a role in the regulation of neuronal and synaptic activity; therefore, its 
accumulation leads to synaptic depression with excessive neuronal activity (Bertram 
et al. 2010; Palop and Mucke 2010). It is known that functional impairments in 
inhibitory interneurons and excessive glutamatergic transmission causing 
excitotoxicity are important mechanisms that play a role in the pathogenic cascade. 
This excessive neuronal activity may subsequently lead to the production of more 
Aβ peptides and trigger a neurodegenerative cycle (Suzuki et al. 1994). For example, 
it regulates gamma-secretase traffic by binding to PS1. It has been determined that 
the activation of the Arc (activity-regulated cytoskeleton-associated protein) gene 
plays a role in the production of Aβ, which occurs depending on neuronal activity 
(Wu et al. 2011). It is also known that Aβ forms fibrils and activates local microglia 
and astrocytes, and molecules released from these cells create neurotoxic effects on 
neurons. Based on the evidence from experimental models, it is suggested that 
soluble, non-fibrillar Aβ, which forms dimers, trimers, and larger oligomers, is less 
pathogenic than monomeric Aβ and Aβ fibrils in amyloid plaques (Chowdhury et al. 
2006). However, which amyloid deposits are more disease causing and the way their 
buildup triggers synaptic and neuronal dysfunction are questions that are still not 
fully answered by intensive studies and scientific discussions. It has been determined 
that these structures can effectively bond with proteins and lipids both inside and 
outside the cell. Many cell surface molecules, such as receptor tyrosine kinases and 
advanced glycation end product receptors, play a role in Aβ oligomer-induced 
toxicity (Cissé et al. 2011; Srikanth et al. 2011). The potential mechanisms triggered 
by the continuation of these interactions include the distribution of neurotransmitter 
receptors and related signal molecules, changes in their activities, disruption of Ca+2 

homeostasis, axonal transport, and mitochondrial functions (Mruthinti et al. 2004). 

8 Stem Cells Vs Exosomes: Promising Therapeutic Approach and. . . 175

8.2.4 Hypothesis of Neuronal Cell Skeleton 

Alzheimer’s is a disease in which many proteins show pathogenic conformation. In 
addition to abnormal amyloid plaque accumulation, intracellular neurofibrillary 
clusters (neurofilament tangles, NFT) are observed in AH. It has been found that 
the main component of these clusters is the tau protein, which shows irregular 
posttranslational alterations such as enlarged acetylation and phosphorylation 
(Cohen et al. 2011). In the disease-associated neuronal cytoskeleton hypothesis, it 
is suggested that these tau protein-related changes and subsequent NFTs have a 
causal role in inducing AD pathology. Tau protein is a protein found mostly in 
microtubules in neurons and is involved in the controlling of polymerization, 
depolymerization, and stabilization processes of microtubules (Cohen et al. 2011). 
It has been shown that Aβ peptides activate intracellular kinases such as glycogen 
synthase kinase and cause hyper-phosphorylation of tau proteins in microtubules, 
triggering NFT accumulations, and this process causes structural–functional changes



in neuron soma and dendrites. Recent studies point out that tau proteins have roles in 
various cellular mechanisms apart from the stabilization of microtubules, which is 
their main function, and it is suggested that tau aggregation may contribute to the 
pathogenesis of the disease by disrupting these mechanisms (Morris et al. 2011). As 
a result of examinations in cell culture and mice, it was found that tau protein 
facilitates excitatory transmission by regulating the distribution of signal molecules 
that are effective in synaptic activity. However, it is thought that tau with abnormal 
conformation may accumulate in dendritic spins and disrupt normal nerve conduc-
tion (Hoover et al. 2010). It has been shown that Aβ oligomers interact with the 
MARK enzyme family to increase the accumulation of tau in the postsynaptic 
membrane, and in parallel, it has been found that reducing the level of tau in cells 
or in transgenic animals reduces the neuronal dysfunction caused by Aβ (Zempel 
et al. 2010). It has also been shown that genetic mutations induced in APP and PS 
lead to NFT accumulation after amyloid plaque formation. While these findings 
indicate that Aβ is at the top of the pathological steps, they reveal that tau protein 
plays a role in its neuronal effects (Zempel and Mandelkow 2012). 
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8.2.5 Alzheimer’s Disease Cholinergic Damage Hypothesis 

In the cholinergic hypothesis, it is suggested that loss of cholinergic neurons and the 
resulting cholinergic conduction disorder are pathophysiological mechanisms lead-
ing to AD. Although acetylcholine (ACh), an important neurotransmitter in the 
central nervous system, is mostly found in interneurons, it forms an important part 
of the cholinergic system in neurons projecting from the basal forebrain (Meynert’s 
basal nucleus) to the cerebral cortex and limbic structures (Chen and Mobley 2019). 
ACh synthesis in cholinergic neurons takes place at the axon terminal by acetylating 
free choline via choline acetyltransferase (ChAT). The ChAT enzyme is transported 
from the cholinergic cell body to the axonal end, with both ChAT and ACh 
concentrations reaching the highest amount at the axonal terminal. Since the 
ChAT enzyme is found only in cholinergic neurons, it is used in studies as a marker 
showing these neurons (Cummings et al. 1998). Released ACh is then degraded by 
acetylcholinesterase in the synaptic space to choline and acetate. ACh acts through 
nicotinic (nAChR) and G-protein-dependent muscarinic receptors (mAChR), which 
are excitatory cation channels in the central nervous system. Muscarinic receptors 
function depending on the Gq (M1, M3, M5) proteins that activate phospholipase C 
or the Gi/o (M2, M4) proteins that inhibit adenylate cyclase. In addition to the 
different effects of the receptors, the pre- or postsynaptic distribution in certain 
regions enables ACh to have different effects in the central nervous system. 
Although this neurotransmitter is primarily excitatory in the periphery, it is a 
neuromodulator that coordinates cholinergic transmission, neuronal excitability, 
presynaptic neurotransmitter release, and neuron firing in the central nervous system 
(Wonnacott 1997; Zhang and Sulzer 2004; Goutier et al. 2016). As an example of 
these heterogeneous effects, ACh plays an inhibitory autoreceptor role in presynap-
tic M2/M4 mAChR cholinergic terminals, decreasing glutamate release in



corticostriatal synapses, and M1/M5 mAChR stimulates dopamine release in striatal 
synaptosomes and increases excitability in postsynaptic M1/M5 neurons (Douglas 
et al. 2002). 
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8.2.6 Alzheimer’s Disease and Oxidative Stress Hypothesis 

Although the physiological cause of aging is not fully known, the free radical theory 
states that increasing oxidative stress of aging and aging-related diseases plays a 
fundamental role in this process by causing cellular degeneration (Remigante and 
Morabito 2022). The increase in the number of free radicals observed in age-related 
neurodegenerative diseases and the fact that neurons are more sensitive to this 
damage has been determined as important characteristics. Therefore, it is thought 
that free radical production has an important role in the development and progression 
of AD (Higley et al. 2009). It has been stated that neurons are more susceptible to 
free radical damage for certain reasons. 

These can be listed as follows: 

1. Neurons are highly dependent on the oxidative phosphorylation reactions that 
take place in the mitochondria to provide the necessary energy. 

2. High polyunsaturated fatty acids in their membranes can be used as substrates in 
lipid peroxidation reactions. 

3. High levels of ionic iron catalyze free radical reactions. 
4. The level of glutathione, an endogenous antioxidant, is lower than in other 

tissues. In addition to mitochondrial oxidative phosphorylation, enzymatic con-
version of catecholamines (epinephrine, norepinephrine) and indoleamines (sero-
tonin, melatonin) by monoamine oxidase, it is known that autoxidation of 
catecholamines and activities of lipoxygenase and cyclooxygenase enzymes 
also cause free radical production. Free radicals were found to be increased in 
AH, a radical that includes superoxide, hydrogen peroxide, hydroxyl radical, and 
nitric oxide. The antioxidant defense system in neurons is very important in 
preventing damage caused by reactive oxygen radicals (ROS) produced in 
many ways. This system comprises of enzymatic and nonenzymatic antioxidants 
that stabilize physiological ROS making with detoxification. 

The antioxidant structure can be examined under three main headings: 

1. Enzymatic antioxidant system: It is known that the enzyme superoxide dismutase 
has three different forms—mitochondria, cytosol, and extracellular. The super-
oxide dismutase enzyme functions by converting O2•

- to H2O2. Selenium-
dependent GSH-Px and CAT enzymes are other members of the enzymatic 
antioxidant system. All the enzymes provide detoxification by converting H2O2 

to water. 
2. Minor molecule antioxidant system: Vitamins like E and vitamin C reduce their 

activities by reacting with free radicals.
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3. Chelator protein antioxidant system: Proteins containing small-molecular-weight 
thiol collections such as glutathione. These proteins prevent reactions that cata-
lyze free radical production by bonding with metals. 

After determining that ApoE 4 allele dominance is a hereditary risk factor for the 
progress of AD, many studies have been conducted to examine the structural 
features, neurobiological functions, and pathophysiological effects of the ApoE 
protein in the disease. It is a polymorphic protein with the three most collective 
isoforms in humans, ApoE, ApoE2, ApoE3, and ApoE4. ApoE has many important 
roles, such as initiating the formation of lipoprotein particles and directing lipid 
metabolism by interacting with specific cellular receptors and functioning in the 
reinnervation and restructuring of neuronal cells (Huang 2006; Castellano et al. 
2011). It has been determined that these roles differ in isoform-specific and that 
ApoE proteins have different roles according to the cell type in which they are 
expressed. 

Pathological effects of ApoE proteins in the pathology of AD can be examined in 
two groups, Aβ dependent and independent. With ApoE3 being faster and more 
stable, both ApoE3 and E4 isoforms can formulate stable bonds with Aβ peptides 
(Kim et al. 2009; Castellano et al. 2011). It was determined that astroglial ApoE3 can 
bind to Aβ peptides 20 times more than the ApoE4 isoform. Therefore, increasing 
the lipid content of ApoE3 in mice carrying the mutant human APP gene increased 
the clearance of the peptide and decreased the amyloid level (Aleshkov et al. 1997). 
The ability of ApoE2 and ApoE3 to scavenge higher amounts of Aβ peptide than the 
ApoE4 isoform indicates the importance of the isoform type in the astroglial 
degradation of the deposits. When microglial Aβ clearance was measured, ApoE4 
was found to reduce this clearance by 40% (Frieden and Garai 2012). However, 
despite these findings, the contribution of these procedures to cognitive impairment 
in AD has not been clarified. The main reason for this is that there is no correlation 
between the number of amyloid plaque deposits and cognitive symptoms in patients. 

Unlike ApoE4, the ApoE3 isoform was found to be protective in age-related or 
excitotoxicity-related neurodegeneration, and learning and memory impairment 
were found in transgenic mice in which ApoE4 was expressed alone in neurons 
(Castellano et al. 2011). When the reasons for the observed decrease in cognitive 
functions were examined, it was determined in in vivo and in vitro studies that 
ApoE4 reduced the density of dendritic spin by disrupting synaptogenesis (Dumanis 
et al. 2009). In addition, it was observed that the neurogenesis of neuronal stem cells 
decreased in mice with induced ApoE4 expression, and it was stated that this 
decrease may cause cognitive impairment (Li et al. 2009). When the effects of 
isoforms on neurite outgrowth were examined, it was observed that ApoE3 
stimulated spin branching and growth, while ApoE4 inhibited it in dorsal root 
ganglion cells and neuronal cultures (Li et al. 2010). In addition, unlike ApoE4, 
astroglial ApoE3 was found to induce spin elongation in hippocampal neurons. 
Since Aβ accumulation was not observed in these models, it can be said that the 
determined changes are independent effects of ApoE4 from Aβ. In addition, it has 
been determined that neuronal ApoE expression is induced in brain damage and



stress situations, and the increased ApoE4 is proteolytically degraded into toxic 
fragments. Unlike the ApoE3 isoform, ApoE4 produced in neurons undergoes 
proteolysis more easily and is broken down into toxic fragments. It was observed 
that the level of these fragments increased in patients (Hiekkanen et al. 2007). Mice 
expressing these fragments have spatial learning and memory impairment, as well as 
degeneration of the hippocampus. In addition, it was determined that ApoE4 
fragments triggered tau phosphorylation and fibrillar aggregation. ApoE4-related 
dysfunction was also observed in neuronal mitochondria, while more dysfunction 
was found in carriers of this allele than in E3 carriers (Jones et al. 2011). In 
conclusion, it has been determined that the ApoE4 isoform affects neuronal 
functions through many different mechanisms, Aβ dependent and independent, 
and it has been stated that further studies are needed to understand the contribution 
of these different effects on the development and progression of the disease (Chen 
et al. 2012). 

8 Stem Cells Vs Exosomes: Promising Therapeutic Approach and. . . 179

8.3 Stem Cell Therapy and Neurodegenerative Diseases 

Stem cells as we know are known for their capacity to renew themselves and are able 
to differentiate into different types of cell lines. These stem cells were first revealed 
in the 1960s and classified into four broad classes containing embryonic stem cells 
(ESCs), mesenchyme stem cells (MSCs), pluripotent stem cells (PSCs), and progen-
itor cells. On the basis of their isolation and differentiation, they are further classified 
as totipotent, multipotent, and pluripotent cells (Baek et al. 2019). Multipotent stem 
cells and progenitor cells can be isolated using different tissues and differentiate into 
many types of cells but belonging to only same family. Totipotent stem cells can be 
isolated from embryo at a four-stage cell and differentiate into all body cell types 
outside the embryo (Kumar et al. 2019). The development of technology has made 
stem cell therapies available for the treatment of different neurodegenerative disease. 
Different uses of stem cell therapy for the treatment of neurodegenerative disease 
including Alzheimer disease, Parkinson’s disease, and many others are shown in 
Table 8.1. 

8.3.1 Stem Cell and AD Therapy 

Mesenchyme stem cells from an animal model are reported to be important for the 
treatment of AD; they are found to help in regulating immune system, reduce Aβ 
plaque load by internalization and breaking down of Aβ endosomal lysosomal trail 
oligomers and recreating potential (Evangelista et al. 2019). In this study, injection 
of green fluorescent protein–labelled bone marrow–derived MSCs in the hippocam-
pus of an AD-induced animal model revealed a decrease in the mass of Aβ plaques in 
the brain and also helped in regulating the functioning of immunity (Bianco et al. 
2008). An immunostained brain section from MSCs transplanted with 
antipolysialylated from a neural cell adhesion molecule showed increased



Origin of cells Functions References

neurogenesis. Another study used PKH26–111 injected into mice with induced AD 
via the tail vein to reach the brain. This study confirmed a significantly higher 
radioactivity of bone marrow–derived MSCs in comparison to controls (Fujita 
et al. 2018). Mammalian brain cells have the capacity to repair by neurogenesis, 
but with age, there is decrease in gliogenesis and brain cells lose their power to 
regenerate a sufficient amount of cells to regain normal functioning. Many recent 
studies used NSCs which express a phenotype analogous to brain cells and are able 
to provide better potential for the management of AD (Shi et al. 2012). NSCs were 
reported to increase the life span of endogenous neurons by the production of 
neurotrophic factors, VEGF (vascular endothelial growth factors), and the vessel
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Table 8.1 Different types of stem cells and their applications in neurodegenerative disease 

Application in 
neurodegenerative 
diseases 

Stem cell
types

Mesenchyme 
stem cells 

Obtained from 
the adipose 
bone marrow 
and peripheral 
blood 

Have ability to 
differentiate into 
neural linkage 
cells 

MSCs helps in 
regulating immune 
system and reduces Aβ 
plaque load through 
internalization and Aβ 
breakdown of 
endosome–lysosome 
pathway oligomers and 
regenerative potential 

(Cheng 
et al. 
2017) 

Embryonic 
stem cells 

Originate from 
blastocyst 
innermost cell 
corpus 

Pluripotent and 
self-renewing 
capacity and 
differentiate into 
neural stem cells 

ESC can ease plaque 
formation and cerebral 
dysfunction in the 
a5XFAD mouse model 

(Cha et al. 
2017, 
Zhao et al. 
2020) 

Pluripotent 
stem cells 

Derived from 
adult somatic 
tissues 

These are alternate 
cells which can 
function as 
embryonic stem 
cell 

Human iPSC-obtained 
macrophage-like cells 
hereditarily modified to 
show neprilysin-2 or to 
alter tau Ex10 + 16; 
break down Aβ, 
separating into 
functional neurons; and 
decrease Aβ levels after 
xenograft management 
to the 5XFA 

(Kim et al. 
2021) 

Neural stem 
cells 

Derived only 
from neural 
cells 
especially 
from fetal 
brain cells 

Potential to 
differentiate into 
glial cells and 
neurons 

NSCs increase the 
existence and renewal 
of endogenous neurons 
by creating 
neurotrophic factors, 
vascular endothelial 
growth factor (VEGF), 
and vessel density in 
the cortex 

(Zhu et al. 
2011, 
Jinnou 
2021)



mass of the cortex also increases their regeneration capacity and becomes a resilient 
candidate for the treatment of AD. A study based on human sources found that NSCs 
function significantly to diminish cerebral Aβ42 levels.
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A study by Park et al. (2010) reported that the human NS cell line coding ChAT 
gene transferred into the APP (amyloid precursor protein) swe/PS1dE9 AD mice 
model with persuaded propagation of endogenous NSCs and manufacturing of 
growth and neurotrophic factors (Park et al. 2010). PSCs, after 10 years of their 
discovery, are now extensively used for the therapeutic purpose in AD for the 
regulation of endogenous neurogenesis, pathological changes, and neuronal loss. 
PSCs extracted from the skin fibroblasts of the mouse after giving them the protein 
extracts of ESCs have been found to ease plaque deposition and cerebral dysfunction 
in the 5XFAD transgenic animal model. PSC and PSC-derived cells from human 
sources were used to correct degenerative disorder. 

8.3.2 Stem Cells and PD Therapy 

Among other neurodegenerative disease, PD is very common, which is characterized 
by decreased motor function caused by loss of the dopamine neuron (DA) in the 
human midbrain (Ekstrand et al. 2007). Numerous studies were conducted on both 
motor and non-motor defects responsible for PD. In PD cognitive defect starts to 
develop at a very early stage and keeps on progressing till it becomes visible. Motor 
and non-motor symptoms are caused by a decline in the quality of life and the 
method of treatment of the patient that is used for the correction of disease 
(Chaudhuri et al. 2006; Sauerbier et al. 2016). Stem cell-like human MSC 
transplanted to 6-hydroxydopamine (6-OHDA)-persuaded injuries secured dopami-
nergic neurons and encouraged neurogenesis that results in a beneficial effect 
because of the soluble factor released like BDNF (brain-derived neurotrophic fac-
tor). MSCs were found to be effective in the regulation of DA neuron apoptosis and 
related oxidative stress and also improves motor functioning when applied at very-
early-stage PD (Blandini et al. 2010). 

Cai et al. (2010) performed a study defining the effect of stem cell homing by 
applying an intra-arterial mixture of MSCs in combination with passing the BBB 
disrupted due to treatment with mannitol. After a period of 28 days of 6-OHDA 
treatment, no change in progression of the damage was found but there was 
standardization of pathological receptiveness of the striatal neuron towards dopami-
nergic stimulus that were induced due to MSC infusion (Cai et al. 2010). 

8.4 Exosomes 

These are extracellular vesicles that originate in body fluids together with urine, 
cerebrospinal fluid (CSF), saliva, and blood with a diameter ranging from 50 to 
100 nm (Rousseau et al. 2015). The content of exosomes depends on the parent cell 
and varies from disease to disease condition because of which they can be used as



potential biomarkers for the diagnosis of different brain diseases (Pegtel and Gould 
2019). Exosomes were first found in 1983, when they were first noted as small 
vesicles released from reticulocytes that carry the transferrin receptor into the 
extracellular space (Meldolesi 2018; Kalluri and LeBleu 2020). Exosomes are 
double-membrane saclike structures that appear spherical under electron micros-
copy. The double membrane and their small size make it difficult for them to be 
removed from the macrophage body due to which they are the choice for biotic 
treatment and therapy for different neurological disorders (Théry et al. 2002; Aryani 
and Denecke 2016). Different biodistribution studies on unmodified exosomes after 
the fourth stage of drug administration reported a fast collection of exosomes in the 
reticuloendothelial system of organs and some of them were found in the brain. This 
showed that with little modification in the target delivery of the exosome, they can be 
used successfully in brain therapy (Van Niel et al. 2006; Kowal et al. 2014). 
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Exosomes are made of a double membrane of phospholipids enclosing sucrose, 
cholesterol, lipid rafts, sphingomyelin, ceramide, and evolutionarily conserved 
biomarkers (Lin et al. 2015). These biomarkers help to distinguish them from 
microvesicles and apoptotic bodies. Some of the exclusive proteins initiated in 
exosomes are CD9, CD63, CD81, and CD82 (tetraspanins); Hsp60, Hsp70, and 
Hsp90 (heat shock proteins); MHC classes I and II (major histocompatibility 
component); lactadherin; Tsg101; lysosome-associated membrane glycoprotein 2; 
and Alix. Exosomes also contain protein messengers that are cell-specific, cytosol 
components including the endoplasmic reticulum, Golgi apparatus, and 
mitochondria (Cheng et al. 2017; Baek et al. 2019; Evangelista et al. 2019; Kumar 
et al. 2019). Exosomes are produced from the inward budding of endosomes that 
makes the intraluminal vesicle inside endosomal chambers that are known as 
multivesicular bodies (MVBs) (Bianco et al. 2008). When matured, these MVBs 
fuse with the plasma membrane to produce an exosome or break down their load by 
combining with lysosomes. No specific reason or triggering reason for the increase 
or decrease in production or release of exosome is clear till now. Some studies 
reported that in case of starvation, MVBs are broken and fused with autophagosomes 
that results in the decrease of exosome release (Fujita et al. 2018; Klymiuk et al. 
2019). The MVBs that fuse with the plasma membrane cause exosome release into 
the extracellular space, interacting with the extracellular matrix affecting the cell 
microenvironment and enters the circulatory system via the blood or lymph nodes by 
paracrine signaling. Some secretion process results in the release of a large number 
of exosomes, as large as 300,0000 per microliter of blood serum (Karaöz et al. 2011). 
Fusion of MVBs to lysosomes causes degradation and recycling of exosome lipids, 
nucleotide, and proteins. Since the topology of exosome is the same as of a cell, these 
exosomes can communicate with the receptor cells due to which they can directly 
cooperate with related receptors found in the plasma membrane (Trajkovic et al. 
2008; Juan and Fürthauer 2018). Exosomes can be excellent vehicles for the 
distribution of RNAs and many cytoplasmic proteins as they not only combine but 
also discharge the required content into the receiver cell by fusing straight with the 
plasma membrane or endoplasmic reticulum (ER) after endocytosis (Baietti et al. 
2012) (Fig. 8.2).
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Fig. 8.2 Release of exosome and different types of biomarkers found in exosomes (Biorender) 

8.5 Exosomes as Therapeutic Approach 
for Neurodegenerative Disease 

As many studies found blood–brain barriers strictly limit the movement of large 
molecules to the brain, a large number of drugs that can be used for improving the 
therapeutic approach towards neurological disorders are not able to succeed in 
clinical trials or to reach clinics. To overcome these limitations, exosomes emerge 
as a promising approach. The nano-size structure of exosomes can easily pass 
through the blood–brain barrier and can deliver the bioactive molecules that are 
secreted by their cell origin, or as per requirement, they can be engineered to deliver 
drugs to targets (Huang et al. 2018). 

Haney et al. (2015) studied and reported that exosomes can be made permeable 
using saponins, which function as secondary metabolite obtained from different 
plant species. In this in vivo study, the researchers confirmed the movement of 
exosomes via neuronal cells, resulting in a neuroprotective effect (Haney et al. 
2015). The studies on Parkinson’s disease (PD) by Kojima et al. (2018) developed 
a controlled device known as EXOtic (EXOsomal transfer into cell) that can deliver 
the catalase mRNA delivery without needing concentrated exosomes (Kojima et al. 
2018; Qu et al. 2018). These devices were reported to increase the efficiency of 
exosome production especially in relation to specific mRNA and their delivery to the 
cytosol of target. Some studies focused on neuroinflammation and neurotoxicity 
using in vivo and in vitro models of Parkinson’s disease and results confirmed the



usefulness of EXOtic devices in RNA-based therapeutic applications (Chen et al. 
2020). A similar study on PD mouse model was conducted to deliver dopamine to 
the substantia nigra and striatum, which confirmed the exosomes as a favorable drug 
delivery system for PD and other neurodegenerative therapies. Chen et al. (2020) in  
their study proved that hucMSC (human umbilical cord mesenchyme stem cell)-
derived exosomes can deliver the substantia nigra through the BBB, which reduces 
apoptosis and dopaminergic neuron loss (Chen, Liang et al. 2020). It also increases 
the level of dopamine in the striatum. 
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Guo et al. (2020), in their study on Alzheimer’s disease (AD), reported that 
exosomes are very suitable as a therapeutic approach for AD (Guo et al. 2020). A 
similar preclinical study by Reza-Zaldivar et al. (2019) on MSC-derived exosomes 
helps neurogenesis and cognitive function in a mouse model with AD (Ding et al. 
2018; Reza-Zaldivar et al. 2019; Araldi et al. 2020). Nakano et al. (2020) showed the 
benefits of exosome therapy in treating an AD mouse model using BM-MSC-
derived exosomes that increases the expression of microRNA-146a in the hippo-
campus region of the brain, and in astrocytes, it decreases the level of nuclear factor 
kappa B (NF-κB) resulting in synaptogenesis and correction of cognitive weakening 
(Wang et al. 2018; Nakano et al. 2020). MSC-derived exosomes were also reported 
to reduce the inducible nitric oxide synthesis (iNOS) in cultured neuron cells and 
improve neural impairment of CA1 synaptic transmission in AD. A study on the 
efficacy of intravenously delivered exosomes was done by Cui et al. (2019); they 
developed brain-targeting exosomes that were derived from MSCs by using 
CNS-specific rabies viral glycoprotein (RVG) peptide (Cui et al. 2019). 
RVG-modified exosomes researchers were able to improve the hippocampus and 
cortex and reduce the expression of inflammatory cytokines TNF-α (tumor necrosis 
factor alpha) and IL-6 (interleukin six), and it also improves the function of APP/PS1 
in mouse models. In a recent study by Clark et al. (2019), it was proved that 
exosome-based therapy is very useful in treating multiple sclerosis. In this study 
they found that MSC-produced exosomes helped in myelin restoration in different 
mouse models in case of multiple sclerosis (Clark et al. 2019). A similar study by Li 
et al. (2019) supported the results that MSC-derived exosomes also decreased 
infiltration of CNS-related inflammations and reduced demyelination in autoimmune 
encephalomyelitis performed in a rat model (Li et al. 2019). In case of Theiler’s 
murine encephalomyelitis virus (TMEV)-induced demyelination disease, similar 
results were also observed (Laso-García et al. 2018). 

Bonafede et al. (2016) in their study on NSC-34 reported that murine adipose– 
derived exosomes can protect the overexpression of NSC-34 and SOD1 (G93A, 
G37R, A4W) from any oxidative damage which is responsible for causing 
amyotrophic lateral sclerosis (Bonafede et al. 2016). Lee et al. (2016) showed that 
adipose-derived exosomes can normalize the phosphor-cAMP reaction element 
binding protein CREB/CREB ratio and also modulate mitochondrial dysfunction 
and SOD-1 accumulation (Lee et al. 2016).
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8.6 Conclusion 

As the health services are increasing and with the development of technology, the 
life expectancy of people is increasing as per the report of the WHO (World Health 
Organization) by 2050 most people will live at the age of 60 years and above around 
the world causing the old-age people to grow in number and the burden of neurode-
generative diseases to also increase. The need to find the most effective therapeutic 
solution is required, and as per the studies conducted using stem cells and stem cell– 
derived exosomes, it can be said that exosomes are the future for the treatment of AZ, 
PD, and many other neurodegenerative disorders. 
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Abstract 

Stroke is a disorder resulting predominantly from the rupture or blockage of blood 
vessels and is the third primary cause of mortality and disability worldwide in the 
older population. Neuroinflammation, the key pathological event ensuing acute 
strokes, propagates brain damage via microglia and astrocyte stimulation, secre-
tion of pro-inflammatory cytokines, distortion of the blood-brain barrier (BBB), 
and infiltration of white blood cells (WBCs) into the area of infarction. Regener-
ative medicine using stem cells is gaining popularity as a panacea for stroke 
consequences due to the properties of pluripotency and immunomodulation. 
Mesenchymal stem cell (MSC) transplantation rejuvenates the injured nervous 
tissue by converting microglia and monocytes into their anti-inflammatory 
phenotypes and stimulating neurogenesis, astrogenesis, and angiogenesis. Recent 
clinical evidence points towards treatment using stem cell-isolated exosomes as a 
promising remedial cell-free approach for strokes owing to unique features like 
low toxicity and immunogenicity, biodegradability, BBB penetrating capacity,
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and critical function in intercellular interaction. Exosomes from MSCs aid in 
neurorestoration and repair via induction of anti-apoptotic and anti-inflammatory 
actions as well as neurovascular remodeling. These extracellular nanovesicles 
(approximately 30–150 nm in diameter) can be tailored as targeted drug delivery 
vehicles for transporting extrinsic protein factors, chemical molecules, and for-
eign genes to host cells. This chapter largely focuses on the prospects of stem 
cells and their derived exosomes as novel therapeutic agents against 
neuroinflammation and strokes and the clinical advancements made regarding 
the same. Further studies are needed before either can be established as a 
treatment for attenuating and improving stroke consequences.
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9.1 Introduction 

Stroke is a devastating neurological disorder, an outcome of blood vessel rupture or 
blockage in the brain, ranked the second-leading cause of death and the third-leading 
cause of combined death and disability in 2019 by the World Health Organization 
(WHO) (GBD 2017 DALYs and HALE Collaborators 2018; Krishnamurthi et al. 
2020). From 1990 to 2019, the total number of incident stroke cases have risen by 
70% and prevalent strokes elevated to 85%, whereas stroke-related deaths showed a 
43% rise (Feigin et al. 2021). The prime source of hemorrhagic stroke is high blood 
pressure which results in the weakening of arteries in the brain, making them prone 
to rupture. Ischemic strokes are a consequence of blood clots that occur due to the 
narrowing or blockage of arteries with fatty deposits known as plaques, which 
obstruct the flow of blood and oxygen to the brain. Other factors that abet the 
process include smoking, obesity, high cholesterol levels, diabetes, excessive alco-
hol consumption, stress, and lack of exercise (National Health Service (NHS), UK). 

Neuroinflammation is the prime pathological event engaged in ischemic stroke 
(Lian et al. 2021) that propagates brain damage via activation of astrocyte and 
microglia, pro-inflammatory cytokine production, disruption of the blood-brain 
barrier (BBB), and infiltration of leukocytes into the infarcted area (Jayaraj et al. 
2019). The initiation and development of neuroinflammation occurs when dying 
cells release cellular components, including inflammatory factors, which activate 
microglia and infiltrate peripheral immune cells. This further generates various other 
inflammatory factors, chemokines, adhesion molecules, and tissue destruction 
enzymes and activates the complement system (Nakamura and Shichita 2019; 
Tsuyama et al. 2018; Ma et al. 2019) ultimately accelerating BBB damage and 
worsening brain injury (Tsuyama et al. 2018). 

Brain injury due to stroke induces the differentiation of M1 microglia into its M2 
phenotype, which plays a multiphasic role (Song et al. 2019). The M1 phenotype



leads to the production of heightened pro-inflammatory cytokine levels, such as 
IL-6, IFN-γ, IL-1β, and TNF-α (Spellicy and Stice 2021), intensifies the degradation 
of the local inflammatory environment, exhibits nerve renewal after injury, and 
subsequently provides prolonged clinical remission (Zhang et al. 2021a, b). Simi-
larly, the M2 phenotype is beneficial as it protects the neurons from hypoxia and 
ischemia, playing a significant role in endogenous repair and neuroprotective pro-
cesses and additionally promoting long-term recovery after stroke. 
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The treatment strategy for ischemic stroke includes intravenous thrombolytic 
therapy and endovascular intracranial thrombectomy to accomplish recanalization; 
however, both techniques have a narrow therapeutic time window and poor func-
tional outcome, limiting their clinical application (Li et al. 2018; Zhou et al. 2018). 
Contrarily, specific remedies for hemorrhagic stroke consist of minimally invasive 
surgery that removes the clot and intraventricular blood, leading to intracranial 
pressure management and effectively reducing mortality (Qureshi et al. 2009). 
Other than these approaches, numerous promising neuroprotective drug candidates 
that showed positive results in animal models failed in human clinical trials 
(Hasegawa et al. 2016; Alhadidi et al. 2016; Boltze et al. 2016). 

Restorative and regenerative therapies are promising novel strategies as they 
enhance the process of endogenous tissue repair, by regulating neurogenesis, angio-
genesis, and axonal outgrowth after stroke (Otero-Ortega et al. 2017a, b; Dong et al. 
2020; Hira et al. 2018). Increasing evidence demonstrates the potential significance 
of exosome-mediated therapies from implanted cells, depicting positive results that 
can be applied as a treatment for the management of strokes (Zhang et al. 
2019a, b, c). 

Mesenchymal stem cells (MSCs) have immense neurorestorative potential. These 
multipotent stem cells are immunologically naive and can be easily extracted, 
maintained, and expanded in vitro without association with ethical concerns. 
These desirable properties make them suitable candidates for use in regenerative 
and restorative therapy against ischemic strokes (Baksh et al. 2007; Uccelli et al. 
2008; Russell et al. 2018). The release of paracrine factors, mitochondrial transfer, 
and cell replacement are some of the action mechanisms for MSC-mediated 
neurorestoration. In addition, they release vascular endothelial growth factor 
(VEGF) and thereby induce angiogenesis (Li et al. 2000; Li et al. 2001; Chen 
et al. 2003; Shen et al. 2007). Regulation of MSC-released cytokines affects various 
pathways functioning in the regulation of immune cells and their responses, includ-
ing reducing inflammation (Zhang et al. 2019a, b, c). 

The therapeutic prospects of exosomes derived from MSCs were documented for 
the first time in rodent models of stroke and traumatic brain injury (TBI) in 2013 and 
2015, respectively. The studies observed that rats subjected to focal cerebral ische-
mia or TBI, when administered with MSC-derived exosomes intravenously, consid-
erably enhanced neurovascular remodeling with ameliorated neurological, 
behavioral, and cognitive effects during recovery (Zhang et al. 2015a, b; Xin et al. 
2013a, b). Following numerous studies based on exosomal treatment in rodents, 
larger animal stroke and TBI models have been used for a superior comprehension of 
the beneficial outcomes of therapy. The main mechanism of exosome-based therapy



involves transferring microRNAs (miRNAs) that target multiple genes and 
suppressing mRNA transcription, thereby regulating the differentiation, prolifera-
tion, apoptosis, and survival of target cells (Zhang et al. 2015a, b; Eulalio et al. 
2008). 
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Multiple studies demonstrate that MSC-derived exosome therapy is a promising 
and valuable strategy against strokes in the new era. This chapter mainly focuses on 
the therapeutic application of stem cells and their derivative exosomes in targeting 
ischemic strokes along with their regulatory mechanism while modulating 
neuroinflammation. 

9.2 Stroke: A Cerebrovascular Atack 

9.2.1 Overview and Types 

Stroke or cerebrovascular attack (CVA) is among the most medically severe 
conditions alongside metastatic tumors and cardiovascular diseases (Williams 
et al. 1999). Ischemic and hemorrhagic CVAs are the two most common forms of 
stroke. When 80% or more of the brain vessel is blocked by an obstruction, an 
ischemic stroke occurs. In contrast, a hemorrhagic stroke occurs after a vascular 
rupture (Ojaghihaghighi et al. 2017). 

There are two types of hemorrhagic strokes, namely, intracranial hemorrhages 
(ICHs) and subarachnoid hemorrhages (SAHs). Myocardial infarctions, hyperten-
sion, and usage of thrombolytics are predisposing variables that dramatically raise 
the likelihood of suffering a hemorrhagic stroke (Rymer 2011). Hemorrhagic strokes 
can have a wide spectrum of clinical presentations that differ in different cases. 
Patients typically arrive with an intense headache, vomiting, and extremely elevated 
blood pressure. Focal neurological symptoms appear minutes after these clinical 
manifestations do. Although they can occasionally happen with other forms of 
stroke, these acute manifestations have been discovered to predominantly corre-
spond to hemorrhagic strokes (An et al. 2017). 

Meanwhile, thrombosis, hypoperfusion, and embolism are the three main causes 
of an ischemic stroke, of which thrombosis is presumed to be the most frequent 
cause. Clinical signs of ischemic strokes range in severity and advance more slowly 
than hemorrhagic strokes (over hours). An ischemic stroke can present clinically 
with paralysis, paresis, ataxia, vomiting, and ocular gaze. The particular location of 
the lesion determines the patient’s symptoms and indicators (Ojaghihaghighi et al. 
2017). 

9.2.1.1 Ischemic Stroke 
Stroke causes a high mortality and disability rate and is a debilitating neurological 
disease. Specifically, strokes are demarcated as either ischemic, resulting from blood 
vessel blockages, or hemorrhagic, originating from the ruptured blood vessels. The 
hallmark of an ischemic stroke is arterial blockage brought on by an embolus or 
thrombus (Catanese et al. 2017). The size of the ischemic area is determined by the



size of the blocked artery, which in turn affects the metabolic and functional 
abnormalities arising throughout an ischemic stroke (Dugue et al. 2017). Approxi-
mately 25% of ischemic stroke is fatal; on the other hand, hemorrhagic stroke has a 
steep mortality of 50% (Andersen et al. 2009). Women are more likely to suffer from 
strokes than men, accounting for 60% of all stroke-related deaths after 60 years of 
age according to world statistics (Samai and Martin-Schild 2015). Stroke treatment 
accounts for 3–7% of healthcare budgets in developed countries (Chamorro et al. 
2016). 
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During brain ischemia, nerve tissue damage is evident in two zones: “ischemic 
core,” where blood circulation is <10 mL/100 g/min, and most cells die, and in the 
“ischemic penumbra,” where blood circulation is 10–20 mL/100 g/min, and none of 
the neurons die but the structure of the tissue is altered (Dabrowska et al. 2019). Due 
to the lack of oxygen and glucose in the ischemic core, neuronal adenosine triphos-
phate (ATP) synthesis decreases, and cytoplasmic levels of Na+ and Ca2+ increase. 
An increased amount of Ca2+ enters cells as glutamate builds up, activating 
N-methyl-D-aspartate (NMDA) and amino-3-hydroxy-5-methyl-4-isoxazole 
propionic acid (AMPA) receptors (Roy-O'Reilly and McCullough 2014). 

9.2.2 Pathophysiology of Stroke-Ensued Neuroinflammation 

Brain tissue in the infarct core is deprived of oxygen and glucose, which causes 
ischemic brain damage. ATP deficit is caused by deprivation shortly after it starts 
(Prabhakaran and Naidech 2012). Energy synthesis deteriorates in the absence of 
ATP, and sodium-potassium pumps are unable to sustain the potential of cell 
membranes. Depolarization and a rise in the concentration of calcium ions inside 
the cell follow. This intracellular calcium increase, along with the oversecretion of 
reactive oxygen species (ROS), proteases, and phospholipases, results in cell death, 
inflammation, immune response activation, and BBB breakdown (Fig. 9.1) (Qureshi 
et al. 2009). 

The infarct core and the penumbra are the two main zones that make up the 
ischemic stroke lesion region. There is a penumbra between the infarct core and the 
normal tissues surrounding the infarct. During the first few minutes, the infarct 
core’s brain cells suffer irreparable damage, but the penumbra can be repaired. 
Restoring blood flow can slow the spread of the infarct into the penumbra region 
and reduce cell damage. The impairment from ischemia and the potential of inducing 
reperfusion damage both decrease with shorter times for blood supply restoration. 
New neuroprotective approaches to stroke appear to have a positive purpose in 
maintaining the penumbra (Lee et al. 2006). 

9.2.3 Effects of Stroke and Associated Neuroinflammation 

An organism’s reaction to brain ischemia is characterized by local and systemic 
inflammation, when infectious pathogens are absent (Dabrowska et al. 2019). The
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damaged neurons and glial cells create DAMPs shortly after the ischemia event 
begins, which trigger astrocyte activation up to 28 days later. Astrocytes that have 
been activated can multiply quickly and alter their appearance and capabilities 
(Ahmad et al. 2014). They release metalloproteinases (MMPs), chemokines, and 
pro-inflammatory cytokines when activated (Dong and Benveniste 2001). The 
inflammatory response has both negative and positive effects on the development 
of cerebral ischemia.
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Microglia, for example, produce MMP, IL-1, TNF, and reactive oxygen and 
nitrogen species, among other pro-inflammatory cytokines. Positive outcomes 
include reduced inflammation and atrophy of the brain caused by brain microglia/ 
macrophages phagocytosing healthy, functional neurons (IL-10 and TGF secretion, 
phagocytic activity, and arginase synthesis). The release of growth factors like 
insulin-like growth factor 1 (IGF-1) and neurotrophic factors like brain-derived 
neurotrophic factor (BDNF), glial cell line-derived neurotrophic factor (GDNF), 
etc. by microglia negatively impacts the late ameliorative mechanisms, thus promot-
ing neuronal formation and reorganization and scavenging and eliminating the 
necrotic remains. 

Neuroinflammatory responses are closely associated with secondary cell death in 
acute and chronic strokes. Immediately after a stroke, the dead, dying, and 
decomposing cells and debris accumulate in the brain, resulting in acute 
neuroinflammation (Anthony et al. 2022). In an attempt to eliminate these damaged 
cells from the brain, microglia, which are resident macrophages, phagocytose 
injured brain cells (Cai et al. 2019). In an intracerebral hemorrhage (ICH), 
macrophages infiltrated with red blood cells are essential for the resolution of the 
hematoma. By promoting STAT6 activation, IL-4 improves microglia and macro-
phage phagocytosis and facilitates long-term erythrocyte clearance in mouse models 
of ICH (Xu et al. 2020). The acute neuroinflammatory response may enhance 
neuroprotection by creating IL-1 cytokines in the injured brain, which have then 
delegated surveillance duties to the cells in the injured brain. Neuroinflammation 
induced by microglia in the chronic phase of stroke exacerbates postischemic 
damage. The BBB is disrupted along with parenchymal and cerebral vascular 
infarction in the chronic inflammatory stage of stroke. When the BBB is 
compromised for a prolonged period of time, immune cells and serum proteins 
leak out, resulting in neuroinflammation, increased intracranial pressure, and mac-
rophage death. This secondary inflammation-induced cell death, therefore, 
exacerbates the primary ischemic insult. Considering these observations, we can 
enhance neuroprotective acute inflammation and dampen deleterious chronic inflam-
mation to improve stroke outcomes. A neurovascular impairment can trigger a 
variety of pathological symptoms throughout the whole system. The interactions 
between these cells may affect the entire system if one type of cell is missing, since 
physical and biochemical pathways allow them to communicate with one another.
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9.2.4 Existing Stroke Therapies 

Treating ischemic stroke is a “one in a million” opportunity. The therapeutic window 
for current stroke treatments is limited, lasting only up to 4.5 h for tissue plasmino-
gen activator (tPA) given intravenously or 6–8 h for mechanical thrombectomy 
(MT) (Nogueira et al. 2018; Fugate and Rabinstein 2014). This time window is 
referred to as the “golden hours.” Apart from time constraints, when the thrombus is 
massive or the stroke is severe, tPA is ineffective for patients with high-level arterial 
blockage or may cause hemorrhage (Bhaskar et al. 2018). Even in the case of MT, if 
the carotid arteries are mostly obstructed, not all patients can have surgery. Addi-
tionally, the surgery can disable people (Gervois et al. 2016). As a result, ischemic 
stroke protection is inherently difficult due to the rapid loss of brain cells, a small 
amount of spontaneous functional recovery, and a dearth of available treatments. 

Patient recovery after an ischemic stroke is generally ineffective and often fails to 
restore lost functions. To protect neurons in the penumbra, prevent additional tissue 
destruction during reperfusion in the acute phase of the stroke, and replace dead 
cells, researchers have been searching for new treatment approaches (Gervois et al. 
2016). 

Research on stroke recovery has advanced in recent years, and it now 
demonstrates that stem cells and their exosomal derivatives modulate the synthesis 
of many biomolecules and protein factors ensuing a stroke to minimize infarct 
volume (Larpthaveesarp et al. 2021). Exosomes comprise various elements, while 
stem cells can replace necrotic cells by differentiating directly into glial cells; both 
have an impact on the recovery of motor function following a stroke (Han et al. 
2021). As a result, current studies concentrate on both stopping pathologic processes 
that affect brain cells as well as regulating the local inflammatory response to 
ischemia, which is elaborately discussed in this chapter. 

9.3 Stem Cells and their Types 

Akin to blank canvases, stem cells are differentiated to have two fates: self-renewal 
and division to produce more stem cells or differentiation into specialized cells 
ranging from muscle to brain cells. They have mainly four sources of origin: adult 
tissues, fetal tissues, embryonic tissues, and genetically reprogrammed somatic cells 
(referred to as induced pluripotent stem cells or iPSCs). Discovered by biophysicist 
James Till and cellular biologist Ernest McCulloch in 1961, these cells have 
immense potential in cell therapies and tissue engineering. 

Based on their division ability, cells can be differentiated into totipotent (have the 
highest differentiation potential that allows cells to form embryonic and extraem-
bryonic structures), pluripotent (generation of germ layers), multipotent (cells of 
specialized lineage), oligopotent (differentiation into different cell types), and 
unipotent (narrowest differentiation potential, can divide repeatedly to form one 
type of cell). In line with their origin, there exist several types of stem cells. The most 
recognized types are adult stem cells, iPSCs, and embryonic stem cells (ESCs).
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Adult stem cells are undifferentiated cells found in specific differentiated tissues 
that can renew or divide themselves to generate new cells that replenish dead or 
damaged tissue, with the main objective of maintaining tissue homeostasis. Also 
known as somatic stem cells, they are typically scarce in native tissues, which poses 
complications in their study and isolation for research purposes. Adult stem cells are 
present in numerous tissues such as the blood, muscle, brain, and heart (Bond et al. 
2015; Bruyneel et al. 2016). The different stem cell types include hematopoietic 
stem cells, MSCs, neural stem cells (NSCs), and epithelial stem cells. 

Originally derived from the inner cell mass of blastocysts, ESCs are capable of 
generating fully differentiated cells that form various tissues of the human body and 
are associated with tumorigenesis. Due to the destructive nature of their isolation, 
they have been mired in ethical conflicts despite their immense regenerative poten-
tial. However, the establishment of human ESC lines from single biopsied 
blastomeres of an in vitro fertilized embryo has been made possible with the use 
of LN-521 and E-cadherin in conjugation as the sole cell culture matrix in xeno-free 
conditions (Rodin et al. 2014). These pluripotent stem cells are only found during the 
initial stages of development. 

Defined reprogramming factors were documented for the first time in 1987 by 
Davis et al., who recognized three genes that expressed predominantly in 
proliferative myoblasts, of which forced expression of myogenic differentiation 
1 (MYOD1) single-handedly converted fibroblasts into myosin-expressing stable 
myoblasts (Davis et al. 1987). Advance to 2006, stem cells with properties similar 
to ESCs were generated from mouse fibroblasts by simultaneous introduction of four 
genes and were identified as iPSCs (Takahashi and Yamanaka 2006). After a year, 
utilizing the same process on human dermal fibroblasts combined with identical 
factors, i.e., Oct3/4, Sox2, Klf4, and c-Myc, human iPSCs were successfully 
generated (Takahashi et al. 2007). Owing to their property of pluripotency, iPSCs 
have found various applications in regenerative medicine and the generation of 
disease models. However, vehicles used for the transfer of genes, efficiency of 
stability of the iPSC line, and transcription of transgenes in iPSC-derived cells are 
issues that require further consideration. 

9.3.1 Mesenchymal Stem Cells 

MSCs are undifferentiated cells possessing the ability to self-renew and differentiate 
into numerous cell types, originating from tissues such as the bone marrow and 
adipose tissue. These stromal cells characteristically express the surface antigens like 
CD105, CD73, and CD90 while they lack the marker proteins on the cell surface-
CD34, CD45, CD14, CD11, and major histocompatibility complex class II (MHC II) 
cell surface receptor (HLA-DR) (Jahan et al. 2017). MSCs express some markers, 
such as various integrins, mRNAs for cytokine and growth factors (macrophage 
colony-stimulating factor [M-CSF], IL-6, IL-11, and stem cell factor), and neuronal 
proteins (nestin and Tuj-1) (Majumdar et al. 2003; Majumdar et al. 2000; Tondreau 
et al. 2004). MSCs are capable of differentiating into cells of different lineages



(ectodermal, endodermal, or mesodermal origin) under specific conditions, such as 
the influence of regulatory genes, growth factors, and transcription factors. They are 
highly migratory, with studies showing their migration to ischemic regions of the 
brain as a part of the host defense mechanism, exhibiting homing (Chen et al. 2001). 
In a way these stem cells, by upscaling growth factors, mimic molecular chaperones, 
preventing cell death due to injury and enhancing synaptic connectivity between the 
host and graft. 
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9.3.1.1 Immunomodulation of MSCs 
MSCs exhibit powerful immunomodulatory effects targeting various cells of the 
immune system, including inhibition of T-lymphocyte stimulation, activation, and 
proliferation (Glennie et al. 2005; Keyser et al. 2007), resulting from the inhibition of 
cyclin D2. Studies suggest the role of prostaglandin E2, nitric oxide, histocompati-
bility locus antigen-G, and insulin-like growth factor-binding proteins, among other 
compounds, in influencing target cells (Siegel et al. 2009). Additionally, MSCs 
inhibit the proliferation of natural killer cells and B-lymphocytes. 

9.3.1.2 Effect on Angiogenesis 
In relation to angiogenesis, studies have shown that MSCs enhance wound healing, 
induce endothelial cell tube formation and cell migration, and improve blood vessel 
formation in the chorioallantoic membrane assay, exhibiting the potential to promote 
brain regeneration after an ischemic stroke by promoting revascularization of the 
regenerating tissue. ELISA has shown antibody arrays and immunohistochemistry 
of various angiogenic factors in the secretome of bone marrow-derived MSCs, 
including vascular endothelial growth factor (VEGF), fibroblast growth factor 
2 (FGF-2), angiopoietin-1 (Ang-1), monocyte chemoattractant protein-1 (MCP-1), 
IL-6, and placental growth factor (PLGF) (Bronckaers et al. 2014). In mouse bone 
marrow-derived MSCs, the presence of cysteine-rich protein 61 (Cyr61; an angio-
genic inducer) was confirmed by Estrada et al. (Estrada et al. 2009). This highlights 
the contribution of MSCs in promoting angiogenesis, performing a critical role in the 
rejuvenation and repair of injured tissues. 

9.3.1.3 Role in Neurogenesis 
MSCs have a distinct role in adult neurogenesis, which is the process of generation 
of functional neural cell types (such as neurons, astrocytes, and oligodendrocytes) 
from precursors, conventionally thought to take place during the embryonic and 
perinatal stages in mammals (Ming and Song 2005). The residence of neural 
progenitor stem cells in restricted regions of the brain, referred to as neurogenic 
niches, is well established. Two major niches have been identified in the postnatal 
brain: the subgranular zone of the hippocampus dentate gyrus and the subventricular 
zone lining the lateral ventricles (Ming and Song 2011). Other regions of the central 
nervous system (CNS) may exhibit extremely limited neurogenesis under conditions 
such as an injury (Gould 2007). Stem cells in the adult subventricular zone form 
transient amplifying progenitors which divide and give rise to neuroblasts. These 
neuroblasts then differentiate into subtypes of interneurons. In the subgranular zone,



intermediate progenitor cells and neuroblasts originate from radial glia-like NSCs 
(type 1 cells) and finally differentiate into dentate granule neurons (Gurusamy et al. 
2018). 
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The present understanding of multipotency and self-rejuvenation of adult NSCs is 
supported by (in vitro) evidence that in response to growth factors, precursor cells 
isolated from the adult CNS give rise to neurospheres or monolayer colonies, which 
can be induced to differentiate into various neural cell lineages following the 
removal of the growth factor (Palmer et al. 1999; Reynolds and Weiss 1992). 
However, in vivo evidence indicating the existence of endogenous adult NSCs 
with features of clonal-level self-revitalization and multilineage differentiation is 
unavailable. Various signaling pathways, such as Wnt and Sonic hedgehog (Shh) as 
well as those involving FGFs and BMPs, function as extrinsic factors and are 
responsible for regulating neural precursors in the adult brain. Meanwhile, intrinsic 
factors such as Pax6, Sox2, TLX, NeuroD, Mash1, PTEN, MLL1, and DISC1 
regulate the proliferation and neuronal differentiation of adult neural precursors 
in vivo. However, predominantly due to complications in labeling and manipulating 
dormant neural precursors, the cellular and molecular mechanisms governing and 
controlling their behavior in the brain under basal physiological conditions are 
unknown (Bonaguidi et al. 2011). 

MSCs express CXCR4, the receptor for SDF1α (CXCL12) which is a 
chemoattractant directing the migration of these cells to sites of inflammation; 
however, their neuroprotective attributes on neurological disorders are mainly an 
effect of the soluble factors secreted by them. In addition to their role in functional 
brain repair after trauma, neurogenesis helps maintain a flexible hippocampal neural 
network through the continuous addition of new immature neurons with distinct 
properties as well as induction of structural plasticity in adult neurons owing to the 
integration of naïve neurons (Christian et al. 2014). 

The major MSC-mediated therapeutic mechanisms involved in facilitating func-
tional neurological rehabilitation and repair, as elaborated above, have also been 
summarized in Table 9.1. 

9.3.1.4 MSCs in Stroke Therapy 
Activation of neurogenesis, astrogenesis, and oligodendrogenesis as well as 
neuroprotection and immunomodulation are some mechanisms by which the thera-
peutic action of MSCs is realized. 

Brain neuron motifs, primary retinal ganglion cells (RGCs), or embryonic mouse 
spinal cord explant studies showed that in addition to promoting the survival of 
RGCs as well as cortical and dopaminergic neurons, MSCs induced neurite growth 
in the dorsal root ganglia (Crigler et al. 2006; Mead et al. 2014). The anti-apoptotic 
and pro-angiogenic effects of MSCs are possibly a result of increased levels of 
derived VEGF and MCP-1 (Dabrowska et al. 2019). 

To verify the results of the experiments on the MSC-based curative effects 
in vitro, studies on numerous animal models were performed. One particular study 
showed the transfer of implanted bone marrow-derived mesenchymal stem cells 
(BMMSCs) to the infarcted region from the ischemic rats’ cerebral cortex as well as



their survival in the host’s brain and subsequent differentiation into adult nerve cells 
to assist the reinstitution of destroyed functions. This was validated by functional 
and behavioral examinations (Zhao et al. 2002). However, MSC-differentiated 
neural cells do not show the ability to migrate or further differentiate, giving rise 
to the conjecture that the paracrine activity of MSCs attributes to their clinical 
prospects. This has been demonstrated in studies by Leong et al. who noted that 
functional improvement in rodents with focal cerebral ischemia was likely due to the 
paracrine effects of transplanted dental pulp stem cells (Leong et al. 2012). 
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Table 9.1 Therapeutic effects and mechanism of the MSC proteins 

Therapeutic effects Proteins involved Mechanism of action 

Attenuate 
inflammation through 
immunomodulation 
(Glennie et al. 2005; 
Keyser et al. 2007; 
Siegel et al. 2009) 

Interleukin-1, interferon-γ, 
tumor necrosis factor-α, 
monocyte chemoattractant 
protein-1 
Interleukin-4, interleukin-10, 
tumor necrosis factor-β 
Prostaglandin E2 
High mobility group box 1 

Reduced pro-inflammatory 
cytokines to attenuate 
inflammation 
Elevated anti-inflammatory 
cytokines to reduce inflammation 
Regulate TNF-α and IFN-γ 
expression levels 
Delayed pro-inflammatory 
cytokine 

Secrete trophic factors 
to modulate curative 
responses 
(Lakhal and Wood 
2011; Zhao et al. 
2020a, b) 

BDNF 
GDNF 
NGF 
VEGF 
PDGF 

Accelerated neurological healing 
and controlled MSC differentiation 
Decreased the volume of infarct 
Enhanced neuron growth and 
decreased neuron apoptosis 
New blood vessel generation 
Facilitates cell migration, 
encourages primary cortical 
neuron formation, reduces 
neuroinflammation, and stimulates 
new blood vessel formation and 
growth of axons 

Induce angiogenesis 
(Bronckaers et al. 
2014; Xiong et al. 
2022) 

Ang1 and tyrosine-protein 
kinase receptor Tie-2 receptor 
2 (Flk1) 

At the VEGF and VEGF location 
of vascular damage, these proteins 
were "ed. to " blood vessel 
density. 

Proliferate neuroblasts 
(Bonaguidi et al. 2011; 
Gurusamy et al. 2018; 
Zhang et al. 2022) 

Axonal growth-associated and 
growth-inhibiting proteins 
Collagen IV and tight junction 
protein ZO-1 
p53 protein 

Rise in the former and decline in 
the latter to stimulate axonal 
growth 
Upregulation of these to inhibit 
BBB rupture and death of neurons 
Reduced protein activity to 
minimize neuronal apoptosis 

Replace damaged cells 
(Bond et al. 2015; 
Bruyneel et al. 2016; 
Zhang et al. 2022) 

Microtubule-associated protein 
2 (MAP2) and NeuN 
GFAP and CNPase 

Replaced damaged neurons with 
newly differentiated neurons 
Replaced by differentiated glial 
cells to repair damaged glial cells. 

Clinically, due to the possibility of autologous transplantation, MSCs are ethi-
cally more favorable than ESCs. The main technical problem that poses a



complication in the use of MSCs is the time interval essential for their harvesting, 
isolation, characterization, bacteriological testing, and multiplication, which ranges 
from 3 to 5 weeks. For autologous transplantation, this makes their administration in 
acute ischemic stroke difficult. Despite these complications, their favorable effects in 
preclinical studies using animal stroke models encouraged the translation to clinical 
trials. 
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Bang et al. supervised an early phase I/II clinical trial where BMMSCs were 
administered twice within 9 weeks to patients intravenously after ischemic stroke 
onset. During a one-year observation period, 5 study participants underwent MSC 
transplantation therapy while 25 were treated as control. In addition to improvement 
in the Barthel Index, the experimental group had no deaths following BMMSC 
transplantation, recurrence, or posttransplantation abnormalities (Bang et al. 2005). 

In 2010, Lee et al. administered autologous BMMSCs in 85 patients through a 
long-term clinical investigation (5 years) centered on severe ischemic stroke, observ-
ing prolonged survival in patients administered with MSCs compared with the 
control group. No significant adverse events were reported after the administration 
of the therapy, and the incidence of comorbidities (such as recurrent stroke) was 
reported to be similar in the two groups. A rise in stromal cell-derived factor-1 
(SDF-1) blood levels and a degree of subventricular region involvement along the 
lateral ventricle accompanied the improvement in the clinical condition of the 
participants undergoing MSC therapy (Lee et al. 2010). 

Currently, over 62 clinical trials are enlisted for MSCs as therapy for strokes on 
clinicaltrials.gov, one of the largest clinical trial databases. 

It has been emphasized that the therapeutic outcomes of MSCs are regulated by 
the secretion of soluble paracrine factors instead of cell proliferation and differentia-
tion. Exosomes are the most crucial paracrine factors secreted by MSCs, and their 
function in relation to neuroinflammation and stroke remission has been discussed 
elaborately in the next section. 

9.4 Exosomes 

9.4.1 Biological Origin, Characteristics, and Applications 

Exosomes are membrane-bound (bilayered) secretory nanovesicles with an 
estimated size of 30–150 nm, known to function as mediators of intercellular 
communication. They are one out of the three types of membrane-bound extracellu-
lar vesicles (EVs), the other two being membrane-shedding microvesicles and 
apoptotic bodies (Hong et al. 2019). All types of cells including immune, tumor, 
epithelial, glial, and neuronal cells as well as body fluids like plasma, blood, 
cerebrospinal fluid, urine, and saliva abundantly secrete exosomes, and their parent 
cell or fluid source is indicative of the functions that they perform, ranging from an 
efficient antigen to target cell association and stable conformational conditions for 
proteins to efficacy in distribution at the molecular level owing to the potential of 
these nanospheres and reaching distant organs via recirculation in body fluids

http://clinicaltrials.gov


(Kowal et al. 2014; van Niel et al. 2018; Li et al. 2021a, b). Exosomes possess an 
endosomal origin, undergoing their biogenesis in mainly three stages, including 
(1) plasma membrane of the parent cell giving rise to endocytic vesicles, which 
mature from early to late endosomes, (2) budding of the late endosomal vesicular 
membrane inwards inducing the evolution of multivesicular bodies (MVBs) 
containing accumulated intraluminal vesicles (ILVs) within the endosomal compart-
ment, and (3) MVBs fusing with the plasma membrane to release their vesicular 
content (ILVs) into the extracellular space, called exosomes (Li et al. 2021a, b; Jiang 
et al. 2022). These exosomes so formed and secreted are enriched with a unique 
cargo of bioactive metabolites like proteins, lipids (sphingolipids, cholesterol, 
phosphoglycerides), and nucleic acids (DNA, RNA, miRNA) derived from the 
parent cell. The proteins mainly comprise heat shock proteins (HSPs), transport 
proteins, tetraspanins, and MVB biogenesis-associated proteins. The accessory 
proteins in the MVB transport including Alix, TSG101, HSC70, and tetraspanins 
like CD63, CD9, and CD81 together are known as exosomal marker proteins (Yang 
et al. 2017a, b; Meldolesi 2018; van Niel et al. 2018). In general, the exosomal 
composition is crucial for its function as a biomarker of a particular disease and the 
determination of its biological role in various cellular processes. Exosomes act as 
novel shuttles, which, by virtue of their small and nontoxic nature, can traverse the 
BBB with ease without eliciting potent immune reactions. Thus, they offer an 
attractive complementary therapeutic platform for tissue regeneration post injury 
by tailoring themselves to serve as ideal drug delivery platforms including bioactive 
compounds and specialized immune modulators (Das et al. 2019; Li et al. 2021a, b). 
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9.4.2 Stem Cell-Derived Exosomes 

Numerous studies have emphasized the excellent potential of cell-based therapies in 
ameliorating the neurological effects after a stroke, particularly those involving stem 
cells. The principal mechanism underlying the therapeutic activity of stem cells after 
stroke is their secreted paracrine factors and not cell replacement or differentiation of 
transplanted cells into brain cells (Qiu et al. 2018; Wang et al. 2018; Bang and Kim 
2019; Cunningham et al. 2020). Stem cells have numerous paracrine effects and 
exosomes form an eminent part of the same (Fig. 9.2). They confer various 
advantages over whole cells, owing to their characteristic properties of low toxicity, 
immunogenicity, and tumorigenicity as well as high transport efficiency, inherent 
stability, and BBB-crossing capacity (Zhu et al. 2017; Gowen et al. 2020). They can 
be suitably modified based on their properties and the parent cells (stem cells) from 
which they are secreted to improve clinical efficacy, thereby offering promising 
treatment alternatives. Moreover, they can be generated in abundance from small cell 
quantities and possess long-term stability when stored at -80 °C. They can also 
enhance functional recovery after ischemic stroke, by demonstrating positive effects 
in terms of increasing brain plasticity (Xin et al. 2013a, b; Gao et al. 2020; Jiang et al. 
2022). Distinct varieties of cells carry different miRNAs in their exosomes that are 
crucial for the repair of injured nerve cells (Deng et al. 2019). Stem cells are prolific
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producers of exosomes, MSCs being the best known, which primarily comprise 
BMMSCs, adipose-derived mesenchymal stem cells (ADMSCs), human umbilical 
cord-derived mesenchymal stem cells (HUCMSCs), and neural-derived mesenchy-
mal stem cells (NMSCs) (Cosenza et al. 2018; Wang et al. 2018). Distinct cell types 
secrete exosomes containing distinct molecules; however, it is the marker proteins 
(most commonly CD9, CD63, and CD81) of these extracellular vesicles which give 
them their unique attributes (Hassanpour et al. 2020). MSCs are the preferred choice 
since they are the only human cell type capable of producing exosomes in large 
quantities for the delivery of therapeutic biomolecules (Vakhshiteh et al. 2019). 
They possess remarkable self-renewal and regeneration capacity, as well as can 
differentiate in impaired tissues, stimulate microglia, and modulate inflammation 
(Castro-Manrreza and Montesinos 2015; Li et al. 2015). Further on, they possess 
potent immunomodulatory characteristics and high differentiation capacity and can 
be easily manipulated and suitably cultured (Vakhshiteh et al. 2019). Also, their 
ability to overcome ethical problems (involving fetuses unlike neural and embryonic 
stem cells), the abundance with which they are found in the bone marrow, and 
reduced tumorigenicity in comparison to iPSCs pave way for effective new 
treatments for numerous human diseases (Stonesifer et al. 2017). Even though 
there is limited data on the restorative effects mediated by MSCs, the paracrine 
factors released by transplanted MSC-derived exosomes are primarily responsible 
for the perceived clinical outcomes (Chen et al. 2022a, b; Xiong et al. 2022).
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9.4.2.1 Potential of Stem Cell-Derived Exosomes in Neurovascular 
Remodeling 

Exosomes cater to numerous attributes of normal brain physiology owing to their 
essential role in the mediation of intercellular communication and transmission of 
biological signals between brain cells, the brain, and the periphery, thereby 
facilitating crucial interactions between them. Latest studies have demonstrated the 
ability of exosomes in influencing new blood vessel formation and glial participation 
by modulating proteins and nucleotide secretion, allowing them to take part in the 
regeneration of nervous tissue following cerebral ischemia (Luo et al. 2019; Kim 
et al. 2020). Neurovascular remodeling refers to the interaction between 
neurovascular unit components, i.e., neurons, endothelial cells, astrocytes, and 
glial cells, utilizing various trophic factors and signaling molecules in a manner 
that establishes a suitable biological microenvironment for facilitating neurological 
recovery and healing (Hermann et al. 2015; Gandhi and Tsoumpas 2019). Stem cell-
derived exosomes, particularly those harbored from MSCs, have become the prime 
target of present-day research since they possess greater potency in tissue regenera-
tion and repair compared to their parent stem cell counterparts (Kalani and Tyagi 
2015). They replace the therapeutic advantages of administering parent MSCs in 
hastening recovery after stroke and neural injury (Zerna et al. 2018). They are 
internalized specifically by the target cells, thereby avoiding a variety of prospective 
problems linked with the administration of living cells, and offer curative benefits 
comparable to their cellular source (Gervois et al. 2016; Powers et al. 2019). The



characteristic features of exosome-based therapy that give it an advantage over stem 
cell therapy include the following: 
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1. Low immunogenicity, oncogenicity, and toxicity: this property of exosomes 
makes them excellent candidates for drug delivery as they can easily escape the 
defense mechanism of the host immune system and release therapeutic particles 
to the target cells (Yang et al. 2017a, b). 

2. They can overcome vascular obstructive effects thereby decreasing the likelihood 
of secondary microvascular thrombosis (Xin et al. 2014). 

3. Their small size enables them to evade the phagocytosis of macrophages and 
sustain lysosomal degradation more naturally and stably compared to polymer 
nanoparticles and liposomes. 

4. They can cross the BBB and enter cerebral parenchyma when systemically 
injected, delivering functional biomolecules to the recipient cells for controlling 
their gene expression. Moreover, since they can easily traverse the BBB and 
reach the CSF or peripheral blood, they can prospectively be used as biomarkers 
for stroke diagnosis and prognosis (Li et al. 2017, 2021a, b). 

5. Potential for large-scale development of cellular factories harboring tailored 
therapeutic vesicles. 

6. Ability to enhance the transfer of biomolecules from stem cells to target tissues as 
well as intensify ligand-gated signaling pathways. 

7. They produce therapeutic effects by transferring their cargos, particularly 
miRNAs, to the target cells/organs, modulating a variety of physiological 
pathways to improve clinical efficacy. Inside the CNS, they can activate the 
regenerative and defensive pathways more efficiently since they can be readily 
engineered and enriched with modified cargos (miRNAs) (Chen and Chopp 
2018; Ghoreishy et al. 2019). 

Although the extent to which clinical evaluation of exosome therapeutics has 
been performed is extremely limited, promising efficacy of the same has been 
associated with and observed in animal replicas of ischemic stroke (Huang et al. 
2020). MSCs produce more exosomes than other cell types. Otero-Ortega et al. 
discovered >2000 proteins through proteomic analysis in MSC-extracted exosomes, 
the majority of which are essential contributors to neurological remodeling (Otero-
Ortega et al. 2021). Experimental data has confirmed a considerable improvement in 
ischemic recovery along with induction of anti-inflammation and inhibition of cell 
death via MSC-exosomes. Yan et al. found that the mir-421/circhipk3/foxo3a 
pathway is successful in ceasing pyrolysis and relieving ischemic muscle injury in 
exosomes produced from HUCMSCs (Yan et al. 2020). Similar experimental evi-
dence demonstrating the potential of hypoxia-inducible factor-1 (HIF1) in enhancing 
fracture repair and angiogenesis was reported by Zhang et al. (Zhang et al. 
2019a, b, c). Furthermore, while exosome-based therapy from ADMSCs reduced 
brain infarct size, ameliorated white matter repair and integrity of fiber tract, and 
showed enhancement of neurological performance restoration in stroke-prone rats 
(Chen et al. 2016; Otero-Ortega et al. 2017a, b), analysis by Doeppner et al.



illustrated the efficacy of exosomes isolated from BMMSCs in decreasing suppres-
sion of the peripheral immune system, boosting cerebrovascular reorganization, and 
enhancing motor activity 28 days post-ischemia (Doeppner et al. 2015). In addition 
to MSC-harbored exosomes, exosomes secreted by neuro-endothelial cells and 
astrocytes also aid in the defense mechanism of the neural system against stroke 
(Jiang et al. 2022). 
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As highlighted above, engineered MSC-derived exosomes with specific miRNA 
sequences exhibit more powerful therapeutic outcomes in stroke and TBI compared 
with naive MSC-derived exosomes (Table 9.2) (Zhang et al. 2019a, b, c). After a 
stroke, brain remodeling and functional recovery were improved by MSC-derived 
exosomes that overexpressed miR-133b, were rich in the miR-17-92 cluster, or 
contained miR-138-5p (Xin et al. 2017; Deng et al. 2019; Jiang et al. 2022). Thus, 
stem cell-derived exosomes may possess therapeutic advantages that are enhanced 
by modifications directed towards ≥2 major miRNAs. Moreover, the reduction of 
apoptosis and ischemic injury can be positively impacted by the overexpression of 
pigment epithelium-derived factor (PEDF) in exosomes (Huang et al. 2018). The 
promising ability of exosomes in therapeutic settings strongly showing VEGF, 
hepatocyte growth factor (HGF), and BDNF expression has also been implicated. 
Further on, 98% of small biomolecular agents fail to penetrate the BBB effectively to 
reach the brain (Lakhal and Wood 2011). Hence, exosomes will be useful in 
delivering such biopharmaceuticals (like curcumin and enkephalin) to the brain 
and simultaneously demonstrating significant therapeutic effects (Tian et al. 2018; 
Liu et al. 2019). 

Exosome surface alterations may also improve the ability to target a particular 
cell. Rabies virus glycoprotein (RVG) was coupled and engineered with protein 
lysosome-associated membrane glycoprotein 2b (Lamp2b) to bind exosomes, 
enabling specific neuronal targeting (Alvarez-Erviti et al. 2011). RVG-exosomes 
were found by Yang et al. to effectively transport miR-124 to ischemic sites and 
improve the protection of neurons following an infarct injury (Zhang et al. 2017a, b). 
There is considerable evidence of the prospective significance of MSC-isolated 
exosomes in promoting the positive outcomes of cell-based treatments for stroke 
and TBI. Thus, exosome-based therapy is a powerful approach emerging as a 
remedy for neurological ailments; however, further studies and elaborate research 
on the modification of exosomes for stroke therapy/recovery are still required. 

9.4.2.2 Therapeutic Effects of Stem Cell-Derived Exosomes 
in Neuroinflammation and Stroke 

Extensive preclinical examination has revealed that systemic administration of stem 
cell-isolated exosomes mediates favorable outcomes by escalating several endoge-
nous brain repair processes, thus enabling ischemic rehabilitation (Manuel et al. 
2017; Bang and Kim 2019). Brain restoration following an ischemic stroke entails a 
sequence of these distinctly interactive events—formation of new blood vessels, 
neurons, and oligodendrocytes, white matter remodeling, anti-apoptosis, anti-
inflammation, and immune responses, among others—that work in unison to facili-
tate the restoration of neurovascular units and promote neurological recovery
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Table 9.2 Proposed effects of exosomal miRNAs in ischemic stroke remission 

Advocated clinical 
responses miRNAs Origin Pathway involved

miR-133b 
(Xin et al. 2017; Deng et al. 
2019; Jiang et al. 2022) 

Mesenchymal 
stem cells 

Neural remodeling Connective tissue 
growth factor 
(CTGF) 

miR-17-92 
(Xin et al. 2017, 2021) 

Regeneration of 
neurons 

PTEN/Akt/mTOR 

miR-138-5p 
(Deng et al. 2019, 2022; Hou 
et al. 2020) 

Reduction in 
inflammatory 
response and cell 
death 

Lipocalin 2 

miR-134 
(Huang et al. 2015; Xiao 
et al. 2018) 

Reduced cell death Caspase-8 

miR-30d-5p 
(Jiang et al. 2018; Zhang 
et al. 2021a, b) 

Reduction in 
inflammatory 
response and cell 
death 

Beclin-1/ 
autophagy-related 
proteins (Atg5) 

miR-223-3p 
(Zhao et al. 2020a, b) 

Reduction in 
inflammatory 
response 

CysLT2R-ERK1/2 

miR-1906 
(Haupt et al. 2021) 

Anti-inflammation TLR4 

miR-21-3p 
(Li et al. 2019) 

Blood-brain barrier 
protection 
Reduction in 
inflammatory 
response and cell 
death 

Methionine 
adenosyltransferase 
2β (MAT2B) 

miR-146a-5p 
(Wang et al. 2020a, b; Zhang 
et al. 2021a, b) 

Anti-inflammation IRAK1/TRAF6 

miR-22-3p 
(Jiang et al. 2018; Zhang 
et al. 2021a, b) 

Anti-apoptosis KDM6B/BMP2/ 
BMF axis 

miR-126 
(Wang et al. 2008, 2020a, b) 

Endothelial 
progenitor 
cells 

Regeneration of 
neurons and new 
blood vessels 
generation 

Caspase-3; VEGF 
receptor 2 (VEGFR 
2) 

miR-124 
(Yang et al. 2017a, b; Vizoso 
et al. 2017; Song et al. 2019; 
Wei et al. 2022) 

Mesenchymal 
stem cells 
M2 microglia 

Regeneration of 
neurons 
Anti-apoptosis 

GLI3 
STAT3 
USP14 

miR-34c 
(Wu et al. 2020) 

Astrocyte Reduction in 
inflammatory 
response and cell 
death 

TLR/MAPK; 
NF-κB/MAPK 
pathways



(Dabrowska et al. 2019). Present-day research illustrated that after ischemic events, 
the exosomal content as well as their synthesis and secretion is drastically altered, 
proposing them as novel targets of the disease. Through the abovementioned 
regenerative mechanisms, exosomes harbored from various cell types, such as 
MSCs, NSCs, neurons, bioengineered cells, microglia, astrocytes, and endothelial 
as well as their progenitor cells, can functionally enhance the reconstruction and 
recovery of the neurovascular unit as well as regulate poststroke inflammation. 
miRNAs are key to influencing exosome-based repair processes. Exosomes 
bioengineered with modified cargo or altered surfaces generally show stronger 
therapeutic effects (Yang et al. 2017a, b; Jiang et al. 2022).
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Exosomes from stem cells mediate their therapeutic effects either directly or 
indirectly:

• Direct effects: Activation of healthy resident neural cells is the main goal of 
neuroregenerative therapy so as to promote inherent brain remodeling operations 
(Fisher and Saver 2015). MSC-exosomes or fibroblasts fulfill this restorative 
requirement by accelerating dendritic and axonal development directly, according 
to in vitro studies (Tassew et al. 2017; Yang et al. 2017a, b). Clinical evidence, for 
instance, demonstrates that exosomes from human and rodent cerebral endothelial 
cells as well as adult mouse NSCs initiate angiogenesis and neurogenesis seen 
during stroke rehabilitation (Haqqani et al. 2013; Pan et al. 2016; Yang et al. 
2017a, b).

• Indirect effects: Studies have shown that exogenously delivered exosomes have 
indirect neurorestorative effects added to the direct impacts that they exhibit on 
cerebro-parenchymal cell activity. The secretion of inhabitant exosomes in a focal 
brain ischemia rat model, from astrocytes, is stimulated by the administration 
of exosomes originating from MSCs, which supplemented the neurite outgrowth 
of cultured cortical neurons, suggesting their contribution to the curative effects 
of MSC-derived exosomes on ischemic brain plasticity (Xin et al. 2017). Simi-
larly, another study implicated the importance of the recipient cells’ secretomes in 
the therapeutic responses of exosomes. The findings demonstrated a variation in 
the cargo profile of glial fibrillary acidic protein (GFAP)-positive astrocyte-
derived exosomes in the ischemic neural tissue in both untreated and 
MSC-derived exosome-treated astrocytes, with the latter enhancing brain plastic-
ity more superiorly than the former (Xin et al. 2017). This led to the conclusion 
that exogenously supplied exosomes promote neurorestoration by interacting 
with recipient brain cells, inducing them to discharge their exosomes for carrying 
out restorative functions through essential crosstalk of the recipient cells with 
other brain cells (Zhang et al. 2019a, b, c). 

9.4.2.2.1 Promotion of Angiogenesis 
A common strategy for overcoming inadequate blood supply following an ischemic 
stroke is to administer drugs that pharmacologically promote angiogenesis and 
reestablish blood flow. The administration of miRNAs, proteins, and lipid-rich 
exosomes could be an unconventional approach for the same. It was discovered in



animal ischemic models that exosomes derived from BMMSCs improved the prolif-
eration of cerebral endothelial cells (Xin et al. 2013a, b; Moon et al. 2019). 
Proteomic analysis has revealed that cerebral ischemic tissue confers protection by 
MSC-exosomes having angiogenic paracrine effects that augment the blood flow to 
the ischemic penumbra (Ghafouri-Fard et al. 2020; Chen et al. 2022a, b). These 
exosomes via their miRNAs encourage angiogenesis in ischemic tissue, while 
cerebrovascular endothelial cells can migrate to the ischemic region and control 
vascular integrity when CXCL12 released by exosomes binds to CXCR4 (Liu et al. 
2022). Additionally, exosome miRNAs stimulate angiogenesis by activating the 
TRPM7-TIPM3/HIF-1/VEGF or PTEN-PIK3-Akt signaling cascades (Xiong et al. 
2022). A known target of miR-126 for regulating endothelial cell activity and 
angiogenesis is vascular cell adhesion protein 1 (VCAM1) (Wang et al. 2008). 
Exosomes from endothelial progenitor cells (EPCs) were found to encourage angio-
genesis and neurogenesis in diabetic ischemic stroke mice, according to research by 
Wang et al. The generated EPC-derived exosomes showed increased therapeutic 
activity after miR-126 enrichment (Wang et al. 2020a, b). Furthermore, exosomes 
rich in miRNA 181b-5p released by ADMSCs, through the suppression of transient 
receptor potential melastatin 7 (TRPM7) coupled with upregulation of HIF-1α and 
VEGF, demonstrated favorable effects in controlling angiogenesis after stroke 
(Yang et al. 2018). An essential factor governing BBB integrity and angiogenesis 
in endothelial cells and pericytes is the Dll4-Notch signaling pathway because 
exosomes containing Dll4 protein from human microvascular endothelial cells also 
influenced angiogenesis. However, it is necessary to conduct further studies on 
stroke models for the validation of these experiments (Sharghi-Namini et al. 2014). 
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9.4.2.2.2 Stimulation of Neurogenesis and Cell Structure Growth 
Neurogenesis along with angiogenesis is a vital process essential for ischemic stroke 
rehabilitation. Numerous findings have reported that exosome-based therapy alters 
brain stem cells and encourages neurogenesis (Jiang et al. 2022). Following an 
ischemic injury, exosomes isolated from BMMSCs may encourage the growth of 
cerebral neurons (Xin et al. 2013a, b). MiR-124 plays a critical role in neurogenesis 
since it is widely expressed in neural tissues. The upregulation of miR-124 in 
ischemic regions post middle cerebral artery occlusion (MCAO) led to its 
overexpression, resulting in neuronal differentiation (Åkerblom et al. 2012; Sun 
et al. 2013). According to Yang et al., exosomes supplemented with miR-124 
transform the neural progenitor cells into neuronal lineages, considerably alleviating 
ischemic injury (Yang et al. 2017a, b; Song et al. 2019). Moreover, while 
overexpression of miR-133b in BMMSC-exosomes triggered the astrocytes to 
secrete secondary exosomes as well as decreased glial scar thickness, enrichment 
of Ex-Zeb2/Axin2 in the same reduced Wnt/-catenin expression in MCAO rats, 
promoting neurological recovery and enhancing neural plasticity (Vizoso et al. 2017; 
Wei et al. 2022). Further on, heightened miR-17-92 levels in MSC-harvested 
exosomes led to the downregulation of PTEN and activation of the PI3K/Akt/ 
mTOR signaling pathway, causing the emergence of primary cortical neurons with 
axonal growth, oligodendrogenesis, and neuroplasticity in the MCAO rats (Xin et al.



2017). Stimulation of oligodendrogenesis during neural development further 
increases stroke-induced neurogenesis (Xin et al. 2021), whereas inactivation of 
GSK-3β, a serine/threonine protein kinase crucial for axon regeneration, promotes 
functional neurological recovery in the CNS (Arciniegas Ruiz and Eldar-Finkelman 
2022). To conclude, utilizing exosomes enriched with active components can 
significantly increase the chances of improving neurological function and 
rejuvenating the neural tissue after an ischemic stroke. 
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9.4.2.2.3 Anti-Apoptosis (Inhibition of Cell Death) 
Apoptosis has emerged as a pivotal target for designing therapeutic interventions due 
to its noteworthy involvement in the pathogenesis of stroke as several neurons die as 
a result of brain ischemia and ensuing neuroinflammation (Uzdensky 2019). Sub-
stantial evidence suggests that exosomes can inhibit apoptosis and relieve cerebral 
injury in stroke models (Pei et al. 2019). Exosomes isolated from various cell types 
show neuroprotective effects in ischemia-induced neuronal death (Jiang et al. 2022). 
MiR-134 plays a vital role in regulating neuronal apoptosis after ischemia-
reperfusion injury (Huang et al. 2015). Since caspase-8 and CREB protein are 
specific targets of miR-134, BMMSC-derived exosomes enriched with miR-134 
inhibited oligodendrocyte apoptosis by caspase-8-dependent downregulation of the 
apoptotic pathway, making it an essential novel target for stroke therapy (Xiao et al. 
2018). Furthermore, neutrophil gelatinase-associated lipocalin (LCN2), which is 
abundantly expressed after a stroke and aggravates neuronal death and cerebral 
injury, is strongly suppressed by miR-138-5p or miR-29b-3p. While overexpression 
of these miRNAs in BMMSC-exosomes reportedly inhibits apoptosis of oxygen-
glucose-deprived injured astrocytes and enhances neuronal survival by 
downregulating caspase-3, LCN2, and Bax levels while upregulating Bcl-2 levels 
(Deng et al. 2019; Hou et al. 2020), miR-26a-5p-rich exosomes from MSCs show 
microglial cell death inhibition by CDK6 targeting (Cheng et al. 2021). Moreover, 
ischemic models also demonstrate the protective effects of miR-30d-5p- and 
miR-22-3p-abundant exosomes against brain infarction and neuronal apoptosis, 
the latter mediating them via the KDM6B/BMP2/BMF axis (Jiang et al. 2018; 
Zhang et al. 2021a, b). Additionally, PEDF overexpression in ADMSC-derived 
exosomes averted brain ischemia-reperfusion injury in stroke rat models by 
controlling apoptotic parameters and stimulating autophagy (Huang et al. 2018). 
Following a rat stroke, enkephalin delivery via exosomes from BMMSCs led to 
improved neuronal density and hastened neurological recovery by suppressing p53, 
caspase-3, and nitric oxide expression (Liu et al. 2019). Overall, the critical role 
played by exosomes in the inhibition of apoptosis following ischemic stroke makes it 
worthy of further research and analysis for developing therapeutic agents for stroke 
in the future. 

9.4.2.2.4 Reduction of Neuroinflammation by Regulation of Inflammatory 
Mediators 

Inflammation is a key pathogenic outcome of cerebral ischemia that exacerbates 
injury and damage to the brain. Post an ischemic attack, reperfusion triggers an



inflammatory cascade, an event crucial for causing secondary neuronal damage and 
apoptosis (Xiong et al. 2022). Acute ischemic-reperfusion injury can be abrogated 
by MSC-derived exosomes by modulating IL-6, TNF-α, IL-1β (pro-inflammatory), 
and IL-4, IL-10 (anti-inflammatory) cytokine levels and suppressing inflammation in 
microglia (Jiang et al. 2018). As mentioned earlier, the transformation of microglia 
to M1 or M2 phenotypes is essentially influenced by alterations in the microenvi-
ronment of brain tissue (Spellicy and Stice 2021). Synchronizing the M1–M2 
microglial transition could be a prospective treatment plan for stroke and TBI. 
MiR-30d-5p-supplemented exosomes, by suppressing Beclin-1, Atg5-expression 
and inhibiting activation of polarization in M1 microglia after ischemia, significantly 
decreased inflammatory cytokine levels and affected the microglial phenotypes 
(Jiang et al. 2018, 2022). Furthermore, experimental evidence shows that even 
miR-26b-5p-loaded HUCMSC-derived exosomes inhibit M1 polarization and pro-
mote M2 polarization by inactivating the TLR pathway, thereby alleviating 
autophagy-induced cerebral injury (Li et al. 2020). Zhao et al. illustrated that 
miR-223-3p-enhanced exosomes isolated from BMMSCs reversed the CysLT2R-
ERK1/2-induced M1 microglial polarization, thereby exhibiting anti-inflammatory 
properties, made possible because miR-223-3p in the exosomes significantly 
suppressed the CysLT2R expression (cysteinyl leukotriene that acts as a pivotal 
inflammatory medium for aggravating ischemic tissue injury and necrosis) in 
microglia after stroke, leading to inhibition of pro-inflammatory cytokine production 
and stimulation of anti-inflammatory and neurotrophic factor secretion (Zhao et al. 
2020a, b). Moreover, the most abundant miRNA in MSC-exosomes, miR-223, 
present in a highly encapsulated form, stimulates the anti-inflammatory cytokines 
by effectively mediating the NMLTC4/ltd4-induced transformation of harmful M1 
phenotype to useful M2 phenotype of microglia (Morales et al. 2022; Xiong et al. 
2022). Thus, all accumulating evidence indicates that a high cerebral M2/M1 ratio 
corresponds to decreased inflammation and increased neurorestorative outcomes 
(Gao et al. 2016; Kumar et al. 2016). However, several other anti-inflammatory 
mechanisms exist in addition to the M1–M2 microglial phenotype interconversion. 
For instance, Liu et al. demonstrated that exosomes released by BMMSCs play an 
essential role in abrogating ischemia-reperfusion injury by hindering inflammation 
and pyroptosis induced by the NLRP3 inflammasome (Liu et al. 2021). 
Overexpression of miR-138-5p in these exosomes leads to the downregulation of 
the iron transporter LCN2 (secreted in response to cerebral injury), thereby delaying 
inflammation (Deng et al. 2022). MiR-138-5p- or miR-1906-abundant exosomes, 
through the suppression of pro-inflammatory signaling cascades, were found to 
inhibit inflammatory responses and improve stroke rehabilitation (Deng et al. 
2019; Haupt et al. 2021). Furthermore, ADMSC-derived exosomes attenuate 
neuroinflammation and inhibit apoptosis by upregulating MAT2B and 
downregulating miR-21-3p expression in hypoxia/reoxygenation-treated cells 
(Li et al. 2019). Studies show that while miR-34c-rich astrocyte-derived exosomes 
demonstrate neuroprotective properties by downscaling TLR7 and NF-κB/MAPK 
pathways (Wu et al. 2020), miR-542-3p-enhanced exosomes by moderating TLR4 
in glial cells, show suppression of inflammatory responses, stroke-ensued apoptosis,
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and ROS (Cai et al. 2019). Additionally, exosomes engineered with miR-126 
promote functional recovery after stroke by alleviating neuroinflammation and 
increasing neuronal development (Geng et al. 2019). Moreover, experimental data 
revealed that exosomes secreted by HUCMSCs high in miR-146a-5p attenuated 
microglia-induced neuroinflammation and neurological deficits via the IRAK1/ 
TRAF6 pathway by downregulating the levels of IRAK1 and TRAF6, both of 
which are crucial for activating pro-inflammatory gene expression (Wang et al. 
2020a, b; Zhang et al. 2021a, b). Hence, in light of the above data, it can be 
concluded that targeting specific exosomes for their anti-inflammatory properties 
may prove to be a key defense mechanism against ischemic injury and stroke. 
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9.5 Conclusion and Future Considerations 

Ischemic stroke is the primary reason of sickness and death worldwide, and 
complications may make an early diagnosis and treatment challenging. Stroke, the 
third most prevalent cause of death, is evolving as a result of the introduction of new 
viewpoints on neurodegeneration. Historically, stroke was believed to be only a 
blood vessel issue, but research has expanded to take into account the interaction of 
glia, neurons, vascular cells, and matrix elements, conjointly termed as the 
neurovascular unit. As a result of acute strokes, which are primarily ischemic, 
secondary neuroinflammation occurs, which promotes further damage and death of 
cells, while also promoting healing. By stimulating local cells and inducing the 
influx of many types of inflammatory cells into the ischemic region (neutrophils, 
monocytes/macrophages, and several T-cell subtypes), immune mediators contrib-
ute to brain injury. 

Transplantation of MSCs into ischemic stroke animal models has been shown to 
alter immune response; operate as a neuroprotector; induce neurogenesis, 
astrogenesis, and oligodendrogenesis; and activate angiogenesis, according to exper-
imental research. Recanalization, ischemic penumbra preservation, and infarct size 
reduction are the three main focuses of ischemic stroke therapy. Mechanical recana-
lization and intravenous thrombolysis are two vascular reconstruction techniques for 
acute ischemic stroke. While both treatments are clinically successful for some 
patients, their clinical effectiveness is constrained by the rigorous selection criteria 
associated with their short therapeutic timeframes. 

In addition to the treatment of neurodegenerative disorders, MSCs show great 
potential in treating ischemic injuries. They exhibit homing—translocation to areas 
of inflammation and injury—to reduce inflammation and demonstrate 
neuroprotective effects. Clinical trials on patients after the onset of ischemic stroke 
demonstrated no significant side effects of treatment with MSCs, showing the 
beneficial outcome of cell transplantation in some trials. Due to their properties of 
self-renewability and multipotency as well as easy accessibility (can be obtained 
without invasive procedures) in addition to their genomic stability that makes them 
culturally expandable in vitro with few ethical issues, MSCs are important tools in 
cell therapy, regenerative medicine, and tissue repair.
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Exosomes are a promising therapeutic substitute for cell-based treatments, and 
MSCs are deemed the preferred cell choice for harvesting exosomes owing to their 
scalable capacity, tissue regeneration, antitumor, anti-inflammatory, immunomodu-
latory, and paracrine secretory properties (Vakhshiteh et al. 2019). While BMMSCs 
and ADMSCs are more frequently used for extracting exosomes compared to the 
HUCMSCs, the latter has demonstrated greater viability and lower susceptibility to 
graft rejection as well as easier acceptance among the patients (Norouzi-Barough 
et al. 2022). MSC-exosomes perform multifaceted roles in the regulation of patho-
physiological processes; even though they retain most of the functions of their parent 
MSCs, they have additional advantages over cell-based therapies including small 
size; BBB permeability; low immunogenicity, oncogenicity, and toxicity; ability to 
transfer desired cargos to the target sites; and potential to be exploited as 
personalized targeted drug delivery vehicles, among others. These exosomes, upon 
extensive evaluation of their therapeutic potential in animal stroke models, were 
found to significantly reduce neuroinflammation, inhibit apoptosis, and boost angio-
genesis, neurogenesis, and white matter remodeling (Chen and Chopp 2018). Of all 
the cargos, miRNAs are of prime importance in mediating the exosome-induced 
neurorestorative and neuroprotective effects following an ischemic stroke; hence, 
exosomes engineered with modified miRNA show better therapeutic efficacy com-
pared to their naïve counterparts (Zhang et al. 2019a, b, c). In addition, a high 
cerebral M2/M1 ratio also corresponds to neuroregenerative and anti-inflammatory 
outcomes. Therefore, it can be clearly said that stem cell-derived exosomes are 
prospective treatment tools for stroke in clinical practice, but whose therapeutic 
efficacy needs to be warranted in humans through further research, by extensively 
conducting clinical trials aimed at investigating the safety, time window, and dose 
responses in patients. Issues like scaling the production of exosomes for human 
studies, enhancing their targeting ability, overcoming drug resistance, and extension 
of exosome half-lives also need to be addressed in the future. Further on, it is 
necessary to understand how transplanted cells can survive longer, how most 
exosomes derived from MSCs can lead to infarction, and the manner in which 
their distribution can be identified without causing damage to any tissue (Chen 
and Chopp 2018; Jiang et al. 2022). Additionally, future studies need to shift their 
attention towards the anti-inflammatory benefits of the M2 microglial phenotype 
along with the role of miRNAs in regulating the inflammatory network (Lian et al. 
2021). Through this chapter, we briefed on stroke pathophysiology and discussed 
the significance of MSCs and the promising effects of MSC-derived exosomes as 
novel therapeutic agents in promoting functional neurological recovery, in the hope 
that it aids in providing future perspective and an insight into the potential benefits of 
MSC-exosomes in stroke therapy.
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Abstract 

The significant rise in the global incidence of neurological diseases, such as 
Alzheimer’s disease (AD) and Parkinson’s disease (PD), has been attributed to 
the aging population. There are no efficient therapies for these disorders, regard-
less of medical improvements. Therefore, there is an urgent need for innovative 
treatments for these diseases. Over the years, stem cell-based therapy has 
transformed regenerative medicine by providing crucial and compelling 
possibilities to treat a variety of diseases (e.g., cancer), including neurological
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diseases. Stem cell therapy, referred to as regenerative therapy, uses stem cells or 
their derivatives to enhance the curative response of dysfunctional and injured 
tissue. Hence, mesenchymal stem cells (MSCs) and embryonic stem cells (ESCs) 
are two stem cell types that are used. Recent evidence supports stem cell 
transplantation as promising therapeutic potential, which could be regarded as 
stem cells’ mechanistic actions. In addition to stem cells, exosomes are a type of 
nanovesicles with a wide range of functionalities and possibilities for diagnosing 
and treating. It is shown that exosomes are implicated in cell-cell communication 
and have been explored as candidates for possible biomarkers, which are particu-
larly relevant in AD and PD. Exosomes are also employed as a drug delivery 
vehicle at a target site; thus, their inherent ability to cross the blood-brain barrier 
and selectively adorn it with the ligand depends on the treatments of the targeted 
brain regions. This chapter aims to shed light on the different roles of stem cells 
and derived exosomes as therapeutic agents in the treatment of neurodegenerative 
disorders.
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10.1 Introduction 

Two of the most prevalent neurodegenerative diseases are Alzheimer’s disease 
(AD) and Parkinson’s disease (PD), with PD affecting 1% of adults over 60 years 
of age, while AD has affected approximately 50 million people in the United States 
(Han et al. 2018). AD or PD currently has no known treatments for complete cure; 
however, there are treatments to reduce the disease’s progression and relieve some 
symptoms (e.g., rivastigmine, a cholinesterase inhibitor for PD) (Sun and Armstrong 
2021). The common clinical symptoms of AD and PD include memory loss, motor 
dysfunction, and cognitive decline. Aggregates of proteins in cells cause the death of 
neurons in both PD and AD, although distinct brain regions are affected in each 
condition (Kim et al. 2003). For the creation of functional human neural cells for 
cell-based therapy and in vitro modeling, stem cells represent an unlimited cell 
source. Exosomes alone have a neuroprotective significance, as seen when 
oligodendrocyte-derived exosomes are added to cultured neurons, increasing cell 
viability even under stressful circumstances (Soares Martins et al. 2021). 

This chapter highlights the pathophysiology of AD and PD, stem cell-derived 
cells, exosome technologies, and, the most recent, cutting-edge approaches to 
treating the conditions. Particularly, it focuses on the promising role or functions 
of stem cells in the differentiation of the neurons and implantation in vivo for 
potential treatment and drug testing of neurodegenerative diseases (Fig. 10.1). 
Additionally, derived exosomes serve as targeted cargoes and biomarkers in both 
AD and PD (Lakshmi et al. 2020).
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10.1.1 What Are Stem Cells? 

Stem cells are progenitor cells with the capability to regenerate or self-renew 
unlimitedly and the ability to develop further into differentiated cell types under 
appropriate conditions (Chagastelles and Nardi 2011). Stem cells can be 
characterized into totipotent stem cells which have the potential to form into every 
cell type of an organism (extraembryonic and embryonic structures) and have the 
highest capacity for differentiation. Pluripotent stem cells usually give rise to the 
cells of the three germ layers (endoderm, mesoderm, and ectoderm), and multipotent 
stem cells develop into multiple specialized cell types which exist in a particular 
tissue or organ (e.g., hematopoietic stem cells) (Zakrzewski et al. 2019). Unipotent 
stem cells, on the other hand, are distinct by having the most limited capability for 
differentiation. Having a special tendency to divide repeatedly, these cells can form 
only one cell type, e.g., satellite cells of skeleton muscles, making them a prime 
requisite for therapeutic agents (Dulak et al. 2015). After fertilization, the embryo 
divides and reaches the stage of the blastocyst, at which point it loses totipotency and 
acquires pluripotency, from which embryonic stem cells (ESCs) can be isolated 
(Zakrzewski et al. 2019). By acquiring the inner cell mass (ICM), which results in 
the potential destruction of the embryos, ESCs are obtained. The cells keep on 
dividing until it reaches the multipotent stage, thus becoming adult stem cells with 
the constrained potential to differentiate into cell types within a specific lineage 
(Vatsa et al. 2022). Adult cells such as the fibroblast or peripheral blood mononu-
clear cells which are isolated from the blood, can be reprogrammed into pluripotent 
stem cells termed as induced pluripotent stem cells (iPSCs). Reprogramming is 
established by the expression of certain reprogramming transcription factors, also 
termed as “Yamanaka factors” or “OKSM factors,” Oct 3/4 (octamer-binding 
transcription factor 3/4), Sox2 (Sex-determining region Y) box 2, and Klf4 
(Kruppel-like factor 4) (Takahashi et al. 2007; Takahashi and Yamanaka 2006). 
These transcription factors modulate the stemness and differentiation potential of 
stem cells (Yamanaka et al. 2007). 

Adult or somatic stem cells are undifferentiated and are present in the 
differentiated cells of different tissues or organs. These cells serve to enhance the 
growth, repair, and replacement of the cells that are shed daily. These cells are 
multipotent or unipotent stem cells because they have limited differentiation poten-
tial into different cell kinds of their genesis tissue (Prochazkova et al. 2015; Romito 
and Cobellis 2016). Somatic stem cells exist in a range of distinct types, such as

Fig. 10.1 (continued) inhibitor, RA, insulin, transferrin, TGF-β, and BMP inhibitors. Additionally, 
N2, bFGF, Noggin, B27, RA, trophic factors, and dorsomorphin promote neuronal development. 
FGF8, SHH, RA, ascorbic acid, BDNF, and HAG influence the distinct differentiation by the 
lineage of iPSC-NSCs into the motor neurons, glial cells, and astrocytes (SHH, FGF2, and PDGF, 
respectively). These models and reprogramming methods can advance the research of neurodegen-
erative diseases, drug discovery, and therapeutic applications (Amoroso et al. 2013; Hayashi et al. 
2011; Kim et al. 2012; Nutt et al. 2013)



MSCs, neural stem cells (NSCs), hematopoietic stem cells, and skin stem cells. The 
bone marrow is where these cells largely mature into fat, bone, or even cartilage 
cells. The NSCs develop into oligodendrocytes and astrocytes, which are cells that 
support nerve cells. Compared to ESCs, somatic stem cells multiply longer although 
adult stem cells can also be reprogrammed to regain their pluripotency. The first 
cellular reprogramming was achieved by Sir John Gurdon in 1962 by transplanting 
the nucleus from the intestinal epithelial somatic cells of tadpoles into enucleated 
unfertilized frog egg cells and reported generation of tadpoles (Gurdon 1962). This 
unique technique is termed somatic nuclear transfer (SCNT) for reprogramming of 
the somatic stem cells to the pluripotent embryonic state with a similar or the same 
genetic makeup; as a result, it led to the invention of cloning. The first mammal to be 
generated through somatic cloning was Dolly the sheep, which was cloned in the 
year 1997 by Sir Ian Wilmut and his team using the same method (Wilmut et al. 
1997).
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10.1.2 Exosomes 

About 50 years ago, Peter Wolf first referred to extracellular vesicles (EVs) in 
plasma as “platelet dust” (Wolf 1967). Exosomes, one of the three forms of EVs, 
are distinguished by their varied sizes as well as by their biogenesis and release 
mechanisms. All cell types, including blood cells, neurons, epithelial cells, immu-
nological or cancer cells, etc., release exosomes. Several biological fluids, such as 
cell culture supernatants, cerebrospinal fluid (CSF), serum, plasma, saliva, semen, 
urine, breast milk, and amniotic fluid, can be used to extract exosomes (Théry et al. 
2006). Exosomal vesicles are formed by the inward growth of early endosomes that 
restrict membranes, which grow into multivesicular bodies (MVBs) (Raposo and 
Stoorvogel 2013). Their density ranges from around 1.13 g/mL to 1.19 g/mL (Bobrie 
et al. 2011; Zakharova et al. 2007). The sorting of protein as well as recycling, 
storage, transportation, and release is facilitated by exosomes in their intercellular 
signaling. MVBs are either destroyed with all their elements in the lysosome or may 
get fused with the plasma membrane of the cell in order to liberate their materials, 
including the exosomes, into the extracellular space (Simons and Raposo 2009). 
Exosomes were discovered to be released in a similar manner by the B-lymphocytes 
as well as dendritic cells. Eventually, it was revealed that exosomes were also 
released in an analogous manner by platelets, cytotoxic T cells, neurons, Schwann 
cells, mast cells, oligodendrocytes, intestinal epithelial cells, and endothelial cells, as 
well as stem cells; however, some cells, like the immune cells and MSCs, release 
more than others (Budnik et al. 2016; Jahan et al. 2022; Muller 2020). 

Exosomes are particularly promising in regenerative medicine because of the 
range of components they contain, and their lipid bilayer membranes ensure stability 
and durability as well as include distinct marker proteins that link them to specific 
cells. The endosomal sorting complex required for transport (ESCRT) process 
initiated through the ubiquitin-binding subunits of ESCRT-0 to identify and seques-
ter complex will merge with ESCRT-III, which is a protein complex involved in



encouraging the process of budding, after contact with ESCRT-I and II complexes. 
After cleaving the buds to create intraluminal vesicles (ILVs), the ESCRT-III 
complex subsequently separates from the MVB membrane with the aid of energy 
given by the sorting protein Vps4 (Henne et al. 2011). The microdomains based on 
the raft seem to be required for the ESCRT-independent lateral segregation of the 
cargo present inside the endosomal membrane. These microdomains have a large 
number of sphingomyelinases, which can hydrolyze the phosphocholine moiety to 
produce ceramides (Airola and Hannun 2013). Furthermore, both ESCRT-
dependent and ESCRT-independent pathways engage in exosome formation as 
well as the packing of biological cargo into exosomes, therefore including the 
utilization of cellular signals like phosphatidic acid, diglycerides, and ceramides as 
well as exosomal membrane lipid messengers (Stahl and Barbieri 2002). As lipid 
rafts, which are highly concentrated regions of sphingolipids and cholesterol in the 
membrane that are necessary for cell communication and endocytosis, are a compo-
nent of exosome packaging, their presence on exosomal membranes makes them 
easily distinguishable as endosomes and can be used to detect exosomes rather than 
other vesicular products (Théry 2011). Exosomes can transport many molecules, 
such as particular proteins, RNA, and miRNA. The exosomal system also supports 
the horizontal transfer of the mRNA as well as proteins, with the genetic information 
successfully translated into suitable proteins, according to various studies (Bruno 
et al. 2009; Ratajczak et al. 2006). 
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10.2 Role of Stem Cells and Derived Exosomes 
in Neurodegenerative Disease 

The progressive degradation of neurons in the central and peripheral nervous 
systems is the characteristic feature of the heterogeneous group of disorders 
known as neurodegenerative diseases (Przedborski et al. 2003). They manifest as a 
consequence of loss of function, structure, and/or several neurons, including the 
death of neurons in the spinal cord or brain, which results in loss of cognition and 
different degrees of motor disability (Poddar et al. 2021). Neurodegeneration is 
linked with the disruption of a neural network, the synapse, and the accumulation 
of physiochemically altered proteins (Lamptey et al. 2022). 

The most common neurodegenerative conditions are Huntington’s disease, spinal 
muscular atrophy, Alzheimer’s disease (AD), Parkinson’s disease (PD), 
amyotrophic lateral sclerosis (ALS), motor neuron disease, prion disease, and 
spinocerebellar ataxia (SCA) (Lamptey et al. 2022). According to reports, AD is 
the sixth most prevalent cause of death in the United States (Kumar et al. 2021). Up 
to 5.8 million Americans were expected to have AD in 2020 ((Matthews et al. 2019). 
Up to 24 million people worldwide are estimated to have dementia; by 2050, that 
number suffered from PD, most of which are idiopathic (Zafar and Yaddanapudi 
2021). Around 10% of them have a genetic cause and affect the young age group. 
ALS, also known by the name “Lou Gehrig,” exists in two forms, familial, compris-
ing 90–95% of cases, and sporadic. It has been estimated that ALS has a prevalence



of 5.2 per 100,000 within the United States and 1.6 cases per 100,000 persons 
annually worldwide (Brotman et al. 2022). SCA is a subset of hereditary cerebellar 
ataxia, is a comparatively rare disease, and has a global prevalence of 1 to 5 in 
10,000. It has many subtypes, with SCA3 the most common worldwide and SCA2 
the most common subtype in South Korea and India (Bhandari et al. 2022). 
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According to a report by Feigin et al., neurological diseases were the second-most 
common incidence of deaths globally in 2016 and the leading cause of DALYs 
(disability-adjusted life years; the sum of the years of life lost and the years spent 
with disability) (Feigin and Vos 2019). Migraine, stroke, Alzheimer’s, and other 
dementias were the four largest contributors to neurological DALY. In general, over 
the past 27 years, it was shown that the prevalence of neurological disorders has 
grown and it is anticipated to continue to increase due to the exponential growth of 
the population as well as aging, placing even higher pressure on heavily 
overburdened resources and services for people with neurological disorders (Feigin 
and Vos 2019). 

The absence of effective treatments for neurodegenerative diseases places a heavy 
burden on society, as well as the cost of care, and has a significant influence on the 
quality of life. Current clinical approaches focus on addressing symptom alleviation 
and disease management but fail to halt the progress of neurodegeneration (Poddar 
et al. 2021). Neither pharmaceutical nor neurosurgical treatments are effective at 
arresting the course of the neurodegenerative processes (Sakthiswary and Raymond 
2012). Furthermore, due to variations in mammalian genomes and embryonic 
development, numerous therapies developed in animal models have not yet been 
successfully translated into clinical trials (Dawson et al. 2018). On this basis, human-
based studies involving stem cells present a clear model for studying the pathophys-
iological process, signaling pathways, growth control, and disease mechanism in 
previously inaccessible human brain tissue. 

10.2.1 Stem Cells Therapy in Neurodegenerative Diseases 

Regenerative cell therapy, otherwise called stem cell therapy, over the past two 
decades has provided a significant opportunity to explore potentially powerful 
innovative strategies to treat diseases associated with neurodegeneration. This is 
because stem cells have the ability to restore damaged neural tissue by mostly 
replacing lost or damaged cells with differentiated ones, creating an environment 
that promotes regeneration, stabilizes neuronal networks, or protects already healthy 
neurons and glial cells from more harm. Different stem cell types have a differential 
capacity to descend into a specific cell lineage/type, as discussed above. This 
seemingly unlimited potential of stem cells has opened unprecedented opportunities 
for developing novel medical therapies for degenerative diseases and injuries, and 
diseases like AD, PD, HD, spinal cord injury, diabetes, and a few heart diseases have 
few or no treatment options; hence, stem cell-based therapy is a beneficial option, as 
stem cell uses their derivatives to enhance the repair reaction of damaged and 
dysfunctional tissue (Institute of Medicine 2002). Since every stem cell type



comes with its own unique traits and benefits, the rationale for using a specific type 
depends on the applications as well as its results that are desired. Subsequently, 
human embryonic stem cell (hESC) research involves destruction of human 
embryos, thus raising ethical as well as political concern (Lo and Parham 2009a). 
Because of these limitations and ethical concerns surrounding ESCs, scientists have 
developed techniques for inducing pluripotency in non-pluripotent cells or somatic 
cells. The generated cells, thus named iPSCs, open the possibility of offering 
customized models to study and treat neurodegenerative diseases using patients’ 
own somatic cells through reprogramming (Dantuma Elise et al. 2010). 
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The primary types of stem cells utilized for neurodegenerative therapies are 
embryonic, progenitors, mesenchymal, and iPSCs (Singh et al. 2016). ESCs being 
pluripotent hold remarkable potential to restore the damage that occurred due to 
injury or neurodegeneration (Singh et al. 2016). An additional restriction is an 
immunological incompatibility between donor and recipient cells, which can lead 
to the of transplanted cells. The spectrum of their clinical application is however 
constrained by their capacity for unrestricted self-renewal, which carries a significant 
danger for the development of tumors after engraftment (Sivandzade and Cucullo 
2021). 

MSCs are immunomodulating, that is, derived from the same source (and hence 
do not elicit host immune response) and multipotent and find high applicability in 
neurodegenerative diseases, as it promotes neural growth, reduce free radicals, 
decrease apoptosis, and repress inflammation (Sakthiswary and Raymond 2012). 
However, their use gets restricted in genetic diseases because the autologous source 
holds the same genetic predisposition to the disease. In the next part, the prevalence 
of stem cells is discussed in different neurodegenerative diseases. 

10.2.1.1 Huntington’s Disease 
Transplantation of median spiny neurons (MSNs) derived from both iPSCs and 
ESCs has shown successful integration and neural circuit development (Aubry et al. 
2008), but most studies are restricted to animal models. Reliable data indicates that 
three out of five participants had the advantage of transplantation in the Créteil pilot 
experiment, nonrandomized, open-label, monocentric cell transplant trial employing 
fetal donor cells of humans obtained from the fetal ganglionic eminence (GE). 
Therefore, the two participants exhibited the typical HD deterioration; however, at 
the end it was hypothesized that among one of them, the disease was too advanced in 
order to allow for effective graft vascularization (Bachoud-Lévi et al. 2021). 

10.2.1.2 Amyotrophic Lateral Sclerosis 
Stem cell transplantation has demonstrated great potential in recent clinical trials in 
ALS patients. Six studies have shown proof that stem cell therapy largely has a 
positive effect in slowing the progression of disease (L. Xu et al. 2006). Numerous 
studies have revealed the efficacy of NSC therapy on ALS rats, as a result of the 
transplanted NSCs’ ability to differentiate into neurons and form synaptic 
connections in addition to their potential to prevent the disease’s onset and progress, 
thereby increasing the survival of animal models (Xu et al. 2006). Considering the



preclinical evidence for NSC-based treatments, the Food and Drug Administration 
(FDA) approved a clinical trial in 2009 regarding the safety as well as tolerability of 
the surgical introduction of stem cells and any therapy following cell toxicity. In this 
first-in-human phase I clinical trial, researchers injected fetal-derived NSCs into the 
lumber spinal cord of 12 ALS patients (Glass et al. 2012). Clinical evaluations 
performed around 6–18 months after the transplantation showed no indications of 
further progression of the disease. By exploring the intraspinal injections in the 
cervical spinal cord, the researchers aim to advance this clinical trial and potentially 
prolong the lives of ALS patients by protecting the motor neuron groups that affect 
respiratory function. The therapeutic potential of MSCs has been evaluated in 
several research employing ALS animal models by either injecting the cells 
peripherally or directly into the spinal cord (Mao et al. 2015). In 2003, Mazzini 
et al. examined the safety as well as tolerability of MSC transplantation directly 
intraparenchymal for the treatment of ALS (Mazzini et al. 2003). Although there was 
no functional improvement, follow-up studies also did not show detrimental effects. 
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10.2.1.3 Spinocerebellar Ataxia 
MSCs serve as good candidates for SCA treatment because of their ability to 
differentiate between lines and immunomodulatory properties. In a study done by 
Chang et al., the human MSCs were administered intravenously and intracranially to 
transgenic mice having a poly-glutamine mutation in the ataxin-2 gene before and 
after the onset of loss of motor function. Intravenous transplantation successfully 
enhanced the rotarod function of the SCA2 mice as well as postponed the onset of 
neuronal deterioration, whereas intracranial transplantation was unable to procure 
any kind of neuroprotective effect (Chang et al. 2011). In phase I/IIa of the clinical 
trials conducted in Taiwan, six patients having type 3 SCA and one with 
multiple-system atrophy-cerebellar were intravenously administered MSC derived 
from allogenic adipose tissue from healthy donors (Tsai et al. 2017). Upon a year of 
follow-up, the intravenously injected MSCs seemed to be well tolerated and no 
adverse effects were observed. The study concludes the safety and tolerability of 
allogenic MSCs through intravenous injection. 

10.2.2 Exosomes in Neurodegenerative Diseases 

Recent preclinical research has indicated that EVs produced from stem cells can be 
utilized as a possible alternative to stem cell therapy to treat brain disorders. 
EV-based therapy outperforms cell therapy by means of biodistribution, scalability, 
and safety profiles; it can be used to treat neurological disorders as a potential 
substitute to stem cell-based therapy. Furthermore, EVs produced from stem cells 
have superior biocompatibility, immunogenicity, and safety characteristics com-
pared to minute chemicals and macromolecules (Bang and Kim 2022). 

Stem cell-derived exosomes are considered an inherent drug delivery system and 
a natural therapeutic agent for the potential treatments of brain diseases. EVs consist 
of molecules with heterogeneous functions such as cellular proteins, DNA and RNA.



EVs have been revealed to be able to cross the BBB as well as can target specific cell 
types effectively (Fig. 10.2). Contrary to cell-based therapeutics, EVs usually are not 
affected by the first-pass effect or by cell-mediated side effects like coagulopathy, 
tumor growth, or arterial blockage. Additionally, the several components of the EVs’ 
copious nucleic acid are protected from RNase in the blood because lipids are 
required for the development of EVs’ membranes (Mirzaaghasi et al. 2021; Wen 
et al. 2019). 

240 S. Ali et al.

Fig. 10.2 Biogenesis of exosomes from different cell sources and acting as drug delivery vehicle 
and biomarkers in AD and PD 

In a study incorporating MSC transplant, it was shown that the number or amount 
of circulating EVS increased rapidly in number after the transplantation of MSCs 
(Bang et al. 2022). Also, in patients receiving the same dosage of MSCs, the quantity 
of the circulating EVS differed among patients, which was further associated with 
the improvement of motor function. Given the quantity of EVs that influence the 
results of MSC-based therapy, these studies suggested the possibility of using 
MSC-EVs rather than MSCs in and of themselves (Allan et al. 2020). 

Henceforth, EVs have a role in maintaining CNS cellular function, also 
contributing to the pathophysiology underlying neurodegenerative disease. EVS 
that are derived from native stem cells can cure neurological disorders, but their 
shot half-lives, restricted targeting, quick clearance after the application, and insuffi-
cient payload make them difficult to use successfully in clinical settings (Khan et al. 
2021). The heterogeneity of the donors is a significant problem that hinders the



clinical applicability of EVs. Due to the usage of different donors, the cell variability 
is huge which might affect the therapeutic potential of EVs due to differences in 
donor age, comorbidity, artificial niches of MSCs, and culture conditions. In addi-
tion to creating a production/developmental process that reduces the donor-to-donor 
as well as batch-to-batch variances, each EV production lot needs to have a strong 
quality control system (Bang and Kim 2022). 
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10.3 Therapeutic Role of Stem Cells and Derived Exosomes 
in AD 

Alzheimer’s disease (AD) is a fatal neurological disorder characterized by behav-
ioral problems, progressive cognitive decline, and loss of daily functioning. Glob-
ally, between 50% and 70% of cases with dementia are caused by AD. Moreover, 
dementia affects 50 million individuals worldwide and costs around $818 billion. By 
2050, this number is expected to increase to 132 million because of age being the 
primary risk factor and the fact that national populations are gradually aging 
(Association 2016; Ferri et al. 2005). Clinical symptoms of AD develop rapidly. 
Early neuroinflammation, learning, and memory issues are prominent features, 
followed by visuospatial function, executive function, complex attention, praxis 
(learned motor activity), gnosis (recognized previously learned information), lan-
guage, behavior, and/or social abnormalities (Si and Wang 2021). 

Additionally, the two primary neuropathological markers for the diagnosis of AD 
are beta-amyloid extracellular deposits (senile plaques) and hyperphosphorylated tau 
intercellular deposits (neurofibrillary tangles) (Kent et al. 2020). Many cases of AD 
have a late onset and are sporadic. Moreover, there are established risk factors for the 
illness besides age, such as the apolipoprotein-E4 (ApoE4) gene, cardiovascular 
disease, depression, and low education levels (Piers et al. 2021). In addition, under 
5% of AD cases are familial and are caused by highly penetrant autosomal mutations 
in the PSEN1, PSEN2, and, less frequently, the APP genes (Sabayan and Sorond 
2017). Moreover, genome-wide association studies (GWAS) revealed that mutations 
in various genes can promote the development of AD (Kang et al. 2016). Positron 
emission tomography (PET), CSF biomarkers, and some comparatively recent 
clinical standards can all be used to diagnose living patients, even though only a 
postmortem autopsy can provide a diagnosis with certainty. These criteria underline 
that etiological diagnosis still relies heavily on neuropathological evaluation (Kang 
et al. 2016). Numerous pharmaceutical strategies, including vaccination and 
secretase inhibition, have been investigated to improve amyloid clearance and 
reduce production (Duncan and Valenzuela 2017). 

New therapies and medications are suggested every year to decrease the cognitive 
decline and neuronal death linked to AD. Nonetheless, only five drugs, including the 
glutamate receptor antagonist memantine and cholinesterase inhibitors galantamine, 
rivastigmine, tacrine, and donepezil, have received FDA approval for the clinical 
treatment of AD (Si and Wang 2021). Sadly, these drugs can only treat symptoms 
and do nothing to alter the primary pathologic aspects of AD (Si and Wang 2021).



To ameliorate the pathogenic state of the disease, enhance neural precursors, prevent 
nerve death, and promote structural plasticity, effective, novel treatments must be 
developed. These therapies may include eliminating toxic deposits and replacing 
damaged neurons (Liu et al. 2020). Hope for the treatment of refractory neurode-
generative disorders like Alzheimer’s has been ignited by recent developments in 
stem cell preclinical research and clinical trials. For providing the uniform and cell 
replacement therapy that call required, stem cells are the greatest alternative (Liu 
et al. 2020). 
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10.3.1 Stem Cells as Therapeutics for AD 

In AD research today, iPSCs, MSCs, brain-derived NSCs, and ESCs are most 
frequently exploited. Since the main reason for neurodegenerative diseases, for 
example, AD, is aging, it appears counterintuitive to research AD using stem cells. 
iPSC-derived neurons can develop electrophysiologically active synaptic networks 
and are structurally and functionally mature. It is also feasible to control the 
differentiation of iPSCs into various neuronal subgroups, including dopaminergic 
neurons, by using additional transcription factors during the induction phase 
(Duncan and Valenzuela 2017). Among multipotent stem cells, NSCs are a subset 
which can differentiate into oligodendrocytes, astrocytes, neurons, and microglia 
(Si and Wang 2021). In a study, neurons generated using iPSCs with FAD mutations 
or from AD patients displayed similar AD characteristics at the earliest possible 
developmental stages. The amyloid precursor protein (APP) V717I gene mutation 
increased Aβ and tau phosphorylation in neurons, whereas the APP A673T mutation 
suppressed β-secretase cleavage of APP and Aβ synthesis (Maloney et al. 2014; 
Muratore et al. 2014). Astrocytes with the PSEN1 ΔE9 mutation also produced more 
reactive oxygen species (ROS), had defective fatty acid oxidation, and elevated the 
production of Aβ42. When compared to astrocytes with APOE3 mutations, those 
with APOE4 mutations show substantial changes in gene expression and a decreased 
capacity to absorb amyloid beta 42. Lipopolysaccharide treatment increased the 
release of certain cytokines and altered phagocytosis in iPSC-derived microglia 
from SAD patients (Xu et al. 2019; Si and Wang 2021). When compared to isogenic 
APOE3 controls, microglia with mutated APOE4 had a decreased impaired capacity 
to internalize Aβ and morphologic complexity. The phenotypes of SAD-derived 
iPSCs and FAD mutation carriers are frequently similar. Another recent research 
discovered that human iPSC-derived cholinergic neuronal progenitors recovered 
from intra-hippocampal transplantation into transgenic AD mice model matured 
into phenotypically adult cholinergic neurons and repaired the spatial memory loss 
(Liu et al. 2020). 

Additionally, human iPSC-derived NSCs improved neurological function and 
decreased pro-inflammatory markers in a mouse model of ischemic stroke through a 
neurotrophin-associated bystander effect (Duncan and Valenzuela 2017). The 
secreted neurotrophic factors by transplanted NSCs improved the memory function 
and overexpression of a β-degrading enzyme by NSCs reduced Aβ aggregation.



Alleviated Aβ synthesis and acetylcholinesterase activity were seen following NSC 
transplantation into these Tg2576 mice who carry human Swedish APP mutation 
(isoform 695; KM670/671NL). Additionally, early-stage NSC transplantation 
enhanced anti-inflammatory cytokine levels in microglial cells and may reduce the 
generation of Aβ, increasing the Aβ clearance rate. It also increased vascular 
endothelial growth factor (VEGF), synaptic density, and neurogenesis. However, 
prompt action is required because later NSC transplantation into Tg2576 mice did 
not provide comparable outcomes (Liu et al. 2020). Also, in NSC administration in 
APP/PS1 mice, tropomyosin receptor kinase B and BDN levels increased. 
NSC-derived cholinergic neurons were also introduced into APP/PS1 mice showing 
an increase in the concentration of cholinergic acetyltransferase and its activity, and 
there were enhanced operational dendrites (Gu et al. 2015). The genetic modification 
of NSCs to optimally release the Aβ-degrading enzyme neprilysin may promote 
synaptic plasticity and potential Aβ-pathogenic characteristics (Liu et al. 2020). 
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MSCs are not predicted to replace injured neurons and integrate into neural 
network, in contrast to iPSCs and NSCs, because it is not known if they can 
differentiate into endodermal or ectodermal cells. The neuroprotective properties 
of MSCs are mediated by a variety of pathways. To increase brain cell survival, 
MSCs can secrete neurotrophic growth factors, including brain-derived neurotrophic 
factor (BDNF) and glial cell-derived neurotrophic factors. Ucb-MSCs have been 
demonstrated in prior research utilizing AD murine models to enhance spatial 
learning and prevent memory loss. Numerous additional pathways have also been 
proposed, such as the decrease in Aβ plaques, the hyperphosphorylation of BACE 
and tau, the restoration of microglial inflammation, and the activation of anti-
inflammatory cytokines (Lee et al. 2012; Liu et al. 2020). Two Aβ-degrading factors 
including neprilysin and insulin-degrading enzyme rose following treatment with 
neuron-like cells generated by MSCs of the umbilical cord (human). Bone marrow-
derived MSCs were implanted in the APP/PS1 mouse model of AD by tail vein 
injection. These mice had fewer microglia but the amounts of amyloid plaques 
remained unchanged (Naaldijk et al. 2017). Contrarily, Cartel et al. discovered that 
intracerebral injection of bone marrow-derived MSCs resulted in a substantial 
decrease over the course of 2 months compared to PBS-treated controls (Bae et al. 
2013). In a study that evaluated Aβ therapy alone, brain progenitor cells co-cultured 
with MSCs showed considerably greater expression of GFAP, nestin, Ki-67, HuD, 
and SOX2. Furthermore, treatment with Aβ showed increased expression of 
β-catenin and Ngn1 in neural progenitor cells co-cultured with MSCs (Oh et al. 
2015). 

An in vivo study showed that ESCs can be differentiated into astrocytes and cells 
that mimic neurons, which can be used to treat neurodegenerative diseases. 
Researchers have demonstrated that ESCs, when transformed into gamma-
aminobutyric acid and basal forebrain cholinergic neurons, can enhance spatial 
learning and memory in AD-affected mice (Liu et al. 2020). Nonetheless, direct 
ESC transplantation resulted in the development of teratomas in vivo rather than 
neurons, limiting their clinical utility (Liu et al. 2020). With and without 
pretreatment, NPCs derived from mESCs were transplanted to the unilateral Meynert



basal nucleus, enhancing learning and memory in the AD rat model. The 
transplanted NPC cells show a cholinergic phenotype to a degree of about 40%, 
whereas the remaining cells continue to maintain a neuronal phenotype (Moghadam 
et al. 2009). Contrarily, the control group’s ESCs produced teratomas, which are 
tumors incapable of generating neurons, resulting in a drastic decline in working 
memory (Wang et al. 2006). Despite the limitation of evidence regarding hESCs’ 
ability to treat AD, hESCs can be considered a new therapeutic alternative for 
various neurological conditions and degenerative diseases. However, ethical issues 
should be addressed prior to the administration in clinical trials that have acquired 
approval from the FDA (Liu et al. 2020). 
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10.3.2 Exosomes as AD Biomarkers 

Exosomes derived from the brain in peripheral blood have shown remarkable 
promise as the perfect “liquid biopsy” for Alzheimer’s. It is interesting to note that 
brain-derived exosomes can cross the BBB and enter the peripheral blood circula-
tion; however, their quantity is lower than in CSF. Researchers use immunoprecipi-
tation techniques to enrich plasma brain-derived exosomes to overcome these 
restrictions. According to earlier studies, the lysosomal and synaptic protein 
concentrations of neuron-derived exosomes (NDEs) can be used to predict dementia 
before it manifests as mild cognitive impairment (MCI) (Winston et al. 2016). 
Reduced levels of synaptic proteins with specific functions in NDE may signify 
the progression degree of AD. Additionally, complement protein levels in astrocyte-
derived exosomes (ADEs) seem to be correlated with the disease’s stage (Goetzl 
et al. 2018). Because plasma ADEs contain far more cargo proteins than NDEs, 
BACE-1 inhibitors may be able to specifically target ADEs. A systematic method for 
the preparation and qualification of biomarkers remains extremely difficult, and to 
evaluate the diagnostic relevance of exosomes, large cohort studies are needed (Guo 
et al. 2020). 

Small compounds and macromolecules are only partially effective against brain 
diseases because of the single method of action and intricate pathophysiology of 
these conditions. For instance, despite promising results in preclinical investigations, 
around 1000 neuroprotective drugs for acute stroke failed in human trials. Conse-
quently, pleiotropic multi-target therapies may be more effective if they employ a 
variety of strategies to obstruct various stages. Additionally, almost no 
macromolecules and nearly all small compounds cross the BBB. Adeno-associated 
viral capsids and polymer- or lipid-based nanoparticles were employed to get around 
this restriction. Contrarily, using a drug delivery method raises the risk of infection, 
immunogenicity, and toxicity. For the treatment of brain diseases, stem cell-derived 
EVs are regarded as inherent drug delivery mechanisms and naturally therapeutic 
molecules (Guo et al. 2020; Kang et al. 2016; Liu et al. 2020). 

The first theory linking exosomes to AD postulates that exosomes can produce 
Aβ peptides from cultured cells, and exosomal proteins including Alix and flotillin-1 
have been observed to aggregate within amyloid plaques in the brains of AD



patients. The full-length amyloid precursor protein (flAPP), Aβ peptide, amyloid 
precursor protein C-terminal fragments (APP-CTFs), and amyloid intracellular 
domain (AICD), as well as enzymes that cleave flAPP and APP CTFs, have been 
discovered to be present in exosomes from humans with the autosomal dominant 
Swedish mutation (BACE1, PS1, PS2, and ADAM10) (Laulagnier et al. 2017). 
According to these results, APP and its catabolites may be transported across cells 
via neuronal exosomes. More importantly, several in vivo experiments showed 
linkage of exosomes to AD. Exosomes from AD patients’ bodily fluids, such as 
blood and CSF, show an increase in soluble Aβ1-42, p-T181-tau, and p-S396, 
among other things. Exosomes can one day be employed as a diagnostic tool for 
AD as this rise could be observed many years before a diagnosis (Guo et al. 2020; 
Lee et al. 2019). 
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Exosomes derived from plasma neuronal membranes of AD patients cause 
AD-like neuropathology in normal mouse brains by increasing tau aggregation. 
Exosomes from AD patients with BIN1-related genetic variations in their CSF 
encourage tau spreading in mouse, but microglia depletion or exosome synthesis 
suppression greatly reduces tau propagation in vivo and in vitro. Furthermore, these 
toxic species can be transferred to recipient neurons in culture by brain-derived 
exosomes of AD patients with high amounts of Aβ oligomer, leading to neurotoxic-
ity. It was revealed that ESCRT proteins TSG101 and VPS4A knockdown decreased 
toxicity and oligomer spread by blocking exosome synthesis, secretion, or uptake 
(Sardar Sinha et al. 2018). 

Exosomes have a role in the etiology of AD by spreading amyloid beta and tau, 
causing neuroinflammation, affecting neuronal functioning, and ultimately resulting 
in cell death. Neuron-derived exosomes from AD patients substantially contained 
less heat shock factor-1 (HFS1), repressor element 1-silencing transcription factor 
(REST), and low-density lipoprotein receptor-related protein 6 (LRP6) compared to 
controls. As compared to controls, AD patients had considerably greater amounts of 
the pro-inflammatory substances IL-1, TNF-α, and IL-1 in ADEs as well as the 
complement components C1q, C4b, and C3d. The subsequent research showed that 
patients at the CE 2 stage had higher levels of complement proteins and lower 
regulatory proteins than those in the CE 1 preclinical stage. 

The exosomes released by astrocytes that have been exposed to Aβ contain the 
protein known as the proapoptotic prostate apoptosis 4 (PAR-4), which causes 
astrocytes in the culture to undergo apoptosis (Liu et al. 2020). Additionally, 
serum from AD patients as well as brain tissue and serum from the 5XFAD mice 
model includes ceramide-enriched and astrocyte-derived exosomes, both of which 
are linked to the Aβ pathology. These exosomes migrated to the mitochondria both 
in vivo and in vitro, caused mitochondrial clustering, and elevated the amount of the 
fission protein DRP1 in neurons. Further, Aβ-associated exosomes encouraged 
Aβ-binding to voltage-dependent anion channel (VDAC1), which led to neurite 
rupturing, caspase activation, and neuronal death (Elsherbini et al. 2020a, b; 
Zhang et al. 2021). 

Even though exosomes first seemed to be damaging to AD, a growing corpus of 
current research indicates that exosomes may be beneficial against the condition.



Exosomes may include a range of molecules that primarily work by restoring 
neuronal function or Aβ clearance to mediate protective effects against AD. For 
instance, a protein with significant neuroprotective effects like cystatin-C is present 
in exosomes (Pérez-González et al. 2019; Zhang et al. 2021). Statins were acknowl-
edged in lowering the possibility of AD and might change the content as well as 
secretion of exosomes. Exosomes produced by BV-2 microglial cells and neuroblas-
toma cells treated with statins have been shown to encourage extracellular Aβ 
degradation through exosome IDE (Zhang et al. 2021). Exosomes can release 
metalloproteases to the extracellular environment to help in the breakdown of Aβ, 
such as endothelin-converting enzymes (ECE) 1 and 2. The inhibition of 
metalloprotease disrupts Aβ catabolism, which raises Aβ levels, and promotes the 
production of Aβ oligomers intracellularly (Pacheco-Quinto et al. 2019). Aβ oligo-
merization has been demonstrated to be inhibited in vitro by exosome secretion from 
neuronal cells via enhancing microglia-mediated Aβ clearance. 
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10.4 Therapeutic Role of Stem Cells and Derived Exosomes 
in PD 

In 1817, James Parkinson described “shaking palsy,” which is known as Parkinson’s 
disease (PD) and is associated with dyskinesias and dystonias, and several other 
motor and nonmotor symptoms (Jankovic and Tan 2020). In addition to multiple-
system atrophy, progressive supranuclear palsy, chorea, and ataxia, PD is the most 
prevalent mobility disorder. PD has affected more than ten million people globally, 
and it was reported that approximately 6.2 million individuals have PD in 2015 
(Dorsey et al. 2018). Although its prevalence increases with age, sex being a 
contributing factor as men are predominantly afflicted by PD, research also indicated 
that the load of PD would improve significantly in the coming decades (Van Den 
Eeden et al. 2003; Wanneveich et al. 2018). Consequently, this chronic neurodegen-
erative disease PD has severely challenged healthcare systems. It is linked with 
several risk factors, such as oxidative stress, the production of free radicals, and 
several environmental pollutants, and genetic abnormalities (Chen and Ritz 2018; 
Zhou et al. 2008). The clinical hallmarks of PD are a premature selective loss of 
midbrain dopamine neurons (DA) and a buildup of Lewy bodies, which are com-
posed of misfolded α-synuclein and accumulate in several systems in patients with 
PD (Rizek et al. 2016). Before the 1990s, PD was doubted significantly to be 
heritable due to sporadic genesis; nonetheless, it was discovered that 5–10% of PD 
patients have a conventional Mendelian inheritance pattern and that 15% of patients 
have a family history of the disease (Duvoisin 1984; Lesage and Brice 2009). 
Mutations in SNCA, LRRK2, and VPS35 are the root causes of inherited monogenic 
and idiopathic cases of PD. Premature PD cases, before 40 years of age, are linked to 
autosomal recessive variations such as PARKIN, PINKI, and DJ1, although autoso-
mal dominant mutation variations such as LRRK2 and GBA are associated with 
delayed PD, after 50 years of age (Cook et al. 2021). The commencement age, 
diagnosis age, ethnicity, and family history are significant considerations in the



genetic diagnosis of PD. Therefore, single-gene screening is only useful in certain 
situations, such as those with a family history of Gaucher disease and African-Berber 
ancestry (as they have an increased risk of carrying LRRK2 mutations); in other 
cases, it is not reliable. 
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The phenotype of PD cannot often be articulated, even though a multigene panel 
can determine the cause (Cook et al. 2021). The list keeps growing as more genes are 
found to be correlated to the onset of PD. As a result, screening of only these genes is 
available in commercial laboratories. Additionally, whether the patient has the 
known mutation or not, there is currently no difference in the therapy or administra-
tion of PD. It could be achieved by the advent of clinical trials targeting specific 
mutations. Deaths attributed to PD rise with age. Deaths frequently occur before 
advanced disease stages, and causes (such as aspiration pneumonia) of death of PD 
patients are like non-PD patients’ cohorts, as written on the death certificates 
(Armstrong and Okun 2020). The L-DOPA treatment for PD was developed by 
Hornykiewicz et al. based on Carlsson’s discoveries (Lees et al. 2015). This strategy 
remunerates for lower dopaminergic levels via encouraging dopaminergic synthesis 
in dopaminergic neurons in the midbrain; however, effects of L-DOPA were fre-
quently erratic, even among the same patients, and frequently brought on deep and 
unbearable side effects like emotional disturbances, motor fluctuations, dyskinesia, 
and psychiatric conditions (Iarkov et al. 2020). Although several drugs can reduce 
the disease’s motor symptoms, therapies for PD do not cure the condition. To look 
over this, many therapeutics are emerging for the prognosis of PD; however, they 
always result in side effects or are less effective (Clarke 2008; Jagadeesan et al. 
2017). So the need for a novel targeted therapy is required for efficient outcomes; in 
this part, we will talk about the novelty of stem cells and derived exosomes in 
treating PD. 

10.4.1 Stem Cells as Therapeutic for PD 

There is a potential pool of cells that can be employed for neural grafting since it is 
possible to influence the outcome of these cells to become dopaminergic neurons. 
ESCs and iPSCs are the most promising stem cell types when it comes to treating PD 
(Stoker 2018). By using in vitro fertilization techniques, many human ESC cell lines 
have been generated that are derived using the early blastocyst’s ICM. Techniques to 
direct the development of cells into dopaminergic neurons emerged over the follow-
ing decade (Kriks et al. 2011). Since ESCs are believed to be the most pluripotent, 
they can, under specific circumstances, develop cells from all three primary germ 
layers (Murry and Keller 2008). Although the yield of TH-positive cells was quite 
variable, studies have indicated that expression of tyrosine hydroxylase (TH), the 
rate-limiting enzyme for the synthesis of dopamine, could be increased. However, it 
was shown that these cells can be transplanted into rodents and generate some degree 
of motor recovery (Brederlau et al. 2006; Grealish et al. 2014; Roy et al. 2006). PD 
treatment was recently reported to use the first dopamine neuron cell product 
produced from ESCs. Scientists have long been a driving force in the creation of



methods to create dopamine neurons from hPSCs (human pluripotent stem cells) 
(Piao et al. 2021). These characteristics result from telomerase, which extends 
telomeres and slows the aging in hESCs (Hiyama and Hiyama 2007). When it 
comes to developmental potential, murine ESCs and human ESCs differ from each 
other. hESCs have a limited capacity for development compared to murine ESCs, 
which can differentiate into tissues from the three germ layers (Pera et al. 2000). 
Additionally, ESCs cannot be implanted directly into the substantia nigra due to their 
strong tumorigenic potential in undifferentiated conditions. It is generally believed to 
use a combination of fibroblast growth-8, sonic hedgehog, and brain-derived 
neurotrophic factor to develop ECS into DA neurons. Furthermore, MS5 cells and 
ESCs must be co-cultured (Kriks et al. 2011; Guo et al. 2021). However, due to 
involvement in the destruction of human embryos, ethical and political controversies 
are in hESC research (Lo and Parham 2009b). 
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iPSCs provide a platform to investigate how genetic defects affect the likelihood 
of developing the disease as they have the complete genomic sequence of a patient. 
By adopting methods like those used with ESCs, the iPSCs produced in a manner 
that can be differentiated into DA, which could serve as the foundation for efficient 
cell-based therapy for PD (Soldner et al. 2009). iPSC-derived grafts have an 
advantage over ESC-derived grafts in that a patient’s fibroblasts can be used to 
generate a neural graft product, negating the need for immunosuppression in 
ESC-derived grafts (Stoker 2018). Several investigations have demonstrated the 
potential of autologous iPSC-derived dopaminergic neurons or precursors to survive 
in vivo through transplantation to primates or murine PD models (Song et al. 2020; 
Hallett et al. 2015). Improvements in motor function were seen after iPSC-derived 
dopaminergic neurons that had undergone cultured differentiation were implanted 
into the putamen of Parkinsonian Cygnus monkeys (Hallett et al. 2015). From an 
iPSC cell line, Song et al. produced clinical-grade dopaminergic neural progenitors 
of the midbrain. Following the implantation of 100,000–300,000 of these cells into 
the striatum, the motor function of mice with immunodeficiency-induced PD signifi-
cantly improved after 14 weeks; further improvement persisted for at least 52 weeks. 
These cells were created under good manufacturing practices (GMPs) with special 
procedure following the crucial components: an episomal vector and specific 
miRNA improved the efficiency of converting fibroblasts to iPSCs (Song et al. 
2020). 

The first iPSCs harboring SNCA triple replication and iPSCs that have been 
differentiated into dopaminergic neurons were obtained by Devine et al. These 
iPSC-derived dopaminergic neurons successfully reproduced the α-syn accumula-
tion characteristic of PD that was not seen in PD patient skin fibroblasts (Devine 
et al. 2011). PD is characterized by the accumulation of α-syn, the intrinsic 
upregulation of oxidative stress markers, and peroxide-induced oxidation in SNCA 
triplication is linked to increased expression and accumulation of α-syn (Byers et al. 
2011). SNCA triplication iPSC-derived neural stem cells are more vulnerable and 
sensitive to oxidative stress under environment toxins or oxidative stress conditions. 
Importantly, knocking down endogenous α-syn allows for the reversal of this 
phenotype (Flierl et al. 2014).
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10.4.2 Derived Exosomes in PD 

Scientists are using new targeted strategies, such as derived exosomes, to overcome 
the problem of neurodegenerative diseases, as cell-cell communication is the main 
feature of it. Also, exosomes can be used as biomarkers for metabolic diseases to 
diagnose disease risk factors for disease and perhaps treat or prevent disease, and 
they are also important in the treatment of other diseases such as cancer (Dai et al. 
2020). 

The key diagnostic criteria for PD are the apparent clinical motor symptoms. 
However, several non-motor signs are present prior to the onset of motor symptoms 
(Chaudhuri et al. 2006). Many drugs are used to treat PD, but provide only 
temporary relief and have adverse side effects as the disease progresses (Müller 
2012). Most drugs tested for CNS conditions during clinical trials failed because 
they would not be able to cross the BBB (Banks et al. 2020; Pardridge 2012). In both 
in vivo and in vitro experiments, the BBB was crossed by human blood exosomes 
and delivered dopamine to the brain due to a connection between transferrin and its 
receptor. When administered intravenously or systemically, dopamine-containing 
exosomes were less toxic than free dopamine and more therapeutically effective in 
the PD mouse model (Qu et al. 2018). 

MSC-derived exosomes have demonstrated efficacy in treating many clinical 
conditions such as PD, multiple sclerosis, and osteoarthritis (Li et al. 2019; Vilaça-
Faria et al. 2019). In 6-OHDA mouse models of PD, MSC-derived exosomes were 
found to repair dopaminergic neurons, offering a potential therapy for 
PD. MSC-derived exosomes associate with neuron cells in the PD animal model 
to reduce neuroinflammation and enhance neurogenesis along with the expression of 
advantageous miRNAs. In MSC-derived exosomes, miR-21 and miR-143 signifi-
cantly influenced immune regulation and neural death (Mianehsaz et al. 2019). As 
one of the miRNAs downregulated in PD, miR-133b can be supplied to neural cells 
via MSC-derived exosomes to promote neurite outgrowth. Furthermore, mimic-
miR-7 can enhance the neuroinflammation response in PD by modifying 
MSC-derived exosomes to reduce α-syn aggregation and repress NLRP3 
inflammasome activation in SNpc and striatum. The modification in antago-miR-
155 can also lessen neuroinflammation and microglia cell activation, therefore 
perchance beneficial for PD (Mianehsaz et al. 2019). 

10.5 Conclusion 

Recent research revealing therapeutic advantages for several neurodegenerative 
diseases in stem cells have promising translational significance. Numerous studies 
have described the fundamental processes, which range from cell replacement and 
paracrine actions at the region of neurodegeneration to proliferation, differentiation, 
and immunomodulation. Depending on the nature and origins of stem cells, preclin-
ical investigations have revealed a variety of impacts. But there are some restrictions 
that prevent employing of regenerative cell therapy derived from stem cells. Studies



indicated that grafts failed to show an advantage of transplantation (J. Y. Li and Li 
2021). However, the advantages are noted in countless animal research and human 
pilot trials; therefore, an in-depth analysis of the sources, types, stages, dosages, and 
methods is needed to establish the optimum treatment outcome for stem cell 
transplantation in AD and PD models (Reuter et al. 2008). The different stages of 
AD and PD progression, along with other related diseases, may significantly affect 
how cell transplantation functions. Additionally, exosomes are subcellular 
components that contribute to the start, progression, and spread of AD and PD by 
releasing harmful substances including misfolded α-syn and inflammatory mediators 
into the environment. Through the isolation and identification of EV cargo, new 
biomarkers for AD and PD diagnosis have been discovered. Two main factors 
embody exosomes as the ideal drug delivery platforms in treating AD and PD and 
their ability to cross the BBB and low immunogenic activities. Nonetheless, further 
investigations are needed into the molecular mechanism in the pathology of AD and 
PD and directly categorize α-syn in PD. 
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Abstract 

Neurodegenerative disorders (NDDs) are well known and major causes of dis-
ability, complications, and neuronal death worldwide. There are treatments avail-
able but less promising, expensive, and least effective. Therefore, researchers are 
focusing towards the reliable treatment with promising effect. There are numer-
ous substances that have neuroprotective properties like free radical scavengers, 
anti-stimulants, anti-inflammatory agents, neurotrophic factors, iron chelators, 
stimulants, and gene therapy. They do have some drawbacks, however, such as 
the blood-brain barrier, which keeps infections and viruses out, but also drugs.
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This makes it difficult to deliver treatments directly to the brain. This is where 
stem cell therapy and exosomes come into play. Exosomes are small membrane-
bound nano vesicles which transport molecular cargo such as cellular proteins, 
lipids, micro-ribonucleic acid (miRNA) and messenger RNA (mRNA). Further-
more, signaling molecules also impacted the recovery of NDDs. This chapter 
mainly focused on the therapeutic approach of exosomes, signaling molecules 
against neuronal complications.
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11.1 Introduction 

Neuroprotection includes preservation of neuronal structures and/or functions and 
inhibition of pathophysiological processes that may lead to neuronal dysfunction 
and/or death (Duman 2022). Neuroprotection aims to limit neuronal death following 
central nervous system (CNS) injury and protect the CNS from premature degenera-
tion and other causes of neuronal cell death. Neuroprotectants counteract the effects 
of neurodegeneration. Neuroprotection is needed during various events, such as 
traumatic brain injury (TBI), stroke, or neurological injury and support for people 
with neurological diseases such as Alzheimer’s disease (AD), Parkinson’s disease 
(PD) and multiple sclerosis (MS) (Jain and Jain 2019). 

Current neuroprotective agents cannot reverse existing nerve damage, but they 
can prevent further nerve damage and slow CNS degeneration (Kumar et al. 2015; 
Sinha et al. 2020). There are numerous substances that have neuroprotective 
properties like free radical scavengers, anti-stimulants, anti-inflammatory agents, 
neurotrophic factors, iron chelators, stimulants, and gene therapy (Dergunova et al. 
2021). They do have some drawbacks, however, such as the blood-brain barrier, 
which keeps infections and viruses out, but also drugs. This makes it difficult to 
deliver treatments directly to the brain. This is where stem cell therapy and exosomes 
come into play. Stem cells are undifferentiated cells, present in embryonic, fetal, 
and adult life stages that give rise to differentiated cells as building blocks of tissues 
and organs. Tissue-specific stem cells are present in differentiated organs after birth 
and in adulthood and play an important role in organ repair after injury (Ronaghi 
et al. 2010). Exosomes are small membrane-bound nanovesicles which transport 
molecular cargo such as cellular proteins, lipids, micro-ribonucleic acid (miRNA), 
and messenger RNA (mRNA). Exosomes are small membrane-bound nanovesicles 
that transport molecular cargo such as cellular proteins, lipids, micro-ribonucleic 
acid (miRNA), and messenger RNA (mRNA) (Jahan et al. 2022). The therapeutic 
effects of exosomes are mainly attributed to their surface markers, molecular con-
tent, and low immunogenicity, ability to cross the blood-brain barrier (BBB), and 
mediate neurogenesis (Kang et al. 2019).
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Signaling molecules are molecules that allow cells to communicate with one 
another. Signaling molecules are required for coordinating bodily reactions, 
processing external inputs, and maintaining homeostasis in multicellular organisms 
(Kumar and Khanum 2012). Tiny signaling molecules, ranging from a few atoms 
grouped in a chemical structure to small peptide molecules, are common. There are 
various signaling molecules that have been found to have neuroprotective action like 
erythropoietin signaling pathways, glial Nrf2 signaling mediates neuroprotection, 
and ligand-gated ion channel interacting proteins also have been found for their role 
in neuroprotection (Broughton et al. 2009; Juybari et al. 2019). This chapter provides 
an overview of the literature on the roles of stem cells, exosomes, and associated 
signaling molecules in neuroprotection. 

11.2 Stem Cells and Derived Factors 

Stem cells are cells that can self-renew and differentiate. The ability of cells to 
proliferate without losing their differentiation potential or aging is called self-
renewal. Stem cells that are known for their neuroprotective effects include embry-
onic stem cells (ESCs), mesenchymal stem cells (MSCs), brain-derived neural stem 
cells (NSCs), and induced pluripotent stem cells (iPSCs) (Rikhtegar et al. 2019). 
ESCs are pluripotent cells derived from the inner cell mass of the developing 
blastocyst (embryonic day 5–6) capable of giving rise to cell types from the 
ectoderm, mesoderm, and endoderm germ layers. MSCs play a role in the develop-
ment of mesenchymal tissue types and can be obtained from umbilical cord blood 
(UCB-MSCs) or Wharton’s jelly. They are also present in several adult stem cell 
niches, including bone marrow and adipose tissue. Stem cells are divided into three 
categories according to their ability to differentiate. The first are totipotent stem cells, 
which can be introduced into the uterus of a living animal and grow into a complete 
organism. Pluripotent stem cells such as embryonic stem cells (ESCs) and induced 
pluripotent stem cells (iPSCs) are the second category (Mummery et al. 2012). 
Multipotent stem cells are the third type. They are adult stem cells that divide 
asymmetrically to form specific lineages of neurons in the nervous system. These 
cells are endowed with the capacity to regenerate and can divide asymmetrically to 
produce all of the cell types of the nervous system (neurons, astrocytes, and 
oligodendrocytes) (Hu et al. 2015). 

11.2.1 Exosomes 

11.2.1.1 Biogenesis and Contents of Exosomes 
Exosomes can contain a variety of different substances including proteins, fats, and 
nucleic acids. In order to understand how cells utilize exosomes to communicate 
with each other and alter their environments, it may be helpful to investigate the 
production and trafficking of exosomes. Exosome production is started when 
clathrin-coated vesicles are transported into the membrane, and they invade inwards



(Gurung et al. 2021). Invaginated vacuoles can evolve into early endosomes (EEs), 
which take in ubiquitinated cargo following invagination. This is facilitated by the 
endosomal sorting complex required for transport (ESCRT) (Bonifacino and Traub 
2003). After that, intraluminal vesicles (ILVs) coalesce and become mature inside 
endosomes, which are now called giant multivesicular bodies. This is followed by a 
secondary inward invagination of the EEs. The multivesicular bodies can be digested 
into lysosomes for degradation (degradative MVBs) or they can fuse with the plasma 
membrane (exocytic MVBs), releasing ILVs into the extracellular space, which are 
known as exosomes (Maxfield et al. 2016). In oligodendrocytes (OLGs), Trajkovic’s 
team demonstrated that the release of ILVs is dependent on the ESCRT machinery 
and that the distribution of the sphingolipid ceramide in the MVBs controls the 
extracellular release of ILVs as exosomes. The release of exosomes is documented in 
some studies to be dependent on Rab27 and Rab35 and can be halted with a neutral 
sphingomyelinase inhibitor. The release of exosomes is shown to be induced by 
Ca2+ and the ionophore A23187 in another study (Emanuel 2015). 
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Since exosomes originate from endosomes, they contain proteins involved in 
membrane transport and fusion (GTPases, annexins, flotillin), tetraspanins (CD9, 
CD63, CD81, and CD82), heat shock proteins (heat shock cognate [Hsc70], heat 
shock protein [Hsp 90]), proteins involved in the biogenesis of MVBs (Alix and 
TSG101), and lipid-related proteins and phospholipases (Simpson et al. 2008). 
Despite the fact that there are significant differences in proteins among exosomes 
from various sources, these proteins are utilized as positive “labels.” The most 
commonly employed markers of exosome presence include TSG101, Alix, flotillin, 
and Rab5b; these markers are identified using antibody-based methods including 
western blot and ELISA (Abak et al. 2018). Over 4400 different proteins have been 
identified that are typically identified by mass spectrometry; these proteins are 
associated with exosomes and serve as a means of cell-to-cell communication in 
addition to the membrane proteins. Exosomes are composed of a lipid-rich matrix, 
and the different types of exosomes are composed of different amounts of lipid. 
Phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine (PS), 
lysobisphosphatidic acid, ceramide, cholesterol, and sphingomyelin are just a few 
of the lipids that have been documented to produce exosomes (Lucotti et al. 2022). 
The stiffness and effectiveness of the delivery of exosomes are both affected by the 
lipid composition of these structures, including sphingomyelin and N-
acetylneuraminyl-galactosylglucosylceramide (GM3). By binding the outer 
proteins, phosphatidylserine is released on the exosome membrane by the enzymes 
floppase, flippase, and scramblase; this protein has a role in signaling and attaching 
to the plasma membrane (van der Koog et al. 2022). As a result, the capacity of 
exosomes to communicate may be impaired by variations in the PS concentration on 
the exosomal membrane. Also, reports have been made of saccharide-containing 
groups on the exterior membranes of exosomes. Mannose, polylactosamine, α2,6-
sialic acid, and complex N-linked glycans have all been identified in exosomes, as 
per Batista et al. Additionally, nucleic acids including miRNA, mRNA, and other 
noncoding RNAs are present in exosomes, along with proteins and lipids. Several 
studies have documented that exosomal RNA is different from that of the parent cell



(Zhang et al. 2015). Other researchers have demonstrated that the miRNA content of 
cancer cell-derived exosomes is identical to that of their parent cells, which makes 
them a useful tool as biomarkers. Because of the expense and time required for EM 
validation of exosomes, miRNAs may be a superior method for confirming the 
existence of exosomes and disease markers. While the miRNAs and noncoding 
RNAs that are carried by exosomes can regulate gene expression, the mRNAs they 
carry can be translated into proteins in the recipient cells (Lai et al. 2022). Also 
present in exosomes is DNA, but the purpose of this genetic material is still 
unknown. The software ExoCarta was created to document the protein, RNA, and 
lipid content of exosomes via web-based databases, as the amount of exosomal 
content has increased significantly over the past few years (http://www.exocarta.org/). 
Overall, a wide variety of cells secrete exosomes, which are made up of 
components similar to proteins, lipids, and nucleic acids from their original cells. 
Exosomes are considered to function as conduits because they allow cells to 
communicate with each other by transferring materials from their primary cells 
to other cells. Experimental research can corroborate the neuroprotective effects of 
exosomes in neurodegenerative diseases by looking at the contents and examining 
potential biomarker candidates. This will gain credence with more explanation of 
the supposed role exosomes play in cell-to-cell communication (Westergard and 
Stefeson. 2018). 
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11.3 Neuronal Communication Via Exosome 

Exosomes are utilized as a conduit for communication between cells; they also 
interact with nearby cells to expedite the release of active substances. The research 
of Skog et al. demonstrated the transfer of micro-RNAs and proteins from glial cells 
to axons. Neurons in the hippocampus and cultured cortical cells release exosomes 
into the extracellular environment in response to glutamatergic synaptic activity 
(Kalani et al. 2014). These exosomes include receptor molecules called GluR2/3 
subunits. Galactocerebrosides, sulfatides, and cholesterol, the defining myelin lipids, 
are released into the exosomes by oligodendrocytes, which are essential for myelin 
sheath and neuronal conduction (Fauré et al. 2006). Microglial cells, which are 
macrophages in the central nervous system, become activated in disease states and 
convert into antigen-presenting cells by releasing exosomes. The cytokine IL- is 
pro-inflammatory and contains the exosomes released from the plasma membranes 
of microglia and astrocytes as a result of ATP stimulation and sphingomyelinase 
activation (Turola et al. 2012). In reaction to heat and oxidative stress, cultured 
astrocytes produce exosomes that contain the proteins synapsin-1 and heat shock 
protein 70. Exosomes carrying immunosuppressive and oncogenic factors are 
released by glioblastoma and astrocyte-derived brain tumor cells. Therefore, 
exosomes act as carriers for molecules of many origins, enabling cell-to-cell com-
munication. The process of biogenesis, types of exosomes, role of exosomes, and 
signaling molecules are represented in Fig. 11.1.

http://www.exocarta.org/
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11.4 Exosomes and Neuropathology 

Exosomes are implicated in the development of many disorders of the nervous 
system that are inflammatory or degenerative (Zappulli et al. 2016). 
Neuroinflammation is an innate immune response that is triggered by microglia 
and astroglia, both of which are resident macrophages of the central nervous system, 
when they are stimulated by different types of insults or damage. Neuroinflammation 
causes the production of cytokines, chemokines, reactive oxygen species, and 
additional messengers. Astrocyte-derived exosomes can also transport proteins that 
are misfolded or have been overexpressed into neurons, which then have the ability 
to initiate or propagate inflammation in the brain, causing death of neurons and 
degeneration. Exosomes that contain inflammatory molecules like IL-1 and other 
cytokines that are associated with the promotion of neuroinflammation can also be 
released by glial cells (Cadoni et al. 2020). Their scavenging activities are crucial to 
the removal of toxic substances. Glial exosomes can also transmit endocrine 
messages from hematopoietic cells to the brain; this phenomenon is increased in 
an inflammatory environment (Traina 2021). It is intriguing to observe that extracel-
lular vesicles can easily pass over the BBB, giving a new route for systemic 
inflammation to influence CNS physiological functions. MiRNAs, which have the 
ability to dysregulate the gene expression of nearby cells, are also present in 
exosomes. For example, exosomes that contain pro-apoptotic proteins (e.g., prostate 
apoptosis response 4 and ceramide) and tau proteins are released by the astrocytes; 
these proteins are transferred to other cells in order to induce cell death and 
neurodegeneration in a human cell line that has similar levels of tau protein as 
those observed in the postmortem brains of patients with Alzheimer’s disease 
(Hagey et al. 2023). Neuronal exosomes contain precursors of amyloidogenic 
proteins as well as enzymes that facilitate the conversion of other precursors 
(Leong et al. 2020). These findings support the hypothesis that exosomes from 
neurons promote the formation of amyloid plaques. Neuronal exosomes are 
implicated in the release of toxic oligomers of alpha-synuclein to the extracellular 
space in PD by broadcasting this protein to surrounding neurons and glia (Xia et al. 
2019). This, in turn, causes an inflammatory response and cell death. Neurons and 
astrocytes are capable of releasing exosomes that contain the mutant form of Cu/Zn 
superoxide dismutase 1 (SOD1) into the extracellular space; this misfolding can be 
propagated in both human and murine cell models, which results in motor neuron 
damage; this is what happens in amyotrophic lateral sclerosis (Grad and Cashman 
2014). Additionally, both oligodendrocytes and microglia simultaneously take in 
antigens that are associated with the pathogenesis of autoimmune disorders in the 
CNS. In an experimental mouse model of autoimmune encephalomyelitis, for 
instance, pro-inflammatory cytokines encourage immune cells to produce exosomes, 
which then trigger additional pro-inflammatory chemicals by spreading inflamma-
tion. Because of the glutamate’s toxicity, the amount of glutamate in this condition 
increases, which causes oligodendrocytes to release exosomes, which may lead to 
demyelinated areas (Jiang et al. 2014). Several tissues from autoimmune diseases 
and multiple sclerosis have also been observed to have altered levels of almost



100 miRNAs. Exosomes have an effect on the onset and progression of negative 
effects on neuronal survival; this makes them relevant to viral infections as well. 
Exosomes that contain certain miRNAs (mir-29b, mir-128a, and mir-146a) of mouse 
cells infected with neurons that participate in the dysfunction of neurons by altering 
key genes have an effect on the quantity of misfolded prion protein that accumulates 
in neurons and causes neuronal loss in prion disorders (Bellingham et al. 2012). In 
primary rat astrocyte cultures, the use of drugs during infection increases the amount 
of exosomes that are enriched with mir-29b; this may lead to neurotoxicity in 
neurons. Infectious diseases of the HIV are typically associated with neurological 
impairments. Numerous studies demonstrate that alcohol misuse causes inflamma-
tion and degeneration of the nervous system via the innate immune receptor TLR4. 
Recent studies on mouse astrocytes have demonstrated that ethanol increases the 
release of astrocyte-derived EVs and their content to inflammatory proteins (such as 
NF-κB-p65, NLRP3, caspase-1, and IL-1) and miRNAs (mir-146a, mir-182, and 
mir-200b) in a TLR4-dependent manner. By promoting neuronal apoptosis, 
astrocyte-derived EVs would cause naive cortical neurons to have more inflamma-
tory proteins (cyclooxygenase 2) and miRNAs (mir-146a) imported. The purpose of 
the regulatory functions of the expressed miRNAs in specific genes has been 
uncovered by the functional analysis of these miRNAs. These functions are 
associated with various inflammatory pathways (Nassar et al. 2022). These instances 
suggest that glial EVs may facilitate and augment the neuronal inflammatory 
response, which could lead to brain damage or dysfunction. It is intriguing to note 
that mental illnesses have been associated with exosomal participation in 
neuroinflammation. For example, certain types of psychopathology, particularly 
depression, are associated with chronic neuroinflammation (Pascual et al. 2020). 
The release of microglial exosomes is disrupted in a variety of mental illnesses, 
including depression, anxiety, bipolar disorder, and schizophrenia, as a result of 
serotonin pathway dysfunction. The same investigation also demonstrated that 
human microglial cells in culture can be primed to release more inflammatory 
cytokines, such as IL-1, via EVs derived from the patient’s serum that were collected 
with the autism spectrum disorder. Overall, new research demonstrates that the 
exosomal origin of neural tissue has a significant role in the propagation of 
neuroinflammation in neurological and neurodegenerative diseases. However, 
these microscopic vesicles can also be used to create engineered EVs that have 
therapeutic applications as their intended purpose (Fayazi et al. 2021). In fact, 
cutting-edge methods are currently being developed to utilize EVs as intended. 
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11.4.1 Neurotrophic Factors 

The central nervous system contains many different cell types, including 
oligodendrocytes, microglia, and astrocytes, all of which have been demonstrated 
to be essential in controlling both healthy and pathological conditions. Glia have a 
significant role in the degeneration of the nervous system in conditions including 
Alzheimer’s disease, Parkinson’s disease, and ischemic stroke, the latter of which is



initiated by microglia and culminates in the formation of a glial scar (Peferoen et al. 
2014). Past co-culture investigations have explored the significance of these cells to 
neuronal survival, and the pursuit of neurotrophic factors (NTFs) was initiated by the 
discovery that the addition of astrocyte-conditioned media would increase the 
viability of primary neurons in vitro. The discovery of glial cell line-derived 
neurotrophic factor, a powerful dopamine neurotrophic factor, was thus made 
(GDNF) (Barbacid 1995). 
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11.4.2 BDNF 

The data from in situ hybridization experiments that utilize RNA indicate that BDNF 
is first expressed in the embryonic mouse brain at E11.5, and its expression persists 
through later developmental stages. High levels of BDNF mRNA are present in the 
cortex, hippocampus, and olfactory regions of the adult mouse brain, while lower 
amounts are present in the thalamus, hypothalamus, midbrain, and medulla. The 
analysis of the cell-type-specific transcriptome of the mouse cerebral cortex by RNA 
sequencing identified about a twofold increase in BDNF mRNA in astrocytes 
compared to neurons, though the levels of expression are low and are decreasing 
with age in astrocytes derived from the hippocampus and striatum, but not from the 
cortex (Peng et al. 2011). Contrasted with mice, the mRNA levels of BDNF in 
human astrocytes and neurons are minimal. The expression and release of BDNF 
from glial cultures has been specifically documented in multiple investigations. Rat 
basal forebrain astrocytes that were cultured on postnatal day 1 expressed mRNA for 
BDNF. After a spinal cord injury (SCI), immunohistochemistry demonstrated that 
the levels of BDNF in the rat’s astrocytes and microglia were increased at the protein 
level (Parkhurst et al. 2013). Similar to this, activating rat basal forebrain astrocytes 
in vitro with KCl, a cholinergic agonist carbachol, and glutamate increased BDNF 
mRNA levels and protein release. The administration of a medication that is used to 
treat multiple sclerosis that has a relapsing-remitting pattern increased the expression 
and secretion of BDNF by around a twofold in cultures of astrocytes in the mouse’s 
cortex, and immunofluorescence labeling of these cultures and the analysis of the 
media samples revealed a twofold increase in BDNF secretion (Efstathopoulos et al. 
2015). 

11.4.3 CNTF 

Although ciliary neurotrophic factor (CNTF) has long been recognized to affect 
astrocyte development, there are not many studies that discuss how it affects glial 
cell expression. Its presence is minimal and confined to particular brain regions in the 
growing mouse embryo. At E14.5, in situ RNA hybridization in the striatum, basal 
ganglia, thalamus, and hypothalamus detects moderate levels (Scharfman 2005). 
CNTF is present in the adult mouse brain at low levels, with the greatest levels of 
expression found in astrocytes and OLGs that are developing or myelinating.



However, a different investigation that examined the alterations in gene expression 
in astrocytes from mice of various ages found no evidence of CNTF mRNA 
expression at any point (Pöyhönen et al. 2019). Similarly, the expression of CNTF 
in the human brain was not detected by RNA sequencing. However, despite this 
finding, studies that focused on the detection of CNTF mRNA were able to demon-
strate its expression in astrocytes under typical circumstances. In case of stroke and 
entorhinal cortex injury, CNTF mRNA was increased similarly to BDNF in reactive 
GFAP-positive astrocytes. This has been hypothesized to occur because, under 
typical circumstances, interactions with neurons may inhibit the expression of 
CNTF in astrocytes by means of the integrin signaling pathway (Abrous et al. 2005). 
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11.4.4 NGF 

Astrocytes from rats were observed to have NGF mRNA and protein during 
development (E20) and postnatal day 3, with the amount of the protein decreasing 
to around 50% by postnatal day 5. These declines are greatly reduced in mature 
animal astrocytes (around 10% of the E20 level) (Molteni et al. 2001). Similar to 
this, astrocytes in the basal forebrain of rats on postnatal day 1 express NGF mRNA, 
its levels increase in response to glutamate stimulation, peroxynitrite stimulation, or 
inflammatory polypeptides. Oligodendrocyte precursor cells (OPCs) derived from 
embryonic mouse brain tissue also possessed NGF mRNA and protein (Mead 2012). 
In situ hybridization also demonstrated low levels of NGF mRNA in the midbrain 
and hindbrain of E18.5 mice, but not in the adult brain, which is consistent with these 
findings. Neurons, OPCs, and newly formed OLGs in the adult mouse cortex have 
low NGF mRNA levels, according to a study of their RNAs. NGF mRNA was not 
found in microglia by RNA sequencing, although it could be expressed in rat 
microglial cells when adenosine A2a-receptors and lipopolysaccharide were present 
(Pöyhönen et al. 2019). 

11.4.5 NT-3 

At E18.5, in the telencephalic vesicle, in situ hybridization can begin to reliably 
detect low levels of NT-3 expression in the developing mouse embryo (Pöyhönen 
et al. 2019). By postnatal day 4, all of the brain regions are populated with NT-3 
mRNA; this mRNA increases dramatically prior to a gradual decline. In the adult 
mouse cerebral cortex, it is barely detectable by RNA sequencing in any cell type; 
however, it is present at a low level in adult human neurons. NT-3 mRNA is not 
stimulated by KCl, glutamate, or the cholinergic agonist carbachol, in contrast to 
BDNF and NGF (Onorati et al. 2011).
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11.4.6 GDNF 

Early studies that used in situ hybridization to detect GDNF mRNA expression 
found that the protein was present in embryonic brain regions as early as E7.5 in 
mice; its concentration increased at E9.5 and then decreased after E10.5. Only in the 
ventral midbrain at E13.5 is GDNF mRNA present through subsequent embryonic 
stages (Cortés et al. 2017). However, it starts to be broadly expressed in the brain at 
E18.5 and continues through postnatal day 14 and adulthood. Semiquantitative PCR 
was employed to detect GDNF mRNA in cultures of astrocytes from human fetuses 
at 12–15 weeks of gestation and from early postnatal mice, where 
lipopolysaccharide is also capable of increasing its expression. Despite low levels 
of GDNF mRNA being present in neurons, OPCs, and newly formed OLGs, recent 
studies that focused on cell-type-specific RNA sequencing in the adult mouse cortex 
have found no GDNF mRNA in astrocytes, myelinating OLGs, microglia, or 
endothelial cells. Only human brain OLGs have low levels of GDNF mRNA (Yan 
et al. 2022). 

11.4.7 NRTN 

The information on NRTN mRNA’s expression during development is not entirely 
clear. Despite the fact that in situ hybridization suggested that NRTN was present in 
the developing brain of E11.5 mice, its expression pattern then became restricted to 
midbrain and hindbrain regions at E14.5, and subsequent experiments failed to 
detect NRTN mRNA at any subsequent developmental stage, including postnatal 
day 28. Similar results were obtained from two separate sets of adult mouse brain 
slices; the first showed widespread expression of NRTN mRNA, while the second 
failed to detect any. However, RNA sequencing revealed high levels of NRTN 
mRNA in the brain, specifically in OLGs that myelinate, in a different study, but 
not in the human brain. These values were lowest in neurons and microglia, the 
lowest of these three cell types (Pöyhönen et al. 2019). 

11.4.8 CDNF and MANF 

CDNF and MANF are novel NTFs and might not function like “traditional” NTFs. 
Under typical circumstances, these proteins localize to the ER and are primarily 
intracellular. Only after ER calcium depletion neurons secrete them, and 
proliferating cells do the same in response to ER stress. Furthermore, MANF 
or CDNF has no known cell surface receptors despite years of extensive inves-
tigation (Danilova 2020). According to information now available, MANF 
regulates the ER stress and UPR pathways and is involved in the migration, 
extension of neurites, and differentiation of neural progenitor cells in the 
cerebral cortex (Tseng et al. 2018). The theory that MANF and CDNF function 
as intercellular signaling molecules that promote neuronal survival in various



neurodegenerative scenarios is not entirely proven by our research; however, 
MANF has already been shown to upregulate markers of phagocytosis and 
attract phagocytic cells in a rat model of stroke. After inflammation and injury, 
MANF is also implicated in the polarization of retinal macrophages and 
microglia. In situ hybridization has been used to find a strong MANF mRNA 
signal in the adult mouse brain and in the developing mouse brain at all 
examined embryonic stages (E11.5, E15.5, and postnatal day 7) (Kaiser et al. 
2019). As a result, RNA sequencing revealed that astrocytes, OPCs, newly 
formed OLGs, microglia, and endothelial cells all had high levels of MANF 
mRNA, whereas neurons and myelinating OLGs had relatively lower levels. Up 
to 2 years of age, levels in mouse astrocytes are rather steady during the course 
of the animal’s life. 
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Similar to this, the mRNA for MANF is highly expressed in the human brain, 
with fetal astrocytes and microglia exhibiting the greatest levels of expression. 
MANF mRNA is observed in mouse microglia throughout life, except for postnatal 
day 7 (7 days old). Additionally, LPS, ischemia, and ER stresses all increase the 
expression of MANF in microglia, astrocytes, OLGs, and, to a lesser degree, neurons 
(Pöyhönen et al. 2019). 

Unlike other NTFs, the expression of CDNF has not been thoroughly 
investigated; however, only semiquantitative PCR identified CDNF mRNA in the 
brains of mice from E12 to 21 days after birth (Llana 2013). Very low mRNA levels 
were observed by RNA sequencing in mouse cortical neurons. In contrast, astrocytes 
and OLGs in the human brain have CDNF mRNA expressed. It is intriguing to note 
that the expression of CDNF mRNA in astrocytes from the mouse cortex and 
hippocampus increases with age, reaching a peak around 9.5 months and remaining 
elevated through age 2 years. In contrast, striatal astrocytes do not exhibit CDNF 
mRNA expression. The findings mentioned above demonstrate a typical pattern of 
NTF expression in glial cells. All NTFs, with the exception of MANF, have 
relatively modest basal expression levels in glial cells under normal circumstances, 
but they can be dramatically increased in response to injury, ischemia, and/or 
stressful conditions (Huttunen and Saarma 2019). This is in agreement with the 
theory that they have a significant role in promoting neuronal survival during 
stressful situations. Importantly, the frequency of NTF expression in human brain 
cells was frequently different than that in mouse cells. This underscored the impor-
tance of research utilizing human brain tissues and models, such as the rapidly 
developing field of human brain organoids (Yadav et al. 2021). 

11.5 Signaling Cascade Involved in Neuroprotection 

A transcription factor called NF-κB (nuclear factor kappa B) controls many pro-
cesses, including immune cell activity, cancer cell growth, neuroprotection, and 
long-term memory (Mincheva-Tasheva and Soler 2013). Two of the most exciting 
areas of NF-κB research are its role in stem cells and development. The group of 
Nobel laureate David Baltimore identified NF-κB as a potential transcription factor



with inducible binding activity (Kaltschmidt et al. 2022). He then determined that 
this latent form was caused by a family of arrestins called inhibitor B (IB), which 
likely interact with NF-κB in the cytoplasm. The neuroprotective properties of 
PACAP38 in neuron/glia co-cultures were examined by preventing LPS-induced 
neuronal death. Neuronal death was calculated based on the amount of NSE released 
into the medium after treatment (Yang et al. 2006). Free radical-induced stress is 
critically controlled by Nrf2 (nuclear factor erythroid 2-related factor 2). Typically, 
the protein KEAP-1 (Kelch-like ECH connexin 1) reconstitutes NRF2 with the cullin 
3-based E3 ligase in the cytoplasm, leading to protein ubiquitination, and its 
proteasomal degradation may stimulate the NRF2-ARE signaling system to provide 
neuroprotection against oxidative damage and cell death (Romani et al. 2018). In 
addition, the current approach suggests that the NRF2-ARE pathway controls the 
synthesis of misfolded protein aggregates found in various NDDs (Huntington, PD, 
and AD) (Grewal et al. 2021). Major brain disorders, including age-related NDD, 
are affected by phosphoinositide 3-kinase (PI3K). Akt is a regulatory protein in 
the PI3K/Akt system that controls neuronal survival and plasticity. 
Phosphatidylinositol-3,4,5-triphosphate (PIP3) activates the downstream molecule 
AKT (Oudit et al. 2004; Rai et al. 2019). As a result, Akt is phosphorylated, affecting 
how different target proteins activate or inhibit their function. As such, it controls a 
wide range of cellular processes, the most important of which are the cell cycle, 
development, metabolism, proliferation, protein synthesis, and apoptosis. One of the 
major signals downstream of the mitogen-activated protein kinase (MAPK) signal-
ing cascade is c-Jun N-terminal kinase (JNK). JNK is a member of the threonine 
protein kinase family consisting of three genes (JNK1, JNK2, and JNK3) that 
collectively translate ten variants (Oudit et al. 2004). While JNK3 is mainly 
distributed in the CNS and has shown therapeutic promise in NDD and other CNS 
diseases. JNK1 and JNK2 are widely distributed in various tissues and play impor-
tant roles in obesity-induced insulin resistance (Bogoyevitch 2006). JNK is activated 
by phosphorylation on threonine and tyrosine residues and inactivated by a negative 
feedback process initiated by MAPK phosphatases. Macrophages and monocytes 
produce inflammatory cytokines during acute inflammation, one of which, tumor 
necrosis factor (TNF), is responsible for many cell signaling events leading to 
apoptosis and necrosis (Turner et al. 2014). TNF molecules can be divided into 
two types: TNF-α and TNF-β. Microglia are critical in triggering the inflammatory 
cascade leading to neuronal cell death by releasing neurotoxic and inflammatory 
mediators such as TNF-α, IL-1, IL-6, and NO. PGC-1, also known as peroxisome 
proliferator-activated receptor gamma coactivator 1alpha, is critical to the brain. 
While JNK3 is mainly distributed in the CNS and has shown therapeutic promise in 
NDD and other CNS diseases. JNK1 and JNK2 are widely distributed in various 
tissues and play important roles in obesity-induced insulin resistance. JNK is 
activated by phosphorylation on threonine and tyrosine residues and inactivated by 
a negative feedback process initiated by MAPK phosphatases. Macrophages and 
monocytes produce inflammatory cytokines during acute inflammation, one of 
which, tumor necrosis factor (TNF), is responsible for many cell signaling events 
leading to apoptosis and necrosis. SIRT-1 is activated in multiple ways, leading to
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A-peptide inhibition, Bax-dependent inhibition of apoptosis, and regulation of 
pro-apoptotic transcription factors. The cyclic AMP-binding protein response ele-
ment, or CREB, is a transcription factor that regulates the production of genes 
involved in neuronal survival, function, and neurogenesis (Ortega and Jastrzebska 
2021). It is constitutively expressed in the nucleus, in the brain of animal models of 
AD, and in amyloid-expressing neuronal cell lines. Serine-threonine kinases, also 
known as mitogen-activated protein kinases (MAPKs), promote a variety of cellular 
processes such as cell division, proliferation, development, and apoptosis. Serine/ 
threonine interactions are still strongly maintained by MAPKs, which can be divided 
into traditional MAPKs and atypical kinases. Typical examples are the protein 
kinases JNK1–3 and ERK1/2 (SAPK1A, 1B, 1C). Atypical are p38 (p38 and 
ERK5), ERK3/4, ERK7/8, and Nemo-like kinase (NLK). The protein sequence 
that amplifies the signal consists of the MAPK cascade, which begins with the 
MAPKK kinase. MAPKs are ultimately activated by MAPK kinases (MAPKKs), 
which are further phosphorylated and activated by MAPKKKs. Cell growth, apo-
ptosis, and cell survival are all affected by MAPK phosphorylation and activation 
(Anjum et al. 2022). 
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11.6 Application of Exosomes in Neuroprotection 

Exosomes are small vesicles that have the same membrane structure as cells, have a 
range of sizes from 30 to 200 nm, and lack an obvious exterior. Even when 
exosomes are produced from the same cell type, their sizes differ significantly 
(Pegtel and Gould 2019). Each exosome sizing method, however, adds unique biases 
and exosome size projections. For instance, methods that measure the hydrodynamic 
size of proteins and glycans that protrude from the exosome membrane are suscepti-
ble to the size of molecules bound to the exosome surface that are weakly attached. 
Exosomes contain large amounts of specific transport proteins like CD81, CD9, and 
CD63. Without knowing how many of these proteins are concentrated in exosomes, 
more than 3000 proteins have been discovered in exosomes secreted by a single cell 
type. According to this theory, soluble proteins are rarely incorporated into 
exosomes and, following exosome-cell union, are free to function in target cells. 
This idea has been skillfully applied for medicinal purposes by using a light-induced 
exosomal targeting and release technique. Exosomes carry DNA, which can be 
either single-stranded, double-stranded, mitochondrial, chromosomal, or comple-
mentary to reverse transcription. In contrast to other exosomal payloads, it is not 
known whether specific DNAs are preferentially organized into exosomes 
(Ke 2020). Further reports suggest that DNA found in exosome-associated particles 
can reveal the entire genetic code of the cell that produced the exosomes. Also, it is 
unknown how much exosomal DNA is affixed to the surface of the organelle versus 
how much is stored inside of it. Exosome-based DNA release may aid in maintaining 
DNA integrity, possibly in the regulation of inflammation, and may serve as a 
valuable indicator of malignancy, viral infection, or chemotherapeutic tolerance.
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Recent investigations of exosomes have primarily focused on the functions of the 
molecules that are carried by the exosomes and the signals that they transmit 
between cells. Exosomes are particle complexes that are loaded with multiple signals 
and have the capacity to transmit multiple, combinatorial messages by clustering and 
activating corresponding receptors on the cell’s surface. These activities have been 
documented for proteins associated with the cytokine, Wnt, and Notch pathways as 
well as the growth factor (Paskeh et al. 2022). Additionally, target cells can receive 
functional receptors and, in some circumstances, triggered receptors and effectors 
through exosome union with them. However, it is entirely appropriate to question 
whether or not research on the exosome-mediated communication between cells and 
movement is actually significant for metabolic processes in vivo. Despite this 
question still being unresolved in many systems, there is clear evidence that 
exosome-mediated PD-L1 signaling contributes to immunosuppression, that 
exosome-mediated miRNA reprogramming contributes to viral infections and preg-
nancy, and that exosome-mediated EGFRvIII transfer contributes to cancer (Wolf-
Dennen and Kleinerman 2020). As a result, it is sensible to question whether 
exosomes are necessary for a particular function, but this questioning should be 
balanced by the likelihood that multicellular life evolved in the presence of continu-
ous, ongoing exosome synthesis and uptake. Exosomes have been linked to numer-
ous noninfectious diseases, including cancers, inflammation, metabolic disorders, 
autoimmunity, neurodegeneration, chronic pulmonary obstructive disease, 
addictions, and other normal physiological processes (e.g., development, tissue 
homeostasis, aging, metabolic regulation, exercise, stress, circadian rhythms, molec-
ular transfer during pregnancy, breastfeeding, eating, and parasitic interactions), as 
well as many of these processes (e.g., those caused by infection with viruses, 
protozoans, fungi, worms, arthropods, etc.) (Blum 2019; Naviaux 2019). 

The production of exosomes by neurons, microglia, astrocytes, oligodendrocytes, 
and neural stem cells has been documented in multiple studies to have a role in 
neuronal protection, regeneration, growth, and learning of new connections. Small 
(50–80 nm) and large (600 nm) exosomes are released into the ventricular fluid 
during the early stages of neurogenesis in the developing brain of the rodent (Janas 
et al. 2016). Exosomes, which can reengineer their recipient cells, may facilitate the 
transmission of mRNAs that encode for embryonic transcription factors. It is 
hypothesized that exosomes function as a conduit between spatial and temporal 
differences that are important for neuronal development. Exosomes are believed to 
facilitate the genomic alterations (mutations) of embryonic cells by allowing 
retroposon sequences to be transmitted between cells; this causes gene expression 
to be altered (Riva et al. 2019). 

The participation of exosomes in diverse embryonic processes has been 
documented in flies. In the drosophila, exosome-like structures are called argosomes, 
they transport morphogenic Wnt signaling proteins in a manner similar to an 
endosome, and this movement is directed by geographic and temporal gradients 
during wing development. Additionally, argosomes may have proteins that signal, 
such as Hedgehog, Notch, decapentaplegic, and wingless, which are responsible for 
embryonic gradients in other tissues. As a result, exosomes have a greater role in the



systemic and local communication between neurons than direct cell-to-cell contact 
(Parchure et al. 2018). 
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11.6.1 Exosomes in Synaptic Activity 

In vitro, undifferentiated neurons in the cerebral cortex produce exosomes and 
become active following a depolarizing stimulus, according to research by Faure 
et al. The GluR2/3 components of AMPA receptor subunits and the neural cell 
adhesion protein L1 found in exosomes demonstrate their involvement in synaptic 
function (Seyedaghamiri et al. 2022). Another research by Musto et al. corroborated 
this one by demonstrating the same process occurs in completely differentiated 
neurons of the cortical plate in culture. In this study, the activity of the GABA A 
receptor increased the exosome, which, in turn, increased spontaneous neuronal 
activity (Musto 2018). Tetanus toxin was discovered to be present in large quantities 
in the exosomes of neurons in another study (Kalani et al. 2014). Also, it was 
demonstrated that exosomes contained GluR2 subunits and that their release was 
increased with depolarization, which could have a role in regulating synaptic activity 
(Kalani et al. 2014). 

11.6.2 The Role of Exosomes in Peripheral Nerve Regrowth 

Exosomes serve a defensive role in repairing wounds and promoting tissue regener-
ation. The creation of Ndfip1, which is associated with Nedd4 ligases, mediates the 
degradation of toxic proteins that collect in the brain after damage (Conway et al. 
2022). These two proteins, Ndfip1 and Nedd4, which are present in exosomes 
secreted by neurons, are thought to play significant roles in eliminating toxic proteins 
following damage. When nerve tissue is damaged, external ATP levels rise, which 
triggers the release of exosomes from microglia and astrocytes through a 
sphingomyelinase-dependent process. The inflammatory protein IL-1 found in 
these exosomes causes an inflammatory reaction. Synapsin 1, a protein unique to 
neurons and linked to synaptic vesicles, is present in exosomes produced by 
astrocytes under stress conditions (Holm et al. 2018). Additionally, 
oligodendrocytes that contain myelin and stress-resistance proteins produce 
exosomes. The vesicles that contain multiple ribosomes and are located around a 
dying or damaged peripheral neuron are transported into the axon, and the contents 
are then released. As a result, exosomes serve as a conduit for the transportation of 
mRNA and ribosomes to neurons that are injured; this promotes the local synthesis 
of proteins that are necessary for the repair of the area. Court and colleagues have 
demonstrated in this scenario that labelled ribosomes in the nerve are derived from 
the Schwann cells (Liegro et al. 2022).
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11.6.3 Exosomes as a Medication Distribution Method 

When compared to liposomes, which were previously used as a nano-delivery 
method, exosomes have a number of benefits. Exosomes exhibit all the qualities 
that make liposomes ideal for therapeutic cargo transport, including the ability to 
avoid immune detection and a prolonged half-life in the circulatory system. 
Exosomes have been successfully used for therapeutic delivery systems because of 
their minimal immunogenicity, exceptional delivering qualities, and capacity to 
penetrate the BBB. Exosome lipid bilayers or mRNA, siRNA, proteins, and 
medicines can all be genetically packaged into the MVBs that create exosomes. 
As a result, exosomes are now effectively used in medication delivery, immunother-
apy, and RNAi treatment (Kalani et al. 2014). 

The promise of exosomes as a drug transport mechanism. According to the 
research, curcumin was successfully loaded into exosomes, where it was more 
bioavailable and soluble than curcumin alone. Exosomal curcumin greatly reduced 
the inflammatory activity brought on by LPS. Instead of 30–45% for unfilled 
exosomes, the exosomes loaded with curcumin could be fractionated at a sucrose 
density gradient of 45–60% (Harris 2022). Similar to this investigation, Zhuang et al. 
reported the successful intranasal administration of exosomal curcumin and JS1124 
(a statin inhibitor that activates STAT3) to the mouse brain. Curcumin was delivered 
by exosomes, which greatly reduced the autoimmune encephalomyelitis brought on 
by myelin oligodendrocyte glycoprotein and LPS-mediated inflammation. Addition-
ally, the intranasal injection of GL26 inhibited the development of the glioma in the 
brain (Oskouie et al. 2019). 

11.6.4 Exosomes in RNAi Therapy 

RNAi has been utilized to treat diseases like cancer, genetic abnormalities, and HIV 
through ribozymes, aptamers, and siRNAs. Short (21–23 nt) single-stranded RNAs 
called siRNAs can bind to mRNAs with either a perfect or a defective base pairing; 
this results in gene silencing posttranscriptionally (Burnett and Rossi 2012). The 
siRNA is bound to the RISC complex in order to target mRNA, following which it is 
incorporated; it triggers the endonuclease Argonaute 2 to degrade the target mRNA. 
The RISC complex shields the siRNA from deterioration and allows it to frequently 
cleave other mRNAs. As a result, siRNA makes a great option for RNAi treatment. 
Endonucleases found in blood, cells, and interstitial space have the ability to degrade 
siRNAs and can make them immunogenic. They need effective transport systems, 
such as exosomes, that can pass through the BBB, preserve mRNAs and miRNAs, 
and transfer functional RNAs to the target cells. By injecting specific exosomes into 
the body, Alvarez-Erviti et al. showed how siRNA could be delivered into the rodent 
brain. This study employed modified dendritic cells derived from yourself that were 
genetically altered to express Lamp2b, a protein on the exosomal membrane that is 
combined with rabies glycoprotein. Exosomes that are pure and contain the protein 
Lamp2b along with the RNA virus RGV were electroporated with the siRNA and



then administered intravenously to mice. To precisely silence a gene, the exosomes 
transported siRNA (for GAPDH) to the brain’s neurons, microglia, and 
oligodendrocytes. As such, exosomes can be effectively employed as a means to 
transport RNA to specific cells, but more research is necessary to promote their use 
in clinical experiments (Li et al. 2020). 
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11.6.5 Exosomes as Indicators for Damage to Neurons 

Exosomes are minuscule replicas of the parent cells and have distinctive signatures, 
or indicators, that indicate the condition of the cell. Exosomes derived from human 
glioma cells have been documented by Skog to contain proteins and small RNAs 
specifically present in the cells; these proteins and RNAs are also present in the 
blood of patients affected by the disease. The research suggests that exosomes may 
be used in patients with brain cancers as a means of noninvasive diagnosis and 
treatment. When glioblastoma cells evolve into malignant brain tumor cells, they 
release a variety of exosomes into the environment. This has been shown in vitro by 
Balaj et al. They compared the effects of conditioned media from glioma cells to 
those from normal cells on different cells. Exosomes are employed by cancer cells to 
manipulate surrounding noncancerous cells and facilitate their development. These 
changes comprise (1) promotion of angiogenesis, (2) facilitation of tumor develop-
ment and invasion, and (3) suppression of immune reaction to tumor. These tumor 
progression-specific micro-RNAs can be found in the blood and used as indicators 
(Baig et al. 2020). 

11.7 Use of Exosomes in Neurological Diseases 

Similar to cerebral apoplexy, exosomes may be a useful diagnostic tool and curative 
approach for the management of severe brain damage and neurodegenerative 
diseases. Exosomes have been demonstrated in numerous studies to promote 
neurogenesis and enhance the physiological localization of neurons. They may 
also have medicinal promise for certain brain diseases. Although the clinical 
presentations of these neurodegenerative diseases are identical, many of them 
share the buildup of insoluble proteins (both external and intracellular), giving rise 
to the name “cerebral proteinopathies” (Lau and Chin. 2022). Neurological diseases 
like Alzheimer’s disease and Huntington’s disease share many similar symptoms 
and mechanisms, aside from the accumulation of incorrectly folded proteins. Several 
instances involve overloaded protein elimination pathways, impaired protein 
homeostasis, and a deficiency or degeneration of specific neural groups. The neuro-
logical impairment caused by the gradual, permanent loss of neurons and synapses is 
the primary difference between this disease and another condition (Li et al. 2015). 
Many cells in the brain, including oligodendrocytes, neurons, and astrocytes, pro-
duce exosomes. Exosomes are capable of carrying disease-causing agents and may 
contribute to the progression of neurodegenerative diseases. Once released into the



public, they also function as an effective and useful peripheral method of noninva-
sive diagnosis that can be used to assess the severity and progression of many 
neurodegenerative diseases. Exosomes are capable of being utilized in other 
circumstances as well as the central nervous system, both of which have therapeutic 
applications (Jan et al. 2017). Additionally, they serve as ideal biological markers. 
Exosome analysis can be used securely for prenatal assessment of fetal central 
nervous system damage and diagnostic testing of elderly people because it is 
noninvasive. 
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Neuronal cell loss, a defining feature of neurodegenerative diseases like 
Alzheimer’s disease, Huntington’s disease, Parkinson’s disease, and Niemann-
Pick disease, frontotemporal dementia, and amyotrophic lateral sclerosis are all 
major causes of neurodegeneration. The molecular and cellular mechanisms that 
lead to protein aggregation and the formation of inclusion bodies in specific parts of 
the nervous system are the same in all of these diseases (Herms and Dorostkar 2016). 
Neurons must have the proper protein sorting and degradation to remain functional. 
In neurodegenerative disorders, exosomes play a role in the dissemination of “toxic” 
proteins, which are actually mutated or “misfolded” proteins that act as templates for 
the creation of oligomers. By processing these collected proteins through the 
endosomal pathway, which either results in their degradation into lysosomes or 
their integration into MVBs and discharge as exosomes into the extracellular 
environment, neurons attempt to get rid of them. Studies have detailed how patho-
genic prion protein (PrP) and misfolded pathogenic prion protein (PrPsc) are 
incorporated into exosomes in this setting (Ridolfi and Abdel-Haq 2017). 
Researchers have demonstrated that PrPsc, which is connected to exosomes, is 
transmitted to healthy cells that already carry PrP. Numerous neurodegenerative 
disorders are caused by this process, whereby proteins tend to seed their own 
aggregation with “infectious” transport via exosomes. Spatiotemporal pathology 
propagation in neurodegenerative disorders suggests cell-to-cell transmission, and 
for non-secreted proteins, it is facilitated by exosomes or nanotubes. Exosome 
participation in various neurodegenerative diseases has been researched; some of 
the findings are outlined below. 

11.7.1 Alzheimer’s Illness and Exosomes 

The most prevalent neurodegenerative illness is Alzheimer’s disease (AD). Typi-
cally, it manifests as dementia and is characterized by a significant loss of cognitive 
function, mental state, and capacity to participate in everyday activities. The two 
primary causes of AD are the accumulation of Aβ plaque and neurofibrillary tangles, 
which are caused by the overactivation of tau protein. Both amyloid plaques and 
NFTs are considered clinical manifestations of Alzheimer’s disease. Early in the 
course of the evolution of the illness, Aβ builds up in oligomers which can help to 
cause amyloid plaques. Exosomes taken from plasma or CSF samples of AD patients 
have been shown in experiments to contain disease-related proteins, suggesting that 
exosomes may be used as AD indicators. Researchers observed that the amount of



LAMP1 had changed and that autolysosome proteins were present in the plasma-
derived exosomes of patients with AD (Liu et al. 2019). Researchers have discov-
ered that some neurogenic exosome-related proteins, including heat shock factor 
1, lamp 1, and phosphorylated type 1 IRS, were present in the plasma of AD patients, 
and their concentrations would increase by 10% prior to an official diagnosis of 
AD. They are all expected to be dependable markers for recognizing and diagnosing 
Alzheimer’s disease as a result. Serum-derived exosomes from people with 
Alzheimer’s disease (DAT), Parkinson’s disease dementia (PDD), moderate cogni-
tive impairment (MCI), and vascular dementia have been investigated for the 
transcript levels of miR-135a, miR-193b, and miR-384 (VaD). Comparing 
microRNA-384 to the other two short RNAs, it was discovered to be the most 
efficient at differentiating AD, PDD, and VaD. For an early AD diagnostic, mir-384, 
mir-193b, and mir-135a appear to work better together (Liu et al. 2019). These 
findings demonstrate the exosome’s potential as a biomarker for Alzheimer’s disease 
early detection as well as its potential to create novel pathways for disease detection 
and protection. This demonstrates the complexity of exosomes’ function in AD, and 
it is crucial to comprehend how various EV populations interact with various forms 
of Aβ as well as how they affect the dissemination of Aβ assemblies between cells in 
order to develop more specific and effective markers for AD and enhance the quality 
of life of patients (Reza-Zaldivar et al. 2018). 
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11.7.2 Parkinson’s Illness and Exosomes 

The second most common neurodegenerative disease and the most common cause of 
damage to the central nervous system (CNS) is mobility impairment in Parkinson’s 
disease (PD). The frequency increases with aging. The most typical clinical 
indications of dyskinesia include static tremor, muscular stiffness, slow movement, 
postural instability, and other symptoms. These symptoms are brought on by an 
excess of inhibitory (DA) and excitatory (acetylcholine) chemicals in PD patients’ 
substantia nigra. After an unbalance, these motor signs do not immediately manifest. 
The first movement signs do not manifest until almost 70% of the DAergic neurons 
in the SNpc and at least 80% of the DA in the striatum have been lost. Parkinson’s 
patients may have a variety of non-motor symptoms, including depression and 
sadness. The primary component of Lewy bodies and axons in both hereditary and 
sporadic forms of PD has been identified as misfolded and aggregated alpha-
synuclein (α-syn). The release of exosomes is associated with the intracellular 
transfer of proteins via the endosomal-lysosomal pathway; this suggests that their 
biological functions may be associated with PD (Leggio et al. 2017). Disruption of 
protein trafficking to endosomes and lysosomes is now emerging as a potential 
common mechanism for the pathogenesis of sporadic PD. Since exosomal release is 
associated with the transport of intracellular proteins via the endosomal-lysosomal 
pathway, the biology of exosomes may have relevance to Parkinson’s disease. 
Exosomes are believed to play a role in the aberrant development of PD by 
promoting apoptosis and moving damaging α-syn across cells. Additionally, it has



been found that exosomes may help Parkinson’s patients by providing 
neuroprotection. Exosomes have the ability to remove misfolded proteins that 
impede both intercellular transmission and brain stem cell differentiation. Neurons 
and glial cells can expel and reduce harmful compounds and proteins (such as α-syn) 
into cells via exosomal leakage (Olanow and Brundin 2013). In some studies, 
exosomes derived from PD patients were observed to reduce the neuronal stress 
response. For example, they investigated the biological effects of adding 
microvesicles to rat neurons that were starved but otherwise normal; this was 
followed by a proteomic analysis of the microvesicle preparations from patients 
with either sporadic or inherited PD. Exosomes derived from brain cells in PD 
patients have been studied in order to identify the most effective markers. 
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11.7.3 Huntington’s Illness Exosomes 

A hereditary, progressive brain condition called Huntington’s disease (HD). Mutant 
Huntington protein is produced as a consequence of the Huntington’s gene’s (HTT) 
aberrant CAG repeat increase (mHTT). The process by which mHTT causes HD is 
unclear, despite the fact that it displays some neurotoxicity is also one of nine 
neurodegenerative diseases caused by polyQ (polyQ) expansion (Labbadia and 
Morimoto 2013). HD is often attributed to a loss of cognitive function and impulsive 
movements. There is no direct evidence that mHTT is associated with exosomes 
during transneuronal transport, despite suggestions that “tunneled nanotubes” or 
vesicle mechanisms are responsible for conveying mHTT across nerves. Using a 
model system that includes a culture of cells, they overexpressed the HTT-exon 
1 polyQ-GFP construct in 293 T cells; they observed increased RNA and protein in 
the EVs. It is possible that these EVs are taken up by mouse striatal neurons, which 
increases the amount of polyQ-GFP RNA in the cells, but no significant damage to 
the cells was observed during the trial (Beatriz et al. 2021). A greater understanding 
of the fate of the transmitted RNA or protein and its possible harm to receptor cells is 
required in light of the fact that EVs can convey dangerous amplified trinucleotide 
repetitive RNA. As such, it is possible that exosomes may serve as scavengers, 
removing polyQ proteins from cells and lowering toxins. These RNAs that are 
amplified due to disease in the body fluids of HD patients may serve as a promising 
means of locating biomarkers that can be used to monitor the effectiveness of 
treatment and detect the development of the disease. 

11.7.4 Multiple Sclerosis Exosomes 

The most common cause of nontraumatic neurological impairment in young people, 
particularly women, is multiple sclerosis (MS), an inflammatory process that affects 
both gray and white matter in the central nervous system. Other clinical 
manifestations of the illness, besides demyelination and inflammation in the brain 
and spinal cord, include a breakdown of the blood-brain barrier (BBB), a loss of



oligodendrocytes, reactive gliosis, and degeneration of axons and neurons. How-
ever, it is generally acknowledged that the primary cause of the inflammatory and 
degenerative characteristics of MS is the activation of self-reactive Th1 inflamma-
tory cells in the periphery (Dobson and Giovannoni 2019). 
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The National MS Society (NMSS) divides MS into four main subtypes: clinically 
isolated syndrome (CIS), relapsing-remitting MS (RRMS), primary progressive MS 
(PPMS), and secondary progressive MS. Every MS patient has a different pattern of 
neurological damage (SPMS). Secondary progressive MS (SPMS) is eventually 
found in more than 80% of MS patients who initially develop RRMS (Eden et al. 
2019). The mainstay of MS treatment today are immunomodulatory and immuno-
suppressive drugs, which increase the risk of malignancy and infection. When 
alternative disease-modifying therapies (DMTs) first emerged in the 1990s, inter-
feron (IFN) was the first-line treatment for MS. 

At least six different parenteral medications for MS, including interferons, 
immune-suppressants, corticosteroids, glatiramer acetate, sphingosine-1-phosphate 
receptor modulators, and monoclonal antibodies, have been approved by the FDA. 
By attacking the immune system at different levels via different mechanisms, these 
medications have a significant impact on the frequency and severity of relapses in 
patients with MS and can prevent the disease from progressing (Baecher-Allan et al. 
2018). Contrary to the beneficial effects of avoiding relapses in people with MS that 
has a relapse component, DMT medications have little to no effect on the degree of 
axonal injury or progressive MS. Additionally, the effectiveness, tolerability, and 
safety of DMTs vary greatly, and in some cases, they are extremely harmful, 
including cardiomyopathy, which prevents their continued use. For the treatment 
of diseases that are caused by inflammation, new immune-modulating methods, such 
as stem cell transplantation, have emerged. By blocking immune system components 
in order to allow the system to regenerate on its own, the treatment of MS utilizing 
stem cells is frequently referred to as immune reconstitution therapy (IRT). The 
primary reason for the immunomodulatory effects of stem cells, as described by 
Liu’s team, is the expression of the protein HLA-G, which functions as an inhibitor 
of the NK cell’s response to interferon gamma (IFN), the primary inflammatory 
mediator associated with multiple sclerosis (MS) (Massey et al. 2018). 

According to the findings, there has been a substantial remyelination of the spinal 
cord that is protected from injury because of an increase in anti-inflammatory 
cytokines, such as IL-10, in contrast to a decrease in pro-inflammatory cytokines, 
which delays and reverses the progression of MS. Impaired regulatory T cell activity, 
which is crucial for regulating the Th1/Th2 equilibrium, is one of the pathological 
characteristics of MS. The capacity of MSC to elicit T regulatory responses and shift 
from Th1 to Th2 is what allows them to modulate immune responses in autoimmune 
disorders like MS (Perrin et al. 2005). In a study conducted by Clark and her 
coworkers, it was found that large doses of EVs generated from placenta-derived 
MSCs (PMSCs) were able to produce the same clinical effects as treatment alone in 
the EAE model. Hepatocyte growth factor (HGF) and VEGF were found by 
proteomic profiling in the EVs generated from PMSC. By activating the regulatory 
T cell, PMSCs regulated the immune system by secreting high amounts of these



factors (Gugliandolo et al. 2020). This finding demonstrated that PMSC-EV can 
cause myelin regeneration in the EAE mouse model and immunomodulatory 
reactions similar to PMSC treatments. Similar to this, intravenous injection of 
human adipose tissue-derived MSC-EVs reduces the production of 
pro-inflammatory cytokines, inhibits immune cell infiltration into the site of damage, 
and suppresses immune cell activation to enhance the score of EAE animals. 
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The induction and maintenance of immunological tolerance are important goals 
in the treatment of autoimmune diseases, as documented in the aforementioned 
papers. One recent strategy for peripheral tolerance is to delay the progression of 
the disease through the advancement of molecules that regulate the disease, includ-
ing TGF-α, galectin-1, and PD-L1, through biological means, and the host immune 
system is disrupted. The tolerogenic properties of the MV generated from MSC were 
investigated in a study by Mokarizadeh and his colleagues that examined the 
tolerogenic properties of the MV on splenic MNCs derived from EAE-affected 
mice (Fayazi et al. 2021). The study’s results demonstrated that MSCs-MV triggered 
an apoptotic response in self-reactive lymphocytes; this response was accompanied 
by a secretion of anti-inflammatory cytokines like IL-10 and TGF-α, an increase in 
the expression of regulatory molecules like PD-L1 and TGF on the MV’s surface, 
and the differentiation of regulatory T cells that led to a predominance of immune 
responses in the periphery. 

Polarizing microglia to an M2 signature is another newly discovered approach for 
causing immune tolerance in MS patients. The resident macrophage in the CNS 
known as microglia is quickly stimulated by its microenvironment to differentiate 
into either the M1 phenotype, which causes CNS damage by producing 
pro-inflammatory cytokines, or the M2 phenotype, which encourages tissue regen-
eration by producing anti-inflammatory cytokines (Roesch et al. 2018). One of the 
main causes of tissue injury in the brain in the early phases of MS has been attributed 
to the imbalance of M1/M2 macrophages and their transition to a pro-inflammatory 
M1 phenotype. As such, it is believed that encouraging microglia to polarize towards 
the M2 subtype can have a beneficial effect on alleviating MS patients’ neurological 
symptoms. Li investigated the effects of the BMSC paracrine mechanism, specifi-
cally the role of exosomes in the microglial polarization and improvement of motor 
function in the rat model of EAE, in 2019. After evaluating the effects of the normal 
and treated EAE models, they observed that exosomes derived from BMSCs had the 
capacity to augment the behavioral scores in the EAE rodent model by decreasing 
inflammation and demyelination in the CNS. This was accomplished by altering the 
polarization of microglia towards an M2 phenotype. Additionally, they 
demonstrated that the treatment of MSCs with exosomes decreased the amounts of 
TNF-α and IL-12, which are associated with the M1 phenotype, while increasing 
TGF-α and IL-10, which are associated with the M2 phenotype (ENGIN n.d.). 

Another study by Farinazzo connected the decreased demyelination in the spinal 
cord following treatment with nanovesicles secreted from adipose stem cells with 
decreased immune cell activity in the CNS, including a reduction in the microglial 
and T cell extravasation (ASC). Exosomes can be utilized to deliver drugs to an MS 
patient because they can penetrate the blood-brain barrier. Additionally, in many



instances, attaching various functional groups to the surface of the exosomes is 
facilitated by the development of novel tools, such as antibodies and aptamers, 
which increase the specificity of the exosomes towards their targets (Teleanu et al. 
2022). For example, Shamili’s team created surface-modified MSC-derived 
exosomes that had an antimyelin aptamer (LJM-3064) intended to combat MS in 
2019. Previous studies have demonstrated that LJM-3064 has a high propensity to 
form myelin protein in the brain, as well as the capacity to penetrate the BBB. The 
research indicated that the co-administration of the LJM-3064 aptamer and the MSC 
exosome decreased the severity of the rodent’s symptoms via the immunomodula-
tory effects of the MSC exosome and the remyelination effects of the aptamer. In this 
system, exosomes actually serve as a conduit for the aptamer, which increases the 
remyelination effects of the LJM-3064 aptamer while also having anti-inflammatory 
properties. Based on these preliminary findings, the future of MS therapeutics will be 
based on SC-derived exosomes for a number of compelling reasons, including 
safety, ability to penetrate the BBB, and their cargo. 
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11.7.5 In Prion Disorders, Exosomes 

Infectious spongiform encephalopathy (TSE), also known as prion disease, is 
characterized by the gradual loss of neuronal structure and function and the presence 
of spongiform vacuoles. It is a fatal neurological condition that can spread from 
animal to human, primarily affecting the central and peripheral nerves. The primary 
pathogenic attribute of prion disease is the presence of a detectable misfolded protein 
that is beta structured (PrPSc) (Sikorska and Liberski 2012). A typical prion protein 
(PrPC), which has a helical shape similar to that of alpha’s, causes it to misassemble. 
High concentrations of PrPC have been documented in exosomes, and young cells 
are capable of consuming disease-related PrPC variants. This means that exosomes 
carrying PrPSc can facilitate the spread of the virus between tissues and accelerate 
the development of the disease. Elevated levels of cholesterol, sphingomyelin, and 
sphingomyelin GPI-anchored proteins (which contribute to PrPSc production) in 
exosomes may also play a role in protein sorting in exosomes (Février and Raposo 
2004). According to research, if exosomes infected with prion diseases are injected 
into animals, they can be transmitted to animals. According to some studies, PrPSc 
can evolve from different cell types, tissues, and stages of infection, leading to 
different transmission mechanisms or combinations of prions that are not irrevers-
ible. In other words, there may be different ways of spreading prion diseases. 
However, additional research with higher throughput is necessary to identify specific 
miRNAs that have the potential to serve as prion disease biomarkers for diagnosis 
and treatment. Other neurological disorders can also have an effect on the up- or 
downregulation of miRNA in prion-infected exosomes. For instance, the mir-146a-
5p may be downregulated in the blood of individuals with primary progression 
(PPMS). The treatment of diseases caused by prions will benefit from a comprehen-
sion of the differences between PrPSc and other neurotoxic proteins in vivo, as well 
as their association with the release of exosomes, their transport, and linked miRNAs
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(Liu et al. 2019). The role of neuroprotection by exosomes is represented in 
Fig. 11.2.
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11.8 Neuroprotective Strategies and Challenges 

Any agent or agents that can lessen ischemic brain damage by preventing detrimen-
tal molecular processes from occurring in the brain as opposed to increasing cerebral 
blood flow are considered neuroprotectants (Stankowski and Gupta 2011). Preclini-
cal studies have shown for years that neuroprotection may be advantageous in 
animal stroke models. Such preventive therapies have, however, not yet been 
successfully applied to people from animal models. Numerous earlier studies only 
used young animals to evaluate neuroprotective agents, which did not accurately 
simulate all facets of stroke in elderly people. A frequent occurrence of one or more 
preexisting comorbidities is associated with a detrimental effect on the prognosis of 
strokes in patients, even though only 6% of the human population suffers from 
strokes (without comorbidities). One of the greatest limitations is the timing of the 
administration of medications that provide neuroprotection. Most of these studies 
recruited patients after a stroke had occurred for 4 h, which is past the ideal window 
(4–6 h) for effective neuroprotection. Low rates of recanalization could be the cause 
of neuroprotective drugs’ ineffectiveness in early clinical studies. Co-treatment with 
drugs that improve nerve function during the process of recanalization may increase 
the distribution of drugs that improve nerve function to specific brain areas; this 
would increase the therapeutic effectiveness of stroke during the current 
thrombectomy period. In the past 5 years, a number of clinical studies to evaluate 
the beneficial benefits of various neuroprotective medications have been initiated. 
For the majority of these medications, experimental data were presented on the 
mechanism of action, functional recovery following treatment in rat models of 
stroke, effectiveness in stroke models with comorbidities, and extended use follow-
ing ischemia. The post-stroke inflammatory pathway has been the primary focus of 
these potential neuroprotective drugs because inflammatory mediators have an effect 
on the progression of ischemic brain damage, but not all of them have this effect 
(Paul and Candelario-Jalil 2021). Two of these medications that have anti-
inflammatory properties also target the oxidative stress signaling pathway and 
excitotoxicity. Recent clinical investigations have begun to assess the therapeutic 
potential of statins in patients at high risk of disease. 

11.9 Summary 

In terms of cellular and molecular composition, biogenesis, communication 
mechanisms, regulatory roles, potential as biomarkers, and efficient methods to 
use exosomes as therapy alone, primed, or packed with therapeutic agents, several 
studies have significantly contributed to a clear picture of exosome biology. 
Exosomes could therefore be used as a potential drug transport system, even at



modest doses. The success of stem cell banks for potential clinical treatments opens 
the door to the potential application of comparable, secure, and hopeful technologies 
for the benefit of people. Exosomes have distinct biochemical functions, 
neovascularization characteristics, angiogenetic potential, and renewing properties, 
just like stem cells do. Exosomes can therefore be used to treat specific cases of 
severe brain diseases. Exosomes have intriguing paracrine properties, and it is 
possible to create individualized nano-vesicle banks in the future that could support 
human treatment. Directional research is needed to examine the potential benefits of 
creating nano-exosomal conservatories, which are comparable to stem cell libraries 
and may one day be more successful in healing all cerebral illnesses. 
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Abstract 

Neurodegenerative disorders are a diverse cohort of ailments marked by gradual 
neuronal damage. Accumulating evidence suggests the function of exosomes in 
the pathogenesis of brain illnesses through intercellular communication and 
the exchange of bioactive molecules. Exosomes, nano-sized membranous 
vesicles ubiquitously released by brain cells in the cerebrospinal fluid (CSF), 
are extremely efficient in traversing the blood–brain barrier (BBB). However, 
innate guiding properties of unmodified vesicles have proven to be insufficient for 
clinical applications. Researchers have now tailored the exosomes to fine-tune 
their on-target binding capabilities. Exosomes can be fabricated either by linking 
target proteins to the exterior or encapsulating bioactives inside their cavities. 
Bioengineering modifications bestow them with active targeting ability and 
deliver the payload to specific cell types/tissues. Here, we summarize the current
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state of knowledge of the natural targeting abilities of exosomes with special 
reference to brain diseases. Later, cutting-edge technologies exploited for bioen-
gineering exosomes are critically evaluated. Moreover, the application of 
customized exosomes in the management of neurological disorders is 
highlighted. Conclusively, the bottlenecks in harnessing the true power of 
exosomes for targeting brain therapy are discussed.
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Abbreviations 

α-Syn Alpha-synuclein 
5-FC 5-Fluorocytosine 
5-FU 5-Fluorouracil 
AchR tylcholine receptor 
AD Alzheimer’s disease 
ADEs Astrocyte-derived exosomes 
ADMSCs Adipocyte-derived MSCs 
AF4 Asymmetric flow field-flow fractionation 
AMO-21 Antisense oligonucleotide against miR-21 
APP Amyloid precursor protein 
ASD Autism spectrum disorder 
Aβ Amyloid-beta 
BACE1 β-Bite APP-cleaving enzyme 1 
BAP BA-poly(2-(dimethylamino)ethyl acrylate) 
BBB Blood–brain barrier 
BDNF Brain-derived neurotrophic factor 
BIM Bcl-2-interacting mediator of cell death 
BM Bone marrow 
BMECs Brain microvascular endothelial cells 
CD Cytosine deaminase 
Cdk5 Cyclin-dependent kinase 5 
CendR C-End rule 
CNS Central nervous system 
CR1 Complement receptor type 1 
CSF Cerebral spinal fluid 
cur Curcumin 
DS Down syndrome 
EEs Early endosomes 
EGFR Epidermal growth factor receptor 
EMNVs Exosome-mimetic nanovesicles 
ESCRT Endosomal-sorting complex needed for transport
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EVs Extracellular vehicles 
EXO + EDV Blood-derived exosomes packaged with Edaravone 
ExoCAT Catalase-loaded exosomes 
Exo-cur Cur-primed engineered 
Exo-cur Exosomes encapsulated with curcumin 
EXOtic Exosomal transfer into cells 
EXPLORs Exosomes for protein loading via optically reversible protein– 

protein interactions 
GAC Glutaminase C 
GAP43 Growth-associated protein 43 
GBM Glioblastoma 
GDNF Glial cell line–derived neurotrophic factor 
GNP Gold nanoparticles 
HBMVEC Human brain microvascular endothelial cell 
HP Hypotonic dialysis 
ICAM-1 Endothelial intercellular adhesion molecule 1 
IGLV133 Immunoglobulin lambda variable 133 
IL-1 Interleukin-1 
ILVs Intraluminal vesicles 
imDC Immature dendritic cell 
IMTP Ischemic myocardial targeting peptide 
Lamp2b Lysosome-associated membrane protein 2 
LBs Lewy bodies 
LFA-1 Lymphocyte function–associated antigen 
LPS Lipopolysaccharide 
MFH Magnetic fluid hyperthermia 
MOR Opioid receptor mu 
MSCs Mesenchymal stem cells 
MVBs Multivesicular bodies 
Mφ Naïve macrophage 
NALP3 NACHT, LRR, and PYD domain–containing protein 3 
Ndfip1 Nedd4 family–interacting protein 1 
Nluc Nano luciferase 
NO Nitric oxide 
NRP-1 Neuropilin-1 
OA Okadaic acid 
PD Parkinson disease 
PEG Polyethylene glycol 
PFF Preformed fibril 
P-gp P-Glycoprotein 
PMA Phorbol myristate acetate 
PPIs Protein–protein interactions 
Que. Quercetin 
RBC Red blood cells 
r-BMSCs Rat bone marrow–derived MSCs
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REXO RVG-modified exosome 
REXO-C/ANP/S RVG peptide–modified exosome-curcumin/BAP/siSNCA 
ROS Reactive oxygen species 
RVG Rabies viral glycoprotein 
SCNA Alpha-synuclein 
shRNA-MC Short hairpin RNA-minicircle 
SNAP25 Synaptosome-associated protein 25 
SphK/S1P Sphingosine kinase/sphingosine-1-phosphate 
SPIONs Superparamagnetic iron oxide nanoparticles 
Stat3 Signal transducer and activator of transcription 3 
T7-exo T7-peptide–Lamp2-decorated exosomes loaded with antisense 

miR-21 
TEM Tetraspanin-enriched microdomains 
TfR Transferrin receptor 
Ub Ubiquitin 
UPRT Uracil phosphoribosyltransferase 

12.1 Introduction 

Trams et al. first discovered a cluster of exfoliated vesicular entities, about 40 nm in 
diameter with 5′-nucleotidase activity, contained within yet another larger vesicle 
(later named as multivesicular bodies [MVBs]) with size dimensions of 
500–1000 nm (Trams et al. 1981). Subsequently, Johnstone et al. isolated these 
small vesicles from maturing sheep reticulocytes by ultracentrifugation and 
designated them as “exosomes” (Johnstone et al. 1987; Johnstone 2005). Unfortu-
nately, the existence of exosomes was not realized widely then since these particles 
were considered to be essentially debris and by-products of aging red blood cells 
(RBCs). 

Extracellular vehicles (EVs), a broad group of membrane-bound vesicles con-
stantly released by every known human cell, take a crucial part in cell-to-cell 
communication (Wang et al. 2020). Centered on their nano-dimensions and subcel-
lular origin, EVs can be categorized into three major subclasses: exosomes, 
microvesicles, and apoptotic bodies. Exosomes are petite with a diameter of 
30–100 nm. Microvesicles, which are somewhat bigger than exosomes, are formed 
by spontaneous outward bursting from the cell membrane under normal physiologi-
cal state or in reaction to particular stimuli, like variations in ATP and cytoplasmic 
calcium concentration (Fuhrmann et al. 2015a, b; Théry et al. 2009). Apoptotic 
bodies, the biggest (50–5000 nm) and the most diverse subpopulation of EVs, are 
produced by cell disintegration during regulated cell demise or apoptosis (Akers 
et al. 2013). Despite clear variations in size and source of origin, there are a limited



number of markers available to differentiate among these subtypes, and cutting-edge 
purification methods continue to struggle to distinguish these diverse populations of 
EVs (Kowal et al. 2016; Piffoux et al. 2019). 
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Exosomes are secreted by every cell in the human body and have been found in 
practically all bodily fluids (Caby et al. 2005, Pisitkun et al. 2004, Admyre et al. 
2007; Adriano et al. 2021, Keller et al. 2011, Ogawa et al. 2011; Zhang et al. 2016). 
The architecture of donor cells can be reflected in the composition of exosomes 
(Valadi et al. 2007). During exosome assembly, a variety of active ingredients with 
varying bioactivities encapsulate into exosomes. Exosomes have been discovered to 
contain a wide range of bioactives (Vojtech et al. 2014; Xie et al. 2019; Guescini 
et al. 2010; Sansone et al. 2017; Yang et al. 2017a, b; Tsai et al.  2018; Skotland et al. 
2017; Muller 2020; Pegtel and Gould 2019). Typically, exosomes can be identified 
from their morphology, dimension, content, and unique surface marker (CD9, 
CD81, CD63, flotillin, and TSG101) (Kim et al. 2022). Recently, Zhang et al. 
(2018) discovered two subtypes of exosome using the asymmetric flow field-flow 
fractionation (AF4) technique. They were named large exosomes (exo-L, 
90–120 nm) and small exosomes (exo-S, 60–80 nm). They also identified distinct 
~35 nm sized non-membrane-bound nanostructures which they termed “exomere” . 
All three elements displayed unique characteristics as well as distinct functions 
(Zhang et al. 2018). As such, the definition of an exosome has continually evolved as 
new kinds of vesicles have been identified (Witwer and Théry 2019; Théry et al. 
2018). 

Exosomes act as intercellular mediators for cell–cell signaling. Donor cells can 
transport substances to recipient cells through exosomes (Zhang et al. 2018), 
directing the biological expression of the receiving cells by altering their gene 
expression (Cheng et al. 2019). Exosomes can be taken up by cells, move through 
the bloodstream, and bridge the blood–brain barrier (BBB) (Zhang et al. 2019). 
When compared to traditional delivery systems, exosomes sequestered from an 
individual exhibit higher compatibility and fewer hazardous side effects (Quah and 
O'Neill 2005). Furthermore, an exosome-mediated delivery system avoids the 
P-glycoprotein (P-gp), an ABC-transporter protein, potentially reducing drug resis-
tance (Kim et al. 2016). These naturally occurring nanocarriers have, therefore, been 
used for diagnostic, prognostic, and therapeutic purposes (Batrakova and Kim 
2015). 

Recently, exosome bioengineering has gained tremendous interest to achieve 
targeted delivery to confer cell specificity. Although exosomes’ use as drug-delivery 
devices has been the subject of several reviews (Barile and Vassalli 2017; Conlan 
et al. 2017; He et al. 2018; Antimisiaris et al. 2018; Salunkhe et al. 2020), this 
chapter focuses on the engineering of exosomes for targeting neurological disorders 
specifically. The capabilities of exosomes as delivery systems, as well as 
methodologies for modifying the exosomal surface and cargo loading techniques, 
are discussed. Next, the application of bioengineered exosomes in the management 
of neurological diseases is highlighted. Finally, the limitations of exploiting 
engineered exosomes for targeted brain therapy are explored.
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12.2 Biogenesis of Exosomes 

Exosome originates within the endo-lysosomal pathway when early endosomes 
(EEs) mature into a late endosomal compartment or multivesicular bodies (MVBs) 
(Fig. 12.1). The MVBs and its cargo mainly adopt two routes controlled by the 
protein ubiquitin checkpoint (Wollert and Hurley 2010; Vietri et al. 2020). The 
MVBs may attach to lysosomes/autophagosomes inside the cell and are destroyed. 
Alternatively, within the MVBs, membrane invagination of the endosomes may 
result in the production of intraluminal vesicles (ILVs) (Hessvik and Llorente 2018). 
MVBs then merge with the inner leaflet of the cell membrane, exocytotically 
releasing the ILVs as exosomes. This release of exosomes can be initiated by a 
plethora of signals (Alli 2021) including p53 (Jelonek et al. 2016), 
lipopolysaccharide (LPS), and phorbol myristate acetate (PMA) (Shimoda and 
Khokha 2017) as well as nitric oxide (NO) (Nolan et al. 2008), carbon dioxide 
(Thom et al. 2017), and several other factors. 

Exosome sorting occurs both by endosomal-sorting complex needed for transport 
(ESCRT)-dependent and-independent signals (Barile and Vassalli 2017; Hessvik 
and Llorente 2018; Kowal et al. 2014). The ESCRT complex comprises of five 
protein groups, ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-III, VPS4 (AAA ATPase), 
and other auxiliary proteins including Alix (Murphy et al. 2019; Kalluri and LeBleu 
2020). ESCRT-0 localizes ESCRT-I to the MVB membrane (Bowers and Stevens 
2005), where ESCRT-I binds to the ubiquitinated cargo via its Vps23 subunit 
(Katzmann et al. 2001), activating ESCRT-II. ESCRT-II subsequently starts 
oligomerizing small spiral proteins and folds the MVB membrane, which 
concentrates the cargo (Babst 2005). This causes the ESCRT-III complex to assem-
ble, which eventually constricts the neck by forming a spiral-shaped structure. The 
deubiquitinating enzyme (Doa4p) recruited by ESCRT-III eliminates ubiquitin 
(Ub) from the payload prior to their loading into the ILVs (Amerik et al. 2000). 
Finally, when cargo selection is over, ATPase VPS4p attaches to ESCRT-III and 
releases the protein using ATP (Babst et al. 1997, 1998). 

It has now been confirmed that deubiquitinylation, although may promote cargo 
loading into MVBs, is not an essential criterion for protein loading (Huebner et al. 
2016). ESCRT-independent pathways do not require ubiquitination for protein 
sorting to MVBs; rather they are dependent on the presence of tetraspanin, choles-
terol, or ceramide-enriched membrane microdomains (Anakor et al. 2021). 
Tetraspanin-enriched microdomains (TEMs) are associated with the assortment of 
ILV cargo as well as their release. Lipid raft cholesterol participates in the release of 
exosomes (Anakor et al. 2021). Ceramide, a cone-shaped lipid abundant in the 
innermost exosomal membrane (Donoso-Quezada et al. 2021), induces the negative 
curve in the membranes, promoting the fusion of lipid raft microdomains; thus 
facilitating ILV generation (Verderio et al. 2018). Moreover, it has now been 
confirmed that inhibition of sphingomyelinase (nSMNase) II, an enzyme that 
converts sphingomyelin into ceramide, drastically lowers exosome secretion 
(Choezom and Gross 2022). Thus, these lipids as well as some enzymes collaborate
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closely in MVB membrane invagination, fusion, and release of ILVs as exosomes 
(Hessvik and Llorente 2018). 
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Exosome secretion into the extracellular milieu is performed by the Rab class of 
GTPase proteins (including Rab27A and Rab27B) alongside SNARE proteins 
(Ostrowski et al. 2010; Villarroya-Beltri et al. 2016). Rab GTPase controls the fusion 
of MVB with the plasma membrane as well as vesicle spatiotemporal flow. Rab5 and 
VPS34/p150 play a crucial roles in the formation of MVBs from EEs (Huotari and 
Helenius 2011). Morever, the release of ILVs from MVBs essentially requires 
SNARE proteins Gurung et al. 2021). 

12.2.1 Advantages of Exosomes as Brain-Targeted Carriers 

(i) The small-sized extracellular structures are ubiquitously released by all cell 
types (Jan et al. 2017). 

(ii) EVs possess inherent talent to traverse the BBB (Roudi et al 2023). 
(iii) Exosomes are innately stable in solution, remaining active even after 5 months 

of storage at -80°C (Tian et al. 2018). 
(iv) Exosomes are relatively stable in the circulation due to the expression CD47 

that relays a “do not eat me” signal allowing them to avoid macrophages and 
opsonins, ultimately extending their serum half-life (Mehryab et al. 2020). 

(v) The presence of major histocompatibility complex (MHC) molecules and 
CD86 on the exterior of exosomes renders them less immunogenic, greatly 
improving their immune clearance (Qu et al. 2018). 

(vi) Exosome production requires a modest, effective, and precise biogenesis 
procedure that can be scaled up very easily (Khongkow et al. 2019). 

(vii) Encapsulation as well as delivery efficiency for the payload is very high 
(Ha et al. 2016). 

Fig. 12.1 (continued) together with ESCRT-I will create and/or stabilize the vesicle neck. Finally, 
ESCRT-III and its associated proteins will drive neck constriction. (b) The second ESCRT-
dependent biogenesis pathway is the syntenin/ALIX pathway. The formation of syndecan-enriched 
microdomains leads to syndecan cleavage and the formation of syntenin/syndecan complexes that 
interact with ALIX. The syntenin–syndecan–ALIX complex then favors the recruitment of the 
ESCRT-III complex to support the MVB membrane curvature and abscission. ESCRT-independent 
pathways: (c) Ceramide- and phosphatidic acid–dependent pathways are based on the formation of 
lipid rafts where sphingomyelin is converted to ceramide or phosphatidylcholine is converted to 
phosphatidic acid. The ceramide- and phosphatidic acid–enriched rafts induce the inward curvature 
of the MVB membrane. (d) Similarly, tetraspanin-enriched microdomains can induce a negative 
curvature in the MVB membrane. (3) MVBs will fuse either with lysosomes for degradation or with 
the plasma membrane, which will consequently release exosomes into the extracellular space (4). 
Several proteins have been identified in the transport and fusion of the MVB to the plasma 
membrane, such as proteins from the Rab GTPase family and SNARE complexes. (Adapted from 
Anakor et al. 2021 under a Creative Commons Attribution 4.0, https://doi.org/10.3390/ 
cells10112930)

https://doi.org/10.3390/cells10112930
https://doi.org/10.3390/cells10112930


12 Engineered Exosomes as Nano-Vectors against Neurodegenerative Disorders 299

(viii) Bioengineering of exosomes can tailor them to target specific brain cells 
(Alvarez-Erviti et al. 2011; Liu et al. 2015). 

(ix) Any bioactive entity can be loaded or expressed in or on exosomes extending 
its shelf-life, thereby increasing efficacy by targeted delivery (Yang et al. 
2015; Jia et al. 2018). 

12.3 Exosomes’ Innate Neural Targeting and Homing Abilities 

Recently, a number of cutting-edge invasive and noninvasive techniques have been 
researched with the goal of bypassing the BBB and focusing on the critical disease 
regions in the brain. The goal of these studies is to develop therapeutic medications 
that can successfully target the brain. The four main obstacles that hinder standard 
therapy medications from effectively reaching the brain are the BBB, blood–brain– 
cancer barrier, blood–CSF barrier, and transporter proteins (Khan et al. 2018). Due 
to their biocompatibility and nanometer-size range (Arrighetti et al. 2019), exosomes 
have been the subject of several investigations as potential replacement for conven-
tional agents against neurodegenerative disorders (Lapchak et al. 2018; Qu et al. 
2018). 

Certain natural exosomal membrane proteins such as Lamp, CD63, CD9, CD81, 
and CD47 (Raposo and Stoorvogel 2013) can initiate fusion with recipient cells by 
interacting with the surface receptors, thus allowing the uptake of the exosomal 
cargo under normal physiological conditions (Mentkowski et al. 2018; Rana et al. 
2012). For example, CD47 relays a “do not eat me” signal by interacting with its 
ligand, signal regulatory protein alpha (SIRPα) (Chao et al. 2012), thus increasing 
the shelf life of exosomes (Kamerkar et al. 2017). 

It has been experimentally proven that exosomes and their payload take part in 
neuron repair, synapse functionality, cognition, immune responsiveness, and 
exosome-mediated intercellular interaction, which all promote brain regeneration 
(Qing et al. 2018; Liu et al. 2019; Branscome et al. 2020). Under CNS disorder, the 
integrity of the BBB is compromised, which could be used for the passive transfer of 
bioactives inside the neurons (Shlosberg et al. 2010). For instance, under stroke-like 
circumstances, luciferase-carrying exosomes may traverse the brain microvascular 
endothelial cell (BMEC) lining, but not in healthy state. Moreover, the findings 
reveal that BMECs ingested exosomes via endocytosis. The report also investigated 
the prospect of exosome targeting in the brain via interactions with BBB cells under 
inflamed conditions (Chen et al. 2016). 

Exosomes have been employed to boost cerebral biodistribution and transport 
medications to targeted brain cells (Yang et al. 2015; Qu et al. 2018). Nude mice 
were intravenously inoculated with carbocyanine lipophilic dye, DiD-labeled 
exosomes, and the results were monitored by acquiring near-infrared fluorescence 
photographs at various time intervals. Exosomes were discovered to collect prefer-
entially in the brain between one and ten hours of administration, while fluorescence 
intensity peaked 4 to 8 h after exosomal infusion (Qu et al. 2018). To track exosome 
movement and its brain-homing capabilities, MSC-derived exosomes were tagged



with gold nanoparticles (GNPs) as labelling agent. Brain imaging revealed a com-
paratively higher localization time of exosomes (up to 96 h) in pathologically 
significant brain structures of tagged mice than under normal physiological 
conditions (up to 24 h) (Perets et al. 2019). Microglia cells exclusively ingest 
exosomes in a mixed brain cell culture via the macro-pinocytosis route (Fitzner 
et al. 2011). In addition, N2a neuroblastoma cell line–derived exosomes labeled with 
GFP-CD63 are preferentially taken up by glial cells, while GFP-TTC-labelled 
exosomes attach primarily to neuron but not glial cells (Chivet et al. 2014). Folate 
receptor α (FRα) is naturally found in the membrane of choroid plexus epithelial 
cell–derived exosomes. Researchers exploited FRα-expressing exosomes to deliver 
bioactive molecules specifically to the brain parenchyma through the choroid plexus 
(Grapp et al. 2013). Exosomes are therefore appropriate for treating neurological 
problems since they have a built-in ability to home in on the brain. 
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12.4 Bioengineering of Exosomes for Brain Targeting 

Exosomes can be utilized as a natural vehicle for therapeutic agents due to its innate 
qualities such as low toxicity, increased circulation time, capacity to load bioactives, 
robust cargo shelter, and good transport effectiveness to recipient cells, particularly 
brain cells since they can readily cross the BBB (Rufino-Ramos et al. 2017; Bang 
and Kim 2019). Additionally, synthetic bioactives may be immunogenic and toxic, 
whereas exosomes being biological in nature display insignificant untoward 
reactions (de Abreu et al. 2020). Moreover, exosomes can also be modified by 
several methods to increase their targeting potential that ultimately enhances 
their ability to home in specific tissues/organs (Mehryab et al. 2020; Zhang et al. 
2020) and ensures targeted delivery of desired payloads (Table 12.1). Thus, numer-
ous reports are available in the literature that have studied the clinical efficacy of 
cell–derived exosomes in various neurological disorders (Kodali et al. 2020). 

Exosomes are presently being engineered to improve biodistribution, renal clear-
ance, and serum half-life. Broadly, two methodologies are preferred in order to 
bioengineer exosomes (Fig. 12.2). In one scenario, the parent cell is genetically 
transfected to engineer ligands on the surface or modify drug-loaded exosomes (cell 
engineering techniques) (Alvarez-Erviti et al. 2011; Liu et al. 2015; Ohno et al. 
2013). Practices involving the modification of exosome-producing cells are com-
plex, costly, require a longer time duration, and are essentially non-applicable on 
pre-isolated exosomes (Kooijmans et al. 2016). Occasionally, the required physico-
chemical circumstances are unfavorable for live cell lines. Alternatively, the 
exosome can be loaded with the cargo (bioactive compound) post-isolation 
(Tanziela et al. 2020). 

More recently, exciting nanoparticle modification approaches have been applied 
to engineer exosomes, wherein direct tailoring of exosomes is achieved by chemical 
methods (Smyth et al. 2014; Sato et al. 2016). Exosome tailoring is a reliable 
approach because exosomes are inert entities, making it simple to select the right 
approach and obtain higher accumulation inside exosomes when compared to cell-
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based modification methods. Exosome perfusion, selectivity, and retention time may 
be improved via surface manipulation techniques. As a result, researchers are often 
drawn towards post-isolation exosome alteration approaches. The treatment 
strategies mainly include electroporation (Gilligan and Dwyer 2017), chemical 
transfection (Chen et al. 2014; Katakowski et al. 2013), co-incubation (Sun et al. 
2010), sonication, freeze-thawing cycle, saponin penetration, or extrusion (Haney 
et al. 2015) (Fig. 12.3). Researchers use these procedures to alter either the surface or 
the contents of exosomes (Tanziela et al. 2020).
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12.4.1 Exosome Surface Modification 

Despite recent advances in revealing the intricacies of exosomes, improvements in 
surface alteration approaches are required for translating it into clinical settings. 
Surface functionalization can increase exosome specificity. Coating exosomes with a 
hydrophilic polymer such as polyethylene glycol (PEG) enhances its in vivo reten-
tion time and lowers nonspecific contact (Suk et al. 2016). PEGylation was used to 
improve Neuro2a (N2a) cell–derived exosome selectivity and circulation time by 
incubating PEG with exosomes via a “post-insertion” mechanism (Kooijmans et al. 
2016). 

For targeted modification of exosomes, peptides are often attached to exosomal 
surface proteins due to their low MW, negligible immunogenic nature, and specific-
ity with the target protein (Salunkhe et al. 2020), employing bioengineering 
methodologies (such as genetic engineering, lentiviral technology, orthogonal chem-
istry) to construct fusion peptides. Incidentally, a transmembrane protein, lysosome-
associated membrane protein 2 (Lamp2b), has been exploited to decorate EVs with 
targeting ligands as fusion proteins through cell engineering approaches (Alvarez-
Erviti et al. 2011; Tian et al. 2014). The N-terminal of Lamp2b protein has been 
conjugated with neuron-targeting rabies viral glycoprotein (RVG) peptide (Alvarez-
Erviti et al. 2011), internalizing cyclic peptide IRGD (CRGDKGPDC) targeting 
integrin αv (Tian et al. 2014), and ischemic myocardial targeting peptide IMTP 
(CSTSMLKAC) (Wang et al. 2019) or modified with glycan residues (Hung and 
Leonard 2015) to improve circulation time and ensure targeted delivery. Similar 
research used RVG-modified exosomes to transport opioid receptor mu (MOR) 
siRNA across the BBB into the neural cells (Liu et al. 2015). The transmembrane 
domain of epidermal growth factor receptor (EGFR) that binds strongly with the 
GE11 peptide (YHWYGYTPQNVI) (Li et al. 2005) can act as a substitute to 
Lamp2b for displaying fusion proteins on the exosomal surface (Ohno et al. 2013). 

Click chemistry, first described in 1999, is a dependable, modest, rapid, and 
greatly effective approach for the bio-conjugation of therapeutic agents to the 
exterior of exosomes (Hein et al. 2008; Smyth et al. 2014). Exploiting this, 
researchers integrated cilengitide-like cyclopentapeptide, cyclo(Arg-Gly-Asp-D-
Tyr-Lys) or cRGDyK, which displays a strong association for integrin αvβ3 (Arosio 
and Casagrande 2016) into the exosomal surface via the rapid bio-orthogonal 
chemical method (Tian et al. 2018). Click chemistry was also utilized to conjugate
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Fig. 12.3 Common methodologies for loading cargos into exosomes. (a) Exosome-secreting cells 
or exosomes are incubated with desired cargo. Cargos diffuse across the cell and exosomal 
membrane, therefore packaged within exosomes. (b) Desired nucleic acids can be loaded into 
exosomes via a transfection-based strategy. Transfected with vectors, the donor cell generates 
RNAs/proteins and packages these products into exosomes using endogenous expression and 
sorting machinery of the donor cell, respectively. Exosomes can be directly transfected with 
small RNAs for cargo loading purposes. (c) Cargos can be loaded into exosomes directly through 
physical treatments. Electroporation, sonication, and surfactant treatment generate pores on the 
exosomal membrane that facilitate cargo loading. Freeze-thaw treatment, extrusion, and dialysis 
enhance cargo loading into exosomes during membrane recombination processes (Adapted from Fu 
et al. 2020 under the CC BY-NC-ND license, https://doi.org/10.1016/j.impact.2020.100261)

https://doi.org/10.1016/j.impact.2020.100261


the exosomal surface with neuropilin-1 (NRP-1)-targeted RGE peptide (RGERPPR) 
to specifically target glioma cells (Jia et al. 2018).
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12.4.2 Exosome Cargo Modification 

Exosomes can be modified before or after isolation to carry the desired payload. 
Physical modification methods are now applied to load exosomes with particu-
lar cargo for brain targeting (Alvarez-Erviti et al. 2011; Haney et al. 2015). Incuba-
tion is the most basic and simplest procedure for packing materials into exosomes, 
just requiring incubation of exosomes with DNA/RNA/protein. This procedure was 
utilized to deliver catalase (Haney et al. 2015), curcumin (cur) (Tian et al. 2018), or 
quercetin (Qi et al. 2020). Another research group modified exosomal payload for 
cellular distribution by loading it with proteins and ribonucleoproteins 
(RNA) (Zhang et al. 2020). Similarly, the incubation procedure was exploited to 
load miR-210 inside exosomes for its targeted delivery to the brain ischemia nodules 
(Zhang et al. 2019). 

Another approach to load bioactives inside exosomes is to incubate exosome-
secreting cells with therapeutic agents. To cure AD, a cur-laden exosome was 
produced by Wang et al. (2019) by incubating macrophages with cur that can bypass 
the BBB. Yim et al. (2016) utilized an opto-genetically engineered exosome system, 
EXPLORs (exosomes for protein loading via optically reversible protein–protein 
interactions), to load proteins inside exosomes through precise, reversible protein– 
protein interactions (PPIs) that greatly boosted cargo levels in the recipient cells. 

Transfection is commonly employed for the stable packing of DNA, RNA, 
peptides, and polypeptides into exosomes utilizing transfection agents (Fu et al. 
2020). Vectors containing an RVG peptide–expressing plasmid as well as mRNA 
for catalase (Kojima et al. 2018) or MOR siRNA (Liu et al. 2015) were successfully 
transfected into HEK293 cells. Similarly, exosomes produced from bone marrow 
(BM)-MSCs genetically manipulated with pre-miR-214 possessing lentivirus 
upregulated levels of miR-214 in the isolated exosomes (Shi et al. 2020). An 
alternative technique, sonication, involves applying sound waves to loosen up the 
exosomal membrane that facilitates cargo loading inside exosomes (Haney et al. 
2019; Li et al. 2020). Incidentally, catalase (Haney et al. 2015) and gold 
nanoparticles have been loaded into exosomes utilizing this approach (Sancho-
Albero et al. 2019). 

Electroporation is yet another procedure utilized for packaging RNA molecules 
into exosomes. This technique requires an electrical field to generate small pores in 
the exosomal membrane that enhances the permeability of the payload. siRNA 
(Alvarez-Erviti et al. 2011), miRNA (Ohno et al. 2013; Liang et al. 2018), and 
shRNA (Izco et al. 2019) have been loaded into exosomes employing this technique. 
Additionally, electroporation was employed to generate superparamagnetic iron 
oxide nanoparticles (SPIONs) and cur-laden exosomes (RGE-Exo-SPION/cur) for 
better therapeutic action against glioma (Jia et al. 2018).
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Extrusion entails the simultaneous passage of exosomes along with their payload 
inside an extruder to stimulate the blending of membranes to generate cargo-loaden 
exosomes after several expulsions (Narayanan 2020). This tactic was utilized by 
Haney et al. (2015) to produce catalase-loaded exosomes. Further, extrusion can also 
be applied to engender exosome-mimetic nanovesicles (EMNVs) (Jang et al. 2013). 
Fast freeze-thaw treatment, a well-known technique used in liposome synthesis (Oku 
and MacDonald 1983; Pick 1981), was applied to load catalase solution (Haney et al. 
2015) inside reconstituted exosomes by adding exosomes to the catalase solution 
and treating the mixture with repetitive freeze-thaw cycles. Another strategy utilizes 
surfactants (e.g., saponins, tritons) that permeabilize the membrane by creating pores 
(Podolak et al. 2010) to facilitate the entry of catalase inside exosomes (Haney et al. 
2015). Recently, cargo loading inside exosomes has been achieved by dialysis 
methods (Fuhrmann et al. 2015a, b; Wei et al. 2019). To achieve this, exosomes 
and the cargo mixture is placed inside the dialysis membrane/tube, which is then 
dialyzed by agitating to attain a drug-laden exosome. This hypotonic dialysis 
(HP) led to a several-fold increment in the cargo encapsulation capacity (Fuhrmann 
et al. 2015a, b). 

A unique vesicle trafficking mechanism comprising late-domain (L-domain) 
proteins, ubiquitin, and the ESCRT apparatus for the precise transfer of proteins 
was utilized by Sterzenbach et al. (2017). They targeted a plethora of brain cells 
including the olfactory bulb, cortex, striatum, hippocampus, and cerebellum. They 
utilized an adaptor protein Ndfip1 (Nedd4 family–interacting protein 1) that helps in 
exporting target proteins inside exosomes outside of the cell through interaction with 
the Nedd4 family of ubiquitin ligases (Putz et al. 2008, 2012). Binding of Ndfip1 
with the WW domain of the Nedd4 protein occurs via three L-domain motifs (PPxY) 
(Harvey et al. 2002). Proteins intended to be transported outside were given the WW 
tag, which caused them to bind with Ndfip1 that in turn resulted in ubiquitination 
before being released in exosomes (Sterzenbach et al. 2017). 

Hybrid nanocarriers have recently been fashioned that combines the intrinsic 
attributes of EVs with the drug loading potential of artificial delivery systems. As 
such, Cheng et al. (2018) created a bioinspired metal–organic nanostructure for 
targeted therapeutic delivery. The nano-assembles exhibited high drug loading 
capacity, protected its cargo from extracellular enzymes, evaded the phagocytosis 
by immune cells, and ensured selective targeting of homotypic tumor sites, autono-
mously releasing the payload inside the cell. Further, lipid-based nanoparticles (NPs) 
can be exploited to enhance the drug-loading power of exosomes. Lin et al. (2018) 
hybridized exosomes with liposomes to generate NPs capable of encapsulating 
bulky plasmids, for example, CRISPR/Cas9 expression vectors.
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12.5 Engineered Exosomes as Therapeutics against 
Neurological Disorders 

Brain parenchyma cells and the blood vessels are connected through an interface 
called the BBB that shields the brain from potential threats (Daneman and Prat 
2015). This layer also acts as a barrier for therapeutic agents restricting their entry 
into the brain with the help of the non-fenestrated stratum of brain parenchyma cells 
(Almutairi et al. 2016). A reliable and effective transport mechanism is essential for 
the management of CNS ailments since difficulties with delivery to the brain 
constitute a barrier to many effective therapeutic medicines. Exosomes have strong 
biocompatibility, which allows them to easily traverse the BBB. Further, tailoring of 
exosomes presents a novel targeted approach for handling brain disorders. 

12.5.1 Alzheimer’s Disease 

Amyloid beta (Aβ) plaques and hyperphosphorylated tau tangles are hallmarks of 
Alzheimer’s disease (AD). Aβ is generated when amyloid precursor protein (APP) is 
cleaved by either β-site APP-cleaving enzyme 1 (BACE1) or γ-secretase. Persistent 
loss of cognitive functions disrupts neuronal connections and function. Furthermore, 
there is no proven cure for this complicated neurological disorder. 

Exosomes are being researched as potential carriers for particular medications or 
therapeutic compounds in the treatment of AD. Cur-primed engineered exosomes 
(Exo-cur) generated by Wang et al. (2019) retained lymphocyte function–associated 
antigen 1 (LFA-1) from the parent cell, a protein with strong association with 
endothelial intercellular adhesion molecule 1 (ICAM-1), that helped them to bypass 
the BBB. Exo-cur, found to be widely distributed in microglial cells in the hippo-
campus, activated AKT (a serine/threonine-specific protein kinase) and lowered the 
phosphorylated tau via the AKT/GSK-3β pathway in okadaic acid (OA)-induced AD 
mice (Wang et al. 2019). In a similar approach, quercetin (Que) was packed inside 
plasma exosomes (Exo-Que) to effectively improve cerebral dysfunction in AD mice 
(Qi et al. 2020). The data of the study established enhanced bioavailability as well as 
brain targeting of Que. Further, Exo-Que greatly improved the cognitive function by 
restraining cyclin-dependent kinase 5 (CDK5)-mediated-phosphorylation of tau, 
preventing the deposition of insoluble twisted fibers (Qi et al. 2020), advocating 
its potential for treating AD patients (Fig. 12.4). 

Exosomes are now recognized to transport miRNA that may well function at 
various stages in AD. In this regard, Jahangard et al. (2020) transfected mir-29 into 
rat bone marrow–derived MSCs (r-BMSCs) to obtain miRNA-29-loaded exosomes. 
A considerable upregulation of miR-29 and underexpression of target proteins, 
BACE1 and BIM (Bcl-2-interacting mediator of cell death) were established in the 
transfected cells. They proved that miRNA-29-laden exosomes, when injected in an 
animal model of AD, protects against Aβ amyloid etiology (Jahangard et al. 2020). 
Zhai et al. (2021) conducted a similar investigation. They employed adipocyte-
derived MSCs (ADMSCs) encapsulated with miRNA-22 (Exo-miRNA-22) to treat
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and restore nerve physiology in an AD mouse model. Nerve cell survival was highly 
elevated by Exo-miRNA-22, while levels of inflammatory factor lowered drastically, 
demonstrating that Exo-miRNA-22 may considerably diminish neuro-inflammation 
(Zhai et al. 2021).
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One strategy to enhance exosome therapy is to functionalize their surface. 
Researchers coupled neuro-specific RVG peptide 
(YTIWMPENPRPGTPCDIFTNSRGKRASNG) that selectively binds to the acetyl-
choline receptor (AchR) (Kumar et al. 2007) with the extra-exosomal N-terminus of 
murine Lamp2b (Alvarez-Erviti et al. 2011). The RVG-exosomes were encapsulated 
with siRNAs by electroporation and transfected into neuronal N2a cells in order to 
target BACE1 protease. The siRNA-loaded RVG-targeted exosomes achieved sig-
nificant delivery efficiency and effective dose-dependent gene knockdown with 
negligible toxic and immunogenic reactions, localizing mainly to neuronal, 
microglial, and oligodendrocyte cells (Alvarez-Erviti et al. 2011). Likewise, the 
RVG peptide conjugated to MSC-Exo through a DOPE-NHS linker (Kajimoto 
et al. 2013) was used to specifically target intravenously injected exosomes to the 
cortical and hippocampal region of transgenic APP/PS1 mice. Consequently, a 
substantial increase in learning and memory capacities, as well as lower plaque 
formation and Aβ levels, was observed. The targeted exosomes decreased 
pro-inflammatory components and increased anti-inflammatory elements (Cui 
et al. 2019). 

AD is a complicated illness caused by the interplay of several factors. 
P-glycoprotein (P-gp), an ABC efflux transport protein, is involved in binding and 
pumping Aβ into the blood. Aβ42 has been linked with the downregulation of P-gp 
on the BBB leading to the deposition of Aβ in AD (Brenn et al. 2011; Shubbar and 
Penny 2018). Pan et al. (2020) exploited human brain microvascular endothelial cell 
(HBMVEC)-derived exosomes (HBMVEC-Ex) containing P-gp to transport Aβ 
outside neuronal cells, contributing to an efficient improvement in cognitive behav-
ior in Aβ-induced AD animals. 

Reports have established the action of MSC-derived exosomes in restoring 
memory impairments in animal models of AD. Chen et al. (2021) intended to see 
how MSC-derived exosomes performed in AD models. MSC exosomes lowered Aβ 
deposition while upregulating neural memory and synaptic plasticity-related genes. 
Wang and Yang (2021) discovered that BM-MSC-derived exosomes decrease Aβ 
expression while rescuing brain functions in vivo through the sphingosine kinase/ 
sphingosine-1-phosphate (SphK/S1P) signaling pathway. Another study found that 
intra-cerebroventricular injection of BM-MSC-derived exosome dwindled levels of 
NF-κB in astrocytes and reduced cerebral impairment by restoring astrocyte func-
tion. They discovered that increased expression of miR-146 and downregulation of 
NF-κB in the hippocampus prevent cognitive damage (Nakano et al. 2020).
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12.5.2 Parkinson’s Disease 

PD is a neuro-degradative disease illustrated as dopaminergic neuronal loss 
complemented by the deposition of Lewy bodies (LBs) containing alpha-synuclein 
(α-syn) fibrils. Decrease in the brain’s dopamine levels leads to impaired motor 
response in PD. Thus, DiD-labeled blood-derived exosomes incubated with dopa-
mine were targeted to the brain through the transferrin–transferrin receptor (TfR) 
contact (Qu et al. 2018). TfR, overexpressed on the exterior of blood-derived 
exosomes and brain capillary parenchyma cells (Pan and Johnstone 1983; Qi et al. 
2016), is responsible for the transport of exosomes past the BBB through 
TfR-mediated endocytosis (Qian et al. 2002). DiD-labeled EVs effectively 
transported dopamine into the brain, striatum, and substantia nigra, while imparting 
negligible toxic reactions in the neuroblastoma cells, SH-SY5Y (Qu et al. 2018). 

Modified exosomes have been utilized as carriers to treat PD. Exosomes 
bioengineered with RVG peptide were exploited to relay DNA aptamer targeting 
α-syn fibrils. In brain cells, the RVG-exosome-loaded aptamers drastically lowered 
the preformed fibril (PFF)-induced aggregation of α-syn and restored dysfunctional 
motor loss and neuronal death (Ren et al. 2019). In a similar study, RVG-modified 
exosomes were exploited to specifically deliver short hairpin RNA-minicircle 
(shRNA-MC) constructs to the brain. This novel approach resulted in the long-
term decrease in α-syn expression in an animal model of PD, while improving the 
clinical symptoms (Izco et al. 2019). A precisely targeted study involved fusing 
RVG with the N-terminus of Lamp2b protein of exosomes. These modified EVs 
laden with α-syn siRNA lowered the levels of α-syn protein and its fibrils in 
intraneuronal space (Cooper et al. 2014). Similarly, ex vivo loading of catalase 
inside exosomes (ExoCAT) using different methods offered noteworthy 
neuroprotective properties in PD (Haney et al. 2015). 

Liu et al. (2020) engineered a core–shell hybrid system termed RVG peptide– 
modified exosome curcumin/BA-poly(2-(dimethylamino)ethyl acrylate) siRNA 
targeting SNCA (REXO-C/ANP/S) as a “nano-scavenger” for clearing α-syn 
aggregates and reducing their cytotoxicity in PD neurons. A polymer, BA-poly 
(2-(dimethylamino)ethyl acrylate) (BAP), was mixed with cur and α-syn siRNA 
(siSNCA) to obtain C/ANP and C/ANP/S, respectively. Ultrasonication was then 
utilized to encapsulate C/BNP/S and C/BNP/S inside engineered stearoyl-RVG-
derived exosomes from the immature dendritic cell (imDC) (REXO) to obtain 
RVG-modified exosome (REXO-C/ANP/S). The motor performance of animals 
improved markedly post-therapy. Release of the gene drug siSNCA inside neurons 
resulted in the inhibition of α-syn fibrillation by diminishing the production of α-syn 
protein, while cur promptly inhibited α-syn fibrils (Liu et al. 2020). In particular, 
REXO-C/ANP/S also acted as a “nano-scavenger” by providing immunotherapy 
because of its imDC innate EXO exterior (Fig. 12.5). 

Kojima et al. (2018) developed EXOsomal transfer into cell (EXOtic) devices 
enabling the efficient customizable production of designer exosomes. Exosomes 
containing the RNA packaging device, the archaeal ribosomal protein L7Ae which 
binds to the C/Dbox RNA conjugated to the C-terminus of CD63 (CD63-L7Ae),
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Fig. 12.5 (a) The amphiphilic polymer BAP self-assembled and encapsulated the hydrophobic 
drug curcumin to form curcumin/BAP NP (C/ANP). The final C/ANP/siSNCA (C/ANP/S) nano-
complex was formed via electrostatic interaction. Ultrasonication was then utilized to encapsulate 
C/BNP/S inside engineered stearoyl-RVG-derived exosomes from the imDC to obtain 
RVG-modified exosome REXO (REXO-C/ANP/S). (b)  Efficient delivery of siRNA and chemical 
drugs by the target exosomes reduced the α-syn aggregates in diseased dopaminergic neurons by 
dual mechanism. Release of gene-drug siSNCA inside neurons resulted in the inhibition of α-syn 
aggregation by reducing the synthesis of α-syn, while curcumin directly inhibited α-syn aggregates. 
Further, cellular reactive oxygen species (ROS) content also decreased drastically. This gene-chem 
nano-complex can further provide a functionalized vector for immunotherapy of neurodegenerative 
diseases by regulating TH 

17 and Treg cell balance via inhibition of TH 
17 differentiation and 

promotion of Treg production, thus promoting immune tolerance (Modified from Liu et al. 2020 
under Creative Commons Attribution NonCommercial License 4.0, CC BY-NC, https://doi.org/10. 
1126/sciadv.aba3967)

https://doi.org/10.1126/sciadv.aba3967
https://doi.org/10.1126/sciadv.aba3967


targeting module (RVG-Lamp2b to target nicotinic acetylcholine receptor, 
CHRNA7) cytosolic delivery helper (gap junction protein, connexin 43, Cx43 
S368A) and mRNA (e.g., nluc-C/Dbox or catalase) were efficiently produced from 
exosome producer cells by the exosome production booster. The engineered 
exosomes were delivered to target cells (HEK-293 T cells expressing CHRNA7) 
and the catalase mRNA was delivered into the target cell’s cytosol with the help of 
the cytosolic delivery helper, Cx43 S368A. Finally, protein encoded in the mRNA 
was expressed in the target cells (Kojima et al. 2018). These EXOtics delivered 
catalase mRNA into the brain and attenuated neurotoxicity and neuroinflammation 
in the in vitro and in vivo models of PD (Fig. 12.6).
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Fig. 12.6 (a) EXOtic devices for mRNA delivery. (b) Protection against neurotoxicity in an 
in vitro experimental model of Parkinson’s disease by catalase mRNA delivery. Please refer to 
the text for a description. (Modified with permission from Kojima et al. 2018. under a Creative 
Commons Attribution 4.0, https://doi.org/10.1038/s41467-018-03733-8) 

Normal blood exosomes can be utilized for the simplistic management of 
PD. Upregulation of miR-188-3p (a key player involved in PD pathogenesis) in 
exosomes exhibited beneficial outcomes on PD by subduing autophagic and

https://doi.org/10.1038/s41467-018-03733-8


inflammatory responses by targeting NACHT, LRR, and PYD domain–containing 
protein 3 (NALP3) inflammasome and cyclin-dependent kinase 5 (CDK5) in vitro 
and in vivo (Li et al. 2021). Alternate research exploited RAW 264.7 macrophage 
genetically modified to express glial cell line–derived neurotrophic factor (GDNF), a 
survival protein for the dopaminergic neuron cells that deteriorate in Parkinson’s 
(Ramaswamy et al. 2009), to ameliorate neurodegeneration and neuroinflammation 
in PD mice (Zhao et al. 2014). 
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12.5.3 Glioma 

Gliomas are extremely aggressive and poorly treated malignant brain cancer as 
conventional therapies failed to deliver drugs to the tumor sites across BBB. 
Exosomes have emerged as the vehicle of choice to transport genes/drugs for 
anticancer therapy in the nervous system. Jia et al. (2018) added superparamagnetic 
iron oxide nanoparticles (SPIONs) and Cur to NRP-1-targeting RGE peptide-
modified exosomes (RGE-Exo-SPION/Cur) by electroporation and click chemical 
methods. The transmembrane glycoprotein, NRP-1, is either underexpressed or not 
produced at all in healthy brain cells, but is upregulated in glioma cells and the tumor 
vascular endothelium. The cancer-targeting peptide, RGE, possesses a cryptic C-end 
rule (CendR) site responsible for NRP-1 attachment (Yang et al. 2013). Cur 
exhibits a potent antitumor impact against glioma both in vitro and in vivo (Gersey 
et al. 2017). The engineered RGE-Exo-SPION/Cur exosomes with imaging and 
therapeutic functions can successfully pass through the BBB making it easier to 
recognize gliomas accurately. Due to its enhanced targeting capability, RGE-Exo-
SPION/Cu in conjunction with magnetic fluid hyperthermia (MFH) and Cur slowed 
tumor resurgence and prolonged life in model animals (Jia et al. 2018). 

The TfR, a potential target for glioblastoma (GBM) (Kang et al. 2015), is 
upregulated in brain tumors (Recht et al. 1990) and is abundantly expressed in 
brain capillary endothelial cells as well. TfR aids exosomes in traversing the BBB 
effectively (Jefferies et al. 1984). T7 (HAIYPRH), a TfR-binding peptide (Lee et al. 
2001; Han et al. 2010), has been exploited for GBM-targeted delivery. Kim et al. 
(2020) designed T7-peptide–Lamp2-decorated exosomes (T7-exo) loaded with anti-
sense oligonucleotide against miR-21 (AMO-21) by electroporation. T7-exo 
exhibited superior cellular uptake as well as better accumulation in brain tissue, 
directing higher downregulation of miR-21. T7-exo also demonstrated better BBB 
traversing ability and tumor targeting via TfR binding, thus effectively reducing 
tumor size by 50% in GBM models (Fig. 12.7). 

Erkan et al. (2017) developed bioengineered EVs encapsulating suicide gene 
mRNA and protein—cytosine deaminase (CD) fused to uracil 
phosphoribosyltransferase (UPRT)—as a mechanism to disrupt DNA replication 
and induce GBM killing by catalyzing the conversion of 5-fluorocytosine (5-FC) to 
5-fluorouracil (5-FU). Another study by Munoz et al. (2013) utilized MSC-derived 
exosomes as a delivery vehicle for anti-miR-9 for successful inhibition of drug efflux 
transporter P-gp to induce susceptibility to anticancer agent, temozolomide.
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12.5.4 Ischemic Brain Stroke 

Ischemia is caused by the rapid loss of blood circulation to an area of the brain and is 
the second leading cause of all global deaths (Mira and Andreas 2018). Exosomes 
have been exploited as a delivery vehicle for managing stroke. Tian et al. (2018) 
utilized a bio-orthogonal copper-free azide-alkyne cyclo-addition technique for 
conjugating functional ligands onto exosomal surfaces. The intravenous administra-
tion of c(RGDyK)-coupled MSC-derived exosomes burdened with cur (cRGD-Exo-
cur) effectively targeted the ischemic region of the cerebrum, depositing the 
cargo inside neurons, microglial, and astrocyte cells. cRGD-Exo repressed the 
inflammatory immune response as well as apoptotic cell death, thus validating its 
potential as a targeted delivery carrier (Tian et al. 2018). The successful delivery/ 
tropism of cRGD-Exo could be attributed to the overexpression of integrin αvβ3 on 
reactive endothelial cells post-ischemic stroke (Abumiya et al. 1999; Guell and Bix 
2014), while its expression is minimal in the nonischemic area (Li et al. 2012). In a 
separate report, intravenous injection of RVG-exosome-mediated miR-124 success-
fully delivered the nucleic acid to the stroke site and improved brain damage by 
stimulating neural progenitor cells to attain normal phenotype at the lesion position 
(Yang et al. 2017b). Alternatively, blood-derived exosomes (EXO) packaged with 
edaravone (EXO + EDV), a neuroprotective medication, reversed cerebral ischemia 
damage in neural tissue (Guo et al. 2021). 

12.5.5 Neuroinflammation 

Yuan et al. (2017) exploited the association between LFA-1 and ICAM-1 to suc-
cessfully deliver brain-derived neurotrophic factor (BDNF) inside naïve macrophage 
(Mφ)-derived exosomes across the BBB into the brain parenchyma. This uptake was 
heightened in the inflamed regions, when ICAM-1 was overexpressed on capillary 
parenchyma cells. Similarly, mouse lymphoma cell line–derived exosomes 
encapsulated with cur (Exo-cur) or a signal transducer and activator of transcription 
3 (Stat3) inhibitor, JSI124 (Exo-JSI124), delivered their merchandise to 
microglial cellss. The intranasal delivery of exosomal cargo protected the brain 
against LPS-stimulated inflammatory response and induced microglial apoptosis 
(Zhuang et al. 2011). 

12.5.6 Drug Addiction 

Drug addiction, a degenerative neuropsychological disorder, is described by harmful 
effects on the brain due to the tenacious use of drugs. The primary target of 
the diagnostic and therapeutic use of opioid analgesics/drugs is the opioid receptor 
mu (MOR). To address morphine obsession, Liu et al. (2015) developed MOR 
siRNA-loaded, RVG-modified exosomes that effectively transported MOR siRNA



to neurons, reducing MOR mRNA and protein levels, and proficiently hampering 
morphine recurrence. 
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12.6 Conclusion and Future Perspectives 

Targeted delivery to the brain still remains the most exhilarating challenge in the 
arena of medicinal chemistry. Exosomes, nano-sized vesicles released by a plethora 
of cells, play a key role in intracellular communications. They have shown great 
promise as vectors to transport therapeutics into and within the CNS owing to their 
strong biocompatibility. Nano-size scale, ability to traverse the BBB, biocompatibil-
ity, and low endogenous toxicity impart them superiority over traditional carriers. 
The exosomes are now artificially bioengineered to incorporate unique cargos with 
precision targeting. 

Nevertheless, there are numerous issues that must be addressed. Understanding 
how exosomes are involved in intercellular communication inside the brain and how 
cargoes are delivered across the BBB are the foremost questions that warrant prompt 
resolution. Besides, large-scale production, cargo loading techniques, cell type 
selection, stability, and bioengineering strategies are the crucial aspects that impact 
the translational significance of exosomes as targeted delivery agents. Additional 
systematic in vivo experiments on the efficacy and pharmacokinetics of exosomes 
are vital to bring this breathtaking advancement near to palliative treatment. A 
multidisciplinary approach involving collaborative efforts from relevant disciplines 
is indispensable to discover solutions to the problems listed. 

Acknowledgements/Financial Assistance This work was supported by the Dean-
ship of Scientific Research, Vice Presidency for Graduate Studies and Scientific 
Research, King Faisal University, Saudi Arabia (grant no. 1342), through its KFU 
Research Summer Initiative. 

Author Contribution GM drafted the article and improved the accuracy of the 
language. QZ carried out the literature search. GM and QZ wrote the first draft of the 
manuscript and modified the overall structure of the chapter. AA revised the article 
and incorporated additional material. All authors have read and approved the final 
manuscript. 

References 

Abumiya T, Lucero J, Heo JH, Tagaya M, Koziol JA, Copeland BR et al (1999) Activated 
microvessels express vascular endothelial growth factor and integrin alpha(v)beta3 during 
focal cerebral ischemia. J Cereb Blood Flow Metab 19:1038–1050 

Admyre C, Johansson SM, Qazi KR, Filén J-J, Lahesmaa R, Norman M et al (2007) Exosomes with 
immune modulatory features are present in human breast milk. J Immunol 179:1969–1978 

Adriano B, Cotto NM, Chauhan N, Jaggi M, Chauhan SC, Yallapu MM (2021) Milk exosomes: 
Nature's abundant nanoplatform for theranostic applications. Bioact Mater 6:2479–2490



12 Engineered Exosomes as Nano-Vectors against Neurodegenerative Disorders 319

Akers JC, Gonda D, Kim R, Carter BS, Chen CC (2013) Biogenesis of extracellular vesicles (EV): 
exosomes, microvesicles, retrovirus-like vesicles, and apoptotic bodies. J Neuro-Oncol 113(1): 
1–11. https://doi.org/10.1007/s11060-013-1084-8 

Alli AA (2021) Mechanisms of extracellular vesicle biogenesis, cargo loading, and release. In: Paul 
MK (ed) Extracellular vesicles–role in diseases, pathogenesis and therapy [internet]. 
IntechOpen.; (cited Nov 022022), London. https://doi.org/10.5772/intechopen.100458 

Almutairi MM, Gong C, Xu YG et al (2016) Factors controlling permeability of the blood-brain 
barrier. Cell Mol Life Sci 73(1):57–77 

Alvarez-Erviti L, Seow Y, Yin H, Betts C, Lakhal S, Wood MJ (2011) Delivery of siRNA to the 
mouse brain by systemic injection of targeted exosomes. Nat Biotechnol 29:341–345. https:// 
doi.org/10.1038/nbt.1807 

Amerik AY, Nowak J, Swaminathan S, Hochstrasser M (2000) The Doa4 deubiquitinating enzyme 
is functionally linked to the vacuolar protein-sorting and endocytic pathways. Mol Biol Cell 11: 
3365–3380 

Anakor E, Le Gall L, Dumonceaux J, Duddy WJ, Duguez S (2021) Exosomes in ageing and motor 
neurone disease: Biogenesis, uptake mechanisms, modifications in disease and uses in the 
development of biomarkers and therapeutics. Cells 10:2930. https://doi.org/10.3390/ 
cells10112930 

Antimisiaris SG, Mourtas S, Marazioti A (2018) Exosomes and exosome-inspired vesicles for 
targeted drug delivery. Pharmaceu 10:218 

Arosio D, Casagrande C (2016) Advancement in integrin facilitated drug delivery. Adv Drug Deliv 
Rev 97:111–143 

Arrighetti N, Corbo C, Evangelopoulos M, Pasto A, Zuco V, Tasciotti E (2019) Exosome-like 
nanovectors for drug delivery in cancer. Curr Med Chem 26:6132–6148. https://doi.org/10. 
2174/0929867325666180831150259 

Babst M (2005) A protein’s final ESCRT. Traffic 6:2–9 
Babst M, Sato TK, Banta LM, Emr SD (1997) Endosomal transport function in yeast requires a 

novel AAA-type ATPase, Vps4p. EMBO J 16:1820–1831 
Babst M, Wendland B, Estepa EJ, Emr SD (1998) The Vps4p AAA ATPase regulates membrane 

association of a Vps protein complex required for normal endosome function. EMBO J 17: 
2982–2993 

Bang OY, Kim EH (2019) Mesenchymal stem cell-derived extracellular vesicle therapy for stroke: 
challenges and progress. Front Neurol 10:211. https://doi.org/10.3389/fneur.2019.00211 

Barile L, Vassalli G (2017) Exosomes: therapy delivery tools and biomarkers of diseases. 
Pharmacol Ther 174:63–78 

Batrakova EV, Kim MS (2015) Using exosomes, naturally-equipped nanocarriers, for drug deliv-
ery. J Control Release 219:396–405 

Bowers K, Stevens TH (2005) Protein transport from the late Golgi to the vacuole in the yeast 
Saccharomyces cerevisiae. Biochim Biophys Acta 1744:438–454 

Branscome H, Paul S, Yin DZ, El-Hage N, Agbottah ET, Zadeh MA et al (2020) Use of stem cell 
extracellular vesicles as a “holistic” approach to CNS repair. Front Cell Dev Biol 8:455. https:// 
doi.org/10.3389/fcell.2020.00455 

Brenn A, Grube M, Peters M, Fischer A, Jedlitschky G, Kroemer HK et al (2011) Beta-amyloid 
downregulates MDR1-P-glycoprotein (Abcb1) expression at the blood-brain barrier in mice. Int 
J Alzheimers Dis 2011:690121 

Caby M-P, Lankar D, Vincendeau-Scherrer C, Raposo G, Bonnerot C (2005) Exosomal-like 
vesicles are present in human blood plasma. Int Immunol 17(7):879–887. https://doi.org/10. 
1093/intimm/dxh267 

Chao M, Weissman I, Majeti R (2012) The CD47-SIRPα pathway in cancer immune evasion and 
potential therapeutic implications. Curr Opin Immunol 24:225–232 

Chen CC, Liu L, Ma F, Wong CW, Guo XE, Chacko JV et al (2016) Elucidation of exosome 
migration across the blood-brain barrier model in vitro. Cell Mol Bioeng 9:509–529. https://doi. 
org/10.1007/s12195-016-0458-3

https://doi.org/10.1007/s11060-013-1084-8
https://doi.org/10.5772/intechopen.100458
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1038/nbt.1807
https://doi.org/10.3390/cells10112930
https://doi.org/10.3390/cells10112930
https://doi.org/10.2174/0929867325666180831150259
https://doi.org/10.2174/0929867325666180831150259
https://doi.org/10.3389/fneur.2019.00211
https://doi.org/10.3389/fcell.2020.00455
https://doi.org/10.3389/fcell.2020.00455
https://doi.org/10.1093/intimm/dxh267
https://doi.org/10.1093/intimm/dxh267
https://doi.org/10.1007/s12195-016-0458-3
https://doi.org/10.1007/s12195-016-0458-3


320 G. Muteeb et al.

Chen L, Charrier A, Zhou Y et al (2014) Epigenetic regulation of connective tissue growth factor by 
MicroRNA-214 delivery in exosomes from mouse or human hepatic stellate cells. Hepatology 
59:1118–1129 

Chen Y-A, Lu C-H, Ke C-C, Chiu S-J, Jeng F-S, Chang C-W et al (2021) Mesenchymal stem cell-
derived exosomes ameliorate Alzheimer’s disease pathology and improve cognitive deficits. 
Biomed 9(6):594 

Cheng G, Li W, Ha L, Han X, Hao S, Wan Y et al (2018) Self-assembly of extracellular vesicle-like 
metal-organic framework nanoparticles for protection and intracellular delivery of biofunctional 
proteins. J Am Chem Soc 140:7282–7291 

Cheng WC, Liao TT, Lin CC, Yuan LTE, Lan HY, Lin HH et al (2019) RAB27B-activated 
secretion of stem-like tumor exosomes delivers the biomarker microRNA-146a-5p, which 
promotes tumorigenesis and associates with an immunosuppressive tumor microenvironment 
in colorectal cancer. Int J Cancer 145:2209–2224. https://doi.org/10.1002/ijc.32338 

Chivet M, Javalet C, Laulagnier K, Blot B, Hemming FJ, Sadoul R (2014) Exosomes secreted by 
cortical neurons upon glutamatergic synapse activation specifically interact with neurons. J 
Extracell Vesicles 3:24722–24722. https://doi.org/10.3402/jev.v3.24722 

Choezom D, Gross JC (2022) Neutral sphingomyelinase 2 controls exosome secretion by 
counteracting V-ATPase-mediated endosome acidification. J Cell Sci 135(5):jcs259324. 
https://doi.org/10.1242/jcs.259324 

Conlan RS, Pisano S, Oliveira MI, Ferrari M, Mendes Pinto I (2017) Exosomes as reconfigurable 
therapeutic systems. Trends Mol Med 23:636–650 

Cooper JM, Wiklander PB, Nordin JZ et al (2014) Systemic exosomal siRNA delivery reduced 
alpha-synuclein aggregates in brains of transgenic mice. Mov Disord 29(12):1476–1485 

Cui G-h, Guo H-d, Li H, Zhai Y, Gong Z-b, Wu J et al (2019) RVG-modified exosomes derived 
from mesenchymal stem cells rescue memory deficits by regulating inflammatory responses in a 
mouse model of Alzheimer’s disease. Immun Ageing 16(1):10 

Daneman R, Prat A (2015) The blood-brain barrier. Cold Spring Harb Perspect Biol 7(1):a020412 
de Abreu RC, Fernandes H, da Costa Martins PA, Sahoo S, Emanueli C, Ferreira L (2020) Native 

and bioengineered extracellular vesicles for cardiovascular therapeutics. Nat Rev Cardiol 17: 
685–697. https://doi.org/10.1038/s41569-020-0389-5 

Donoso-Quezada J, Ayala-Mar S, González-Valdez J (2021) The role of lipids in exosome biology 
and intercellular communication: function, analytics and applications. Traffic 22(7):204–220. 
https://doi.org/10.1111/tra.12803 

Erkan EP, Senfter D, Madlener S, Jungwirth G, Ströbel T, Saydam N, Saydam O (2017) Extracel-
lular vesicle-mediated suicide mRNA/protein delivery inhibits glioblastoma tumor growth 
in vivo. Cancer Gene Ther 24:38–44 

Fitzner D, Schnaars M, van Rossum D, Krishnamoorthy G, Dibaj P, Bakhti M et al (2011) Selective 
transfer of exosomes from oligodendrocytes to microglia by macropinocytosis. J Cell Sci 124: 
447–458. https://doi.org/10.1242/jcs.074088 

Fu S, Wang Y, Xia X, Zheng JC (2020) Exosome engineering: current progress in cargo loading 
and targeted delivery. NanoImpact 20:100261. https://doi.org/10.1016/j.impact.2020.100261 

Fuhrmann G, Herrmann IK, Stevens MM (2015a) Cell-derived vesicles for drug therapy and 
diagnostics: opportunities and challenges. Nano Today 10(3):397–409 

Fuhrmann G, Serio A, Mazo M, Nair R, Stevens MM (2015b) Active loading into extracellular 
vesicles significantly improves the cellular uptake and photodynamic effect of porphyrins. J 
Control Release 205:35–44 

Gersey ZC, Rodriguez GA, Barbarite E, Sanchez A, Walters WM, Ohaeto KC et al (2017) 
Curcumin decreases malignant characteristics of glioblastoma stem cells via induction of 
reactive oxygen species. BMC Cancer 17(1):99. https://doi.org/10.1186/s12885-017-3058-2 

Gilligan KE, Dwyer RM (2017) Engineering exosomes for cancer therapy. Int J Mol Sci 18(6):1122 
Grapp M, Wrede A, Schweizer M, Hüwel S, Galla HJ, Snaidero N et al (2013) Choroid plexus 

transcytosis and exosome shuttling deliver folate into brain parenchyma. Nat Commun 4:2123. 
https://doi.org/10.1038/ncomms3123

https://doi.org/10.1002/ijc.32338
https://doi.org/10.3402/jev.v3.24722
https://doi.org/10.1242/jcs.259324
https://doi.org/10.1038/s41569-020-0389-5
https://doi.org/10.1111/tra.12803
https://doi.org/10.1242/jcs.074088
https://doi.org/10.1016/j.impact.2020.100261
https://doi.org/10.1186/s12885-017-3058-2
https://doi.org/10.1038/ncomms3123


12 Engineered Exosomes as Nano-Vectors against Neurodegenerative Disorders 321

Guell K, Bix GJ (2014) Brain endothelial cell specific integrins and ischemic stroke. Expert Rev 
Neurother 14:1287–1292 

Guescini M, Guidolin D, Vallorani L, Casadei L, Gioacchini AM, Tibollo P et al (2010) C2C12 
myoblasts release micro-vesicles containing mtDNA and proteins involved in signal transduc-
tion. Exp Cell Res 316:1977–1984. https://doi.org/10.1016/j.yexcr.2010.04.006 

Guo L, Pan J, Li F, Zhao L, Shi Y (2021) A novel brain targeted plasma exosomes enhance the 
neuroprotective efficacy of edaravone in ischemic stroke. IET Nanobiotechnol 15(1):107–116 

Gurung S, Perocheau D, Touramanidou L et al (2021) The exosome journey: from biogenesis to 
uptake and intracellular signalling. Cell Commun Signal 19:47. https://doi.org/10.1186/s12964-
021-00730-1 

Ha D, Yang N, Nadithe V (2016) Exosomes as therapeutic drug carriers and delivery vehicles 
across biological membranes: current perspectives and future challenges. Acta Pharm Sin B 
6(4):287–296 

Han LA, Huang RQ, Liu SH, Huang SX, Jiang C (2010) Peptide-conjugated PAMAM for targeted 
doxorubicin delivery to transferrin receptor overexpressed tumors. Mol Pharm 7:2156–2165 

Haney MJ, Klyachko NL, Zhaoa YL, Gupta R, Plotnikova EG, He ZJ et al (2015) Exosomes as 
drug delivery vehicles for Parkinson’s disease therapy. J Control Release 207:18–30. https://doi. 
org/10.1016/j.jconrel.2015.03.033 

Haney MJ, Zhao Y, Jin YS, Li SM, Bago JR, Klyachko NL et al (2019) Macrophage-derived 
extracellular vesicles as drug delivery systems for triple negative breast cancer (TNBC) therapy. 
J Neuroimmune Pharmacol 15(3):487–500 

Harvey KF, Shearwin-Whyatt LM, Fotia A, Parton RG, Kumar S (2002) N4WBP5, a potential 
target for ubiquitination by the Nedd4 family of proteins, is a novel Golgi-associated protein. J 
Biol Chem 277:9307–9317 

He C, Zheng S, Luo Y, Wang B (2018) Exosome theranostics: biology and translational medicine. 
Theranostics 8:237–255 

Hein CD, Liu XM, Wang D (2008) Click chemistry, a powerful tool for pharmaceutical sciences. 
Pharm Res 25:2216–2230. https://doi.org/10.1007/s11095-008-9616-1 

Hessvik NP, Llorente A (2018) Current knowledge on exosome biogenesis and release. Cell Mol 
Life Sci 75:193–208 

Huebner AR, Cheng L, Somparn P, Knepper MA, Fenton RA, Pisitkun T (2016) Deubiquitylation 
of protein cargo is not an essential step in exosome formation. Mol Cell Proteomics 15(5): 
1556–1571. https://doi.org/10.1074/mcp.M115.054965 

Hung ME, Leonard JN (2015) Stabilization of exosome-targeting peptides via engineered glyco-
sylation. J Biol Chem 290:8166–8172. https://doi.org/10.1074/jbc.M114.621383 

Huotari J, Helenius A (2011) Endosome maturation. EMBO J 30:3481–3500. https://doi.org/10. 
1038/emboj.2011.286 

Izco M, Blesa J, Schleef M, Schmeer M, Porcari R, Al-Shawi R et al (2019) Systemic exosomal 
delivery of shRNA minicircles prevents parkinsonian pathology. Mol Ther 27:2111–2122 

Jahangard Y, Monfared H, Moradi A, Zare M, Mirnajafi-Zadeh J, Mowla SJ (2020) Therapeutic 
effects of transplanted exosomes containing miR-29b to a rat model of Alzheimer’s disease. 
Front Neurosci 14:564 

Jan AT, Malik MA, Rahman S, Yeo HR, Lee EJ, Abdullah TS, Choi I (2017) Perspective insights of 
exosomes in neurodegenerative diseases: a critical appraisal. Front Aging Neurosci 9:317. 
https://doi.org/10.3389/fnagi.2017.00317 

Jang SC, Kim OY, Yoon CM, Choi D-S, Roh T-Y, Park J et al (2013) Bioinspired exosome-
mimetic nanovesicles for targeted delivery of chemotherapeutics to malignant tumors. ACS 
Nano 7:7698–7710 

Jefferies WA, Brandon MR, Hunt SV, Williams AF, Gatter KC, Mason DY (1984) Transferrin 
receptor on endothelium of brain capillaries. Nature 312:162–163 

Jelonek K, Widlak P, Pietrowska M (2016) The influence of ionizing radiation on exosome 
composition, secretion and intercellular communication. Protein Pept Lett 23(7):656–663

https://doi.org/10.1016/j.yexcr.2010.04.006
https://doi.org/10.1186/s12964-021-00730-1
https://doi.org/10.1186/s12964-021-00730-1
https://doi.org/10.1016/j.jconrel.2015.03.033
https://doi.org/10.1016/j.jconrel.2015.03.033
https://doi.org/10.1007/s11095-008-9616-1
https://doi.org/10.1074/mcp.M115.054965
https://doi.org/10.1074/jbc.M114.621383
https://doi.org/10.1038/emboj.2011.286
https://doi.org/10.1038/emboj.2011.286
https://doi.org/10.3389/fnagi.2017.00317


322 G. Muteeb et al.

Jia G, Han Y, An Y, Ding Y, He C, Wang X et al (2018) NRP-1 targeted and cargo-loaded 
exosomes facilitate simultaneous imaging and therapy of glioma in vitro and in vivo. 
Biomaterials 178:302–316. https://doi.org/10.1016/j.biomaterials.2018.06.029 

Johnstone RM, Adam M, Hammond J, Orr L, Turbide C (1987) Vesicle formation during reticulo-
cyte maturation. Association of plasma membrane activities with released vesicles (exosomes). J 
Biol Chem 262:9412–9420 

Johnstone RM (2005) Revisiting the road to the discovery of exosomes. Blood Cells Mol Dis 34: 
214–219 

Kajimoto T, Okada T, Miya S et al (2013) Ongoing activation of sphingosine 1-phosphate receptors 
mediates maturation of exosomal multivesicular endosomes. Nat Commun 4:2712. https://doi. 
org/10.1038/ncomms3712 

Kalluri R, LeBleu VS (2020) The biology, function, and biomedical applications of exosomes. 
Science 367:6478. https://doi.org/10.1126/science.aau6977 

Kamerkar S, LeBleu V, Sugimoto H et al (2017) Exosomes facilitate therapeutic targeting of 
oncogenic KRAS in pancreatic cancer. Nature 546:498–503 

Kang T, Jiang MY, Jiang D, Feng XY, Yao JH, Song QX et al (2015) Enhancing glioblastoma-
specific penetration by functionalization of nanoparticles with an iron-mimic peptide targeting 
transferrin/transferrin receptor complex. Mol Pharm 12:2947–2961 

Katakowski M, Buller B, Zheng X et al (2013) Exosomes from marrow stromal cells expressing 
miR-146b inhibit glioma growth. Cancer Lett 335:201–204 

Katzmann DJ, Babst M, Emr SD (2001) Ubiquitin-dependent sorting into the multivesicular body 
pathway requires the function of a conserved endosomal protein sorting complex, ESCRT-I. 
Cell 106:145–155 

Keller S, Ridinger J, Rupp A-K, Janssen JW, Altevogt P (2011) Body fluid derived exosomes as a 
novel template for clinical diagnostics. J Transl Med 9:86 

Khan AR, Yang X, Fu M, Zhai G (2018) Recent progress of drug nanoformulations targeting to 
brain. J Control Release 291:37–64. https://doi.org/10.1016/j.jconrel.2018.10.004 

Khongkow M, Yata T, Boonrungsiman S, Ruktanonchai UR, Graham D, Namdee K (2019) Surface 
modification of gold nanoparticles with neuron-targeted exosome for enhanced blood–brain 
barrier penetration. Sci Rep 9(1):1–9 

Kim G, Kim M, Lee Y, Byun JW, Hwang DW, Lee M (2020) Systemic delivery of microRNA-21 
antisense oligonucleotides to the brain using T7-peptide decorated exosomes. J Control Release 
317:273–281. https://doi.org/10.1016/j.jconrel.2019.11.009 

Kim MS, Haney MJ, Zhao Y, Mahajan V, Deygen I, Klyachko NL et al (2016) Development of 
exosome-encapsulated paclitaxel to overcome MDR in cancer cells. Nanomed 12:655–664 

Kim J, Li S, Zhang S, Wang J (2022) Plant-derived exosome-like nanoparticles and their therapeu-
tic activities. Asian J Pharmaceu Sci 17(1):53–69. https://doi.org/10.1016/j.ajps.2021.05.006 

Kodali M, Castro OW, Kim DK, Thomas A, Shuai B, Attaluri S et al (2020) Intranasally 
administered human MSC derived extracellular vesicles pervasively incorporate into neurons 
and microglia in both intact and status epilepticus injured forebrain. Int J Mol Sci 21:181. https:// 
doi.org/10.3390/ijms21010181 

Kojima R, Bojar D, Rizzi G et al (2018) Designer exosomes produced by implanted cells 
intracerebrally deliver therapeutic cargo for Parkinson’s disease treatment. Nat Commun 9: 
1305. https://doi.org/10.1038/s41467-018-03733-8 

Kooijmans SAA, Fliervoet LAL, van der Meel R, Fens MHAM, Heijnen HFG, Henegouwen 
PMPVE et al (2016) PEGylated and targeted extracellular vesicles display enhanced cell 
specificity and circulation time. J Control Release 224:77–85. https://doi.org/10.1016/j. 
jconrel.2016.01.009 

Kowal J, Tkach M, Théry C (2014) Biogenesis and secretion of exosomes. Curr Opin Cell Biol 29: 
116–125. https://doi.org/10.1016/j.ceb.2014.05.004 

Kowal J, Arras G, Colombo M, Jouve M, Morath J, Primdal-Bengtson B et al (2016) Proteomic 
comparison defines novel markers to characterize heterogeneous populations of extracellular 
vesicle subtypes. Proc Natl Acad Sci U S A 113(8):E968–E977

https://doi.org/10.1016/j.biomaterials.2018.06.029
https://doi.org/10.1038/ncomms3712
https://doi.org/10.1038/ncomms3712
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1016/j.jconrel.2018.10.004
https://doi.org/10.1016/j.jconrel.2019.11.009
https://doi.org/10.1016/j.ajps.2021.05.006
https://doi.org/10.3390/ijms21010181
https://doi.org/10.3390/ijms21010181
https://doi.org/10.1038/s41467-018-03733-8
https://doi.org/10.1016/j.jconrel.2016.01.009
https://doi.org/10.1016/j.jconrel.2016.01.009
https://doi.org/10.1016/j.ceb.2014.05.004


12 Engineered Exosomes as Nano-Vectors against Neurodegenerative Disorders 323

Kumar P, Wu H, McBride JL, Jung KE, Kim MH, Davidson BL et al (2007) Transvascular delivery 
of small interfering RNA to the central nervous system. Nature 448(7149):39–43 

Lapchak PA, Boitano PD, de Couto G, Marban E (2018) Intravenous xenogeneic human 
cardiosphere-derived cell extracellular vesicles (exosomes) improves behavioral function in 
small-clot embolized rabbits. Exp Neurol 307:109–117. https://doi.org/10.1016/j.expneurol. 
2018.06.007 

Lee JH, Engler JA, Collawn JF, Moore BA (2001) Receptor mediated uptake of peptides that bind 
the human transferrin receptor. Eur J Biochem 268:2004–2012 

Li L, Liu F, Welser-Alves JV, McCullough LD, Milner R (2012) Upregulation of fibronectin and 
the alphav-beta1 and alphavbeta3 integrins on blood vessels within the cerebral ischemic 
penumbra. Exp Neurol 233:283–291 

Li Z, Zhao R, Wu X, Sun Y, Yao M, Li J et al (2005) Identification and characterization of a novel 
peptide ligand of epidermal growth factor receptor for targeted delivery of therapeutics. FASEB 
J 19:1978–1985 

Li Q, Wang Z, Xing H, Wang Y, Guo Y (2021) Exosomes derived from miR-188-3p-modified 
adipose-derived mesenchymal stem cells protect Parkinson’s disease. Mol Ther-Nucleic Acids 
23:1334–1344 

Li YJ, Wu JY, Wang JM, Hu XB, Cai JX, Xiang DX (2020) Gemcitabine loaded autologous 
exosomes for effective and safe chemotherapy of pancreatic cancer. Acta Biomater 101:519– 
530 

Liang G, Kan S, Zhu Y et al (2018) Engineered exosome-mediated delivery of functionally active 
miR-26a and its enhanced suppression effect in HepG2 cells. Int J Nanomedicine 13:585–599 

Lin Y, Wu J, Gu W, Huang Y, Tong Z, Huang L, Tan J (2018) Exosome-liposome hybrid 
nanoparticles deliver CRISPR/Cas9 system in MSCs. Adv Sci 5:1700611 

Liu L, Li Y, Peng H, Liu R, Ji W, Shi Z, Shen J, Ma G, Zhang X (2020) Targeted exosome coating 
gene-chem nanocomplex as “nanoscavenger” for clearing α-synuclein and immune activation of 
Parkinson’s disease. Sci Adv 6(50):eaba3967. https://doi.org/10.1126/sciadv.aba3967 

Liu W, Bai X, Zhang A, Huang J, Xu S, Zhang J (2019) Role of exosomes in central nervous system 
diseases. Front Mol Neurosci 12:240. https://doi.org/10.3389/fnmol.2019.00240 

Liu Y, Li D, Liu Z et al (2015) Targeted exosome-mediated delivery of opioid receptor mu siRNA 
for the treatment of morphine relapse. Sci Rep 5:17543. https://doi.org/10.1038/srep17543 

Mehryab F, Rabbani S, Shahhosseini S et al (2020) Exosomes as a next-generation drug delivery 
system: An update on drug loading approaches, characterization, and clinical application 
challenges. Acta Biomater 113:42–62 

Mentkowski K, Snitzer J, Rusnak S et al (2018) Therapeutic potential of engineered extracellular 
vesicles. AAPS 20:50 

Mira K, Andreas L (2018) Global Burden of Stroke. Sem Neuro 38(2):208–211. https://doi.org/10. 
1055/s-0038-1649503 

Muller U (2020) Exosome-mediated protection of auditory hair cells from ototoxic insults. J Clin 
Invest 130:2206–2208. https://doi.org/10.1172/JCI135710 

Munoz JL, Bliss SA, Greco SJ, Ramkissoon SH, Ligon KL, Rameshwar P (2013) Delivery of 
functional anti-miR-9 by mesenchymal stem cell-derived exosomes to glioblastoma multiforme 
cells conferred chemosensitivity. Mol Ther–Nucleic Acids 2:e126 

Murphy DE, de Jong OG, Brouwer M, Wood MJ, Lavieu G, Schiffelers RM et al (2019) Extracel-
lular vesicle-based therapeutics: natural versus engineered targeting and trafficking. Exp Mol 
Med 51:1–12. https://doi.org/10.1038/s12276-019-0223-5 

Nakano M, Kubota K, Kobayashi E, Chikenji TS, Saito Y, Konari N, Fujimiya M (2020) Bone 
marrow-derived mesenchymal stem cells improve cognitive impairment in an Alzheimer’s 
disease model by increasing the expression of microRNA-146a in hippocampus. Sci Rep 
10(1):10772 

Narayanan E (2020) Exosomes as drug delivery vehicles for cancer treatment. Curr Nanosci 16:15– 
26

https://doi.org/10.1016/j.expneurol.2018.06.007
https://doi.org/10.1016/j.expneurol.2018.06.007
https://doi.org/10.1126/sciadv.aba3967
https://doi.org/10.3389/fnmol.2019.00240
https://doi.org/10.1038/srep17543
https://doi.org/10.1055/s-0038-1649503
https://doi.org/10.1055/s-0038-1649503
https://doi.org/10.1172/JCI135710
https://doi.org/10.1038/s12276-019-0223-5


324 G. Muteeb et al.

Nolan S, Dixon R, Norman K, Hellewell P, Ridger V (2008) Nitric oxide regulates neutrophil 
migration through microparticle formation. Am J Pathol 172(1):265–273 

Ogawa Y, Miura Y, Harazono A, Kanai-Azuma M, Akimoto Y, Kawakami H et al (2011) 
Proteomic analysis of two types of exosomes in human whole saliva. Biol Pharm Bull 34:13–23 

Ohno S, Takanashi M, Sudo K et al (2013) Systemically injected exosomes targeted to EGFR 
deliver antitumor microRNA to breast cancer cells. Mol Ther 21:185–191 

Oku N, MacDonald RC (1983) Differential effects of alkali metal chlorides on formation of giant 
liposomes by freezing and thawing and dialysis. Biochemist 22:855–863 

Ostrowski M, Carmo NB, Krumeich S, Fanget I, Raposo G, Savina A et al (2010) Rab27a and 
Rab27b control different steps of the exosome secretion pathway. Nat Cell Biol 12:19–30. 
https://doi.org/10.1038/ncb2000 

Pan BT, Johnstone RM (1983) Fate of the transferrin receptor during maturation of sheep 
reticulocytes in vitro: selective externalization of the receptor. Cell 33(3):967–978. https://doi. 
org/10.1016/0092-8674(83)90040-5 

Pan J, He R, Huo Q, Shi Y, Zhao L (2020) Brain microvascular endothelial cell derived exosomes 
potently ameliorate cognitive dysfunction by enhancing the clearance of Aβ through 
up-regulation of P-gp in mouse model of AD. Neurochem Res 45(9):2161–2172. https://doi. 
org/10.1007/s11064-020-03076-1 

Pegtel DM, Gould SJ (2019) Exosomes. Annu Rev Biochem 88:487–514. https://doi.org/10.1146/ 
annurev-biochem-013118-111902 

Perets N, Betzer O, Shapira R, Brenstein S, Angel A, Sadan T et al (2019) Golden exosomes 
selectively target brain pathologies in neurodegenerative and neurodevelopmental disorders. 
Nano Lett 19:3422–3431. https://doi.org/10.1021/acs.nanolett.8b04148 

Pick U (1981) Liposomes with a large trapping capacity prepared by freezing and thawing of 
sonicated phospholipid mixtures. Arch Biochem Biophys 212:186–194 

Piffoux M, Nicolás-Boluda A, Mulens-Arias V, Richard S, Rahmi G, Gazeau F et al (2019) 
Extracellular vesicles for personalized medicine: the input of physically triggered production, 
loading and theranostic properties. Adv Drug Deliv Rev 138:247–258 

Pisitkun T, Shen R-F, Knepper MA (2004) Identification and proteomic profiling of exosomes in 
human urine. Proc Natl Acad Sci U S A 101:13368–13373 

Podolak I, Galanty A, Sobolewska D (2010) Saponins as cytotoxic agents: a review. Phytochem 
Rev 9:425–474 

Putz U, Howitt J, Doan A, Goh CP, Low LH, Silke J, Tan SS (2012) The tumor suppressor PTEN is 
exported in exosomes and has phosphatase activity in recipient cells. Sci Signal 5:ra70. https:// 
doi.org/10.1126/scisignal.2003084 

Putz U, Howitt J, Lackovic J, Foot N, Kumar S, Silke J, Tan SS (2008) Nedd4 family-interacting 
protein 1 (Ndfip1) is required for the exosomal secretion of Nedd4 family proteins. J Biol Chem 
283:32621–32627 

Qi H, Long L, Ren Y, Zhang S, Chang X, Qian X et al (2016) Blood exosomes endowed with 
magnetic and targeting properties for cancer therapy. ACS Nano 10(3):3323–3333. https://doi. 
org/10.1021/acsnano.5b06939 

Qi Y, Guo L, Jiang Y, Shi Y, Sui H, Zhao L (2020) Brain delivery of quercetin-loaded exosomes 
improved cognitive function in AD mice by inhibiting phosphorylated tau-mediated neurofi-
brillary tangles. Drug Deliv 27(1):745–755 

Qian ZM, Li H, Sun H, Ho K (2002) Targeted drug delivery via the transferrin receptor-mediated 
endocytosis pathway. Pharmacol Rev 54(4):561–587. https://doi.org/10.1124/pr.54.4.561 

Qing LM, Chen HW, Tang JY, Jia XF (2018) Exosomes and their MicroRNA cargo: new players in 
peripheral nerve regeneration. Neurorehabil Neural Repair 32:765–776. https://doi.org/10.1177/ 
1545968318798955 

Qu MK, Lin Q, Huang LY, Fu Y, Wang LY, He SS et al (2018) Dopamine-loaded blood exosomes 
targeted to brain for better treatment of Parkinson’s disease. J Control Release 287:156–166. 
https://doi.org/10.1016/j.jconrel.2018.08.035

https://doi.org/10.1038/ncb2000
https://doi.org/10.1016/0092-8674(83)90040-5
https://doi.org/10.1016/0092-8674(83)90040-5
https://doi.org/10.1007/s11064-020-03076-1
https://doi.org/10.1007/s11064-020-03076-1
https://doi.org/10.1146/annurev-biochem-013118-111902
https://doi.org/10.1146/annurev-biochem-013118-111902
https://doi.org/10.1021/acs.nanolett.8b04148
https://doi.org/10.1126/scisignal.2003084
https://doi.org/10.1126/scisignal.2003084
https://doi.org/10.1021/acsnano.5b06939
https://doi.org/10.1021/acsnano.5b06939
https://doi.org/10.1124/pr.54.4.561
https://doi.org/10.1177/1545968318798955
https://doi.org/10.1177/1545968318798955
https://doi.org/10.1016/j.jconrel.2018.08.035


12 Engineered Exosomes as Nano-Vectors against Neurodegenerative Disorders 325

Quah BJ, O'Neill HC (2005) The immunogenicity of dendritic cell-derived exosomes. Blood Cells 
Mol Dis 35:94–110 

Ramaswamy S, Soderstrom KE, Kordower JH (2009) Trophic factors therapy in Parkinson's 
disease. Prog Brain Res 175:201–216 

Rana S, Yue S, Stadel D et al (2012) Toward tailored exosomes: the exosomal tetraspanin web 
contributes to target cell selection. Int J Biochem Cell B 44:1574–1584 

Raposo G, Stoorvogel W (2013) Extracellular vesicles: exosomes, microvesicles, and friends. J Cell 
Biol 200:373–383 

Recht L, Torres CO, Smith TW, Raso V, Griffin TW (1990) Transferrin receptor in normal and 
neoplastic brain tissue: implications for brain-tumor immunotherapy. J Neurosurg 72(6): 
941–945. https://doi.org/10.3171/jns.1990.72.6.0941 

Ren X, Zhao Y, Xue F, Zheng Y, Huang H, Wang W et al (2019) Exosomal DNA aptamer targeting 
α-synuclein aggregates reduced neuropathological deficits in a mouse Parkinson’s disease 
model. Mol Ther-Nucleic Acids 17:726–740. https://doi.org/10.1016/j.omtn.2019.07.008 

Roudi S, Rädler JA, El Andaloussi S (2023) Therapeutic potential of extracellular vesicles in 
neurodegenerative disorders. Handb Clin Neurol 193:243–266. https://doi.org/10.1016/B978-0-
323-85555-6.00017-5 

Rufino-Ramos D, Albuquerque PR, Carmona V, Perfeito R, Nobre RJ, Pereira de Almeida L (2017) 
Extracellular vesicles: novel promising delivery systems for therapy of brain diseases. J Control 
Release 262:247–258. https://doi.org/10.1016/j.jconrel.2017.07.001 

Salunkhe S, Dheeraj BM, Chitkara D, Mittal A (2020) Surface functionalization of exosomes for 
target-specific delivery and in vivo imaging & tracking: strategies and significance. J Control 
Release 326:599–614. https://doi.org/10.1016/j.jconrel.2020.07.042 

Sancho-Albero M, Rubio-Ruiz B, Pérez-López AM, Sebastián V, Martín-Duque P, Arruebo M et al 
(2019) Cancer-derived exosomes loaded with ultrathin palladium nanosheets for targeted 
bioorthogonal catalysis. Nat Catal 2(10):864–872. https://doi.org/10.1038/s41929-019-0333-4 

Sansone P, Savini C, Kurelac I, Chang Q, Amato LB, Strillacci A et al (2017) Packaging and 
transfer of mitochondrial DNA via exosomes regulate escape from dormancy in hormonal 
therapy-resistant breast cancer. Proc Natl Acad Sci U S A 114:E9066–E9075. https://doi.org/ 
10.1073/pnas.1704862114 

Sato YT, Umezaki K, Sawada S, Mukai SA, Sasaki Y, Harada N et al (2016) Engineering hybrid 
exosomes by membrane fusion with liposomes. Sci Rep 6:21933 

Shi J, Jiang X, Gao S, Zhu Y, Liu J, Gu T et al (2020) Gene-modified exosomes protect the brain 
against prolonged deep hypothermic circulatory arrest. Ann Thorac Surg 111:576–585. https:// 
doi.org/10.1016/j.athoracsur.2020.05.075 

Shimoda M, Khokha R (2017) Metalloproteinases in extracellular vesicles. Biochim Biophys Acta 
Mol Cell Res 1864(11 Pt A):1989–2000 

Shlosberg D, Benifla M, Kaufer D, Friedman A (2010) Blood-brain barrier breakdown as a 
therapeutic target in traumatic brain injury. Nat Rev Neurol 6:393–403 

Shubbar MH, Penny JI (2018) Effect of amyloid beta on ATP binding cassette transporter 
expression and activity in porcine brain microvascular endothelial cells. Biochim Biophys 
Acta Gen Subj 1862:2314–2322 

Skotland T, Sandvig K, Llorente A (2017) Lipids in exosomes: current knowledge and the way 
forward. Prog Lipid Res 66:30–41. https://doi.org/10.1016/j.plipres.2017.03.001 

Smyth T, Petrova K, Persaud I, Redzic JS, Gruner MW, Smith-Jones P et al (2014) Surface 
functionalization of exosomes using click chemistry. Bioconjug Chem 25:1777–1784. https:// 
doi.org/10.1021/bc500291r 

Sterzenbach U, Putz U, Low LH, Silke J, Tan SS, Howitt J (2017) Engineered exosomes as vehicles 
for biologically active proteins. Mol Ther 25(6):1269–1278 

Suk JS, Xu QG, Kim N, Hanes J, Ensign LM (2016) PEGylation as a strategy for improving 
nanoparticle-based drug and gene delivery. Adv Drug Deliv Rev 99:28–51. https://doi.org/10. 
1016/j.addr.2015.09.012

https://doi.org/10.3171/jns.1990.72.6.0941
https://doi.org/10.1016/j.omtn.2019.07.008
https://doi.org/10.1016/B978-0-323-85555-6.00017-5
https://doi.org/10.1016/B978-0-323-85555-6.00017-5
https://doi.org/10.1016/j.jconrel.2017.07.001
https://doi.org/10.1016/j.jconrel.2020.07.042
https://doi.org/10.1038/s41929-019-0333-4
https://doi.org/10.1073/pnas.1704862114
https://doi.org/10.1073/pnas.1704862114
https://doi.org/10.1016/j.athoracsur.2020.05.075
https://doi.org/10.1016/j.athoracsur.2020.05.075
https://doi.org/10.1016/j.plipres.2017.03.001
https://doi.org/10.1021/bc500291r
https://doi.org/10.1021/bc500291r
https://doi.org/10.1016/j.addr.2015.09.012
https://doi.org/10.1016/j.addr.2015.09.012


326 G. Muteeb et al.

Sun D, Zhuang X, Xiang X et al (2010) A novel nanoparticle drug delivery system: the anti-
inflammatory activity of curcumin is enhanced when encapsulated in exosomes. Mol Ther 18: 
1606–1614 

Tanziela T, Shaikh S, Jiang H, Lu Z, Wang X (2020) Efficient encapsulation of biocompatible 
nanoparticles in exosomes for cancer theranostics. Nano Today 35:100964. https://doi.org/10. 
1016/j.nantod.2020.100964 

Théry C, Ostrowski M, Segura E (2009) Membrane vesicles as conveyors of immune responses. 
Nat Rev Immunol 9(8):581–593 

Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R et al (2018) 
Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position 
statement of the International Society for Extracellular Vesicles and update of the 
MISEV2014 guidelines. J Extracell Vehicles 7(1):1535750. https://doi.org/10.1080/ 
20013078.2018.1535750 

Thom SR, Bhopale VM, Hu J, Yang M (2017) Increased carbon dioxide levels stimulate 
neutrophils to produce microparticles and activate the nucleotide-binding domain-like receptor 
3 inflammasome. Free Radic Biol Med 106:406–416. https://doi.org/10.1016/j.freeradbiomed. 
2017.03.005 

Tian Y, Li S, Song J et al (2014) A doxorubicin delivery platform using engineered natural 
membrane vesicle exosomes for targeted tumor therapy. Biomaterials 35:2383–2390 

Tian T, Zhang HX, He CP, Fan S, Zhu YL, Qi C et al (2018) Surface functionalized exosomes as 
targeted drug delivery vehicles for cerebral ischemia therapy. Biomaterials 150:137–149. 
https://doi.org/10.1016/j.biomaterials.2017.10.012 

Trams EG, Lauter CJ, Salem JN, Heine U (1981) Exfoliation of membrane ecto-enzymes in the 
form of micro-vesicles. Biochim Biophys Acta 645:63–70 

Tsai MJ, Hsu YL, Kuo PL (2018) Circulating extracellular vesicles in human disease. N Engl J Med 
379:2179–2180. https://doi.org/10.1056/NEJMc1813170 

Valadi H, Ekström K, Bossios A, Sjöstrand M, Lee JJ, Lötvall JO (2007) Exosome-mediated 
transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. 
Nat Cell Biol 9:654–659. https://doi.org/10.1038/ncb1596 

Verderio C, Gabrielli M, Giussani P (2018) Role of sphingolipids in the biogenesis and biological 
activity of extracellular vehicles. J Lipid Res 59(8):1325–1340. https://doi.org/10.1194/jlr. 
R083915 

Vietri M, Radulovic M, Stenmark H (2020) The many functions of ESCRTs. Nat Rev Mol Cell Biol 
21:25–42. https://doi.org/10.1038/s41580-019-0177-4 

Villarroya-Beltri C, Baixauli F, Mittelbrunn M, Fernandez-Delgado I, Torralba D, Moreno-Gonzalo 
O et al (2016) ISGylation controls exosome secretion by promoting lysosomal degradation of 
MVB proteins. Nat Commun 7:13588. https://doi.org/10.1038/ncomms13588 

Vojtech L, Woo S, Hughes S, Levy C, Ballweber L, Sauteraud RP et al (2014) Exosomes in human 
semen carry a distinctive repertoire of small non-coding RNAs with potential regulatory 
functions. Nucleic Acids Res 42:7290–7304. https://doi.org/10.1093/nar/gku347 

Wang H, Sui H, Zheng Y, Jiang Y, Shi Y, Liang J, Zhao L (2019) Curcumin-primed exosomes 
potently ameliorate cognitive function in AD mice by inhibiting hyperphosphorylation of the tau 
protein through the AKT/GSK-3β pathway. Nanoscale 11(15):7481–7496 

Wang S, Khan A, Huang R, Ye S, Di K, Xiong T et al (2020) Recent advances in single 
extracellular vesicle detection methods. Biosens Bioelectron 154:112056. https://doi.org/10. 
1016/j.bios.2020.112056 

Wang X, Yang G (2021) Bone marrow mesenchymal stem cells-derived exosomes reduce Aβ 
deposition and improve cognitive function recovery in mice with Alzheimer's disease by 
activating sphingosine kinase/sphingosine-1-phosphate signaling pathway. Cell Biol Int 45(4): 
775–784. https://doi.org/10.1002/cbin.11522 

Wei H, Chen J, Wang S, Fu F, Zhu X, Wu C et al (2019) A nanodrug consisting of doxorubicin and 
exosome derived from mesenchymal stem cells for osteosarcoma treatment in vitro. Int J 
Nanomedicine 14:8603–8610

https://doi.org/10.1016/j.nantod.2020.100964
https://doi.org/10.1016/j.nantod.2020.100964
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1016/j.freeradbiomed.2017.03.005
https://doi.org/10.1016/j.freeradbiomed.2017.03.005
https://doi.org/10.1016/j.biomaterials.2017.10.012
https://doi.org/10.1056/NEJMc1813170
https://doi.org/10.1038/ncb1596
https://doi.org/10.1194/jlr.R083915
https://doi.org/10.1194/jlr.R083915
https://doi.org/10.1038/s41580-019-0177-4
https://doi.org/10.1038/ncomms13588
https://doi.org/10.1093/nar/gku347
https://doi.org/10.1016/j.bios.2020.112056
https://doi.org/10.1016/j.bios.2020.112056
https://doi.org/10.1002/cbin.11522


12 Engineered Exosomes as Nano-Vectors against Neurodegenerative Disorders 327

Witwer KW, Théry C (2019) Extracellular vesicles or exosomes? On primacy, precision, and 
popularity influencing a choice of nomenclature. J Extracell Vesicles 8:1648167 

Wollert T, Hurley JH (2010) Molecular mechanism of multivesicular body biogenesis by ESCRT 
complexes. Nature 464(7290):864–869. https://doi.org/10.1038/nature08849 

Xie Y, Dang W, Zhang S, Yue W, Yang L, Zhai X et al (2019) The role of exosomal non-coding 
RNAs in cancer. Mol Cancer 18:37. https://doi.org/10.1186/s12943-019-0984-4 

Yang Y, Yan Z, Wei D, Zhong J, Liu L, Zhang L et al (2013) Tumor-penetrating peptide 
functionalization enhances the anti-glioblastoma effect of doxorubicin liposomes. Nanotech 
24(40):405101. https://doi.org/10.1088/0957-4484/24/40/405101 

Yang S, Che SP, Kurywchak P, Tavormina JL, Gansmo LB, Correa de Sampaio P et al (2017a) 
Detection of mutant KRAS and TP53 DNA in circulating exosomes from healthy individuals 
and patients with pancreatic cancer. Cancer Biol Ther 18:158–165. https://doi.org/10.1080/ 
15384047.2017.1281499 

Yang J, Zhang X, Chen X, Wang L, Yang G (2017b) Exosome mediated delivery of miR-124 
promotes neurogenesis after ischemia. Mol Ther–Nucleic Acids 7:278–287 

Yang T, Martin P, Fogarty B, Brown A, Schurman K, Phipps R et al (2015) Exosome delivered 
anticancer drugs across the blood-brain barrier for brain cancer therapy in Danio rerio. Pharm 
Res 32:2003–2014. https://doi.org/10.1007/s11095-014-1593-y 

Yim N, Ryu SW, Choi K, Lee KR, Lee S, Choi H et al (2016) Exosome engineering for efficient 
intracellular delivery of soluble proteins using optically reversible protein-protein interaction 
module. Nat Commun 7:12277. https://doi.org/10.1038/ncomms12277 

Yuan D, Zhao Y, Banks WA, Bullock KM, Haney M, Batrakova E, Kabanov AV (2017) 
Macrophage exosomes as natural nanocarriers for protein delivery to inflamed brain. 
Biomaterials 142:1–12 

Zhai L, Shen H, Sheng Y, Guan Q (2021) ADMSC Exo-MicroRNA-22 improve neurological. 
Function and neuroinflammation in mice with Alzheimer’s disease. J Cell Mol Med 25(15): 
7513–7523 

Zhang Y, Yu M, Tian W (2016) Physiological and pathological impact of exosomes of adipose 
tissue. Cell Prolif 49:3–13. https://doi.org/10.1111/cpr.12233 

Zhang H, Freitas D, Kim HS, Fabijanic K, Li Z, Chen H et al (2018) Identification of distinct 
nanoparticles and subsets of extracellular vesicles by asymmetric flow field-flow fractionation. 
Nat Cell Biol 20:332–343 

Zhang H, Wu J, Wu J, Fan Q, Zhou J, Wu J et al (2019) Exosome-mediated targeted delivery of 
miR-210 for angiogenic therapy after cerebral ischemia in mice. J Nanobiotechnol 17:29. 
https://doi.org/10.1186/s12951-019-0461-7 

Zhang X, Xu Q, Zi Z, Liu Z, Wan C, Crisman L et al (2020) Programmable extracellular vesicles for 
macromolecule delivery and genome modifications. Dev Cell 55:784–801. https://doi.org/10. 
1016/j.devcel.2020.11.007 

Zhao Y, Haney MJ, Gupta R, Bohnsack JP, He Z et al (2014) GDNF-transfected macrophages 
produce potent neuroprotective effects in Parkinson’s disease mouse model. PLoS One 9(9): 
e106867. https://doi.org/10.1371/journal.pone.0106867 

Zheng M, Huang M, Ma X, Chen H, Gao X (2019) Harnessing exosomes for the development of 
brain drug delivery systems. Bioconjug Chem 30:994–1005 

Zhuang X, Xiang X, Grizzle W, Sun D, Zhang S, Axtell RC et al (2011) Treatment of brain 
inflammatory diseases by delivering exosome encapsulated anti-inflammatory drugs from the 
nasal region to the brain. Mol Ther 19:1769–1779

https://doi.org/10.1038/nature08849
https://doi.org/10.1186/s12943-019-0984-4
https://doi.org/10.1088/0957-4484/24/40/405101
https://doi.org/10.1080/15384047.2017.1281499
https://doi.org/10.1080/15384047.2017.1281499
https://doi.org/10.1007/s11095-014-1593-y
https://doi.org/10.1038/ncomms12277
https://doi.org/10.1111/cpr.12233
https://doi.org/10.1186/s12951-019-0461-7
https://doi.org/10.1016/j.devcel.2020.11.007
https://doi.org/10.1016/j.devcel.2020.11.007
https://doi.org/10.1371/journal.pone.0106867

	Preface
	Contents
	Editors and Contributors
	About the Editors
	List of Contributors

	1: History, Origin and Types of Neurological Disorders
	1.1 Introduction
	1.2 History of Neurology and Neurological Disorders
	1.3 Biology of Organs Related to Neurological Disorders
	1.3.1 Brain
	1.3.2 Spinal Cord
	1.3.3 Nerve

	1.4 Origin and Causes of Neurological Disorders
	1.4.1 Risk Factors for Neurological Disorders
	1.4.2 Symptoms of Various Neurological Disorders

	1.5 Different Neurological Disorders
	1.5.1 Autonomic Nervous System Disorders

	1.6 Brain Dysfunction and Infection
	1.6.1 Brain Dysfunction
	1.6.2 Brain Infection

	1.7 Cranial Nerve Disorders and Peripheral Nerve Disorders
	1.8 Cranio-Cervical Junction Disorders
	1.9 Headaches, Meningitis, Delirium and Dementia
	1.9.1 Headache
	1.9.2 Delirium and Dementia
	1.9.3 Meningitis
	1.9.4 Prion Disease
	1.9.5 Sleep Disorder
	1.9.6 Spinal Cord Disorder
	1.9.7 Stroke and Tumour

	1.10 Diagnosis of the Brain, Spinal Cord and Nerve Disorders
	1.10.1 Electromyography
	1.10.2 Nerve Conduction Studies
	1.10.3 Evoked Responses and Imaging Tests
	1.10.4 Myelography
	1.10.5 Spinal Tap

	1.11 Treatment of Neurological Disorders
	1.12 Conclusion
	References

	2: The Mechanistic Approach Involved in the Progression of Neurodegenerative Disorders
	2.1 Introduction
	2.2 Mechanisms Involved in ND Progression
	2.3 Protein Aggregation as a Primary Disease-Initiating Event
	2.3.1 Alzheimer´s Disease
	2.3.2 Parkinson´s Disease

	2.4 Protein Misfolding
	2.4.1 Alzheimer´s Disease
	2.4.2 Parkinson´s Disease

	2.5 Proteostasis and Molecular Chaperons
	2.5.1 Alzheimer´s Disease
	2.5.2 Parkinson´s Disease

	2.6 The Role of the Ubiquitin-Proteasome System
	2.6.1 Alzheimer´s Disease
	2.6.2 Parkinson´s Disease

	2.7 Aberrant Alternative Splicing Events in Neurodegenerative Disease
	2.7.1 Alzheimer´s Disease
	2.7.2 Parkinson´s Disease

	2.8 Mitochondrial Dysfunction in NDs
	2.8.1 Alzheimer´s Disease
	2.8.2 Parkinson´s Disease

	2.9 Role of Oxidative Stress and ROS in NDs
	2.9.1 Alzheimer´s Disease
	2.9.2 Parkinson´s Disease

	2.10 Conclusion
	References

	3: Isolation, Characterization and Differentiation of Stem Cells
	3.1 Introduction
	3.2 The Concept of a Stem Cell
	3.3 Challenges to Characterize and Use SCs
	3.3.1 Which Stem Cells Fit Best the Ultimate Endpoint?
	3.3.2 How to Isolate, Identify and Prepare Stem Cells for their Endpoint?
	3.3.3 How to Control the Fate Decision of SC?

	3.4 Conclusion
	References

	4: Role of Stem Cells as a Protective Agent against Neurological Complications
	4.1 Introduction
	4.2 Classifications of Stem Cell
	4.2.1 Embryonic Stem Cells
	4.2.2 Induced Pluripotent-Related Stem Cells (iPSCs)
	4.2.3 Mesenchymal Stem Cells (MSCs)
	4.2.4 Neural Stem Cells

	4.3 Stem Cell-Based Therapeutic Strategies against Neurodegenerative Disorders
	4.3.1 Therapy Using Stem Cells for Alzheimer´s Disease (AD)
	4.3.2 Therapy for Parkinson´s Disease (PD) Using Stem Cells
	4.3.3 Stem Cell Application in Huntington´s Disease
	4.3.4 Therapy Using Amyotrophic Lateral Sclerosis Stem Cells
	4.3.5 Dementia with Frontotemporal Stem Cell Therapy

	4.4 Summary and Conclusion
	References

	5: Mesenchymal Stem Cells and their Applications against Neurodegenerative Disorders
	5.1 Introduction
	5.2 Therapeutic Mechanisms of MCSs
	5.2.1 Migration into Damaged Tissue
	5.2.2 Paracrine Secretion
	5.2.3 Immunomodulatory and Anti-Inflammatory Effects
	5.2.4 MCSs Application in Neurodegenerative Disorders
	5.2.4.1 Parkinson´s Disease
	5.2.4.2 Multiple Sclerosis
	5.2.4.3 Alzheimer´s Disease
	5.2.4.4 Amyotrophic Lateral Sclerosis
	5.2.4.5 Huntington´s Disease


	5.3 Clinical Trials Using MSC Therapies for Neurodegenerative Diseases
	5.3.1 ALS
	5.3.2 PD
	5.3.3 MS
	5.3.4 AD
	5.3.5 HD

	5.4 Limitations and Future Directions in MSC Application for ND Treatment
	References

	6: iPSCs and their Role in Amelioration of Neurodegenerative Disorders
	6.1 Introduction
	6.1.1 Stem Cells
	6.1.2 Stem Cell Types and Potency
	6.1.3 Sources of Stem Cells
	6.1.4 Safety and Ethics

	6.2 Induced Pluripotent Stem Cells
	6.2.1 Origin of iPSC
	6.2.2 Genetics
	6.2.3 Physiology
	6.2.4 In Vitro Culture and Consideration
	6.2.4.1 Co-culture
	6.2.4.2 3D Culture
	6.2.4.3 Brain Organoids


	6.3 Neurodegenerative Disorders
	6.3.1 Origin and Definition
	6.3.2 Blood-Brain Barrier
	6.3.3 Cells of CNS
	6.3.3.1 Neural Progenitor Cells and Neuron
	6.3.3.2 Astrocytes
	6.3.3.3 Microglia
	6.3.3.4 Oligodendrocytes
	6.3.3.5 Pericytes and Vascular Cells

	6.3.4 AD
	6.3.5 PD
	6.3.6 HD
	6.3.7 ALS
	6.3.8 MS

	6.4 Application of iPSC Technique
	6.4.1 The iPSC Technique
	6.4.2 Stem Cell Therapy
	6.4.3 CRISPR-Cas9
	6.4.4 Application in Neurodegenerative Disorders

	6.5 Prospects and Challenges
	6.6 Summary
	References

	7: Isolation, Characterization, and Detailed History of Exosomes Derived from Stem Cells and their Epigenetic Biology
	7.1 Introduction
	7.2 History
	7.3 Isolation of Exosomes and Challenges
	7.3.1 Ultracentrifugation
	7.3.2 Differential Centrifugation
	7.3.3 Size-Exclusion Chromatography (SEC)
	7.3.4 Immune Affinity Capture, Immuno-Affinity Purification of Exosomes
	7.3.5 Microfluidic-Based Isolation Methods
	7.3.6 Polyethylene Glycol (PEG)-Based Precipitation
	7.3.7 Size-Based Filtration and Ultrafiltration (UF)
	7.3.8 Polymer Precipitation
	7.3.9 Isolation by Sieving

	7.4 Characterization of Exosomes
	7.4.1 Nanoparticle Tracking Analysis (NTA)
	7.4.2 Dynamic Light Scattering
	7.4.3 Resistive Pulse Sensing (TRPS)
	7.4.4 Atomic Force Microscopy
	7.4.5 Transmission Electron Microscopy
	7.4.6 Flow Cytometry
	7.4.7 Electron Microscopy
	7.4.8 Western Blot
	7.4.9 Simple Western
	7.4.10 ELISA

	7.5 Epigenetics Biology of Exosomes
	7.5.1 Exosomal Noncoding RNA
	7.5.2 Exosomal Long Noncoding RNA
	7.5.3 Exosomal miRNAs
	7.5.4 DNA Methylation
	7.5.5 Histone Acetylation

	7.6 Future Prospects
	7.7 Conclusion
	References

	8: Stem Cells Vs Exosomes: Promising Therapeutic Approach and Biomarkers Agent against Neurodegenerative Disorders
	8.1 Introduction
	8.2 Alzheimer´s Disorder
	8.2.1 Alzheimer´s Disease: Genetics, Epigenetics, and Epidemiology
	8.2.2 Pathophysiology of Alzheimer´s Disease
	8.2.3 The Hypothesis of the Amyloid Cascade
	8.2.4 Hypothesis of Neuronal Cell Skeleton
	8.2.5 Alzheimer´s Disease Cholinergic Damage Hypothesis
	8.2.6 Alzheimer´s Disease and Oxidative Stress Hypothesis

	8.3 Stem Cell Therapy and Neurodegenerative Diseases
	8.3.1 Stem Cell and AD Therapy
	8.3.2 Stem Cells and PD Therapy

	8.4 Exosomes
	8.5 Exosomes as Therapeutic Approach for Neurodegenerative Disease
	8.6 Conclusion
	References

	9: Role of Stem Cells and Derived Exosomes as Novel Therapeutic Agents against Neuroinflammation and Stroke
	9.1 Introduction
	9.2 Stroke: A Cerebrovascular Atack
	9.2.1 Overview and Types
	9.2.1.1 Ischemic Stroke

	9.2.2 Pathophysiology of Stroke-Ensued Neuroinflammation
	9.2.3 Effects of Stroke and Associated Neuroinflammation
	9.2.4 Existing Stroke Therapies

	9.3 Stem Cells and their Types
	9.3.1 Mesenchymal Stem Cells
	9.3.1.1 Immunomodulation of MSCs
	9.3.1.2 Effect on Angiogenesis
	9.3.1.3 Role in Neurogenesis
	9.3.1.4 MSCs in Stroke Therapy


	9.4 Exosomes
	9.4.1 Biological Origin, Characteristics, and Applications
	9.4.2 Stem Cell-Derived Exosomes
	9.4.2.1 Potential of Stem Cell-Derived Exosomes in Neurovascular Remodeling
	9.4.2.2 Therapeutic Effects of Stem Cell-Derived Exosomes in Neuroinflammation and Stroke
	9.4.2.2.1 Promotion of Angiogenesis
	9.4.2.2.2 Stimulation of Neurogenesis and Cell Structure Growth
	9.4.2.2.3 Anti-Apoptosis (Inhibition of Cell Death)
	9.4.2.2.4 Reduction of Neuroinflammation by Regulation of Inflammatory Mediators



	9.5 Conclusion and Future Considerations
	References

	10: Role of Stem Cells and Derived Exosomes as a Novel Therapeutic Agent against Alzheimer´s and Parkinson´s Disease
	10.1 Introduction
	10.1.1 What Are Stem Cells?
	10.1.2 Exosomes

	10.2 Role of Stem Cells and Derived Exosomes in Neurodegenerative Disease
	10.2.1 Stem Cells Therapy in Neurodegenerative Diseases
	10.2.1.1 Huntington´s Disease
	10.2.1.2 Amyotrophic Lateral Sclerosis
	10.2.1.3 Spinocerebellar Ataxia

	10.2.2 Exosomes in Neurodegenerative Diseases

	10.3 Therapeutic Role of Stem Cells and Derived Exosomes in AD
	10.3.1 Stem Cells as Therapeutics for AD
	10.3.2 Exosomes as AD Biomarkers

	10.4 Therapeutic Role of Stem Cells and Derived Exosomes in PD
	10.4.1 Stem Cells as Therapeutic for PD
	10.4.2 Derived Exosomes in PD

	10.5 Conclusion
	References

	11: Stem Cells, Derived Exosomes, and Associated Signaling Molecules in Neuroprotection
	11.1 Introduction
	11.2 Stem Cells and Derived Factors
	11.2.1 Exosomes
	11.2.1.1 Biogenesis and Contents of Exosomes


	11.3 Neuronal Communication Via Exosome
	11.4 Exosomes and Neuropathology
	11.4.1 Neurotrophic Factors
	11.4.2 BDNF
	11.4.3 CNTF
	11.4.4 NGF
	11.4.5 NT-3
	11.4.6 GDNF
	11.4.7 NRTN
	11.4.8 CDNF and MANF

	11.5 Signaling Cascade Involved in Neuroprotection
	11.6 Application of Exosomes in Neuroprotection
	11.6.1 Exosomes in Synaptic Activity
	11.6.2 The Role of Exosomes in Peripheral Nerve Regrowth
	11.6.3 Exosomes as a Medication Distribution Method
	11.6.4 Exosomes in RNAi Therapy
	11.6.5 Exosomes as Indicators for Damage to Neurons

	11.7 Use of Exosomes in Neurological Diseases
	11.7.1 Alzheimer´s Illness and Exosomes
	11.7.2 Parkinson´s Illness and Exosomes
	11.7.3 Huntington´s Illness Exosomes
	11.7.4 Multiple Sclerosis Exosomes
	11.7.5 In Prion Disorders, Exosomes

	11.8 Neuroprotective Strategies and Challenges
	11.9 Summary
	References

	12: Engineered Exosomes as Nano-Vectors against Neurodegenerative Disorders
	12.1 Introduction
	12.2 Biogenesis of Exosomes
	12.2.1 Advantages of Exosomes as Brain-Targeted Carriers

	12.3 Exosomes´ Innate Neural Targeting and Homing Abilities
	12.4 Bioengineering of Exosomes for Brain Targeting
	12.4.1 Exosome Surface Modification
	12.4.2 Exosome Cargo Modification

	12.5 Engineered Exosomes as Therapeutics against Neurological Disorders
	12.5.1 Alzheimer´s Disease
	12.5.2 Parkinson´s Disease
	12.5.3 Glioma
	12.5.4 Ischemic Brain Stroke
	12.5.5 Neuroinflammation
	12.5.6 Drug Addiction

	12.6 Conclusion and Future Perspectives
	References


