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Preface

Over the past several years, a substantial amount of information supporting new 
therapeutic approaches for neuroprotection has been generated. Neuroprotective 
strategies are developed to slow down or conceivably stop neurological disease 
progression and prevent the development of upsetting or painful disability. The 
development of new approaches and improvement of current ones are the major 
unmet medical needs in the treatment of neurological disorders like Parkinson’s 
disease (PD), multiple sclerosis, hypoxic-ischemic encephalopathy following 
perinatal asphyxia, traumatic brain injury, chronic cerebral hypoxia in metabolic 
syndrome, mitochondrial dysfunction, and so.

Nearly 25%–30% of the world population is affected by neurological diseases, 
exerting great financial strain on the healthcare system. The costs are estimated at 
around $800 billion annually, which is expected to exponentially increase as the 
population ages and more people become at high risk of debilitating neurological 
diseases.

The book was conceived and developed to revisit, discuss, and compile some 
promising current approaches in neuroprotection, as well as to consider current 
goals and prospects.

A varied spectrum of neuroprotective strategies has been suggested including 
combined antioxidative–anti-inflammatory treatments, ozone autohemotherapy, 
hypothermia, cell therapy, the administration of neurotrophic factors, hemofiltra-
tion, and others. Distressingly, none of the currently available neuroprotective 
approaches has so far proven to prolong either life span or the cardinal symptoms of 
patients suffering from brain injury. Moreover, translational studies are still lacking.

The book is organized into three sections. Section I “Neuroprotection in Alzheimer’s 
and Parkinson’s Diseases” discusses the neuroprotective properties of cannabinoids, 
peptides, polyphenols, medicinal plants’ extracts and essential oils, and others. 
Section II “Neuroprotection in Cerebral Ischemia and Other Neurological 
Diseases” deals with topics like protein misfolding as a novel neuroprotective 
target, the neuroprotective potential of vitamin E, neuroactive steroids, and so on. 
Section III “Mechanisms of Action of Other Potential Neuroprotective Treatments” 
approaches subjects like the neuroprotective potential of glyproline proampakine, 
aptamers, lifestyle factors, and mitochondrial dynamics, hydrogen sulfide, and 
anti-inflammatory agents.

Matilde Otero-Losada
Biomedical Research Center,

Interamerican Open University (CAECIHS-UAI),
National Research Council (CONICET),

Buenos Aires, Argentina
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Chapter 1

Neuroprotective Properties of 
Cannabinoids in Cellular and 
Animal Models: Hypotheses  
and Facts
Lucas D. Udovin, Andrea Aguilar, Tamara Kobiec,  
María I. Herrera, Santiago Perez Lloret, Nicolás Toro Urrego 
and Rodolfo A. Kölliker Frers

Abstract

Progressive neuronal loss is a typical characteristic of neurodegenerative diseases. 
In Parkinson’s disease, the loss of dopaminergic neurons in the basal ganglia results 
in impaired mobility and flawed muscle control. The loss of cholinergic neurons 
largely in the basal forebrain contributes to memory and attention deficits and the 
overall cognitive impairment in Alzheimer’s disease. This being said, neuroprotec-
tive drugs should be expected to preserve and/or restore the functions affected by 
neuronal loss, and substantially prevent cell death. The endocannabinoid system, 
comprising lipid mediators able to bind to and activate cannabinoid receptors, 
has emerged as a therapeutic target of potential interest in a variety of central 
nervous system diseases. Palmitoylethanolamide (PEA) is one of the most impor-
tant endocannabinoids, which has a key role in modulating oxidative stress and 
inflammatory response with neuroprotective potential in neurological disorders. 
Neurodegenerative diseases undergo varied, progressive stages. The current thera-
peutical approaches are beginning to fall short when it comes to meet the expected 
results, urging to either develop or identify or develop new effective treatments. This 
chapter discusses the neuroprotective potential of new drugs, aiming to shed some 
light on their proposed mechanism of action and their effect in cellular and animal 
models of neurodegeneration.

Keywords: Parkinson’s disease, Alzheimer’s disease, endocannabinoids, 
palmitoylethanolamide (PEA), dopaminergic neurons

1. Introduction

The palmitoylethanolamide (PEA) is an endogenous biologically active lipids 
belonging to the family of the endogenous cannabinoid. PEA has many uses in a 
range of therapeutics areas, such as: neurological diseases, neurodegeneration,  
and pain.

Several studies have been carried out to define the molecular mechanism 
of PEA. However, at time, it was proposed that the existence of a mechanism 
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receptor-dependent, and several studies demonstrated that PEA can act via direct 
activation of two different receptors: the orphan GPCR 55 (GPR55) [1] and the 
PPAR-α [2]. It was discovered that there is a wide variety receptors capable of inter-
acting with PEA. All of them are belonged to these two receptors families, Figure 1.

Other supposition postulated that PEA could also be a cannabinoid receptor 
type 2 (CB2) receptor agonist; however, studies suggested that it has very weak 
affinity for this receptor [3]. In other hand, the transient receptor potential vanil-
loid receptor type 1 (TRPV1) channels can be activated for PEA in an indirectly 
way, Figure 1. These receptors are important targets of many endocannabinoids.

All data, which will be shown in this chapter, suggest that the action mechanism 
of PEA operates for several different ways. In the central and the peripheral nervous 
system, these mechanisms have collaborative interactions essential for the most 
important therapeutic effects of PEA.

2. Receptors of PEA

GPR55 and PPAR-α are the two most important receptors for PEA. GPR55 is a 
receptor belongs to the large family of GPCRs. It is expressed in brain areas, includ-
ing the hippocampus, striatum, cortex, forebrain, and cerebellum. It has been 
reported that GPR55 utilizes the high concentration of intracellular to trigger a 
cascade of signalling events [4]. NF-κB, cAMP, MAPK, ERK1/2, and transcriptional 
regulators such as nuclear factor of activated T-cells (NFAT) are involved to GPR55 
activation [5]. Other receptor belongs to the family of GPCR is GPR119, which can 
recognize oleoylethanolamide (OEA) and PEA. However, these two acylethanol-
amides do not interact with classical cannabinoid receptors such as CB1 and CB2 [6].

PPAR-α belongs to the family of PPARs and acts as a nuclear receptor protein. 
PPAR-α is present in many tissues and organs; liver, intestine, heart, muscle, 

Figure 1. 
Scheme of the performance of the PEA through the union to its different receptors. The PEA, through PPARα, 
mainly performs metabolic functions such as the regulation of lipid metabolism and exerts neuroprotective 
functions due to the reduction of transcription of various proinflammatory cytokines. After the binding of PEA 
to PPARα in the nucleus, it heterodimerizes with the RXR receptor, to then join specific DNA sequences called 
PPRE. These PPRE modulate transcription of target genes that control a wide variety of activities metabolic 
and physiological. On the other hand, it has been hypothesized that the PEA can also exercise its biological 
functions through different transmembrane receptors like GPR55, GPR119, and TRPV1, although this issue is 
still controversial.
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brain, kidney, and adipose tissue. Also, this receptor is present in cells of the 
immune system PPAR-α. Their main functions are involved in the control of 
inflammatory processes and in the transcription factor regulating gene expres-
sion. In the same way, it is accepted that the binding of PEA to PPAR-α induces 
a heterodi-merization event with the retinoic acid receptor (RXR), forming the 
activated receptor complex, which decrease the transcription of pro-inflammatory 
genes [7].

Both receptors have recently emerged as a putative target for the treatment of 
pain, inflammation, and neurodegenerative diseases [8].

3. Other components involved indirectly in the mechanism of PEA

TRPV1 channel belongs to a subfamily of transient receptor potential channels 
(TRP channels). It is called ‘the capsaicin receptor.’ This is conformed by intramem-
brane loop linking the transmembrane domains, forming the pore channel region 
[9]. TRPV1 is present in sensory nerve fibres and dorsal root ganglia, keratinocytes, 
in brain neurons, and other cell types [10–13]. TRPV1 is activated by stimulation of 
the non-selective ion channel, permeable to cations. Also, it is activated by exog-
enous or endogenous chemical compounds [9, 14].

The changes in the phosphorylation state of TRPV1 induced by regulatory 
proteins (including PKA, PKC, ATP, phosphorinositide binding protein (PIRT) 
and phosphatidylinositol 4,5-bisphosphate (PIP2)) influent in the function of the 
receptor [15, 16]. The changes in the phosphorylation state produce an activation of 
TRPV1, then this trigger the signaling cascade to pain transmission, neurotoxicity, 
and inflammation [13, 17]. The high concentration of intracellular Ca2+ produces 
the stimulation of two processes very important. On the one hand, the stabiliza-
tion of the channel by locked conformational. On the other hand, the inactivation 
of TRPV1 channel by Ca2+-dependent phosphatases, such as calcineurin, which 
dephosphorylate it [15, 16]. This process contributes to the anti-inflammatory and 
analgesic actions of TRPV1 [16, 17].

There are many hypotheses about the mechanisms for the action of PEA with 
TRPV1 channels. One of them proposes that TRPV1 channels can be indirectly 
activate via PPAR-α due the action of PEA. Other mechanism proposes an indi-
rectly activation of TRPV1 through the allosteric effects produce for PEA. It could 
increase AEA - or 2-AG induced activation and desensitization at TRPV1 channels 
[10, 18, 19].

The cannabinoid receptors types 1 and 2 (CB1 and CB2) are members of the 
G protein coupled receptor (GPCR) family that were identified over 20 years ago. 
[20, 21]. The CB1 receptor is often expressed in the brain, in the peripheral nervous 
system and presynaptic terminals. Also, it is expressed in almost all mammalian 
tissue and organs [22]. Its activation usually inhibits neurotransmitter release; the 
CB1 activation inhibits adenylate cyclase activity with the subsequent stimulates 
MAPK activity or reduction of intracellular levels of cAMP [23]. Consequently to 
the coupling of CB1 to PKB (Akt), phosphoinositide 3-kinase and PLC/inositol1, 
4,5-trisphosphate/PKC (PLCβ/IP3/PKC) pathways [24, 25].

The CB2 receptors are involved in the activated astrocytes and microglia in the 
brain, where are expressed in low concentration [26]. However, this receptor is 
expressed in peripheral organs and cells of the immune system [16, 27–29]. One 
of the most important functions of the CB2 receptor is controlling the inflamma-
tory responses [16, 30]. The CB2 receptor activation promotes MAPK activity and 
inhibits adenylate cyclase activity [31].
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receptor-dependent, and several studies demonstrated that PEA can act via direct 
activation of two different receptors: the orphan GPCR 55 (GPR55) [1] and the 
PPAR-α [2]. It was discovered that there is a wide variety receptors capable of inter-
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type 2 (CB2) receptor agonist; however, studies suggested that it has very weak 
affinity for this receptor [3]. In other hand, the transient receptor potential vanil-
loid receptor type 1 (TRPV1) channels can be activated for PEA in an indirectly 
way, Figure 1. These receptors are important targets of many endocannabinoids.
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activation [5]. Other receptor belongs to the family of GPCR is GPR119, which can 
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Figure 1. 
Scheme of the performance of the PEA through the union to its different receptors. The PEA, through PPARα, 
mainly performs metabolic functions such as the regulation of lipid metabolism and exerts neuroprotective 
functions due to the reduction of transcription of various proinflammatory cytokines. After the binding of PEA 
to PPARα in the nucleus, it heterodimerizes with the RXR receptor, to then join specific DNA sequences called 
PPRE. These PPRE modulate transcription of target genes that control a wide variety of activities metabolic 
and physiological. On the other hand, it has been hypothesized that the PEA can also exercise its biological 
functions through different transmembrane receptors like GPR55, GPR119, and TRPV1, although this issue is 
still controversial.
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rectly activation of TRPV1 through the allosteric effects produce for PEA. It could 
increase AEA - or 2-AG induced activation and desensitization at TRPV1 channels 
[10, 18, 19].

The cannabinoid receptors types 1 and 2 (CB1 and CB2) are members of the 
G protein coupled receptor (GPCR) family that were identified over 20 years ago. 
[20, 21]. The CB1 receptor is often expressed in the brain, in the peripheral nervous 
system and presynaptic terminals. Also, it is expressed in almost all mammalian 
tissue and organs [22]. Its activation usually inhibits neurotransmitter release; the 
CB1 activation inhibits adenylate cyclase activity with the subsequent stimulates 
MAPK activity or reduction of intracellular levels of cAMP [23]. Consequently to 
the coupling of CB1 to PKB (Akt), phosphoinositide 3-kinase and PLC/inositol1, 
4,5-trisphosphate/PKC (PLCβ/IP3/PKC) pathways [24, 25].

The CB2 receptors are involved in the activated astrocytes and microglia in the 
brain, where are expressed in low concentration [26]. However, this receptor is 
expressed in peripheral organs and cells of the immune system [16, 27–29]. One 
of the most important functions of the CB2 receptor is controlling the inflamma-
tory responses [16, 30]. The CB2 receptor activation promotes MAPK activity and 
inhibits adenylate cyclase activity [31].
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CB1 and CB2 can be indirectly activated by PEA through several of the mecha-
nisms, although they are not direct targets [3, 12, 19, 32].

4. Brain injury and hypoxia ischemia

There are different causes of brain injury. However, none of them have a specific 
and efficient treatment to reverse its effects. The hypoxia-ischemia (HI) is one of 
the most important causes of neuronal damage and this will be the focus of this 
section.

HI impairs normal blood flow and reduces the oxygen and glucose supply to 
cells. This affects the cellular energy demand through alterations of aerobic metabo-
lism, mitochondrial oxidative phosphorylation, and the anaerobic glycolysis [33]. 
Even though a HI event affects the heart, liver, kidneys, gut, and every other organ, 
it poses the central nervous system (CNS) to severe danger, as shown in human and 
animal models [33, 34]. The mechanism of brain injury involves a series of events 
referred to as the “excito-oxidative cascade”; it triggers the activation of excitatory 
glutamate receptors leading to excessive neuronal calcium influx. Calcium flooding 
through NMDA channels activates nitric oxide synthase raising the concentration of 
the free radical nitric oxide to toxic levels. The increase of both nitrogen- and  
oxygen-free radical species generated during the post-hypoxic re-oxygenation phase 
impairs the function of the enzymes associated with oxidative phosphorylation 

Hypoxia-ischemia

Model Global Focal

Animal 
(mouse/rat)

• Bilateral common carotid artery (CCA) 
occlusion combined with systemic 
hypotension, hypoxia or anoxia: this 
model results in variable ischemia 
depending on how long hypotension, 
hypoxia or anoxia last in neonatal rats

• Permanent middle cerebral artery 
(MCA) occlusion: electrocauterization 
of the MCA proximal to the origin of the 
lateral lenticulostriate arteries

• Four vessel occlusions: A cauterizing 
needle causes blood electrocoagulation 
in the vertebral arteries, with clamps 
around the CCAs. The experimenter 
manipulates the clamps through an 
incision in the neck of adult rats, 
tightening the clamps 24 h later

• Transient middle cerebral artery (MCA) 
occlusion: Ligation with surgical clips or 
sutures

• Uterus horns immersion: It consists 
of removing uterus horns containing 
fetuses from ready-to-deliver rats and 
immersing them in a water bath at 
37°C for 5–20 min. The degree of HI is 
proportional to the immersion span

• Non-invasive model using intralumi-
nal sutures: It consists of inserting a 
nylon filament through the proximal 
external carotid artery to occlude the 
MCA. Reperfusion follows later suture 
removal

Cell culture • Cell culture models. There are a few 
cell cultures models that mimic the 
hypoxic–ischemic injury. Among them, 
oxygen and glucose deprivation (OGD) 
is a widely used in vitro model of 
ischemia that results in apoptotic and 
necrotic cell death

Table 1. 
Animals and cellular models to hypoxia-ischemia: in the table are showed the most used models for global and 
focal hypoxia ischemia.
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and electron transport. Calcium toxicity is also mediated by activation of other 
enzymes including caspases, calpains and other proteases, and lipases, which attack 
mitochondria and other cellular machinery. As a result, the damaged mitochondria 
release signals leading to apoptosis or programmed cell death as long as the energy 
supplies persist, and otherwise to necrosis and destruction of cellular membranes 
when energy becomes exhausted. Impairment of mitochondrial oxidative phos-
phorylation results in lactic acid accumulation, which may be less toxic in the 
neonatal brain compared with the adult brain.

The extent of damage to the central nervous system determines whether global 
or focal HI takes place. The focal hypoxia-ischemia occurs when an end artery is 
exclusively occluded. However, the spread of damage depends on the duration and 
degree of the occlusion and on how well the collateral irrigation copes with meta-
bolic demands. In two brain areas, the core and the penumbra are found the most 
evident effect of damage. In the core area, the collateral blood supply is reduced and 
shows the most severe and irreversible lesions. The penumbra surrounds the core 
area and receives collateral irrigation, reducing its vulnerability to the occlusion. 
Consequently, penumbra cells either recover from the transient damage or start a 
series of events that ultimately lead to cell death [35].

Global cerebral HI remains a superlative cause of perinatal brain injury, ulti-
mately leading to neurologic dysfunction, which becomes manifest as cerebral 
palsy, mental retardation, and epilepsy [36, 37]. Encephalopathy following peri-
natal HI occurs in 1–3 per 1000 term births in the United Kingdom [38]. Similarly, 
stroke affects 15 million people worldwide each year and is the leading cause of 
disability in the United States of America [39].

Different models are used to investigate the pathophysiology of HI. Even though 
none of them strictly reproduce the clinical conditions, however, they are used 
to study cellular and molecular mechanisms underlying HI and test the potential 
therapeutic agents, Table 1.

5. PEA and Hypoxia—Ischemia

From the 1970s, our understanding of the pathogenesis of the hypoxia-ischemia 
(HI) brain injury has grown considerably [40], both in the physiological and 
molecular aspects. This progress has taken us closer to develop different therapies 
to prevent or minimize neuronal HI damage. In this regard, the hypothermia, nitric 
oxide synthase inhibitors, and neuronal growth factors that help neuronal survival 
and may play a role in rescuing brain tissue and promoting brain growth following 
injury and blocking HI apoptosis by caspase inhibition [36]. Hypothermia is one of 
the few strategies applied in the clinical treatment of perinatal brain injury due to 
both HI and stroke [41]. With the advance in molecular science, pharmacology, and 
genomics, new therapeutic approaches are arising. Accordingly, pharmacogenomics 
has gathered the interest of many groups allowing individualized treatment and 
maximizing therapeutic effects while minimizing side effects [42].

The treatment with PEA has been used in cellular and animal models. Rats 
were exposed to neonatal anoxia-ischemia (AI) and then treated with vehicle or 
PEA showed that neonatal AI was associated with decreased locomotion, as well 
as recognition and spatial memory impairments. Furthermore, these deficits 
were accompanied with enhanced neuroinflammation and astrogliosis, as well as 
a decreased PPARα expression. PEA treatment was able to prevent neuroinflam-
mation, reduce astrogliosis, and preserve cognitive functions [43]. In addition, 
it has also been shown that in a mice model of perinatal hypoxic-ischemic (HI) 
encephalopathy, PEA exert neuroprotective effects on cultured cortical neurons 
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and electron transport. Calcium toxicity is also mediated by activation of other 
enzymes including caspases, calpains and other proteases, and lipases, which attack 
mitochondria and other cellular machinery. As a result, the damaged mitochondria 
release signals leading to apoptosis or programmed cell death as long as the energy 
supplies persist, and otherwise to necrosis and destruction of cellular membranes 
when energy becomes exhausted. Impairment of mitochondrial oxidative phos-
phorylation results in lactic acid accumulation, which may be less toxic in the 
neonatal brain compared with the adult brain.

The extent of damage to the central nervous system determines whether global 
or focal HI takes place. The focal hypoxia-ischemia occurs when an end artery is 
exclusively occluded. However, the spread of damage depends on the duration and 
degree of the occlusion and on how well the collateral irrigation copes with meta-
bolic demands. In two brain areas, the core and the penumbra are found the most 
evident effect of damage. In the core area, the collateral blood supply is reduced and 
shows the most severe and irreversible lesions. The penumbra surrounds the core 
area and receives collateral irrigation, reducing its vulnerability to the occlusion. 
Consequently, penumbra cells either recover from the transient damage or start a 
series of events that ultimately lead to cell death [35].

Global cerebral HI remains a superlative cause of perinatal brain injury, ulti-
mately leading to neurologic dysfunction, which becomes manifest as cerebral 
palsy, mental retardation, and epilepsy [36, 37]. Encephalopathy following peri-
natal HI occurs in 1–3 per 1000 term births in the United Kingdom [38]. Similarly, 
stroke affects 15 million people worldwide each year and is the leading cause of 
disability in the United States of America [39].

Different models are used to investigate the pathophysiology of HI. Even though 
none of them strictly reproduce the clinical conditions, however, they are used 
to study cellular and molecular mechanisms underlying HI and test the potential 
therapeutic agents, Table 1.

5. PEA and Hypoxia—Ischemia

From the 1970s, our understanding of the pathogenesis of the hypoxia-ischemia 
(HI) brain injury has grown considerably [40], both in the physiological and 
molecular aspects. This progress has taken us closer to develop different therapies 
to prevent or minimize neuronal HI damage. In this regard, the hypothermia, nitric 
oxide synthase inhibitors, and neuronal growth factors that help neuronal survival 
and may play a role in rescuing brain tissue and promoting brain growth following 
injury and blocking HI apoptosis by caspase inhibition [36]. Hypothermia is one of 
the few strategies applied in the clinical treatment of perinatal brain injury due to 
both HI and stroke [41]. With the advance in molecular science, pharmacology, and 
genomics, new therapeutic approaches are arising. Accordingly, pharmacogenomics 
has gathered the interest of many groups allowing individualized treatment and 
maximizing therapeutic effects while minimizing side effects [42].

The treatment with PEA has been used in cellular and animal models. Rats 
were exposed to neonatal anoxia-ischemia (AI) and then treated with vehicle or 
PEA showed that neonatal AI was associated with decreased locomotion, as well 
as recognition and spatial memory impairments. Furthermore, these deficits 
were accompanied with enhanced neuroinflammation and astrogliosis, as well as 
a decreased PPARα expression. PEA treatment was able to prevent neuroinflam-
mation, reduce astrogliosis, and preserve cognitive functions [43]. In addition, 
it has also been shown that in a mice model of perinatal hypoxic-ischemic (HI) 
encephalopathy, PEA exert neuroprotective effects on cultured cortical neurons 
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being mediated by TRPV4 receptor, and cotreatment with OEA and PEA is able to 
enhance neuroprotective effects of the acylethanolamides [18]. A neuroprotective 
function of injected PEA and OEA has been substantiated in mice with transient 
middle cerebral artery occlusion [44, 45], but both in the OEA and in the PEA, the 
mechanism by which they would be exercising their neuroprotective actions would 
be through PPARα activation [44]. Besides, PEA may potentiate microglial cell 
motility after focal cerebral ischemia by an apparent non-cannabinoid receptor-
mediated mechanism [46]. PEA exerts neuroprotection and reduces inflamma-
tory secondary events associated with brain ischemia reperfusion injury (middle 
cerebral artery occlusion (MCAo)), in rats subjected to MCAo and treated with 
PEA in conjunction with Luteolin post-ischemia showed reduced edema and brain 
infract volume, improved neurobehavioral functions, and reduced expression of 
pro-inflammatory markers and astrocyte markers. In the same sense, a cohort of 
250 stroke patients undergoing neurorehabilitation on either an inpatient or an 
outpatient basis that were treated for 60 days with a pharmaceutical preparation 
of PEA and luteolin improved the neurological status, impairment of cognitive 
abilities, the degree of spasticity, pain, and independence in daily living activities 
[47]. PEA-mediated improvements in tissues histology shown by reduction of lesion 
size and improvement in apoptosis level (assayed by Bax and Bcl-2) further support 
the efficacy of PEA therapy in MCAo mice. PEA treatment blocked infiltration of 
astrocytes and restored MCAo-mediated reduced expression of PAR, nitrotyrosine, 
iNOS, chymase, tryptase, growth factors (BDNF and GDNF), and GFAP and also 
inhibited the MCAo-mediated increased expression of pJNK, NF-kB, and degrada-
tion of IkB-a, as well as improved neurobehavioral functions as evaluated by motor 
deficits [48]. In perinatal asphyxia (PA) murine model, PEA attenuated PA-induced 
cellular and molecular hippocampal damage and its corresponding behavioral 
alterations. PEA treatment improved dendritic cytoskeleton alteration in CA1 
hippocampal area evidenced by the increase of MAP-2 and the reduction of pNF-
H/M immunostaining and protein expression levels, as well as, vertical exploration 
impairments and anxiety-related behaviors [49]. On the other hand, in a cellular 
oxygen and glucose deprivation (OGD) model that mimics brain-ischemia, PEA 
and luteolin pre-treatment synergistically prevented the OGD-induced degranula-
tion of mast cells and reduced the neurotoxic potential of MC/9 cells conditioned 
medium as well as pure neurons susceptibility to OGD [50].

6. PEA and neurodegenerative diseases

Many neurodegenerative diseases are characterized by loss of the functions of 
the nervous system causes for neuronal disorders or damage. The most frequently 
diseases are Alzheimer’s disease (AD) and Parkinson’s disease (PD). The effect of 
the damage can lead to loss of the mobility, behavioral disorders, and dementia.

The effects of PEA were demonstrated in several assays. To AD, for example, it 
was registered in a mouse model, that administration of the PEA produces a reduc-
tion in the behavioral impairments [51].

In assays in vivo using adults’ male rats, which consisted in the intrahippo-
campal injection of amyloid-β1–42 (Aβ1–42) peptide, the administration of PEA 
affected in: the high transcription and expression of GFAP and S100β (activators 
of astrocytes), the increased expression of BACE1 and APP (amyloidogenic), and 
phosphorylated τ proteins. Also, PEA changed the altered expression of microtu-
bule-associated protein (MAP-2) and cognitive functions induced [52].

An animal PD model that use the injection of the neurotoxin 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) has been showed the neuroprotective 
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actions of PEA [53]. A treatment with PEA neutralizes the activation of astrocytes 
and expression of iNOS protein, the loss of nigrostriatal neurons, and the expres-
sion of microtubule-associated, produced by MPTP in the model. In other hand, 
PEA decreased the motor dysfunctions associated to the MPTP effects. The acti-
vation of PPAR-α was a key piece in the PEA effects [53]. On the other hand, in 
cellular models, PEA has been shown to have protective effect on SH-SY5Y neu-
roblastoma against 6-OHDA damage, partly by inhibiting endoplasmic reticulum 
stress detrimental response [54].

Therapeutic effects of PEA have also been reported in several chronic models 
of MS, such as chronic relapsing experimental autoimmune encephalomyelitis 
(CREAE), Theiler’s murine encephalomyelitis virus-induced demyelinating disease 
(TMEV-IDD), and myelin oligodendrocyte glycoprotein-induced experimental 
autoimmune encephalomyelitis (MOG-EAE). In an animal model of chronic relaps-
ing experimental allergic encephalomyelitis induced by repeated administration to 
mice of syngenic spinal cord homogenate emulsified in Freund’s complete adjuvant, 
it was demonstrated that PEA alleviated the spasticity found in the hind limbs [55] 
and also in TMEV-IDD, respectively [56]. These effects of PEA are due in large part 
to their anti-inflammatory effects. In both CREAE and TMEV-IDD, a reduction in 
proinflammatory cytokines was observed, accompanied by a decrease in damage 
and axonal demyelination [56, 57]. On the other hand, in a mouse, significantly 
reduces the development of clinical signs in the MOG model of EAE accompanied 

Figure 2. 
Schematic representation of inhibitory effect of palmitoylethanolamide (PEA) on neuroinflammation in 
neurodegenerative disorders such us hypoxia-ischemia. Neuroinflammation is a common process both for 
neurodegenerative diseases and for hypoxia-ischemia. This process consists of an inflammatory response 
carried out by both astrocytes and microglia cells through the release of proinflammatory cytokines, neurotoxic 
mediators, TNFalpha, and IL-beta. These latter throughout the activation of their own receptors trigger 
intracellular mechanisms conveying in protein degradation, mitochondria desorganization, axonal dysfunction, 
and apoptosis, with consequent neurodegeneration at the basis of diseases like Parkinson, Alzheimer, multiple 
and amyotrophic lateral sclerosis and hypoxia-ischemia. The PEA through the PPARα activation inhibits the 
neuroinflammatory process through the increase in the production of anti-inflammatory cytokines, the synthesis 
of IkB-α, as well as, favoring the increase of the synthesis of neurotrophic mediators such as: GDNF and BDNF.
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being mediated by TRPV4 receptor, and cotreatment with OEA and PEA is able to 
enhance neuroprotective effects of the acylethanolamides [18]. A neuroprotective 
function of injected PEA and OEA has been substantiated in mice with transient 
middle cerebral artery occlusion [44, 45], but both in the OEA and in the PEA, the 
mechanism by which they would be exercising their neuroprotective actions would 
be through PPARα activation [44]. Besides, PEA may potentiate microglial cell 
motility after focal cerebral ischemia by an apparent non-cannabinoid receptor-
mediated mechanism [46]. PEA exerts neuroprotection and reduces inflamma-
tory secondary events associated with brain ischemia reperfusion injury (middle 
cerebral artery occlusion (MCAo)), in rats subjected to MCAo and treated with 
PEA in conjunction with Luteolin post-ischemia showed reduced edema and brain 
infract volume, improved neurobehavioral functions, and reduced expression of 
pro-inflammatory markers and astrocyte markers. In the same sense, a cohort of 
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of PEA and luteolin improved the neurological status, impairment of cognitive 
abilities, the degree of spasticity, pain, and independence in daily living activities 
[47]. PEA-mediated improvements in tissues histology shown by reduction of lesion 
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H/M immunostaining and protein expression levels, as well as, vertical exploration 
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tion of mast cells and reduced the neurotoxic potential of MC/9 cells conditioned 
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the nervous system causes for neuronal disorders or damage. The most frequently 
diseases are Alzheimer’s disease (AD) and Parkinson’s disease (PD). The effect of 
the damage can lead to loss of the mobility, behavioral disorders, and dementia.

The effects of PEA were demonstrated in several assays. To AD, for example, it 
was registered in a mouse model, that administration of the PEA produces a reduc-
tion in the behavioral impairments [51].

In assays in vivo using adults’ male rats, which consisted in the intrahippo-
campal injection of amyloid-β1–42 (Aβ1–42) peptide, the administration of PEA 
affected in: the high transcription and expression of GFAP and S100β (activators 
of astrocytes), the increased expression of BACE1 and APP (amyloidogenic), and 
phosphorylated τ proteins. Also, PEA changed the altered expression of microtu-
bule-associated protein (MAP-2) and cognitive functions induced [52].

An animal PD model that use the injection of the neurotoxin 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) has been showed the neuroprotective 
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actions of PEA [53]. A treatment with PEA neutralizes the activation of astrocytes 
and expression of iNOS protein, the loss of nigrostriatal neurons, and the expres-
sion of microtubule-associated, produced by MPTP in the model. In other hand, 
PEA decreased the motor dysfunctions associated to the MPTP effects. The acti-
vation of PPAR-α was a key piece in the PEA effects [53]. On the other hand, in 
cellular models, PEA has been shown to have protective effect on SH-SY5Y neu-
roblastoma against 6-OHDA damage, partly by inhibiting endoplasmic reticulum 
stress detrimental response [54].

Therapeutic effects of PEA have also been reported in several chronic models 
of MS, such as chronic relapsing experimental autoimmune encephalomyelitis 
(CREAE), Theiler’s murine encephalomyelitis virus-induced demyelinating disease 
(TMEV-IDD), and myelin oligodendrocyte glycoprotein-induced experimental 
autoimmune encephalomyelitis (MOG-EAE). In an animal model of chronic relaps-
ing experimental allergic encephalomyelitis induced by repeated administration to 
mice of syngenic spinal cord homogenate emulsified in Freund’s complete adjuvant, 
it was demonstrated that PEA alleviated the spasticity found in the hind limbs [55] 
and also in TMEV-IDD, respectively [56]. These effects of PEA are due in large part 
to their anti-inflammatory effects. In both CREAE and TMEV-IDD, a reduction in 
proinflammatory cytokines was observed, accompanied by a decrease in damage 
and axonal demyelination [56, 57]. On the other hand, in a mouse, significantly 
reduces the development of clinical signs in the MOG model of EAE accompanied 

Figure 2. 
Schematic representation of inhibitory effect of palmitoylethanolamide (PEA) on neuroinflammation in 
neurodegenerative disorders such us hypoxia-ischemia. Neuroinflammation is a common process both for 
neurodegenerative diseases and for hypoxia-ischemia. This process consists of an inflammatory response 
carried out by both astrocytes and microglia cells through the release of proinflammatory cytokines, neurotoxic 
mediators, TNFalpha, and IL-beta. These latter throughout the activation of their own receptors trigger 
intracellular mechanisms conveying in protein degradation, mitochondria desorganization, axonal dysfunction, 
and apoptosis, with consequent neurodegeneration at the basis of diseases like Parkinson, Alzheimer, multiple 
and amyotrophic lateral sclerosis and hypoxia-ischemia. The PEA through the PPARα activation inhibits the 
neuroinflammatory process through the increase in the production of anti-inflammatory cytokines, the synthesis 
of IkB-α, as well as, favoring the increase of the synthesis of neurotrophic mediators such as: GDNF and BDNF.
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by a reduction in transcript expression of the acute-phase protein SAA1, TNF-α, 
IL-1β, IFN-γ, and NLRP3 proinflammatory proteins and TLR2, Fpr2, CD137, CD3-γ, 
TCR-ζ chain, and CB2 receptors [58]. In addition, PEA and PPAR-α (peroxisome 
proliferator-activated receptor-α agonist) have been effective in reducing symptoms 
of central neuropathic pain in patients with multiple sclerosis [59].

All these evidences suggest that PEA is a central and promising target in the 
development of new neuroprotective agents, being PPAR-α the main mechanism 
by which this neuroprotection would be being exercised. The block or mimic PEA 
effects were evidenced for the use of PPAR-α agonists and antagonists, supporting 
this idea [7, 60, 61]. Figure 2 schematizes how the mechanism of action of PEA is in 
neurodegenerative diseases such as hypoxia-ischemia.

7. Conclusion

PEA is involved in several processes: lipidic metabolism, proinflammatory 
cytokine genes transcription, signaling cascade, and proliferation. PEA is expressed 
in brain, skin, liver, intestine, heart, muscle, kidney, and adipose tissue.

It plays a protective role in several neurological disorders and ischemic brain 
injury. In vivo assays with PEA treatment showed an improve of the neuroinflam-
mation, reduce astrogliosis, and preserve cognitive functions by PPAR-α activation. 
In vitro assays, pretreatment with PEA and a flavonoid prevent the degranulation of 
mast cells and reduce the neurotoxic potential of MC/9 cells in OGD model.

PEA treatment could be a potential alternative therapy than hypothermia. This 
is because the hypothermia is an unspecific treatment and PEA acts under specific 
mechanism. However, this sort of therapy is still incipient, to say the least, and 
further investigations should pursue on focusing in the main downstream effectors 
involved in HI.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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IL-1β, IFN-γ, and NLRP3 proinflammatory proteins and TLR2, Fpr2, CD137, CD3-γ, 
TCR-ζ chain, and CB2 receptors [58]. In addition, PEA and PPAR-α (peroxisome 
proliferator-activated receptor-α agonist) have been effective in reducing symptoms 
of central neuropathic pain in patients with multiple sclerosis [59].

All these evidences suggest that PEA is a central and promising target in the 
development of new neuroprotective agents, being PPAR-α the main mechanism 
by which this neuroprotection would be being exercised. The block or mimic PEA 
effects were evidenced for the use of PPAR-α agonists and antagonists, supporting 
this idea [7, 60, 61]. Figure 2 schematizes how the mechanism of action of PEA is in 
neurodegenerative diseases such as hypoxia-ischemia.

7. Conclusion

PEA is involved in several processes: lipidic metabolism, proinflammatory 
cytokine genes transcription, signaling cascade, and proliferation. PEA is expressed 
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It plays a protective role in several neurological disorders and ischemic brain 
injury. In vivo assays with PEA treatment showed an improve of the neuroinflam-
mation, reduce astrogliosis, and preserve cognitive functions by PPAR-α activation. 
In vitro assays, pretreatment with PEA and a flavonoid prevent the degranulation of 
mast cells and reduce the neurotoxic potential of MC/9 cells in OGD model.

PEA treatment could be a potential alternative therapy than hypothermia. This 
is because the hypothermia is an unspecific treatment and PEA acts under specific 
mechanism. However, this sort of therapy is still incipient, to say the least, and 
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Chapter 2

An Alternate View of 
Neuroprotection with Peptides in 
Alzheimer’s Disease
Samuel King and Cenk Suphioglu

Abstract

Neuroprotection plays a crucial role in everyday life, maintaining a clean 
environment in the central nervous system to allow for normal functioning. In 
Alzheimer’s disease and other neurodegenerative disorders, neuroprotection 
may have two roles. Under standard circumstances, the immune system protects 
the CNS, but sometimes it can exacerbate the pathophysiology of some diseases 
through neuroinflammation leading to further degeneration. Alzheimer’s disease is 
fast getting out of control, with no new approvals in therapeutics since 2003, and of 
those approved, all target symptomatic treatment. Initiated by a microglial response 
to Aβ plaques, therapeutic development should focus on the amyloid cascade as a 
neuroprotective measure for Alzheimer’s disease. This chapter will examine the 
status of the types of therapeutics in clinical trials for Alzheimer’s disease, offering 
insights into peptides as an area of opportunity for neuroprotection and detailing 
considerations for the use of peptides in Alzheimer’s disease.

Keywords: Alzheimer’s disease, peptides, neuroinflammation, therapeutic 
development, CNS indications

1. Introduction

The central nervous system (CNS) consists of the brain and spinal cord, playing 
the role of control centre in the body. It is responsible for sending and integrating 
signals from around the body and coordinating activity. Protecting the CNS is 
crucial to sustaining life. Without this system, normal day-to-day functions such as 
breathing and eating would be compromised. Arguably, the most important organ 
in the CNS is the brain. This is protected from external physical injury by the skull 
and meninges, which provide a buffer against forceful trauma to the head. How 
does the brain protect itself from internal injury, such as a microbiological threat 
or other small molecules that invade the sterile environment? Bacteria, viruses and 
misfolded proteins are as much of a threat as physical impacts. However, there is no 
durable exterior to protect from these internal attacks. The next line of defence is 
the immune system, a complex network of specialised cells that aim to protect the 
body against these biological threats.

The immune response is key to maintaining the delicate environment of the 
CNS. However, the neuroprotective properties of the immune system may also be 
detrimental to the surrounding neurons. Immune cells release chemical mediators 
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such as cytokines and histamine to damage foreign cells, but these mediators also 
damage sensitive structures that make up the brain. This process occurs in disorders 
where degeneration of cellular tissue in the brain is present. Disorders such as 
Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD) 
and Amyotrophic Lateral Sclerosis (ALS) all exhibit progressive degeneration of 
specific neuronal cell populations [1, 2]. All four diseases are commonly found to 
exhibit misfolding, aggregation and accumulation of specific proteins. This hall-
mark feature is now widely accepted as a possible cause for these diseases and other 
neurodegenerative disorders [3–5]. Deposition of amyloid-forming proteins func-
tions as the initiating step for neuroinflammation [6] activating pattern recognition 
receptors (PRRs) on microglia, the resident macrophages in the brain [6, 7]. To 
protect the brain, microglia recognise fragments of these misfolded proteins and 
secrete cytokines and chemokines. The release of these pro-inflammatory immu-
nomodulators mediates neuroinflammation, attracting other immune cells such 
as astrocytes and perivascular macrophages to aid in innate immunity [8]. In most 
cases, activated microglia will clear the build-up of the pathogenic proteins resolv-
ing the immune response and subsequent inflammation.

In a typical immune response where resolution is achieved, clearance of 
the localised inflammation allows the surrounding tissue to return to normal 
conditions. When the immune response is not resolved, inflammation persists 
in the local area, potentially becoming toxic to neighbouring cells. Prolonged 
inflammation in a sensitive environment such as the CNS is highly likely to 
cause damage to neurons and other nearby cells, leading to local degeneration of 
tissue. Damage-associated molecular patterns (DAMPs) released from neurons 
in the inflamed area are recognised by PRRs on primed microglia. This further 
stimulates the release of pro-inflammatory molecules [9]. This persistent self-
propagating cycle of inflammation and necrosis causes the chronic inflammation 
that exacerbates the pathology of the disease. The notion that neuroprotection 
does more damage than it prevents has been explored recently, with some pro-
posing that inflammation is the causative agent of neurodegeneration [10, 11]. 
To prevent neurodegeneration found in diseases like AD, neuroprotective thera-
peutics must be developed in order to prevent further inflammation and damage 
from occurring.

1.1 Alzheimer’s disease as a neuroinflammatory disorder

Alois Alzheimer first discovered clusters of abnormal protein built up in the 
cerebral cortex of a patient in 1906. Alzheimer described these clusters as “thick 
bundles [that] appear at the surface of the cell”, noting specifically that neurons in 
the upper layers of tissue had “disappeared” [12]. These bundles were later identi-
fied as the two major hallmarks of AD, hyperphosphorylated tau and aggregated 
amyloid-beta (Aβ). Alzheimer also noted glial cells clustered around the plaques, 
concurrent with the theory of an immune response to the extracellular deposits 
of Aβ plaques and cellular death. In 2019, we are still no closer to mapping out 
the nature of this disease than Alois was in 1906, with the pathophysiology of the 
disease still debated: which came first, the tau or the plaques? There have been sev-
eral hypotheses considered over the nature of the disease; however, the two major 
hallmarks remain the most probable causes.

To describe the basis of the two major hypotheses is easy; the amyloid cascade 
involves the cleavage of a transmembrane protein known as amyloid-precursor 
protein (APP) by the aspartic-acid protease beta-site amyloid precursor protein 
cleaving enzyme 1 (BACE1), which leads to the extracellular aggregation of a 
peptide called Aβ, whereas the neurofibrillary tangle (NFT) theory posits that AD 
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is caused by the hyperphosphorylation of tau, a soluble microtubule-associated 
protein that can aggregate intracellularly into NFTs.

Before establishing the effects of a therapeutic for neuroprotection in AD, the 
causative agent of neuronal death needs to be identified. Examining both hypoth-
eses in detail reveals that the deposition of Aβ plaques has more of an effect on 
NFT formation than hyperphosphorylation of tau has on amyloid build-up [13, 14]. 
Arguments for both options are common place in discussion about AD; however, 
there are some key facts on why Aβ plaques are crucial in the development of 
neurodegeneration, and therefore the symptoms of AD. In transgenic mouse 
models, it has been shown that NFT formation succeeds Aβ deposition extracellu-
larly [15, 16]. As a causal agent, tau is seen in other diseases such as frontotemporal 
lobar degeneration, progressive supranuclear palsy and Pick’s disease. All of which 
form tau aggregates without an onset of Aβ deposition. The distinct immune 
response from Aβ plaque deposition indicates that the amyloid cascade is the 
driving factor of neurodegeneration in AD [10]. From a neuroprotective stand-
point, preventing the amyloid cascade from generating and depositing Aβ plaques 
seems the most probable option for prevention of neurodegeneration from chronic 
neuroinflammation.

2. Therapeutics for Alzheimer’s disease: past, present and future

In a 20-year period from 1998 to 2017, a total of 146 drugs in clinical trials 
were halted or had not received approval by the FDA [17]. In that same time, four 
cognitive-enhancing therapeutics had been approved, giving some hope that there 
is a chance to identify a therapeutic for AD. Therapeutics in the AD clinical trial 
pipeline are split into two major classes of mechanism of action (MOA): symptom-
atic treatments and disease-modifying therapies (DMTs). Symptomatic treatments 
aim to alleviate symptoms that are present with the onset of the disease easing the 
burden on the affected individuals. There are currently five therapies that have been 
approved for use in patients that exhibit symptoms derived from neurotransmitter 
disturbance in mild to severe cases of AD. Suppressing symptoms such as memory 
loss and cognitive decline do not address the underlying nature of the disease [18]. 
Symptomatic treatments are beneficial for family and friends, demonstrating 
modest and consistent benefits for cognition. However, the underlying cause of 
the disease remains unchanged in these therapies where the disease progresses into 
a more severe state. DMTs are treatments that alter the pathology of the disease, 
changing the long-term course of the disease. A large proportion of DMTs targets 
the major hallmarks of AD, NFTs and Aβ formation. Other DMTs are present that 
target alternative aspects of the disease; however, these alternative targets are 
mostly downstream effects of NFTs or Aβ plaques. Of major interest are DMTs that 
target the amyloid cascade, their primary goal is to reduce plaque load, clear plaque 
depositions, or reduce inflammation. The nature of this MOA is of a neuroprotec-
tive stance, theoretically with the ability to reduce the amount of neurodegenera-
tion that occurs due to chronic inflammation from Aβ seeding in the extracellular 
space.

As of February 2019, 132 therapeutics were in clinical trials for AD, 96 of 
those classed as DMTs presenting an increase of 25 DMTs from 2018 [19, 20]. 
Therapeutics labelled as neuroprotective, anti-inflammatory and anti-amyloid 
in the 2019 cohort of clinical trials will be described as neuroprotective DMTs as 
they all target the amyloid cascade as the priming step of neuroinflammation. 
Neuroprotective DMTs are described as either prophylactic treatments or disease-
clearing treatments. Prophylactic treatment of AD aims at preventing the onset 
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is caused by the hyperphosphorylation of tau, a soluble microtubule-associated 
protein that can aggregate intracellularly into NFTs.

Before establishing the effects of a therapeutic for neuroprotection in AD, the 
causative agent of neuronal death needs to be identified. Examining both hypoth-
eses in detail reveals that the deposition of Aβ plaques has more of an effect on 
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form tau aggregates without an onset of Aβ deposition. The distinct immune 
response from Aβ plaque deposition indicates that the amyloid cascade is the 
driving factor of neurodegeneration in AD [10]. From a neuroprotective stand-
point, preventing the amyloid cascade from generating and depositing Aβ plaques 
seems the most probable option for prevention of neurodegeneration from chronic 
neuroinflammation.
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In a 20-year period from 1998 to 2017, a total of 146 drugs in clinical trials 
were halted or had not received approval by the FDA [17]. In that same time, four 
cognitive-enhancing therapeutics had been approved, giving some hope that there 
is a chance to identify a therapeutic for AD. Therapeutics in the AD clinical trial 
pipeline are split into two major classes of mechanism of action (MOA): symptom-
atic treatments and disease-modifying therapies (DMTs). Symptomatic treatments 
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approved for use in patients that exhibit symptoms derived from neurotransmitter 
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Symptomatic treatments are beneficial for family and friends, demonstrating 
modest and consistent benefits for cognition. However, the underlying cause of 
the disease remains unchanged in these therapies where the disease progresses into 
a more severe state. DMTs are treatments that alter the pathology of the disease, 
changing the long-term course of the disease. A large proportion of DMTs targets 
the major hallmarks of AD, NFTs and Aβ formation. Other DMTs are present that 
target alternative aspects of the disease; however, these alternative targets are 
mostly downstream effects of NFTs or Aβ plaques. Of major interest are DMTs that 
target the amyloid cascade, their primary goal is to reduce plaque load, clear plaque 
depositions, or reduce inflammation. The nature of this MOA is of a neuroprotec-
tive stance, theoretically with the ability to reduce the amount of neurodegenera-
tion that occurs due to chronic inflammation from Aβ seeding in the extracellular 
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As of February 2019, 132 therapeutics were in clinical trials for AD, 96 of 
those classed as DMTs presenting an increase of 25 DMTs from 2018 [19, 20]. 
Therapeutics labelled as neuroprotective, anti-inflammatory and anti-amyloid 
in the 2019 cohort of clinical trials will be described as neuroprotective DMTs as 
they all target the amyloid cascade as the priming step of neuroinflammation. 
Neuroprotective DMTs are described as either prophylactic treatments or disease-
clearing treatments. Prophylactic treatment of AD aims at preventing the onset 
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of the disease by targeting the steps prior to amyloid deposition aiming to prevent 
the activation of microglia and subsequent neuroinflammation. Disease-clearing 
therapeutics target plaques deposited into the extracellular space. They focus on 
removing plaques and debris to prevent chronic inflammation. There is no clear 
current trend in neuroprotective DMTs, with a broad selection of therapeutics 
covering different targets from amyloid clearance using antibodies or vaccines to 
mark areas for the immune system, anti-aggregation of Aβ fibrils, or preventing the 
production of Aβ fragments by targeting BACE1 or alpha secretase.

2.1 Lessons from previous clinical trials

With such a broad range of therapeutics in clinical trials, it would be easy to 
assume that we are close to finding a treatment for AD, but we are not. In the 
20 years spanning 1998 to 2017, almost 150 therapeutics in clinical development 
had stopped or not received regulatory approval [17]. The FDA approved only four 
therapeutics in that time leaving a lot to learn from past failures. Neuroprotective 
DMTs made up 34% of the therapeutics discontinued in this time, leaving in their 
wake a plethora of lessons that can be applied to upcoming therapeutics [21]. A shift 
in development from the conventional small molecule drug (SMD) to a biological 
approach has shown benefits. Increased knowledge on the effects of more potent 
and specific therapeutics has led to the identification of new targets for therapeutic 
development, specifically the amyloid cascade. Of the therapeutics active in clinical 
trials in the 15 years from 2005 to 2019, 79 targeted the amyloid cascade in a disease-
modifying mechanism (Table 1). Moreover, of the 79 clinical trials, 20 have been 
discontinued (Table 1).

2.1.1 Types of therapeutics

A shift in the type of therapeutic used in AD has given insights into how targets 
respond to certain molecules. A common issue encountered with amyloid targeting 
therapeutics is specificity, with off-target effects halting a few large-scale trials [22]. 
There are two major molecular classes present in amyloid targeting DMTs: small 
molecule, low molecular weight entities including chemical drugs and peptides, and 
biologics, larger structures such as proteins and antibodies.

2.1.1.1 Small molecular entities

Thought of as the traditional form of therapeutic, small molecular entities 
(SMEs) are typically chemical in nature and mostly target molecules with deep 
catalytic channels or clefts such as enzymes or receptors [23]. The nature of these 
SMDs is to bind to the target and exert its effect, doing so until there is no more 
target available for binding or the drug is cleared from the body. This overzealous 
technique of SMDs poses the risk of long-term modulation on the target, whether 
it be positively or negatively, regardless of whether the disease state improves or 
not [24].

The main target of an SME is commonly found in biological processes where a 
high amount of regulation is required, in the form of either enzymes or receptors 
[25]. The interaction that SMEs target is between an enzyme or receptor and its 
respective substrate, all of which are proteins. Referred to as protein–protein inter-
actions (PPIs), they have gained popularity as a target for therapeutic intervention 
due to the control these interactions have on biological processes. Many PPIs have 
been identified as candidates targeting diseases similar to AD where a biological 
process has been altered resulting in disease [25].
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NCT number Drug name Phase Status Start date Completion date

NCT00303277 Simvastatin & 
Pravastatin

IV C 08/2002 04/2005

NCT00479219 GSI-953 I C 05/2007 10/2007

NCT00765115 LY450139 I C 07/2006 09/2007

NCT0083808 LY2811376 I C 12/2008 06/2009

NCT00733642 PF-04360365 I A, NLR 08/2008 07/2009

NCT01125631 PF-04360365 I C 05/2010 08/2011

NCT01148498 Solanezumab II C 08/2010 08/2012

NCT01482013 HPP854 I D 10/2011 03/2012

NCT00464334 V950 and 
ISCOMATRIXTM

I C 03/2007 01/2012

NCT00411580 CAD106 I C 06/2005 12/2008

NCT00945672 PF-04360365 II C 08/2009 06/2011

NCT01547169 Insulin detemir II C 03/2011 12/2012

NCT00500500 EGb 761 II D 07/2005 04/2008

NCT00739037 PAZ-417 I D 08/2008 12/2008

NCT01568086 Affitope AD03 I D 12/2011 10/2013

NCT01661673 EVP 0962 II C 11/2012 10/2013

NCT00812565 Immune Globulin II C 02/2009 09/2010

NCT00857506 Florbetapir F 18 II C 01/2009 12/2011

NCT00397891 Bapineuzumab I C 10/2006 02/2010

NCT01035138 Semagacestat III C 12/2009 04/2011

NCT01669876 Anatabine II D 08/2012 02/2015

NCT01978548 Atabecestat I C 12/2013 04/2015

NCT02061878 Bexarotene I C 08/2014 11/2014

NCT00486044 Simvastatin II C 02/2005 06/2009

NCT00711321 Affitope AD02 & 
Aluminium hydroxide

I C 11/2008 04/2010

NCT01093664 Affitope AD02 & 
Aluminium hydroxide

I C 10/2009 07/2010

NCT01357629 Affitope AD02 & 
Aluminium hydroxide

I D 07/2011 11/2013

NCT00633841 Affitope AD02 & 
Aluminium hydroxide

I C 02/2008 09/2009

NCT01782742 Bexarotene II C 02/2013 12/2014

NCT02323334 LY3202626 & 
Itraconazole

I C 12/2014 02/2016

NCT00722046 Ponezumab II C 12/2008 08/2011

NCT00956410 Amilomotide II C 09/2009 06/2011

NCT00762411 Semagacestat III C 09/2008 04/2011

NCT01097096 Amilomotide II C 03/2010 12/2012

NCT01928420 Pinitol II C 04/2007 06/2014

NCT00329082 Solanezumab II C 05/2006 05/2008
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technique of SMDs poses the risk of long-term modulation on the target, whether 
it be positively or negatively, regardless of whether the disease state improves or 
not [24].

The main target of an SME is commonly found in biological processes where a 
high amount of regulation is required, in the form of either enzymes or receptors 
[25]. The interaction that SMEs target is between an enzyme or receptor and its 
respective substrate, all of which are proteins. Referred to as protein–protein inter-
actions (PPIs), they have gained popularity as a target for therapeutic intervention 
due to the control these interactions have on biological processes. Many PPIs have 
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NCT number Drug name Phase Status Start date Completion date

NCT01600859 Elenbecestat I C 07/2012 10/2013

NCT01297218 hMSC Therapy I C 02/2011 12/2011

NCT01193608 AAB 003 I C 09/2010 10/2013

NCT02260674 Atabecestat II C 11/2014 06/2016

NCT02033668 GSK 933776 I C 01/2014 07/2014

NCT01424436 GSK 933776 I C 05/2010 12/2011

NCT02576639 Umibecestat II C 08/2015 03/2016

NCT00904683 Solanezumab III C 05/2009 06/2012

NCT02386306 GC 021109 I C 02/2015 10/2015

NCT01595646 Insulin detemir II C 11/2011 03/2015

NCT01561430 LY 2886721 I/II D 03/2012 Jun 2013

NCT02551809 UB 311 II C 10/2015 08/2018

NCT03417986 Thiethylperazine II A, NLR 11/2017 07/2021

NCT01056965 Davunetide I C 01/2010 12/2012

NCT01428453 Rilapladib II C 07/2011 02/2013

NCT02036645 MEDI 1814 I C 02/2014 09/2016

NCT01397578 Crenezumab II C 07/2011 04/2014

NCT01127633 Solanezumab III D 11/2010 02/2017

NCT02760602 Solanezumab III D 06/2016 05/2017

NCT01900665 Solanezumab III D 07/2013 02/2017

NCT02080364 Azeliragon III D 04/2015 06/2018

NCT01807026 LY 2886721 I C 03/2013 05/2013

NCT02462161 Insulin aspart I C 03/2015 04/2019

NCT02899091 CB-AC 02 I/II R 09/2016 12/2021

NCT02614131 LY 2599666 & 
Solanezumab

I D 12/2015 12/2016

NCT02406027 Atabecestat II D 07/2015 06/2018

NCT02051608 Gantenerumab III A, NLR 03/2014 04/2021

NCT03114657 Crenezumab III D 03/2017 06/2019

NCT02565511 Amilomotide & 
Umibecestat

II/III D 11/2015 03/2025

NCT01760005 Atabecestat & 
Gantenerumab & 

Solanezumab

II/III D 12/2012 03/2021

NCT01224106 Gantenerumab III A, NLR 11/2010 08/2020

NCT01966666 TPI 287 I A, NLR 11/2013 11/2019

NCT00594568 Semagacestat III C 03/2008 05/2011

NCT02719327 E-EPA II/III R 06/2017 11/2021

NCT02956486 Elenbecestat III D 10/2016 11/2023
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Analysis of SMEs targeting PPIs has shown that they do not observe standard 
drug-like properties, specifically surrounding their size, hydrophobicity and speci-
ficity [26, 27]. These properties all show mild increases, compared to conventional 
SMDs, proving that the chemistry of PPIs requires molecules to be selected more 
carefully rather than selecting the molecule with the highest potency.

2.1.1.2 Biologics

Biologics fill the void of the upper end of the molecular weight scale, made up 
of antibodies, proteins and enzymes. Biological therapeutics like antibodies and 
vaccines aim to modulate the immune system to clear various threats from the body. 
Other therapies involve the replacement of an important molecule in a biologi-
cal process, such as hormone replacement therapy (HRT) or lactose intolerance. 
Replacement therapies use therapeutics that mimic proteins in a healthy individual, 
usually using recombinant technology to produce the protein in different biological 
models.

The PPIs mentioned above have important regulatory roles in biological pro-
cesses, keeping them in check as cell signalling molecules [28]. Biological interven-
tion with molecules that mimic or stop these interactions enables control over 
biological pathways similar to SMDs, however, giving the pathway some control 
over feedback [24]. Antibodies are an excellent example of controlling the immune 
system in AD to remove the build-up of deposited plaques, while allowing the body 
to exert control over the reaction of the immune response to these antibodies. This 
shows the benefit of using biologics in the development of therapeutic options for 
AD and other diseases.

A common issue that has arisen in the therapeutic development of biologics is 
the bioavailability and half-life of the therapeutic. Biologics are not well known for 
high bioavailability, particularly where the oral route is concerned, an issue that 
can be overcome using other forms of administration [29]. Following administra-
tion, biologics are subjected to proteases and harsh conditions in the stomach or 
other accessory organs that reduces the half-life dramatically [30]. Intravenous 
and intramuscular administration has improved the half-life of biologics; however, 

NCT number Drug name Phase Status Start date Completion date

NCT03036280 Elenbecestat III D 12/2016 11/2023

NCT02245737 Lanabecestat II/III D 09/2014 10/2018

NCT03443973 Gantenerumab III R 08/2018 03/2023

NCT03444870 Gantenerumab III R 06/2018 03/2023

NCT00299988 Immune Globulin II D 02/2006 04/2010

NCT02600130 hMSC 
Therapy-Longeveron

I A, NLR 10/2016 09/2020

NCT03402659 Neflamapimod II C 12/2017 07/2019

NCT03117738 Adipose SC 
therapy-Anterogen

I/II C 04/2017 06/2019

Abbreviations: A, Active; NLR, no longer recruiting; C, Completed; D, Discontinued. NOTE: 79 trials were identified 
as amyloid targeting as of January 9, 2020, according to https://adisinsight.springer.com.

Table 1. 
Amyloid targeting clinical trials from 2005 to 2019.
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modification to the structure of the therapeutic may be required to reach the target 
from the blood stream or the tissue at the site of injection. Although there are 
common issues regarding ideal therapeutic properties of biologics, new technology 
is improving every day allowing therapeutic development of biologics to overcome 
what seems to be simple obstacles.

2.1.2 Targets of the amyloid cascade

2.1.2.1 Inflammation

As the step preceding neurodegeneration, inflammation is a clear target for 
therapeutic intervention. Neuroinflammation has been a target in therapeutic 
development after the increasing recognition that glial activation is an important 
step in the process of neurodegeneration. Therapeutics targeting neuroinflam-
mation have been evaluated in previous cohorts of clinical trials, all producing 
similar results of ineffectiveness at slowing cognitive decline [31]. The principle of 
anti-inflammatory targeting aims to prevent the off-target damage to neighbouring 
neurons, delaying the onset of neurodegeneration. However, without remov-
ing the stimulus causing neuroinflammation, therapeutics are fighting a losing 
battle. Factors such as rate of cognitive decline, severity of the neuroinflammatory 
response, and disease state play a role in anti-inflammatory and immunomodula-
tory drug discovery proving difficult as the timing of the intervention is critical 
[32]. Anti-inflammatory therapeutics made up 16% of therapeutics in clinical trials 
in 2019, many repurposed for AD [19]. As a sole therapeutic intervention for AD, 
anti-inflammatories are not ideal. Combined therapy using anti-inflammatories 
and a disease-clearing therapeutic will likely show a high rate of success in alleviat-
ing chronic inflammation caused by AD.

2.1.2.2 Amyloid-β

Aβ is an attractive target for neuroprotection, with many possible angles to 
approach the underlying cause of the disease. Two methods aimed at targeting 
Aβ plaques have been employed in clinical trials: immunotherapy, targeting the 
plaques for removal by the immune system using a vaccine or monoclonal antibod-
ies (mAbs), and anti-aggregation, preventing the Aβ fragments from forming the 
plaques. In 2019, nine immunotherapies were part of clinical trials: three active 
immunotherapies (vaccines), CAD106, ABvac40 and GV1001, and six passive 
immunotherapies (mAbs), aducanumab, crenezumab, gantenerumab, solan-
ezumab, LY3002813 and LY3372993 [19].

Thoroughly tested in animal models, Aβ vaccines exhibit the ability to 
prevent the formation of new Aβ plaques and contribute to the clearance of 
pre-deposited plaques [33]. Immunising an individual to Aβ grants the long-term 
effects of antibody production. However, immunisation can be difficult where 
adverse reactions in older individuals may occur due to inconsistent or lack of an 
immune system, as well as selecting a specific epitope that will not target similar 
structures [34]. Clinical trials into AN1792, an adjuvant vaccine of the full-length 
Aβ peptide and QS-21, were stopped due to development of meningoencephalitis 
in some patients [35]. Second-generation anti-Aβ vaccines such as CAD106 
have proven to be efficacious in phase 2 clinical studies, eliciting Aβ-specific 
antibodies and showing long-term safety promising to be a valuable therapeutic 
option [36].

Passive immunotherapies have a major advantage over Aβ immunisation in 
that there is a consistent antibody titre [34]. Initial intravenous administration 
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of immunoglobulin preparations containing high levels of human anti-Aβ42, 
which showed a significant improvement in cognition and lower levels of Aβ 
[33]. However, similar to the other discontinued anti-Aβ mAb therapies, large-
scale testing proved efficacy to be low or non-existent. A risk found in trials with 
Bapineuzumab was the presence of abnormalities after imaging the brain, identify-
ing the onset of vasogenic oedema in 3 of the 10 participants. These abnormali-
ties were coined as ARIA-E, amyloid-relating imaging abnormalities-vasogenic 
effusions, and are seen as a risk in large-scale studies of mAb therapies [37]. Many 
mAbs in 2019 are still plagued with these obstacles, presenting safety concerns 
surrounding ARIA-E, although some mAbs in Phase 2/3 or 3 trials are looking closer 
than ever at slowing the progression of AD.

As a target class, combined therapy of immunotherapeutics and anti-aggregates 
stand the highest chance of clearing deposited and newly generated Aβ fragments. 
Aggregation of Aβ monomers only make it more difficult to clear from the extracel-
lular space with neuroprotective mechanisms naturally clearing monomers that 
build-up over time. From this perspective, Aβ is targeted as both monomers and 
plaques. Solanezumab targets Aβ monomers before they can aggregate. Targeting 
the causal feature of amyloid-based microglial activation, anti-aggregates prevent 
the conversion of Aβ monomers into oligomers or fibrils [38]. Many natural and 
synthetic compounds have been identified as potential anti-aggregates for Aβ; 
however, the only anti-aggregate for amyloidogenesis in clinical trials in 2019 is a 
combination therapy of polyphenol extract from grapeseeds and resveratrol [19]. 
The current cohort of anti-aggregates is not indicative of knowledge of the field, 
with other compounds such as epigallocatechin-3-gallate and curcumin showing 
promising results for both anti-aggregation and other purposes [39].

2.1.2.3 Secretase inhibitors

Modulating the upstream step of plaque formation provides an encouraging 
target as prevention of deposition of Aβ fragments may stop the neuroinflamma-
tory response before it starts. A “one size fits all” therapy for secretase modulation 
is not possible as all three secretase enzymes play different roles in the genera-
tion of Aβ fragments, each requiring a different form of modulation specific to 
their role in the processing of APP.

2.1.2.3.1 Gamma secretase

Inhibitors of BACE1 and gamma secretase have thus far showed limited Aβ 
clearance in clinical trials, even after demonstration of excellent inhibition in 
preclinical animal models [40]. Studies into gamma secretase found that it was the 
last step in Aβ fragment generation and an ideal target to prevent the build-up of 
fragments and formation of plaques [41]. Semagacestat was identified as potential 
drug candidate for clinical trials in decreasing Aβ levels, only after Phase III in 
the IDENTITY trials was it found to have adverse effects on Notch signalling [42]. 
Identified as a drug with a higher selectivity for APP over Notch in preclinical 
studies, Avagacestat was another gamma secretase inhibitor that showed similar 
effects to Semagacestat forcing the discontinuation of the trials due to adverse 
dose-limiting effects [43]. The adverse effects and lack of efficacy had quashed 
further research into gamma secretase inhibitors; however, a new look into gamma 
secretase as a target has identified that it is available for modulation, specifically 
altering the cleavage site of the enzyme. NGP 555 is a promising SME gamma 
secretase modulator that has showed promising results in vivo, significantly lower-
ing levels of Aβ42 through a shift of cleavage site in gamma secretase [44].
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altering the cleavage site of the enzyme. NGP 555 is a promising SME gamma 
secretase modulator that has showed promising results in vivo, significantly lower-
ing levels of Aβ42 through a shift of cleavage site in gamma secretase [44].
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2.1.2.3.2 Alpha secretases

Alpha secretase as a therapeutic target for AD offers a novel approach of upregu-
lating cleavage of APP rather than preventing it. By cleaving APP within the Aβ 
domain, alpha secretase prevents the generation of Aβ fragments instead releasing 
non-toxic p3 peptide following gamma secretase cleavage [45]. Modulation of alpha 
secretase is expected to increase its activity and reduce levels of Aβ, potentially 
increasing the levels of a neuroprotective product of alpha secretase cleavage of 
APP, sAPPα [46]. Alpha secretases belong to the ‘a disintegrin and metalloprotease’ 
(ADAM) family, which are found to play roles in cell adhesion, migration, prote-
olysis and signalling [47]. ADAM10 was found to be the alpha secretase relevant 
to APP cleavage in neurons, making it the target of modulation in AD [48]. Two 
therapeutics that have undergone clinical trials showing potential as alpha secre-
tases enhancers are etazolate (EHT-0202) and bryostatin-1. Both stimulate alpha 
secretase to increase generation of sAPPα [49]. The potential of alpha secretase 
enhancers as a therapeutic for AD is likely. However, studies into the effects of 
enhancers on the other substrates of ADAM10 are required to identify any possible 
adverse effects [50].

2.1.2.3.3 BACE1

Targeting BACE1 for therapeutic development in AD is ideal, as it is the deter-
mining step in the generation of Aβ fragments. Inhibition of BACE1 has shown to 
decrease levels of Aβ plaques. Studies in mouse models have proven that by remov-
ing BACE1 there is no generation of Aβ fragments, and subsequently no neurode-
generation and loss in cognitive abilities [51].

Since it was discovered to play a role in AD in 1999, BACE1 has been thoroughly 
researched as a potential target for AD. BACE1 has been an elusive target for inhibi-
tors, its location in the brain, size of the active site, and similarity to other aspartic 
proteases making it difficult for the ideal therapeutic to be developed [52]. Initial 
inhibitors of BACE1 were non-cleavable peptide-based analogues, designed on the 
amino acid sequence of APP, which showed excellent inhibitory effects on BACE1. 
However, the size was too large to exhibit in vivo benefits, although ideal for the 
active site [53]. The development of SMEs for BACE1 renewed hope in the use of the 
aspartic protease as a target, hoping to increase blood–brain barrier (BBB) pen-
etration and bioavailability that were identified as issues with the first-generation 
BACE1 inhibitors. From there, the hunt for a BACE1 inhibitor began with multiple 
classes of inhibitors being developed in an attempt to find the ideal therapeutic.

In a similar pattern to other amyloid therapies, BACE1 inhibitors in other trials 
were halted or discontinued due to lack of efficacy or off-target effects. Only two 
BACE1 inhibitors were in the 2019 cohort of clinical trials: CNP520, discontinued 
in July 2019 due to worsening of cognitive function, and E2609, discontinued in 
September 2019 due to unfavourable risk–benefit ratio [54, 55]. Both compounds 
joining the list of lessons learnt from BACE1 inhibitors, along with Lanabecestat, 
Atabecestat and Verubecestat. All of which proved excellent in reducing Aβ; how-
ever, translation into clinical trials was not as smooth, lacking efficacy or displaying 
off-target effects [56].

2.2 Improving therapeutics or target choice

With no current curative treatments for AD available, previous cohorts of clini-
cal trials are missing something vital. The types of therapeutics used and targets 
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available explained above show that therapeutic discovery is not a simple task, 
particularly in a disease as complex as AD. The ideal neuroprotective therapeutic 
for combating AD is one that targets the initiating steps of amyloid development 
with high specificity and potency, while not disrupting other biological processes. 
An attractive initiating step of amyloid development is BACE1, discussed above 
as a promising target to prevent the generation of Aβ fragments responsible for 
the activation of microglia and subsequent development of neurodegeneration. 
Previous attempts at inhibiting BACE1 have shown mixed and unfavourable 
responses of properties such as specificity, bioavailability and efficacy. Both biologi-
cals and SMEs cannot fill the requirements of such a specific therapeutic, requiring 
a molecule that has the ideal properties of both. Such a molecule is already being 
explored in therapeutic development for AD although it is still in its infancy as a 
class of therapeutic molecule for AD. Peptides are becoming more attractive as a 
therapeutic to target BACE1 with new technology altering their structure to better 
fit the required properties. Such research promises to pave new and exciting ways to 
developing refined peptide inhibitors of BACE1 with high efficacy and specificity, 
and thus prepare novel reagents for the prophylactic treatment of AD in the near 
future.

3. New outlook for Alzheimer’s disease

3.1 What are peptides?

Peptides are small molecular biologicals that play a major role in the body as 
signalling molecules. Naturally occurring peptides in humans are commonly called 
hormones, acting as messengers utilising the blood stream and other extracellular 
spaces to regulate the many biological processes that keep us going [57]. Two of 
the most well-known peptides are glucagon and insulin, both playing large roles in 
homeostasis of blood-glucose levels. These hormones act on blood-glucose levels 
by targeting accessory organs and stimulating glucose production or glycogen 
storage, respectively. The action of glucose and insulin is a classic example of how 
peptides work in the body with high specificity and rapid onset of effect. Although 
commonly linked to hormones, peptides are also used as neurotransmitters, anti-
infectives and growth factors [58].

Peptides range in length from 10 to 50 amino acids long, and can have a mass 
of up to 5 kDa, putting them between SMEs and proteins in terms of size and 
weight. In vivo, natural peptides are highly efficacious and selective with limited 
off-target effects, transient at most for those that exist [59]. Their ability to act 
as signalling molecules both extracellularly and intracellularly displays the range 
of therapeutic opportunity that peptides exhibit. Following the discovery of 
peptides playing large roles in homeostasis in the body, research turned towards 
identifying and isolating certain peptides that were linked to diseases. To con-
tinue with the example of insulin, the development of insulin as a therapeutic 
comes from the identification of individuals lacking a “pancreatic secretion” in 
the early 1900s, where insulin was isolated from the pancreas of stray dogs and 
calves and used to treat a child with type I diabetes [57]. This discovery only 
fuelled the fire for further discovery and isolation of other natural peptides that 
were found to be involved in diseases, leading to the identification of over 7000 
naturally occurring peptides. Although identified, not all can be used directly as 
a therapeutic due to unbeneficial properties such as poor bioavailability and short 
half-life [58].
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3.2 Peptides as therapeutic options

The nature of tasks that peptides perform in the body makes them an  enticing 
molecule, as an opportunity to control biological processes in a similar way 
that hormones and other natural peptides control everyday life. Many consider 
peptides to be the inferior option for therapeutic development as they display 
low oral bioavailability and a tendency to be metabolised by proteolytic enzymes 
in the local environment leading to a short half-life in vivo [57]. These unfavour-
able traits are mitigated in the body through close proximity of targets to the site 
of release, sometimes in high concentrations for when multiple targets exist. 
For peptides to be successful in therapeutic applications, an intense intravenous 
dosing regimen for the patient is required to maintain an adequate load of the 
therapeutic. Although hindered by poor bioavailability and short half-life, the 
biological nature of peptides offers plenty of properties that would make them 
an ideal therapeutic for complex diseases where specificity and toxicity are of 
concern [57].

The specific nature of peptides is due to their ability to cover a larger area of the 
target site compared to SMDs, decreasing the risk of off-target effects that have 
halted previous clinical trials into AD therapeutics [60]. A benefit of peptides over 
SMDs is the relative inability to build-up toxicity due to the metabolic instability 
of the amide bonds that hold the peptide together, resulting in the release of amino 
acids that can be utilised by various systems [61]. These qualities of peptides are 
what make them ideal therapeutics for most biological process disorders, spe-
cifically those found in the CNS. The delicate environment of the CNS requires 
therapeutics that are highly specific so as not to affect the normal functioning of the 
brain, but also produce minimal toxicity to prevent damage to nearby neurons.

3.3 Peptides approved for therapeutic use

In the 36 months that spanned 2016–2018, 8 peptide therapeutics were 
approved by the FDA making up just over 6% of the drugs approved in that time 
[62]. This can be looked at in both an optimistic and pessimistic view. However, 
looking at cumulative FDA approvals given since 1980, there is no denying that 
peptides have a place in therapeutic development. In 2018, there were over 70 
peptides available for medical use in the United States, Europe and Japan, and 
more than 150 in clinical studies [63]. The most commonly used therapeutic 
peptides target biological processes in a similar way that biologics, such as 
proteins, do, replacing molecules that stimulate PPIs. Crucial hormones that were 
approved for therapeutic use are vasopressin, oxytocin, insulin, glucagon and 
corticotropin, all of which were approved last century yet still play a pivotal role 
in HRTs [63].

Currently approved peptides cover a large range of therapeutic areas, such 
as oncology, metabolic diseases, haematology, respiratory disorders and gas-
troenterology. Of the peptides approved by the FDA, only three are approved 
for CNS indications: corticotropin, approved for use in inflammatory diseases; 
glatiramer, approved for use in MS; and taltirelin, approved for use in spinocer-
ebellar degeneration. After the discovery of taltirelin in 2000, no other peptides 
have been approved for CNS indications, even though there have been over 30 
new peptides approved for other indications since [63]. This begs the question 
on whether research has moved away from peptides for CNS indications due to 
their difficulty passing through the BBB, or whether the technology is only now 
catching up.
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3.4 Future considerations for peptide therapeutics for use in CNS indications

With a variety of unfavourable characteristics, peptides require modifica-
tion prior to clinical testing. The field of peptide synthesis has improved in the 
past two decades contributing to a rise in more effective peptide therapeutics 
available for clinical trials [64]. Many traits of peptides that were initially 
unfavourable have been resolved with new techniques in peptide synthesis. 
However, there remains the large issue of bioavailability that is restricting the 
use of peptides as therapeutics for the CNS. The biological nature of peptides 
reduces their bioavailability, their size making it difficult to cross membrane 
barriers and the structure of their bonds increasing the rate of degradation 
in the gastrointestinal (GI) tract and plasma. Due to these features, most 
approved peptide therapeutics are parenterally administered, involving either 
intravenous or subcutaneous injections. Parenteral administration allows for 
the systemic distribution of a relatively large dose of the peptide providing 
high concentration of the therapeutic when it reaches its target, without having 
to cross any membrane barriers. The oral route does not allow for this as the 
conditions are acidic and tight mucosal barriers exist to protect the body from 
external threats [29].

Administration directly into the blood stream works for many indications where 
the target is easily reached through diffusion across capillary walls; however, CNS 
indications are protected from standard blood flow by the BBB. Peptides targeting 
the CNS endure this extra barrier that acts as a neuroprotective wall, preventing 
unwanted molecules from entering the sterile and sensitive environment [65]. 
Studies in transport of drugs across the BBB have shown that there are multiple 
ways that can be exploited to deliver drugs to the CNS, specifically using trans-
porter pathways that shuttle hormones such as insulin into the CNS [66]. Delivery 
of previous therapeutics for AD in clinical trials involved either disruption of the 
BBB, increasing lipid solubility of the molecules or using pre-existing transport 
systems, with mouse model studies showing effectiveness of the latter two [67]. 
An alternative route through the olfactory pathway may provide hope for deliver-
ing peptides to the CNS; however, intranasal delivery has demonstrated limited 
progress in clinical settings. Offering an attractive opportunity to bypass the BBB, 
intranasal delivery presents similar patterns in degradation to other routes of 
delivery [68].

Although an issue present in the delivery of peptides to the CNS, transport 
into the CNS is secondary to proteolytic degradation in terms of bioavailability 
of peptides, with a large proportion of peptide load being degraded before it 
can reach the target site. Widely accepted as techniques that decrease degrada-
tion is conjugation or the production of peptidomimetics, techniques used in 
peptide synthesis today. The most common conjugate for increasing bioavail-
ability of a peptide is polyethylene glycol (PEG), a molecule that has shown to 
help prevent clearance of therapeutics. PEG increases the overall size of peptide 
therapeutics, making it too large for renal clearance and hindering proteolytic 
cleavage in plasma [30]. Peptidomimetics are a modified form of the peptide 
that is biologically similar while containing unnatural amino acids or modified 
peptide bonds [69]. Through the addition of unnatural amino acids and altered 
peptide bonds, proteolytic enzymes are incapable of cleaving peptidomimetics 
due to the unnatural nature of the molecule. The process of screening the effects 
of multiple modifications to the structure of the peptide has improved with the 
development of simple screening assays, increasing the output of peptidomi-
metic therapeutics.
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3.2 Peptides as therapeutic options

The nature of tasks that peptides perform in the body makes them an  enticing 
molecule, as an opportunity to control biological processes in a similar way 
that hormones and other natural peptides control everyday life. Many consider 
peptides to be the inferior option for therapeutic development as they display 
low oral bioavailability and a tendency to be metabolised by proteolytic enzymes 
in the local environment leading to a short half-life in vivo [57]. These unfavour-
able traits are mitigated in the body through close proximity of targets to the site 
of release, sometimes in high concentrations for when multiple targets exist. 
For peptides to be successful in therapeutic applications, an intense intravenous 
dosing regimen for the patient is required to maintain an adequate load of the 
therapeutic. Although hindered by poor bioavailability and short half-life, the 
biological nature of peptides offers plenty of properties that would make them 
an ideal therapeutic for complex diseases where specificity and toxicity are of 
concern [57].

The specific nature of peptides is due to their ability to cover a larger area of the 
target site compared to SMDs, decreasing the risk of off-target effects that have 
halted previous clinical trials into AD therapeutics [60]. A benefit of peptides over 
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cifically those found in the CNS. The delicate environment of the CNS requires 
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In the 36 months that spanned 2016–2018, 8 peptide therapeutics were 
approved by the FDA making up just over 6% of the drugs approved in that time 
[62]. This can be looked at in both an optimistic and pessimistic view. However, 
looking at cumulative FDA approvals given since 1980, there is no denying that 
peptides have a place in therapeutic development. In 2018, there were over 70 
peptides available for medical use in the United States, Europe and Japan, and 
more than 150 in clinical studies [63]. The most commonly used therapeutic 
peptides target biological processes in a similar way that biologics, such as 
proteins, do, replacing molecules that stimulate PPIs. Crucial hormones that were 
approved for therapeutic use are vasopressin, oxytocin, insulin, glucagon and 
corticotropin, all of which were approved last century yet still play a pivotal role 
in HRTs [63].

Currently approved peptides cover a large range of therapeutic areas, such 
as oncology, metabolic diseases, haematology, respiratory disorders and gas-
troenterology. Of the peptides approved by the FDA, only three are approved 
for CNS indications: corticotropin, approved for use in inflammatory diseases; 
glatiramer, approved for use in MS; and taltirelin, approved for use in spinocer-
ebellar degeneration. After the discovery of taltirelin in 2000, no other peptides 
have been approved for CNS indications, even though there have been over 30 
new peptides approved for other indications since [63]. This begs the question 
on whether research has moved away from peptides for CNS indications due to 
their difficulty passing through the BBB, or whether the technology is only now 
catching up.
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3.4 Future considerations for peptide therapeutics for use in CNS indications
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delivery [68].
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into the CNS is secondary to proteolytic degradation in terms of bioavailability 
of peptides, with a large proportion of peptide load being degraded before it 
can reach the target site. Widely accepted as techniques that decrease degrada-
tion is conjugation or the production of peptidomimetics, techniques used in 
peptide synthesis today. The most common conjugate for increasing bioavail-
ability of a peptide is polyethylene glycol (PEG), a molecule that has shown to 
help prevent clearance of therapeutics. PEG increases the overall size of peptide 
therapeutics, making it too large for renal clearance and hindering proteolytic 
cleavage in plasma [30]. Peptidomimetics are a modified form of the peptide 
that is biologically similar while containing unnatural amino acids or modified 
peptide bonds [69]. Through the addition of unnatural amino acids and altered 
peptide bonds, proteolytic enzymes are incapable of cleaving peptidomimetics 
due to the unnatural nature of the molecule. The process of screening the effects 
of multiple modifications to the structure of the peptide has improved with the 
development of simple screening assays, increasing the output of peptidomi-
metic therapeutics.
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4. Conclusions

As a mechanism, neuroprotection in CNS indications where protein misfolding 
occurs is detrimental, exacerbating the disease by creating inflammation in the local 
area that leads to the degeneration of nearby neurons. In the case of AD, neuroin-
flammation occurs when Aβ plaques are recognised by circulating microglial cells, 
initiating an immune response and releasing pro-inflammatory molecules that lead 
to the neurodegeneration that is found in patients with AD. The neuroprotective 
response of microglia in effect begins the deterioration of the brain, calling for 
therapeutic intervention to aid in neuroprotection.

Current therapeutics used as therapy for AD are all neuromodulatory, address-
ing the symptoms related to the disease instead of the underlying mechanism. 
About 73% of the current cohort of therapeutics in clinical trials for AD is DMTs, 
indicating the need for a therapeutic that either slows or stops the progression of the 
disease. DMTs targeting the amyloid cascade are of particular interest from a neu-
roprotective standpoint due to Aβ plaques initiating neuroinflammation. Targeting 
inflammation and Aβ plaques and fragments will only slow the progression of the 
disease requiring a more robust target that can stop disease progression. The role 
of BACE1 in Aβ generation provides an ideal target for therapeutics although it has 
proved elusive in the past, with trials into SMD inhibitors for BACE1 being halted 
due to safety concerns from off-target effects.

To develop an ideal therapeutic for BACE1, a molecule that lies somewhere 
between SMEs and biologics is required. Peptides offer attractive properties from 
both classes of therapeutic specifically a relative lack of toxicity and great specific-
ity, both of which are ideal for combating CNS indications. Although peptides are 
seen as inadequate for use as therapeutics, many approved peptide therapies have 
shown the ability of peptides to be modified, improving qualities that were lacking 
initially. With further advancements in the field of peptide synthesis and modifica-
tions, the number of peptide therapeutics in clinical trials, not just for AD but other 
indications, will likely increase. Similarly, the number of approved therapies, offer-
ing a promising outlook for diseases where therapeutic needs are currently unmet, 
is likely to increase.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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initiating an immune response and releasing pro-inflammatory molecules that lead 
to the neurodegeneration that is found in patients with AD. The neuroprotective 
response of microglia in effect begins the deterioration of the brain, calling for 
therapeutic intervention to aid in neuroprotection.
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ing the symptoms related to the disease instead of the underlying mechanism. 
About 73% of the current cohort of therapeutics in clinical trials for AD is DMTs, 
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both classes of therapeutic specifically a relative lack of toxicity and great specific-
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seen as inadequate for use as therapeutics, many approved peptide therapies have 
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Abstract

Several therapeutic approaches have been suggested so far for the treatment 
of neurodegenerative diseases, but to date, there are no approved therapies. The 
available ones are only symptomatic; they are employed to mitigate the disease 
manifestations and to improve the patient life quality. These diseases are character-
ized by the accumulation and aggregation of misfolded proteins in the nervous 
system, with different specific hallmarks. The onset mechanisms are not completely 
elucidated. Some promising approaches are focused on the inhibition of the amy-
loid aggregation of the proteins involved in the etiopathology of the disease, such 
as Aβ peptide, Tau, and α-synuclein, or on the increase of their clearance in order 
to avoid their aberrant accumulation. Here, we summarize traditional and new 
therapeutic approaches proposed for Alzheimer’s and Parkinson’s diseases and the 
recent technologies for brain delivery.

Keywords: Alzheimer’s disease, Parkinson’s disease, amyloidosis,  
protein fibrils and oligomers, polyphenols, brain delivery technologies

1. Introduction

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are the most common 
neurodegenerative disorders. They are multifactorial, progressive, age-related, 
and influenced by genetic and environmental factors. Despite being public health 
problems and widely studied, there are no effective treatments. The therapies in use 
at the moment are only symptomatic and focused to ameliorate patients’ life quality. 
Moreover, there are no diagnostic methods for the early detection of these diseases 
that, especially at the onset, share some pathological hallmarks. There are specific 
proteins associated with the diseases, but it is still unclear when and how they lose 
their functionality and become toxic. Several pathways of cellular dysfunction have 
been described to explain the toxicity associated with the disease, but the pathologi-
cal role of proteins involved still remains controversial. Currently, the most promis-
ing therapeutic approaches are focused on personalized treatments and targeted 
drugs.

Here, we summarize some relevant features of the new proposed therapies for 
AD and PD. In the last decade, renewed interest rises toward alternative pharma-
cological treatments and products of natural origin, especially those associated 



37

Chapter 3

Polyphenols as Potential 
Therapeutic Drugs in 
Neurodegeneration
Patrizia Polverino de Laureto, Luana Palazzi  
and Laura Acquasaliente

Abstract

Several therapeutic approaches have been suggested so far for the treatment 
of neurodegenerative diseases, but to date, there are no approved therapies. The 
available ones are only symptomatic; they are employed to mitigate the disease 
manifestations and to improve the patient life quality. These diseases are character-
ized by the accumulation and aggregation of misfolded proteins in the nervous 
system, with different specific hallmarks. The onset mechanisms are not completely 
elucidated. Some promising approaches are focused on the inhibition of the amy-
loid aggregation of the proteins involved in the etiopathology of the disease, such 
as Aβ peptide, Tau, and α-synuclein, or on the increase of their clearance in order 
to avoid their aberrant accumulation. Here, we summarize traditional and new 
therapeutic approaches proposed for Alzheimer’s and Parkinson’s diseases and the 
recent technologies for brain delivery.

Keywords: Alzheimer’s disease, Parkinson’s disease, amyloidosis,  
protein fibrils and oligomers, polyphenols, brain delivery technologies

1. Introduction

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are the most common 
neurodegenerative disorders. They are multifactorial, progressive, age-related, 
and influenced by genetic and environmental factors. Despite being public health 
problems and widely studied, there are no effective treatments. The therapies in use 
at the moment are only symptomatic and focused to ameliorate patients’ life quality. 
Moreover, there are no diagnostic methods for the early detection of these diseases 
that, especially at the onset, share some pathological hallmarks. There are specific 
proteins associated with the diseases, but it is still unclear when and how they lose 
their functionality and become toxic. Several pathways of cellular dysfunction have 
been described to explain the toxicity associated with the disease, but the pathologi-
cal role of proteins involved still remains controversial. Currently, the most promis-
ing therapeutic approaches are focused on personalized treatments and targeted 
drugs.

Here, we summarize some relevant features of the new proposed therapies for 
AD and PD. In the last decade, renewed interest rises toward alternative pharma-
cological treatments and products of natural origin, especially those associated 



Neuroprotection - New Approaches and Prospects

38

with the Mediterranean diet, such as polyphenols. The unexpected benefits and 
the wide-range properties of polyphenols suggest deepening the study of these 
molecules for a more comprehensive understanding of their mechanism of action in 
order to use them in effective therapies.

2. Molecular aspects of Alzheimer’s and Parkinson’s diseases

2.1 Brief introduction to AD and PD

AD is characterized by the gradual decline in the cognitive function, memory 
loss, and behavior changes [1]. Typical features of the disease are a synaptic deficit 
in the neocortex and the limbic system, neuronal loss, white matter loss, astroglio-
sis, microglial cell proliferation, and oxidative stress [2]. The major areas of the 
human brain affected by AD are schematically represented in Figure 1. The patho-
logical hallmarks of AD are the presence of intracellular flame-shaped neurofibril-
lary tangles and extracellular plaques in the brain. The tangles are especially present 
in the perinuclear cytoplasm and are prevalently formed by the Tau protein, in a 
hyperphosphorylated form. The plaques derive from the progressive accumula-
tion of amyloid β-peptide (Aβ) in a filamentous form [3]. The neuritic plaques 
have a diameter ranging from 10 to more than 120 μm [2]. The methods used for 
the diagnosis of the pathology have been standardized. They refer to the density 
and the grade of compactness of the neuritis amyloid plaques and neurofibrillary 
tangles [4]. AD aggregates can be classified into positive and negative lesions as a 
function of their localization and level of progression [5]. Typical positive lesions 
are represented by amyloid plaques and neurofibrillary tangles, neuropil threads, 
and dystrophic neurites, essentially formed by hyperphosphorylated Tau [6]. The 
negative lesions provide loss of neurons and neuropil threads [7].

Clinically, PD typically manifests with motor symptoms, such as bradykinesia, 
rigidity, tremor at rest, and instability. Since there is no definitive test for the 
diagnosis of PD, the appearance of these clinical manifestations is important for the 
early treatment of the disease [8]. PD is characterized by the loss of dopaminergic 
neurons in the Substantia nigra pars compacta (Figure 1) and by the deposition of 

Figure 1. 
Affected brain regions in AD and PD. Cross-section of human brain showing the principal districts affected by 
AD (green) and PD (blue). AD typically involves parts of the brain involved in memory, like hippocampus 
and ventricles, and the cerebral cortex responsible for language. In PD nerve cells of the motor cortex and in 
part of the basal ganglia (composed by substantia nigra, putamen, caudate nucleus, globus pallidus, and locus 
coeruleus) degenerate. As a result, the basal ganglia cannot control muscle movement as it normally does, 
leading to tremor, bradykinesia, and hypokinesia.
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intraneuronal proteinaceous aggregates, mainly composed by α -synuclein (Syn), 
named Lewy bodies and Lewy neurites [9]. Syn was also found in the pathologi-
cal inclusions of Lewy body variant of both AD and multiple system atrophy. 
Furthermore, Syn inclusions characterize other neurodegenerative diseases, defined 
as α-synucleinopathies, including Down’s syndrome, progressive autonomic failure, 
and familial and sporadic AD [10]. In a very recent study, Shahmoradian and coll. 
have reported that Lewy bodies are not only formed by Syn deposit but also by 
clusters of lipid vesicles [11]. These important findings further correlate Syn-lipid 
interaction with neurodegeneration [12, 13].

AD and PD are generally sporadic and occur in individuals between ages 60 and 
70, but the ~20% of patients have a genetically linked familial form. The onset of 
these forms occurs earlier, and it is associated with mutations in several genes [14]. 
The main mutations are listed in Table 1. The proteins involved in such neurode-
generative diseases, Aβ, tau, and Syn, are completely distinct in terms of structure 
and putative functions, most of which are not completely clarified. However, the 
formation of aggregated structures is a common feature among these macromol-
ecules. Fibrils, which originate from the association of monomeric forms of the 
proteins, pass through intermediate species such as oligomers (Figure 2). Generally, 
they can cross the membrane and spread throughout the brain. Several evidences 

Disease Mutated 
protein

Phenotype Notes Refs

AD APP Abnormal 
production of Aβ

www.molgen.ua.ac.be/ADMutations [15]

ApoE Increase of the 
density of Ab 

plaques
High risk of AD, 

late onset of 
AD and Down 

syndrome

www.molgen.ua.ac.be/ADMutations [16]

Presenilin1 Increased the 
Aβ42/Aβ40, and 

reduced γ-secretase 
activity

>200 mutations [17, 18]

Presenilin2 Increased the 
Aβ42/Aβ40, and 

reduced γ-secretase 
activity

Rare, <40 mutations [19]

PD Syn Familiar and early 
onset PD

A53T; A30P, E46K, G51D, H50Q , gene 
duplication and triplication

[20–25]

Leucine-
rich repeat 

kinase 2 
(LRRK2)

Autosomal 
dominant PD; 

mid-to-late onset 
and slow progress

>20 mutations [26, 27]

E3 ubiquitin 
ligase Parkin

Early-onset PD and 
parkinsonism

>150 mutations, deletions, insertions [28]

PINK1 Sporadic 
early-onset 

Parkinsonism

>60 mutations [29]

DJ-1 Autosomal 
recessive PD

>10 mutation, deletions [30]

Table 1. 
Main mutations involved in familiar forms of AD and PD.
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and putative functions, most of which are not completely clarified. However, the 
formation of aggregated structures is a common feature among these macromol-
ecules. Fibrils, which originate from the association of monomeric forms of the 
proteins, pass through intermediate species such as oligomers (Figure 2). Generally, 
they can cross the membrane and spread throughout the brain. Several evidences 

Disease Mutated 
protein

Phenotype Notes Refs

AD APP Abnormal 
production of Aβ

www.molgen.ua.ac.be/ADMutations [15]

ApoE Increase of the 
density of Ab 

plaques
High risk of AD, 

late onset of 
AD and Down 

syndrome

www.molgen.ua.ac.be/ADMutations [16]

Presenilin1 Increased the 
Aβ42/Aβ40, and 

reduced γ-secretase 
activity

>200 mutations [17, 18]

Presenilin2 Increased the 
Aβ42/Aβ40, and 

reduced γ-secretase 
activity

Rare, <40 mutations [19]

PD Syn Familiar and early 
onset PD

A53T; A30P, E46K, G51D, H50Q , gene 
duplication and triplication

[20–25]

Leucine-
rich repeat 

kinase 2 
(LRRK2)

Autosomal 
dominant PD; 

mid-to-late onset 
and slow progress

>20 mutations [26, 27]

E3 ubiquitin 
ligase Parkin

Early-onset PD and 
parkinsonism

>150 mutations, deletions, insertions [28]

PINK1 Sporadic 
early-onset 

Parkinsonism

>60 mutations [29]

DJ-1 Autosomal 
recessive PD

>10 mutation, deletions [30]

Table 1. 
Main mutations involved in familiar forms of AD and PD.



Neuroprotection - New Approaches and Prospects

40

suggest that oligomers are the species responsible for the cytotoxicity. There are 
many proofs in support of this hypothesis, but unfortunately, due to the extreme 
heterogeneity in oligomer structures and their transient nature, a conclusive view 
has not been obtained yet [31–33]. The atomic structure of fibrils has been studied 
by several biophysical techniques. A quite accepted hypothesis agrees with the 
presence of a common molecular organization independent from the original 
structure of the involved protein: repetitive β-sheet units parallel to the fibril axis 
with their strands perpendicular to it [34, 35]. Amyloid fibrils can self-assemble 
in vitro from many structurally different proteins and peptides, not necessarily 
involved in diseases. It has been postulated that the cross-β structure represents a 
generic conformation, which represents another folding state for proteins [36, 37]. 
In addition to these characteristics, there are also some common aspects in the onset 
of the diseases. Several studies suggest possible interplays and synergistic activities 
between the involved proteins. Clinton et al. [38] provided evidence that Aβ, tau, 
and Syn could interact in vivo to promote their self-aggregation, thus accelerating 
the cognitive dysfunction [38]. High levels of Syn were found in patients suffer-
ing from AD [39]. Aβ stimulates Syn fibril formation in the transgenic mouse 
model through a seed mechanism [40]. In another study, Syn seems to inhibit the 
 deposition of Aβ into the amyloid plaques [41].

2.2 Key proteins in neurodegeneration

2.2.1 Aβ peptide

The Aβ peptide was found in the amyloid plaques in 1984 [3]. Aβ represents 
a group of peptides constituted by 37–49 residues (Figure 3A), derived from the 
proteolytic processing of the amyloid precursor protein (APP) [42, 43] (Figure 4). 

Figure 2. 
Scheme of the aggregation process of amyloid proteins. The formation of fibrils occurs through a nucleation-
dependent pathway starting from the monomeric form of the protein and leading to fibril elongation through 
intermediates (oligomers and protofibrils). The formation of the nucleus is the rate limiting step, and at this stage, 
the protein has acquired an aggregation-prone conformation. Fibrils are composed of a β-sheet structure in which 
hydrogen bonding occurs along the length of the fibril, and the β-strands run perpendicular to the fibril axis.
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APP is a single membrane-spanning domain protein, containing a large extracellu-
lar glycosylated N-terminus and a shorter cytoplasmic C-terminus. The enzymatic 
processes responsible for the release of Aβ from APP are to date well elucidated 
[2]. Specifically, APP undergoes several proteolytic cleavages. The processing by 
α-secretase results in the release of the large fragment sAPPα in the lumen, and the 
C-terminal fragment (CTF83) remains in the membrane. Two membrane endopro-
teases β- and γ-secretase sequentially hydrolyze APP. Firstly, APP releases sAPPβ by 
the action of β-secretase in the extracellular space. A fragment of 99 amino acids, 
CTFβ, remains bound to the membrane. CTFβ is successively and rapidly processed 
by γ-secretase generating Aβ. A precise cleavage site was not defined; therefore, 
Aβ is characterized by heterogeneity at the C-terminal and the peptide can end at 
position 40 (Aβ40) with a high frequency of occurrence (~80–90%) or at position 
42 (Aβ42, ~5–10%). It is well established that Aβ42 generally generates fibrils more 
quickly than Aβ40 [44]. The production of Aβ is a normal metabolic event; in fact, 
these species are found in the cerebrospinal fluid and the plasma in healthy subjects 
[45]. Their abnormal accumulation, deriving from an imbalance between the 
production and clearance of these peptides, is associated with the pathogenesis of 
AD. Monomer, oligomer, and fibril forms of Aβ are differently involved in the onset 
of AD. The most common hypothesis is the Aβ-amyloid cascade [46]. The overpro-
duction or the reduced clearance of Aβ leads to the deposition of fibrillar Aβ in the 

Figure 3. 
Sequence and structural domain organization for Aβ (A), tau (B), and Syn (C). For Aβ, the residues 12–24 
and 30–40 involved in the formation of a cross-β fibril structure are highlighted and connected by dashed 
lines. In (B), the longest isoform (441 residues) of tau is shown, where N indicates the possible N-terminal 
insertion defining other isoform, PRR, the proline-rich region, target of phosphorylation (P), and MTBR, 
the microtubule binding region that can contain three or four repeats (R), and other phosphorylations (P) 
occur at the C-terminal. In the case of Syn (C), the N- and C-terminals and NAC domains are shown, as 
well as the position of the mutations responsible for familiar form of PD. Residues 1–95 form the lipid-
binding region.
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APP is a single membrane-spanning domain protein, containing a large extracellu-
lar glycosylated N-terminus and a shorter cytoplasmic C-terminus. The enzymatic 
processes responsible for the release of Aβ from APP are to date well elucidated 
[2]. Specifically, APP undergoes several proteolytic cleavages. The processing by 
α-secretase results in the release of the large fragment sAPPα in the lumen, and the 
C-terminal fragment (CTF83) remains in the membrane. Two membrane endopro-
teases β- and γ-secretase sequentially hydrolyze APP. Firstly, APP releases sAPPβ by 
the action of β-secretase in the extracellular space. A fragment of 99 amino acids, 
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quickly than Aβ40 [44]. The production of Aβ is a normal metabolic event; in fact, 
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[45]. Their abnormal accumulation, deriving from an imbalance between the 
production and clearance of these peptides, is associated with the pathogenesis of 
AD. Monomer, oligomer, and fibril forms of Aβ are differently involved in the onset 
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lines. In (B), the longest isoform (441 residues) of tau is shown, where N indicates the possible N-terminal 
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brain, determining synaptic and neuronal toxicity and thus neurodegeneration. 
There are many evidences in support of the so-called Aβ-amyloid oligomer hypoth-
esis [31]. The proteolytic degradation of Aβ is a major route of clearance. Neprilysin 
(NEP) is considered one of the most important endopeptidase for the control of 
cerebral Aβ levels [47, 48] and for the degradation of some vasoactive peptides 
including natriuretic peptides and neuropeptides. Aβ clearance is mediated by other 
proteolytic enzymes such as apolipoprotein E (apoE) [49] and by autophagy [50]. 
Reduced activity of the clearance enzymes, which could be caused by aging, can 
contribute to AD development by promoting Aβ accumulation.

The secondary and tertiary structure of Aβ in solution has been studied by 
several biophysical techniques. These conformational studies are difficult for the 
protein high tendency to aggregate in solution. However, Aβ seems to populate 
distinct states in solution and to adopt a collapsed-coil structure, as deduced by 
NMR studies [51, 52]. Aβ preferentially binds to negatively charged lipids and 
acquires α-helical structure in the presence of membranes, membrane-like systems, 
and fluorinated alcohols [53, 54]. In the presence of phospholipids, Aβ undergoes 
conformational transition and forms β-sheets [55, 56]. Oligomeric Aβ binds to 
membranes with high affinity. Upon interaction, a membrane damage can occur 
as causative of the cellular toxicity [57]. It seems that especially oligomeric Aβ can 
disrupt the membrane bilayer by a detergent mechanism [58].

2.2.2 Tau

Tau is a neuronal protein associated with the microtubules [59]. Six Tau 
 isoforms, which differ only in their primary structure, were detected in the human 

Figure 4. 
Scheme of metabolism of APP and accumulation of the Aβ peptide. Aβ1–40/42 peptides are released from 
APP by the action of two membrane endoprotease β- and γ-secretases. Firstly, APP releases sAPPβ by the 
action of β-secretase in the extracellular space, and a fragment of 99 amino acids, CTFβ, remains bound 
to the membrane. CTFβ is successively and rapidly processed by γ-secretase generating Aβ peptides. Under 
physiological conditions, Aβ1–40/42 are degraded by enzymatic clearance processes. The proteolytic pathway 
mediated by α-secretase is also shown.
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brain and central nervous system (Figure 3B), while in the peripheral nervous 
system other Tau isoforms were also found [60]. The longest isoform contains 
441 residues and the shortest 352 residues [61]. Depending on the isoform, the 
N-terminal can contain 0, 1, or 2 inserts (N). The protein appears largely post-
translational modified, especially in terms of phosphorylation (P). Other modifica-
tions are acetylation, deamidation, methylation, glycosylation, or ubiquitination 
[59]. Tau proteins are also subjected to proteolytic degradation that seems to be 
correlated with AD [62]. The region PRR (proline-rich region) contains the main 
sites of phosphorylation. Although all the post-translational modifications seem 
to contribute to the physiological and pathological properties of Tau, the signaling 
cascades and the effect on protein kinases and phosphatases are not completely 
clarified yet. The region 244–369 (microtubule binding region, MTBR) is respon-
sible for the binding to the microtubule and contains three or four repeats (R1-R4). 
Physiologically, Tau stabilizes the microtubule through MTBR, and such binding is 
modulated by the coordinated actions of kinases and phosphatases. Structurally, Tau 
belongs to the intrinsically disordered proteins, lacking a well-defined secondary and 
tertiary structure [59] and can interact with several other proteins. Upon aggregation, 
Tau can form dimers, oligomers, and larger polymers. In such aggregates, cysteine 
residues may play an important role [63]. Similarly, to other proteins involved in neu-
rodegeneration, the oligomeric forms have a cytotoxic effect and might be involved in 
the Tau-related pathogeneses [64]. In neurofibrillary tangles, Tau forms the so-called 
paired helical filaments (PHFs) and straight filaments (SFs) [65, 66]. In PHF, Tau 
is ∼three to four-fold more hyperphosphorylated than in the normal brain. The Tau 
filaments exhibit the typical cross-β structure found in other types of fibrils [67].

2.2.3 α-Synuclein (Syn)

Syn is a small protein (14.4 kDa) mainly expressed in pre-synaptic nerve termi-
nals of the central nervous system and very abundant in erythrocytes and platelets 
[68]. Despite the intensive investigation and the discovery that the protein plays a 
central role in synaptic transmission and vesicle recycling [69], the complete Syn 
biological function remains still elusive. Syn may control the neurotransmitter 
release, promoting the formation and assembly of the SNARE complex [70, 71]. Syn 
structure could be divided into three main domains: N-, central, and C-terminals 
(Figure 3C). The N-terminal region (amino acids 1–60) contains seven imperfect 
repeats, with a hexameric consensus motif (KTKGEV). All the known missense 
mutations of Syn, responsible for the familiar forms of PD, are located in this 
region (Table 1). The central hydrophobic domain (amino acids 61–95) is known 
as the non-amyloid-β component of AD amyloid plaques (NAC). It is responsible 
for Syn amyloid aggregation [72]. N-terminal and NAC domains together (amino 
acids 1–95) mediate the interaction of Syn with lipids, membranes, and fatty acids 
[73]. The C-terminal domain (amino acids 96–140) is an acidic, negatively charged, 
highly soluble, and disordered tail, target of post-translational modifications. This 
region plays a series of important roles, modulates Syn binding to membrane and 
metals, Syn aggregation and its protein-protein interaction properties. The deletion 
of this domain increases the aggregation rate of Syn in vitro and in cells [74].

Syn is the prototype of the natively unfolded proteins, but adopts a stable second-
ary structure as a function of the environment [75]. Multiple studies have demon-
strated that Syn is more compact than expected for a random coil due to long-range 
interactions between the C-terminal tail and the NAC domain as well as electrostatic 
interactions between the N terminus and the C terminus [76]. Syn is supposed to pop-
ulate different conformers in solution and can undergo conformational transition as a 
function of the environment and/or upon binding. The extreme Syn conformational 
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brain and central nervous system (Figure 3B), while in the peripheral nervous 
system other Tau isoforms were also found [60]. The longest isoform contains 
441 residues and the shortest 352 residues [61]. Depending on the isoform, the 
N-terminal can contain 0, 1, or 2 inserts (N). The protein appears largely post-
translational modified, especially in terms of phosphorylation (P). Other modifica-
tions are acetylation, deamidation, methylation, glycosylation, or ubiquitination 
[59]. Tau proteins are also subjected to proteolytic degradation that seems to be 
correlated with AD [62]. The region PRR (proline-rich region) contains the main 
sites of phosphorylation. Although all the post-translational modifications seem 
to contribute to the physiological and pathological properties of Tau, the signaling 
cascades and the effect on protein kinases and phosphatases are not completely 
clarified yet. The region 244–369 (microtubule binding region, MTBR) is respon-
sible for the binding to the microtubule and contains three or four repeats (R1-R4). 
Physiologically, Tau stabilizes the microtubule through MTBR, and such binding is 
modulated by the coordinated actions of kinases and phosphatases. Structurally, Tau 
belongs to the intrinsically disordered proteins, lacking a well-defined secondary and 
tertiary structure [59] and can interact with several other proteins. Upon aggregation, 
Tau can form dimers, oligomers, and larger polymers. In such aggregates, cysteine 
residues may play an important role [63]. Similarly, to other proteins involved in neu-
rodegeneration, the oligomeric forms have a cytotoxic effect and might be involved in 
the Tau-related pathogeneses [64]. In neurofibrillary tangles, Tau forms the so-called 
paired helical filaments (PHFs) and straight filaments (SFs) [65, 66]. In PHF, Tau 
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flexibility is responsible for its multifunctional properties, its capability to adopt dif-
ferent conformations, and to interact with different systems and other proteins [77]. 
For example, the interaction of Syn with negatively charged membranes, vesicles, 
bilayers, and lipids in general has important physiological consequences [78, 79], 
corroborating the hypothesis that Syn functions are correlated with lipids [80].

3.  Overview of recent therapeutic approaches in Alzheimer’s and 
Parkinson’s diseases

3.1 Traditional ongoing therapies

Current pharmacological therapies (Table 2) for neurodegenerative diseases 
focus to ameliorate the life conditions of patients and are generally only palliative. 
Since in many cases, the aberrant deposition of the protein strongly contributes to the 
toxicity associated with the diseases, some treatments are currently thought to target 
such specific proteins (i.e., Syn and Aβ) in order to restore their correct physiological 
levels in vivo. Given the complexity in the onset and progression of these diseases, 
treatments should be customized and tailored to the individual needs of the patients.

In the case of AD, a therapy based on the use of cholinesterase inhibitors (ChEIs) 
and the N-methyl-d-aspartate (NMDA) antagonist is currently available and Food 
and Drug Administration (FDA)-approved. In particular, three ChEIs are used: 
donepezil, rivastigmine, and galantamine [81]. The aim is to increase the levels of 
acetylcholine, a neurotransmitter responsible for memory and cognitive function, 
by reducing its enzymatic breakdown. Another class is represented by NMDA 
receptor antagonists, such as memantine, a noncompetitive antagonist, capable 
to block the effects of the excitatory neurotransmitter glutamate [82]. There are 

Table 2. 
Current available drugs for the treatment of AD and PD.
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a series of molecules under study referred to as “disease-modifying” drugs. They 
should interfere with key steps in AD development, including the deposition of Aβ 
plaques and neurofibrillary tangle formation, inflammation, oxidative damage, iron 
deregulation, and cholesterol metabolism. Many drugs are proposed for their ability 
to alleviate behavioral symptoms of AD. A few examples include antidepressants, 
such as escitalopram and mirtazapine, anticonvulsants, that is, carbamazepine 
and levetiracetam, mood stabilizers, and stimulants, such as methylphenidate [83].
The treatments for PD are still based on dopaminergic drugs, such as levodopa, the 
precursor of dopamine [84]. Long-term use of levodopa determines the develop-
ment of motor problems. In association with levodopa, a decarboxylase inhibitor is 
administered to prevent some side effects. PD therapy involves the use of dopamine 
agonists, such as ropinirole or rotigotine, monoamino oxidase B inhibitors, such as 
rasagiline and selegiline, and catechol-O-methyltransferase (COMT) inhibitors, 
which can reduce the metabolism of endogenous dopamine.

3.2 New generation therapies

Novel experimental approaches are under investigation and the most promis-
ing have as a target the protein involved in the diseases. The stages of intervention 
could be at the level of the protein synthesis or clearance and at the level of protein 
aggregation or propagation of the toxic species or their precursors (Figure 5).

1. Control of the protein concentration in vivo. To reduce the production of Aβ, Tau, 
and Syn, the RNA interference approach is to date quite attractive [85–87]. 
It is based on the idea to inhibit specific protein expression by activating a 
sequence-specific RNA degradation process. This technology results useful 
to study gene function, investigate the mechanism of the disease, and vali-
date drug targets. Of course, the suppression of the target protein might have 

Figure 5. 
New generation therapies in AD and PD. Potential levels of intervention to counteract the abnormal 
accumulation of the amyloidogenic proteins and restore their physiological concentration, which results from a 
balance between the rates of synthesis, clearance, aggregation, and propagation.
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negative implications, due to the alteration of its physiological equilibrium. 
Additionally, the transcription of the gene can be reduced. Clenbuterol was 
shown to be efficient in reducing Syn expression by 35% in neuroblastoma cell 
lines [88]. Some AD therapies based on the modulation of AD gene expression 
are proposed on the basis of the important progresses made in the understand-
ing of the transcriptional regulation of some enzymes such as beta-secretase 
1 (BACE1), apolipoprotein E (apoE), APP amyloid precursor protein (APP), 
and presenilin (PSEN) promoters [89]. Alternatively, to reduce the level of 
the active protein in vivo, its clearance can be enhanced. This can be obtained 
by increasing the intracellular degradation via autophagy or via the ubiquitin 
system. This topic is excellently reviewed by Boland et al. [90].

2. Protein aggregation inhibitors. An attractive approach would be the use of small 
molecules able to bind the monomeric form of the protein preventing its as-
sembly into potentially toxic aggregates. Unfortunately, it remains still unclear 
which conformation of these proteins must be targeted, since all of them are 
natively unfolded, and multiple and concurrent events contribute to their 
conversion in oligomers and fibrils [91]. In this ambit, the use of polyphenols 
is quite promising, and, as described below, these compounds exhibit in some 
cases the ability to disaggregate preformed oligomers and fibrils [92].

4. Effect of polyphenol compounds in neurodegeneration

4.1 Natural polyphenol products

Polyphenols are natural compounds, generally secondary metabolites, produced 
by plants and found mainly in fruits, vegetables, and cereals and in their derivatives. 
Some of them are synthetized during the normal development of the plant while 
others are produced in response to stress stimuli [93, 94]. They exert their function 
acting during the phase of development, reproduction, nutrition, growth, and com-
munication with other plants, as well as in plant defense mechanisms like resistance 
to microbial pathogens, herbivore, insects, and protection to UV-light radiation [95]. 
More than 8.000 polyphenols have been identified in different plant species. They all 
derive from common precursors like phenylalanine and shikimic acid [96]. Often, 
they are linked with a sugar through the hydroxyl moiety, directly to the aromatic 
ring or conjugated with other compounds [97]. Polyphenols are characterized by a 
minimal hydroxyphenyl structure, and despite the multitude of existing polyphenols, 
they are grouped into different classes according to the number of phenol rings. The 
main groups are phenolic acids, flavonoids, stilbenes, and lignans [98] (Figure 6).

4.2 Potential therapeutic applications of polyphenols

Several epidemiological studies have been reported concerning the potentiality of 
polyphenols compounds in disease treatment and prevention [99, 100]. Polyphenols 
exert a positive role in cardiovascular disease [101–103], diabetes [104, 105], cancer 
[106, 107], aging, and neurodegeneration [108, 109]. One of the main activities of 
polyphenol resides is their antioxidant properties. Indeed, they are capable to protect 
cells and macromolecules from oxidative damage which in turn leads to degenerative 
age-associated diseases [110, 111]. Nevertheless, polyphenol function is also bound to its 
action on enzymes, immune defense, inflammation, cell signaling, and other pathways 
critical for the onset of the disease [112]. All these properties make the polyphenols 
potential drugs for preventing and treating neurodegenerative diseases, in particular 
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AD and PD. Actually, these compounds have shown to be effective in epidemiological, 
in vitro, and pre-clinical studies, but not in the early phase of the disease.

4.3 Polyphenols in Alzheimer’s and Parkinson’s disease

The effects of polyphenols on AD and PD can be divided into two main catego-
ries: the effects on nonamyloidogenic pathways (i.e., anti-oxidation pathway, inter-
action with cell signaling events, and interactions with enzymes) and the effects on 
amyloidogenic pathways. Below, the main beneficial effects shown by polyphenols 
on AD and PD are analyzed.

1. Effects on memory. One of the hallmarks of AD is the memory impairment. 
This can be due to deficiency of factors, such as the brain-derived neurotrophic 
factor (BDNF) and the accumulation of formaldehyde. Polyphenols have been 
shown to improve the long-term memory by increasing BDNF concentration in 
vivo and decreasing the accumulation of formaldehyde [113–115].

2. Effects on inflammation pathway. Inflammation plays an important role in the 
development of neurodegeneration. It is demonstrated that there is a correla-
tion between the microglia activation and the neuroinflammatory response 
[116, 117]. Upon microglia activation, the transcription factor NF-kB (nuclear 
factor k-light-chain-enhancer of activated B cells) moves from cytoplasm to 
nucleus, inducing the expression of interleukins (i.e., IL-1β, IL-6, IL-12, and 
IL-23), other factors (i.e., TNF-α and iNOS), and cyclooxygenase 2 (COX-2). 
In this scenario, polyphenols can interact with certain types of kinases (includ-
ing the mitogen-activated protein (MAP) kinase) preventing the activation of 

Figure 6. 
Scheme of the main polyphenols and their chemical structures. Polyphenols are grouped into four principal 
classes: stilbenes, lignans, phenolic acids, and flavonoids. The last one is organized into six subclasses: 
anthocyanins, flavonols, flavanols, flavanones, chalcones, and others.
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 proinflammatory mediators [118, 119]. Polyphenol compounds are able to protect 
cells from inflammation by acting on reactive oxygen species (ROS), decreas-
ing the secretion of prostaglandin E2 [120–123] and increasing the amount of 
the regulatory enzyme sirtuin1 over sirtuin2, unbalanced after accumulation of 
Aβ [20]. Cell and PD-mouse model studies demonstrated that these compounds 
decrease the expression of NF-kB and other inflammatory factors [124–126].

3. Effects on oxidative pathway, cell death and mitochondrial dysfunction. In neu-
rodegeneration, there is an uncontrolled production of free radicals and ROS 
that are not detoxified by the dedicated systems [127]. This leads to macro-
molecule damage and progressively to cell death [128]. Polyphenols lower the 
amount of ROS, increase the expression of enzymes, like glutathione, dedi-
cated to scavenger the free radicals and prevent the disruption of mitochon-
drial membranes [129]. In addition, these compounds seem to prevent the lipid 
peroxidation [130]. These effects indirectly influence the fibrillation process of 
Syn, affected by some byproducts of lipid oxidation and peroxidation [131], as 
demonstrated in PD-animal model studies [132]. Moreover, polyphenols inhib-
it the cell death by acting on proteins involved in the apoptosis mechanism like 
Bcl/Bax, caspase 3, and protein kinases and by decreasing the accumulation of 
Aβ fibrils that exert cytotoxic effects [133, 134]. Another important scenario 
affected by polyphenols is the mitochondrial dysfunction (MD) that becomes 
increasingly important in the onset of PD [135]. Different factors play a pivotal 
role in MD: the presence of neurotoxin, Complex 1 deficiency (involved in mi-
tochondrial electron transport), and penetration of mitochondrial membrane 
by amyloid aggregates [136, 137]. Polyphenol compounds exert their activity 
restoring membrane potential, increasing the expression and activity of the 
Complex 1 and scavenging the ROS, free radicals, and metals [138–141].

4. Effects on acetylcholinesterase activity. Nearly 30 years ago, dysfunction in the cho-
linergic system was found correlated with AD and cognitive impairment [142]. 
This dysfunction can be originated by a reduction in acetylcholine synthesis, re-
duced levels of choline acetyltransferase, reduced choline uptake, or cholinergic 
neurons degeneration [143]. The use of acetylcholinesterase inhibitors to restore 
the cholinergic pathway has proved to alleviate the cognitive dysfunction in neu-
rodegenerative diseases [144]. Polyphenol compounds have shown to inhibit ace-
tylcholinesterase, improving memory, learning, and cognitive functions [145].

5. Effects on Aβ formation. Polyphenol compounds act on the enzyme responsible 
for Aβ formation, decreasing the cleavage of APP into the peptide. They inter-
act with and inhibit β-secretase [146]. In addition, they are able to restore the 
normal levels of γ-secretase, another enzyme involved in APP processing [147].

6. Effects on the amyloidogenic pathways. Polyphenols can act on Aβ monomer 
preventing its fibrillation, through the stabilization of the monomer and/or to 
the formation of an off-pathway oligomer. This can be due to the interaction of 
polyphenols with metal ions that promote the Aβ aggregation or to the non-
covalent interaction with the peptide [148]. They are also able to disaggregate 
oligomers and fibrils, interacting with the β-sheet structure. This has been 
confirmed by in vivo studies where polyphenol intake reduces the amyloid de-
posit in the mouse brain [149, 150]. Polyphenols exert their anti-amyloidogenic 
action by interfering also with the aggregation of Tau [151–153], inhibiting Tau 
phosphorylation in vitro [154] and in vivo [155]. Several polyphenols have been 
tested for their anti-fibrillogenic properties in vitro and in PD-animal  models. 
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Their main activity regards the interaction with Syn monomers leading to 
protein stabilization and fibrillation prevention [92]. Another factor concerns 
the formation of not toxic off-pathway oligomers that do not form fibrils nor in-
teract with the membrane [156, 157]. Some polyphenols are also able to interact 
with oligomeric and fibrillar species, leading to their destabilization [65, 92]. 
The major effect of polyphenols is due to the noncovalent interaction with the 
Syn C-terminal domain. In addition, these compounds can chemically modify 
the lysine residues, present mainly in the N-terminal region, through Michael 
addition and Schiff-base formation [158]. This reduces the conformational plas-
ticity of Syn and its tendency to be converted into fibrils. Moreover, structure-
activity relationship studies indicate that the differences in polyphenols activi-
ties reside in the number and position of OH groups in the phenyl ring [159].

5. Polyphenols as a drug in the brain delivery system

5.1 Blood-brain barrier and neurodegeneration

The human brain comprises more than 600 km of blood vessels that guarantee 
 oxygen, energy metabolites, and nutrients to brain cells and remove carbon dioxide 
and toxic metabolic products from the brain to the systemic circulation. A highly selec-
tive semipermeable border, called blood-brain barrier (BBB), separates the circulating 
blood from the central nervous system (CNS), regulating CNS homeostasis. Brain 
microvascular endothelia cells, neurons, astrocyte, pericytes, tight junctions, and basal 
membrane constitute tight brain capillaries in the BBB [160, 161]. It follows that BBB 
does not have fenestrations or other physical fissures for diffusion of small molecules. 
In fact, ions, solutes, and hormones can pass the BBB by passive diffusion through the 
paracellular pathway between adjacent cells. Hydrophilic biomolecules (i.e., proteins 
and peptides) can cross the BBB within specific and saturable receptor-mediated 
transport mechanisms [162]. The components of BBB constantly adapt in response to 
various physiological and pathological modifications into the brain [163, 164]. Loss of 
BBB integrity is correlated with vascular permeability increase, cerebral blood flow 
impairs, and hemodynamic response alteration [165]. In neurodegenerative disorders, 
endothelia degeneration leads to loss of tight junctions [166, 167], brain capillary leak-
ages [168, 169], pericyte degeneration [170], endothelial cell remodeling [164], cellular 
infiltration [171, 172], and aberrant angiogenesis [173, 174]. All these BBB disruptions 
let different blood proteins (i.e., fibrinogen, plasminogen, and thrombin), water, and 
electrolytes to accumulate in different zones of CNS, enhancing the on progress of PD 
and AD [165]. Consequently, to project effective drugs for neurodegeneration, it is 
necessary to understand in detail BBB pathological aberrations.

Due to their safeness and tolerance [175–177], polyphenols are currently studied as 
neuroprotectors. It is important to point out that for exerting their action, polyphenols 
must accumulate in the brain in an active form and in sufficient concentration. The 
limiting step is choosing the right administration route. In most of the clinical studies, 
the oral administration is the preferred way, but recently the nasal delivery is taken into 
consideration for the easiness to bypass the BBB [178], the increased bioavailability, 
the decreased metabolism, and peripheral side effects [179, 180]. The major problem 
of oral administration relies on poor absorbance of the modified form of polyphenols 
(i.e., glycosides and ester polymers) in the upper portion of the gut leading to the pas-
sage in the colon in which polyphenols are converted by gut-microbiota in the aglycone 
form or other substances able to be better absorbed [181, 182]. Once absorbed, they 
can be further modified by enzymes and eliminated [183, 184] or adsorbed to plas-
matic proteins (i.e., albumin) and then accumulated in different districts [185].
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Their main activity regards the interaction with Syn monomers leading to 
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5.2 Nanotechnology-based delivery system: An innovative strategy

Nanotechnology is a new branch of science involving the formulation, 
 synthesis, and characterization of small particles, with diameters ranging from 
1 to 1000 nm [186], which become key players in innovative drug delivery and cell 
 targeting. Recent studies suggest that nanoparticle-based delivery systems represent 
innovative and promising approaches to improve drug solubility, prevent acid-
degradation, minimize toxic side effects, and increase blood availability [187, 188]. 
Considering the low bioavailability of polyphenols, different strategies have 
been developed in order to enhance their chemical stability, solubility, and cell-
membrane permeability. These goals have been achieved by adding chemical agents 
to preserve the structure [189], enzyme inhibitors to contrast biotransformation 
[190], and lipids or proteins to increase the solubility [191]. Recently, nanoparticle-
mediated delivery system is emerged as the most promising approach. Using biode-
gradable and biocompatible polymers, polyphenols can be encapsulated in different 
nanostructures and then possibly administrated via intravenous, transdermal, 
nasal, and oral route. As describe above, this aspect is fundamental in neurologi-
cal diseases, in which polyphenols must cross the BBB, with the opportune grade 
of lipophilicity [162, 192, 193] and reach the brain tissue in sufficient quantities 
for therapeutic use. These new delivery systems are represented by nanospheres, 
nanocapsules, nanoemulsions, solid lipid nanoparticles, cyclodextrins, liposomes, 
and micelles (Figure 7).

Nanospheres (10–200 nm) [194] are homogeneous solid matrix particles charac-
terized by a hydrophobic portion in the inner part and hydrophilic chains anchored 
on the surface. In nanospheres, the drug is dissolved, entrapped, encapsulated, or 
attached to the matrix of the polymer, so protected from chemical and enzymatic 
degradation. Various kinds of polymers are used to prepare nanospheres: polylactic 
acid (PLA), poly-glycolic acid (PGA), poly-lactic-co-glycolic acid (PLGA), polyeth-
ylene glycol (PEG), poly ε-caprolactone (PCL), and chitosan (CS) [195, 196].

Figure 7. 
Schematic representation of nanosized delivery systems for polyphenols. Nanoparticles can enhance polyphenol 
bioavailability, enhancing their adsorption across intestinal epithelium, increasing their concentration in the 
bloodstream, and improving their ability to cross the blood-brain barrier.

51

Polyphenols as Potential Therapeutic Drugs in Neurodegeneration
DOI: http://dx.doi.org/10.5772/intechopen.89575

Nanocapsules (10–1000 nm) have a similar chemical composition but  comprise 
an oily or aqueous core, which is surrounded by a thin polymer membrane 
[197, 198]. The cavity can contain the drug in liquid or solid form. Furthermore, 
the medication can be carried on nanovector surface or absorbed in the polymeric 
membrane [198–200].

Nanoemulsions are oil-in-water or water-in-oil emulsions stabilized by one or 
more surfactants (i.e., phosphatidylcholine, sodium deoxycholate, sorbitan mono-
laurate, poloxamers, sodium dodecyl sulfate, and poly(ethylene glycol)) delivered 
in droplets of small dimensions (100–300 nm) [191]. The strategy allows having 
a higher surface area and a long-term chemical and physical stability [201, 202]. 
Nanoemulsions represent an innovative formulation to deliver polyphenols directly 
into the brain through the intranasal route. In fact, mucoadesive polymers, such as 
CS, can be added to slow down nasal clearance [191].

Solid lipid nanoparticles (50–1000 nm) [194] are composed of high melting 
point lipid, organized in a solid core, coated by aqueous surfactants (i.e., sphingo-
myelins, bile salts, and sterols) [198]. Even though these nanoparticles present high 
biocompatibility, bioavailability and physical stability, the common undesirable 
disadvantages are particle growth, arbitrary gelation tendency, and unpredicted 
dynamic of polymorphic transitions [198].

Cyclodextrins (1–2 nm) [194] are a group of structurally related natural products 
formed from the bacterial digestion of cellulose. Cyclodextrins are cyclic oligosac-
charides consisting of (α-1,4)-linked α-D-glucopyranose units with a lipophilic central 
cavity and a hydrophilic outer surface [203]. The hydroxyl functions are orientated to 
the exterior, while the central cavity is wrinkled by the skeletal carbons and ethereal 
oxygens of the glucose residues. Natural cyclodextrins are classified by the number 
of glucopyranose units in α-(six units), β-(seven units), and γ-(eight units) [204]. 
Recently, cyclodextrins containing from 9 to 13 glucopyranose units have been reported. 
These carriers are useful for increasing the solubility and the stability of poorly water-
soluble drugs. Moreover, cyclodextrins can be derivatized with hydroxypropyl, methyl, 
and sulfobutyl-ether additives [203]. So, drugs can be allocated into the cavity via van 
der Waals forces, hydrophobic interactions, or hydrogen bonds [205].

Liposomes (30–2000 nm) [194] are phospholipid vesicles containing one or 
more concentric lipid bilayers enclosing an aqueous space. Liposomes can assemble 
spontaneously by hydration of lipid-derivate powder (i.e., cholesterol, glycolipids, 
sphingolipids, long chain fatty acids, and membrane proteins) in aqueous buffer 
[195]. Due to their ability to capture hydrophilic and lipophilic substances, in the 
aqueous space or into the lipid bilayer membrane, respectively, they can protect 
drugs from early inactivation, degradation, and loss [206].

Micelles (5–100 nm) are colloidal dispersions, consisting of amphiphilic copo-
lymers (i.e., PEG, PLGA, and PCL) that assemble naturally in water at a specific 
concentration and temperature [207]. When polymer concentration is greater 
than the critical micelle concentration, micelles start to be assembled: hydrophobic 
fragments of amphiphilic reagents form the core, whereas hydrophilic portion form 
the shells [208]. Micelles are characterized by high stability, biocompatibility, and 
ability to keep in solution poorly soluble drugs.

5.3 Nanotechnology as an innovative delivery system of polyphenols

The use of biodegradable and biocompatible polymers allows rationalizing the 
design of innovative nanostructures able to encapsulate polyphenols that can cross 
the BBB, improving the limitations associated with conventional administrations. 
In this scenario, curcumin is the most studied drug candidate, due to the prominent 
results obtained in the animal model of neurodegenerative diseases [209–211]. 
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In this scenario, curcumin is the most studied drug candidate, due to the prominent 
results obtained in the animal model of neurodegenerative diseases [209–211]. 
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In fact, the efficacy of curcumin is so far limited by the poor aqueous solubility, 
low adsorption in the gastrointestinal tract, and rapid metabolism. Nanosphere of 
PGLA containing curcumin can be the right strategy for crossing BBB. Recent stud-
ies indicated how curcumin-PGLA nanoparticles can interfere with Aβ aggregation 
and improve the brain self-repair mechanism, increasing the neural stem cell prolif-
eration and neuronal differentiation [212]. In the same way, liposomes loaded with 
curcumin can efficiently inhibit the in vitro formation of Aβ fibrils and deposition 
in the brain [213]. Curcumin-solid lipid nanoparticles seem to be effective for MD 
and central oxidative stress [214]. In addition, curcumin and piperine co-loaded 
glycerol mono-oleate nanoparticles can interfere with Syn aggregation, reducing 
oxidative damage and apoptosis [215]. Curcumin was also taken in consideration for 
intranasal delivery to the central nervous system by nanoemulsions. In the presence 
of CS, nanoemulsions of curcumin (added in the oil phase) can effectively cross the 
mucosa without showing cytotoxicity [209].

Another good candidate is resveratrol. It is known for its ability to induce the degra-
dation of APP and to remove Aβ [216]. But, due to its rapid and extensive metabolism, 
resveratrol is subjected to a person-to-person bioavailability. PEG-PCL and PGLA 
nanoparticles loaded with resveratrol let a controlled release profile of the drug, essen-
tial for prolonging its plasmatic level and the antioxidant activity [217, 218]. A promis-
ing approach is the oil-in-water nanoemulsion [219]. Adding Vitamin E and other 
surfactants, this formulation can reach the brain via the nasal route, with encouraging 
efficacy [220]. Furthermore, the co-encapsulation of curcumin and resveratrol (1:1 
weight ratio) in mucoadhesive nanoemulsions protects the active substances from 
degradation and preserves their antioxidant properties. Notably, in vivo quantifica-
tion in animal brain indicated an increase of the amount of the two polyphenols after 
6 hours [221]. Unfortunately, these systems have not yet reached clinical trials, but the 
results accumulated so far encourage new original therapeutic approaches.
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Abstract

Current therapies for neurodegenerative diseases offer only limited benefits 
to their clinical symptoms and do not prevent the degeneration of neuronal cells. 
Neurological diseases affect millions of people around the world, and the economic 
impact of treatment is high, given that health care resources are scarce. Thus, many 
therapeutic strategies to delay or prevent neurodegeneration have been the subject 
of research for treatment. One strategy for this is the use of herbal and essential 
oils of different species of medicinal plants because they have several bioactive 
compounds and phytochemicals with neuroprotective capacity. In addition, they 
respond positively to neurological disorders, such as dementia, oxidative stress, 
anxiety, cerebral ischemia, and oxidative toxicity, suggesting their use as comple-
mentary treatment agents in the treatment of neurological disorders.

Keywords: neuroprotection, herbal medicines, neurological disorders,  
oxidative stress

1. Introduction

A number of complementary treatment are currently being investigated to 
provide neuroprotection or to treat neurodegenerative diseases. Some therapies 
are known to provide limited benefits because, despite their treating the clinical 
symptoms, they are not effective in preventing neuronal cell degeneration.

The economic impact of treating neurodegenerative disorders is also high with 
disproportionately scarce neurological services and resources that patient survival 
may depend on. Studies have shown that over 80% of natural deaths in low- and 
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middle-income countries may be attributed to stroke [1]. In the United States 
alone, the combined annual costs of neurological diseases total nearly $ 800 billion, 
expected to increase in the coming years due to an aging population, resulting in a 
severe economic burden to the health system [2].

Recent advances in understanding the pathophysiological mechanisms of neu-
rological disorders have led to new strategies in drug development. Animal models 
have contributed considerably to these advances, as they play an important role in 
evaluating potential drugs that can alleviate these conditions and also delay their 
processes [3].

Interest in natural products has increased significantly, resulting in the increas-
ing use of herbal medicines [4]. In a recent review, Izzo et al. report a 6.8% increase 
in US herbal and food supplement sales in 2014, with an estimated over $ 6.4 billion 
in total sales [5].

The clinical and social repercussions of neuropathologies reveal an important 
theme of study and commitment to structure strategies that can contribute to the 
quality of life of society. Scientific research has explored which stimuli and sub-
stances can contribute to neural cell plasticity, resulting in improved quality of life 
for people with depression, Alzheimer’s Disease (AD), Parkinson’s Disease (PD), 
among other nervous system-related disorders [6].

Increased neurogenesis and the facilitating effects of plasticity can be produced 
by a variety of treatments, including enriched environment, physical activity or 
drug action [7]. A complementary treatment proposed is the use of herbal medi-
cines, which have scientific relevance in the treatment of neurological diseases 
because they contain multiple compounds and phytochemicals that can have 
neuroprotective effect, with a consequent beneficial action for health in different 
neuropsychiatric and neurodegenerative disorders [8].

2. Neuroprotective effect of extracts

Studies have investigated therapies that can alleviate the symptoms of neuro-
degenerative disorders and also avoid the multiple pathogenic factors involved 
in these diseases. One promising approach is the use of herbal extracts and their 
isolated bioactive compounds for the treatment of conditions such as Parkinson’s, 
Alzheimer’s, cerebral ischemia. Behavioral analysis has shown them to have neuro-
chemical activity and symptom reduction [9].

Recent advances in understanding the pathophysiological mechanisms related to 
neurodegenerative diseases point to new strategies in drug development [10]. Animal 
models have contributed considerably to these advances and play an even greater role 
in evaluating possible drugs with therapeutic potential, not only to alleviate these 
pathologies, but also to modify the disease process [3]. Rodents are suitable models 
for these studies because of their well-characterized brain organization and the 
magnitude of information focused on altered states of the nervous system [11, 12].

Phytotherapics have scientific relevance in the treatment of neurological 
diseases, as they contain multiple compounds and phytochemicals that can have 
neuroprotective effects, with consequent beneficial health action between different 
neuropsychiatric and neurodegenerative disorders [8–10]. Several extracts that have 
shown beneficial action in these disorders as will be addressed in this paper.

2.1 Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative pathology that results in pro-
gressive loss of cell function, structure and number, leading to widespread brain 
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atrophy and profound cognitive and behavioral deficit [13]. Histopathologically, 
it is characterized by accumulation of beta-amyloid peptide (ßA), which can 
initiate a cascade of oxidative events and chronic inflammation leading to neuro-
nal death [14].

Several studies have investigated the action of Piper methysticum in experimen-
tal models of neurodegenerative diseases, specifically in AD, demonstrating the 
neuroprotective effect of this herbal medicine [15–17].

Piper methysticum is popularly known as Kava or Kava-kava, a perennial shrub 
belonging to the Pacific Ocean pepper family (Piperaceae) with historical and 
cultural significance is described in the literature as a compound that has neuropro-
tective action and anxiolytic effects and is used in sedatives, and analgesics, being 
anti-inflammatory, anticonvulsant and anti-ischemic. Most of these pharmacologi-
cal effects have been attributed to six kavalactones isolated from kava extracts, 
including yangonin, kawain and methysticin, dihydromethysticin, dihydrokavain 
and desmethoxyyangonin [18].

Recent studies, such as Fragoulis et al. have shown that one of the possible expla-
nations for the action of piper mechanism in AD is associated with the activation of 
the erythroid2-related nuclear factor (NrF2) [15].

Nrf2 is the major regulator of phase II detoxifying/antioxidant enzymes, 
including heme oxygenase 1 (HO-1). Transcription factor Nrf2 binds to ARE 
(antioxidant response element), transcribing a battery of genes involved in redox 
status, anti-inflammatory response and detoxification [19]. A study by Lobota et al. 
reports that Nrf2 activation and HO-1 induction are involved in the regulation of 
inflammation [20].

Another study developed to find agents that activate the Nrf2 factor was 
performed and three analytically pure kavalactones - Methysticin, Yangonin and 
Kavain - were researched. The effects of kavalactones on the protection of neural 
cells against beta-amyloid peptide (ßA)-induced neurotoxicity were evaluated 
using the ARE-luciferase and Western blot assay. The results indicated that kavalac-
tones Methysticin, Yangonin and Kavain activate time and dose-dependent Nrf2/
ARE in astroglial PC-12 and C6 neural C6 cells and thus up-regulate cytoprotective 
genes. At the same time, viability and cytotoxicity assays have shown that Nrf2 acti-
vation is able to protect neuronal cells from neurotoxicity by attenuating neuronal 
cell death caused by β amyloid [14].

Taken together, it is understood that the Nrf2/ARE signaling pathway is an 
attractive therapeutic target for neurodegenerative diseases and that chemically 
modified kavalactones as well as naturally occurring kavalactones can attenuate 
neurological damage by reducing oxidative stress and neuroinflammation.

Some herbal medicines have shown neuroprotective effects, such as curcumin, 
which is the main polyphenol found in turmeric (Curcuma longa), belonging to the 
Zingiberaceae family, native to South Asia and cultivated in the tropics [21]. It has 
been reported that this compound has properties that can prevent or ameliorate 
pathological processes related to neurodegenerative diseases such as cognitive 
decline, dementia and mood disorders [22]. In addition, curcumin has been investi-
gated for experimental models of treatment for Parkinson’s disease and has shown 
hopeful results [9].

Saffron compounds have been linked to beneficial biological properties such as 
anti-inflammatory, pro-apoptotic, antiproliferative, anti-amyloidogenic, antioxi-
dant, antiviral, and antidiabetic [23, 24]. Saffron’s most bioactive constituents are 
curcuminoids, including curcumin and its derivatives such as demethoxycurcumin 
and bisdemetoxycurcumin [25, 26].

The features attributed to curcumin, such as inhibition of amyloid pathology, 
protection against inflammation and oxidative stress, inhibition of beta amyloid 
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including yangonin, kawain and methysticin, dihydromethysticin, dihydrokavain 
and desmethoxyyangonin [18].
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hopeful results [9].
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plaque aggregation and tau protein hyperphosphorylation, suggest that this com-
pound may prevent or improve pathological processes related to cognitive decline 
and dementia, as occur in the symptomatology of AD patients [27, 28].

A systematic review study showed that curcumin has a positive action on AD 
symptoms, both when assessing biochemical and behavioral symptoms. The 
proposed mechanisms of its action in AD show that it is able to act by preventing 
the formation and aggregation of β-amyloid protein and tau protein hispanphos-
phorylation [10], in addition curcumin has also been shown to prevent neural 
damage, mitochondrial disorders, cellular stress and glial hyperactivation, as shown 
in Figure 1.

Another compound that represents a promising approach is astragaloside IV 
(AS-IV), a triterpenoid saponin present in the root of Astragalus membranaceus 
(Fisch.) Bge. It is part of Chinese traditional culture [29], first described in the 
Chinese book Shen Nong Ben Cao Jing in 200 AD with a number of beneficial effects 
and no toxicity.

The biological and pharmacological properties of AS-IV include its protective 
effect on pathologies due to its wide range of beneficial actions, such as antioxidant, 
antibacterial, antiviral [30, 31], anti-inflammatory, anti-asthmatic, antidiabetic, 
antifibrotic, immunoregulatory and antimicrobial, and cardioprotective effects, pre-
venting myocardial insufficiency in rats [29–32], able to improve the immune system, 
digestion and promote wound healing [33].

Astragalus action can be understood based on the regulation of the release of 
caspases and cytochrome c (both being inducers of apoptosis), since cytochrome binds 
to Apaf-1 and Procaspase-9c when released into cytosol, forming a functional apopto-
some and subsequently triggering the sequential activation of caspase-3 and 9 [34]. 
Several stimuli that induce apoptosis, leading to the release of mitochondrial cyto-
chrome c which plays a key role in a common pathway of caspase activation [34, 35]. In 
addition, caspase-3 activation has been shown to be a fundamental step in the apoptosis 
process and its inhibition may block cellular apoptosis.

In addition, Chang et al. evaluated the action of AS-IV on the cerebral cortex 
after Aβ infusion, showing that i.p. Administration of 40 mg/kg/day of the herbal 
compound once daily for 14 days reduced the levels of mitochondrial dysfunction 
apoptosis in cortical cells blocked by inhibition of phosphoinositol 3-kinase (PI3K) 
protein kinase, known as AKT [36].

Figure 1. 
Active curcumin mechanisms after experimental treatment in AD models. Curcumin acts by preventing 
the formation and aggregation of β-amyloid protein and hyperphosphorylation of tau protein, stabilizing 
microtubules and preventing the formation of neurofibrillary tangles that occur due to deposition of this 
protein. It has also been shown to prevent mitochondrial damage favoring the increase of cellular ATP and 
the healthy maintenance of mitochondria, avoiding excessive Ca2+ intake. Curcumin is also able to counteract 
cellular stress and glial overactivation.
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The beneficial effects of AS-IV administration in experimental models of neu-
rodegenerative diseases proved to be effective in both in vivo and in vitro models, 
such as PD and AD, cerebral ischemia and encephalomyelitis by characterizing the 
antioxidant, antiapoptotic and anti-inflammatory action of this bioactive com-
pound on the various neurochemical substances and behavioral mechanisms. This 
suggests that the mechanisms presented by AS-IV offer a possible future comple-
mentary treatment for the potential treatment of these pathologies [10].

2.2 Parkinson’s disease

Parkinson’s disease (PD) is a condition that causes progressive neurodegenera-
tion of dopaminergic neurons with the consequent reduction of dopamine content 
in the substantia nigra. The 6-hydroxydopamine neurotoxin (6-OHDA) is widely 
used to mimic the neuropathology of PD [37].

There are reports in the literature analyzing the effect of supplementation, 
including Chinese herbs and herbal extracts that have shown clinical potential to 
attenuate the progression of PD in humans. In addition, plant extracts act on the 
neurochemical or motor profile in isolation [38]. It is known, however, that this 
pathology involves symptomatology related to both characteristics.

A recently published systematic review study discussed studies showing 
neuroprotective properties of medicinal plants and their bioactive compounds. 
These included Amburana cearenses (Amburoside A), Camellia sinensis (Catechins 
and Polyphenols), Gynostemma pentaphyllum (Saponin Extract), Pueraria lobata 
(Puerarin), Alpinia oxyphylla (Protocatechuic Acid), Cistanches salsa (Glycosides 
or Phenylethanoids), Spirulina platensis (Polysaccharide), and Astragalus 
Membranaceus - AS IV Tetracillic Saponin Triterpenoid [9].

As previously mentioned, Astragaloside showed a neuroprotective effect on 
several AD models. In addition, studies have shown the positive action of AS-IV in 
PD models. One of the studies induced Parkinson by the action of 6-OHDA, where 
AS IV attenuated the loss of dopaminergic neurons and the treated group presented 
intact germination, neurite growth and increased immunoreactive TH and NOS. In 
addition, when the pathology was induced in SH-SY5Y cell culture by MPP + (DP 
inducing drug) action, it also significantly reversed cell loss, nuclear condensation, 
intracellular generation of reactive oxygen species and pathway inhibition as medi-
ated by Bax; these effects, however, were related only to neurochemical analysis. 
Behavioral findings were not reported [39].

One legume that has become the target of scientific research for its neuroprotec-
tive properties is Mucuna pruriens. Behavioral analysis studies have been carried 
out with Mucuna pruriens (Alkaloids, coumarins, flavonoids, triterpenes, saponins, 
carotenoids) and Baicalein (Flavonoids) for PD, but no neurochemical evaluation 
has been performed. There are also publications demonstrating in vivo behavioral 
effects and in vitro neurochemical analyses, such as a recent publication showing 
the effect of Ligusticum officinale (Makino) on MPTP (1-methyl-4-phenyl-1,2,3,6)-
induced with an animal model and tetrahydropyridine, a neurotoxin capable of 
permanently causing symptoms of Parkinson’s disease by destroying the dopami-
nergic neurons of the substantia nigra. This drug has been used to study the disease 
in experiments with animals; the treatment restored behavior when compared to 
the control group. In this study, Withania somnifera (Ashwagandha) extract also 
showed improvement in all these physiological anomalies [9, 40–43].

Another study investigated the ability of guanosine to protect neuronal PC12 
cells from toxicity induced by 1-methyl-4-phenylpyridinium (MPP), the active 
metabolite of 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP), which 
mediates selective damage to dopaminergic neurons and causes irreversible 
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several AD models. In addition, studies have shown the positive action of AS-IV in 
PD models. One of the studies induced Parkinson by the action of 6-OHDA, where 
AS IV attenuated the loss of dopaminergic neurons and the treated group presented 
intact germination, neurite growth and increased immunoreactive TH and NOS. In 
addition, when the pathology was induced in SH-SY5Y cell culture by MPP + (DP 
inducing drug) action, it also significantly reversed cell loss, nuclear condensation, 
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ated by Bax; these effects, however, were related only to neurochemical analysis. 
Behavioral findings were not reported [39].

One legume that has become the target of scientific research for its neuroprotec-
tive properties is Mucuna pruriens. Behavioral analysis studies have been carried 
out with Mucuna pruriens (Alkaloids, coumarins, flavonoids, triterpenes, saponins, 
carotenoids) and Baicalein (Flavonoids) for PD, but no neurochemical evaluation 
has been performed. There are also publications demonstrating in vivo behavioral 
effects and in vitro neurochemical analyses, such as a recent publication showing 
the effect of Ligusticum officinale (Makino) on MPTP (1-methyl-4-phenyl-1,2,3,6)-
induced with an animal model and tetrahydropyridine, a neurotoxin capable of 
permanently causing symptoms of Parkinson’s disease by destroying the dopami-
nergic neurons of the substantia nigra. This drug has been used to study the disease 
in experiments with animals; the treatment restored behavior when compared to 
the control group. In this study, Withania somnifera (Ashwagandha) extract also 
showed improvement in all these physiological anomalies [9, 40–43].

Another study investigated the ability of guanosine to protect neuronal PC12 
cells from toxicity induced by 1-methyl-4-phenylpyridinium (MPP), the active 
metabolite of 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP), which 
mediates selective damage to dopaminergic neurons and causes irreversible 
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Parkinson-like symptoms in humans and primates. The results demonstrated 
that MPP-induced apoptosis of PC12 cells (cell line derived from a rat adrenal 
membrane pheochromocytoma) was significantly prevented by guanosine pretreat-
ment for 3 h. In addition, guanosine attenuated the collapse of the MPP-induced 
mitochondrial transmembrane potential and prevented subsequent activation of 
caspase-3, thus protecting dopaminergic neurons against mitochondrial stress-
induced damage [44].

Other studies have shown plants with neuroprotective properties capable of 
protecting from PD damage. These include plants such as Amburana Cearenses 
(Amburoside A) [5], Myracrodruon urundeuva (tannins and chalcones) [45], 
Camellia sinensis (catechins and polyphenols) [46], Gynostemma pentaphyllum 
(saponin extract) [47], Pueraria lobata (Puerarin) [48], Alpinia oxyphylla (proto-
catecholic citric acid) [49], parsley Cistanches salsa (phenylethane glycosides) [50, 
51], Spirulina platensis (polysaccharide) [22] and Astragalus membranaceus (triter-
penoid saponin), as mentioned in a review study [9, 39].

Current PD medications treat symptoms; none prevent or retard the degenera-
tion of dopaminergic neurons. It is understood that the above-mentioned herbal 
medicines have neuroprotective properties.

2.3 Neurological disorders/cerebrovascular diseases/brain dysfunctions

Stroke is the second leading cause of death in industrialized countries and the 
leading medical cause of acquired adult disability [52].

Piper methysticum is cited as a multi-potent phytopharmaceutical due to its 
numerous pharmacological effects including anxiolytic, sedative, anticonvulsant, 
anti-ischemic, local anesthetic, anti-inflammatory and analgesic activities. The use 
of Kava in brain dysfunctions has clinical and financial advantages, acting as an 
adjunct or complementary treatment to existing medications [53].

Chang et al. [9] have shown that the use of combined glucose and oxygen 
administration of guanosine (100 μM) significantly reduced the proportion of 
apoptosis. To determine whether guanosine was also neuroprotective in vivo, 
middle cerebral artery occlusion (CoA) was performed in male Wistar rats and 
guanosine (8 mg/kg) intraperitoneally or saline (control vehicle) was administered 
daily for 7 days. Guanosine prolongs survival and decreased neurological deficits 
and tissue damage resulting from CoA. These data are the first to demonstrate that 
guanosine is neuroprotective in stroke.

Through an experimental study developed by Backhauss and Krieglstein [55] 
that induced focal cerebral ischemia in rodents, through left middle cerebral artery 
(MCA) microbipolar coagulation, with the objective of evaluating whether kava 
extract and its constituents, kawain, dihydrokawain, Methysticin, dihydromethysti-
cin and yangonin, are capable of reducing the size of a heart attack zone in rats and 
mice, providing protection against ischemic brain damage. Compounds were admin-
istered ip, except kava extract, which was administered orally. The results demon-
strated that Kava extract decreased the infarct area in mouse brains and the infarct 
volume in rat brains. Methysticin and dihydromethysticin significantly reduced the 
infarct area in mouse brain, thus evidencing neuroprotective activity of the mice. 
Kava extract works by the action of its constituent’s methysticin and dihydromethys-
ticin. The other Kavapyronas could not produce a beneficial effect on the infarct area.

The study by Deng et al. examined whether late administration of GUO (guano-
sine) improved long-term functional recovery after stroke. Late administration of 
GUO improved functional recovery from day 14 after stroke when compared with 
the vehicle group [56].
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Gerbatin et al. evaluated the effect of guanosine on TBI-induced neurological 
damage. The findings showed that a single dose of guanosine (7.5 mg/kg), intraper-
itoneally (i.p) injected 40 min after fluid percussion injury (IPF) in rats protected 
them from locomotor and exploratory impairment, observed 8 h after injury, 
guanosine protected against neuronal death and activation of caspase 3 (protein 
responsible for cleaving genetic material.) This study suggests that guanosine 
plays a neuroprotective role in TBI and can be explored as a new pharmacological 
strategy [57].

Experimental models of ischemic stroke help our understanding of the events 
that occur in the ischemic and reperfused brain. One of the main developments in 
the treatment of acute ischemic stroke is neuroprotection.

2.4 Psychological disorders/anxiety/depression

Depression and stress-related disorders affect approximately 17% of the popu-
lation, resulting in enormous personal suffering as well as social and economic 
burdens [58].

Guanosine is a nucleoside that has a neuroprotective effect. Current studies have 
analyzed the action of guanosine as an antidepressant. One study investigated the 
effects of guanosine on the tail suspension test (TT), open field test and adult hip-
pocampal neurogenesis. The results suggest that the antidepressant effect of chronic 
guanosine use causes an increase in neuronal differentiation, suggesting that this 
nucleoside may be an endogenous mood modulator [59].

The ability of this nucleoside to nullify acute stress-induced behavioral and 
biochemical changes has not been evaluated in female mice, given that depression 
has a greater impact on women. A study aimed at investigating the protective effect 
of this nucleoside against oxidative damage and stress response evaluated this using 
the FST (forced swimming test). The Acute Containment Stress Protocol (ARS) 
has been proposed as a model that triggers biochemical changes in the rat brain that 
may be detrimental to CNS (central nervous system) function, implicated in several 
psychiatric disorders, including major depression [60].

Considering that the hippocampus plays a key role in mood regulation, numer-
ous studies have evaluated whether adult hippocampal neurogenesis is altered in 
psychiatric disorders. Stress is a risk factor for depression that can manifest itself 
years after the stressful event [54].

Behavioral studies have shown that guanosine produces anxiolytic substances 
and amnesic effects. Other analyses have shown that reductions induced by hip-
pocampal stress, cell proliferation and/or neuronal differentiation cause depressive 
symptoms. Deng et al. explain that hippocampal neurogenesis in humans is affected 
by various neurological disorders, including depression [56].

According to Duman et al. chronic administration of an antidepressant regulates 
neurogenesis in the hippocampus of adult rodents. Overregulation of neurogenesis 
could block or reverse the effects of stress on hippocampal neurons, which include 
downregulation of neurogenesis as well as atrophy. The possibility that the cAMP 
signal transduction cascade contributes to antidepressant regulation of neurogen-
esis is supported by previous studies and recent work [61].

Disturbances in hippocampal neurogenesis may be involved in the pathophysi-
ology of depression. It has been argued that an increase in the generation of new 
hippocampal nerve cells is involved in the mechanism of action of antidepressants. 
This study, using adult Wistar rats given fluoxetine, showed that a significant 
behavioral effect occurred. It also pointed out that chronic antidepressant treat-
ment increases cell proliferation as well as neurogenesis in the dentate gyrus. 
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istered ip, except kava extract, which was administered orally. The results demon-
strated that Kava extract decreased the infarct area in mouse brains and the infarct 
volume in rat brains. Methysticin and dihydromethysticin significantly reduced the 
infarct area in mouse brain, thus evidencing neuroprotective activity of the mice. 
Kava extract works by the action of its constituent’s methysticin and dihydromethys-
ticin. The other Kavapyronas could not produce a beneficial effect on the infarct area.
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Neurogenesis may serve as an important parameter for examining the efficacy and 
mechanism of action of new drugs [61].

Anxiety is a diffuse mental condition manifested through unpleasant feelings of 
fear and apprehension without specific cause [62].

Currently, the psychotherapeutic complementary treatment chosen to treat 
patients is through antidepressant drugs such as selective serotonin and serotonin-
norepinephrine reuptake inhibitors (SSRIs), tricyclic antidepressants and benzo-
diazepines [63]. Due to the undesirable and destructive side effects of these drugs, 
including drowsiness, cognitive impairment, and symptoms of dependence and 
withdrawal, many patients prefer herbal remedies. Several plants with anxiolytic 
activity have been studied in clinical trials, and Kava (Piper methysticum) has been 
shown to be effective and is mentioned as a nonadditive, nonhypnotic anxiolytic 
with phytotherapeutic potential to act as an adjuvant or complementary treatment 
to anxiolytic drugs [64, 65].

A meta-analysis review by Pittler et al. evaluated the efficacy and safety of kava 
extract versus placebo for treating anxiety. Seven randomized controlled trials using 
Piper methysticum indicated that kava extract is superior to placebo and relatively 
safe as a treatment option for anxiety [66].

Another recent meta-analysis, conducted by Ooi et al., revealed similar results, 
mentioning that there is promising evidence from well-designed clinical stud-
ies suggesting Kava, particularly aqueous extracts, as an effective treatment for 
generalized anxiety disorder (GAD) [67]. The authors add that the effect of Kava 
is comparable to commonly prescribed pharmacological drugs (buspirone and 
opipramol), but with fewer adverse consequences.

It is suggested that the progression of new treatments for psychological disorders 
is described in the identification of neural substrates and mechanisms underlying 
their etiology and pathophysiology. Adult hippocampal neurogenesis is a candi-
date mechanism for the etiology of depression and may be used as a substrate for 
antidepressant action, as it may also be important for some of the behavioral effects 
of antidepressants [68].

The therapeutic properties of kava are supported by the six major kavalactones 
(dihydromethysticin, kavain, dihydrokavain, methysticin, yangonin and desme-
thoxyyangonin), of which kawain and dihydrokawain have more intense anxiolytic 
activity [69].

3. Neuroprotective effect of essential oils

In recent years, growing interest in research on medicinal plants and the effects 
of essential oils (EOs), especially for the treatment of neuropathologies, has 
emerged [70]. EOs (also called volatile or ethereal oils) are odorous and volatile 
compounds found only in 10% of the plant kingdom [71–76].

Secondary metabolites present in SOs have been widely used as antibacte-
rial, antifungal and insecticidal agents. Their chemical and biological properties, 
especially antioxidants, have been considered important tools for the management 
of various neurological disorders [76].

Natural antioxidants derived from herbaceous plants have demonstrated in vitro 
cytoprotective properties and have a long history of providing benefits to human 
health [70]. Evidence of oxidative stress in neuronal damage and the benefits of 
antioxidant therapy have elucidated the importance of eliminating free radicals as 
a fundamental principle for the prevention and treatment of neurological disorders 
[77]. In addition, OEs derived antioxidants have been considered as a comple-
mentary treatment against neuronal loss as they have the ability to counteract the 
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activity of free radicals responsible for neurodegeneration [78], protecting against 
cellular stress, as outlined in Figure 2.

Neural cells suffer functional or sensory loss due to neurological disorders and, 
in addition to other environmental or genetic factors that contribute to this loss, oxi-
dative stress is a major contributor to neurodegeneration. Therefore, excess reactive 

Figure 2. 
Main identified mechanisms for the action of medicinal plant essential oils in experimental models of 
neurological disorders. In step A: In an experimental model of cerebral ischemia after occlusion of the common 
carotid artery followed by reperfusion (BCCAO/R), it was observed that occlusion in the frontal cortex caused 
a decrease in docosahexaenoic acid (DHA). with Pistacia lentiscus L. showing positive plasma levels in 
the proportion of DHA-for its precursor, eicosapentaenoic acid (EPA) and levels of palmitoylethanolamide 
(PEA) and oleoylethanolamine (OAS), reversing its reduction, consequently decreasing the susceptibility 
to oxidation. In step B: essential oils from different medicinal plants demonstrated positive effect on the 
cellular antioxidant system. Salvia lavandulifolia Vahl, Lavandula angustifolia SSP. mill and Lavandula 
hybrida acted by increasing the multiple enzyme system (Cat, SOD, GPX, GSH and GSSG), Salvia l. 
(GR) and propolis (SOD) after induction of oxidative stress induced by different oxidants. Salvia essential 
oil reduced the expression of malondialdehyde (MDA), a marker of lipid peroxidation, thus inhibiting 
effector caspase-3 by preventing cellular apoptosis and preventing mitochondrial damage. The essential oil 
of Lavandula angustifolia ssp. angustifolia Mill also potentiated the described antioxidant enzyme system, 
reversing the scopolamine-induced damage (simulating a dementia model) as well as decreasing MDA levels. 
Aloysia citrodora acted upon damage in an experimental model of H2O2 and B-amyloid induced AD and its 
ability to act on the antioxidant system was observed due to the ability of its compounds to act as free radical 
scavengers or hydrogen donors. Increasing the antioxidant defense system through the action of these essential 
oils assists in reducing hydrogen peroxide (H2O2) to H20 and O2. Essential oils from other medicinal plants 
also regulated MDA (Lavandula hybrida, Aloysia citrodora and Propolis) levels. In step C: Lavandula 
A. Mill. and Lavandula hybrida demonstrated effects on DNA fragmentation (cleavage patterns were 
absent in the treated groups suggesting their antiapoptotic activity), similar effects were also observed in Rosa 
damascena mill treatment. Which also slowed the oxidative degradation of DNA, lipids and proteins due 
to the presence of phenols in their composition. In step D: Aloysia citrodora essential oils acted on the cell 
membrane, helping to increase iron chelation in vitro through Fe3 + to Fe2 + hydroximation, an important 
mechanism because the transition metal ions contribute to the oxidative damage in Neurodegenerative 
disorders, thus the chelation of transition metals, prevent catalysis of hydrogen peroxide decomposition via 
Fenton-type reaction. L. angustifolia Mill, acting on MDA levels and in the formation of reactive oxygen 
species (ROS), which are oxidative markers, consequently also prevents lipid peroxidation (determined by 
MDA level) in rat temporal lobe homogenates. Pistacia lenticus also acts by attenuating the levels of the 
enzyme Cox-2 cyclooxygenase 2, consequently decreasing the inflammation and oxidative stress observed in 
untreated groups. In step E: The essential oils of S. lavandulifolia are capable of activating the transcription 
factor Nrf2 - Nuclear factor (erythroid-derived 2) -like 2, a regulator of antioxidant genes, since protein 
expression and enzyme activity CAT, SOD, GR, GPx and HO-1 is markedly reduced, correlating with a 
decrease in nuclear Nrf2 protein. After treatment with S. lavandulifolia, regulation of Nrf2 was identified 
with a concomitant increase in antioxidant enzymes and HO-1, avoiding the formation of ROS, oxidation 
and decreased cell viability.
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oil reduced the expression of malondialdehyde (MDA), a marker of lipid peroxidation, thus inhibiting 
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of Lavandula angustifolia ssp. angustifolia Mill also potentiated the described antioxidant enzyme system, 
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decrease in nuclear Nrf2 protein. After treatment with S. lavandulifolia, regulation of Nrf2 was identified 
with a concomitant increase in antioxidant enzymes and HO-1, avoiding the formation of ROS, oxidation 
and decreased cell viability.
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oxygen species and an unbalanced metabolism lead to a number of neurological 
disorders, such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) [78].

3.1 Alzheimer’s disease

Alzheimer’s disease (AD) is an age related neurodegenerative disease of the 
brain and this disease is characterized by a progressive deterioration of cognitive 
functions [79]. Oxidative stress, a detrimental factor during aging and pathologies, 
is involved in various neurodegenerative disorders [80, 81].

Studies suggest that caspase activation and apoptosis play important roles in 
AD neuropathogenesis [82]. Thus, SOs have been considered multi-potent agents 
against neurological disorders, being able to improve cognitive performance [83].

Lavender EO has several protective properties for the nervous system, as evi-
denced by its effectiveness in controlling depression, anxiety, stress, and cerebral 
ischemia [84, 85]. Some experimental models of AD have confirmed the neuropro-
tective effect and cognitive improvement of lavender OS, whose properties have 
been attributed to its antioxidant activity [86, 87].

EO (100 mg/kg) presented significant protection in the cognitive deficits 
evaluated, where the mechanism involved seems to be by a protection against 
decrease in the cellular antioxidant defense system, thus avoiding the reduction 
of the activity of superoxide dismutase, glutathione peroxidase and protection 
of the increase acetylcholinesterase malondialdehyde activity. The authors also 
demonstrated that lavender EO and its active component linalool protect against 
oxidative stress, cholinergic function and Nrf2/HO-1 pathway protein expression 
and synaptic plasticity. Therefore, it is suggested that linalool extracted from lav-
ender OS may be a potential agent for improving cognitive impairment, especially 
in AD [88].

3.2 Oxidative stress

Oxidative stress occurs when the balance between antioxidants and reactive 
oxygen species (ROS) occurs negatively due to the depletion of antioxidants or the 
accumulation of ROS (Reactive Oxygen Species) [89]. Hydrogen peroxide (H2O2) 
is a major ROS and is involved in most cellular oxidative stresses [90, 91]. Several 
plants are considered a rich source of antioxidants because they inhibit or retard 
ROS-induced oxidative degradation [92–94].

Porres-Martínez et al. demonstrated that Salvia lavandulifolia E.O has neu-
roprotective activity against H2O2-induced oxidative stress in PC12 cells [93]. 
These effects appear to be related to Salvia lavandulifolia EO’s ability to activate 
the transcription factor Nrf2. Therefore, pretreatments with S. lavandulifolia EO 
resulted in decreased lipid peroxidation, ROS levels and caspase-3 activity, showing 
cell viability and morphological recovery.

Natural antioxidants present in some herbal plants are responsible for inhibit-
ing or preventing oxidative stress, one of the agents that acts in AD, due to their 
ability to eliminate free radicals. The neuroprotective effect of A. citrodora has 
been attributed to its chelating activity. As described in the literature, an important 
mechanism of antioxidant effect is the chelation of transition metals, thus avoiding 
the catalysis of hydrogen peroxide decomposition via the Fenton type reaction [95]. 
The main proposed mechanisms regarding the action of A. citrodora and Salvia 
lavandulifolia OE in vitro models of neurological disorders.

A pioneering study by Abuhamdah et al. showed that Aloysia citrodora EO 
provides complete and partial protection from oxidative stress in an experimental 
model with H2O2-induced Alzheimer’s disease and β-amyloid-induced neurotoxicity 
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using neuroblastoma cells. This study showed that 250 μm H2O2 could not trigger its 
neurotoxic effect when in the presence of 0.01 and 0.001 mg/mL O. citrodora EO, 
exhibiting neuroprotective activity at both concentrations [70].

Chelating agents have been reported to be effective as secondary antioxidants 
because they reduce the redox potential of transition metals, thereby stabilizing 
the oxidized form of the metal ion [96]. This seems to be one of the mechanisms 
involved in the antioxidant activity of some essential oils, as some of them were able 
to effectively chelate iron (II).

3.3 Brain ischemia

Cerebral ischemia consists in decreased blood flow in specific areas of the brain, 
causing hypoxia, which leads to an insufficient supply of glucose and oxygen, the 
magnitude of which disturbs the development of normal brain functions [97].

Currently, treatments that minimize neuronal damage after cerebral ischemia 
are limited, thus leading to the search for new complementary treatment therapies 
[98]. Terpenoids present in some essential oils constitute the largest group of sec-
ondary metabolites with neurological properties, including sedative, antidepressant 
and antinociceptive activities [99].

Another metabolite with neuroprotective function is linalool, a monoterpene 
present in volatile lavender oil, responsible for important therapeutic properties 
[100]; its activity on nerve disorders is well documented [101, 102]. Vakili et al. 
demonstrated that Lavandula angustifolia had a protective effect on focal cere-
bral ischemia in Wistar rats, especially when the treatment was performed with 
Lavandula angustifolia EO at 200 and 400 mg/kg. The results of the administra-
tion of this EO were an avoidance of a total antioxidant defense, reduced cerebral 
edema, and reduced infarct size. In addition, it improved functional performance 
after cerebral ischemia [103].

4. Concluding remarks

Neurodegenerative and neuropsychiatric diseases have multiple etiology. 
Multiple studies have been developed to clarify which approaches might be promis-
ing in prevention and treatment. We have targeted studies that present a neuro-
protective perspective, herbal medicines and essential oils from different species 
of medicinal plants. These have various bioactive and phytochemical compounds 
with neuroprotective capacity, and also have given positive responses in studies on 
neurological disorders such as dementia, oxidative stress, anxiety, cerebral ischemia 
and oxidative toxicity. We suggest that these present a potential as agents in the 
treatment of neurological disorders.
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oxygen species and an unbalanced metabolism lead to a number of neurological 
disorders, such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) [78].

3.1 Alzheimer’s disease

Alzheimer’s disease (AD) is an age related neurodegenerative disease of the 
brain and this disease is characterized by a progressive deterioration of cognitive 
functions [79]. Oxidative stress, a detrimental factor during aging and pathologies, 
is involved in various neurodegenerative disorders [80, 81].

Studies suggest that caspase activation and apoptosis play important roles in 
AD neuropathogenesis [82]. Thus, SOs have been considered multi-potent agents 
against neurological disorders, being able to improve cognitive performance [83].

Lavender EO has several protective properties for the nervous system, as evi-
denced by its effectiveness in controlling depression, anxiety, stress, and cerebral 
ischemia [84, 85]. Some experimental models of AD have confirmed the neuropro-
tective effect and cognitive improvement of lavender OS, whose properties have 
been attributed to its antioxidant activity [86, 87].

EO (100 mg/kg) presented significant protection in the cognitive deficits 
evaluated, where the mechanism involved seems to be by a protection against 
decrease in the cellular antioxidant defense system, thus avoiding the reduction 
of the activity of superoxide dismutase, glutathione peroxidase and protection 
of the increase acetylcholinesterase malondialdehyde activity. The authors also 
demonstrated that lavender EO and its active component linalool protect against 
oxidative stress, cholinergic function and Nrf2/HO-1 pathway protein expression 
and synaptic plasticity. Therefore, it is suggested that linalool extracted from lav-
ender OS may be a potential agent for improving cognitive impairment, especially 
in AD [88].

3.2 Oxidative stress

Oxidative stress occurs when the balance between antioxidants and reactive 
oxygen species (ROS) occurs negatively due to the depletion of antioxidants or the 
accumulation of ROS (Reactive Oxygen Species) [89]. Hydrogen peroxide (H2O2) 
is a major ROS and is involved in most cellular oxidative stresses [90, 91]. Several 
plants are considered a rich source of antioxidants because they inhibit or retard 
ROS-induced oxidative degradation [92–94].

Porres-Martínez et al. demonstrated that Salvia lavandulifolia E.O has neu-
roprotective activity against H2O2-induced oxidative stress in PC12 cells [93]. 
These effects appear to be related to Salvia lavandulifolia EO’s ability to activate 
the transcription factor Nrf2. Therefore, pretreatments with S. lavandulifolia EO 
resulted in decreased lipid peroxidation, ROS levels and caspase-3 activity, showing 
cell viability and morphological recovery.

Natural antioxidants present in some herbal plants are responsible for inhibit-
ing or preventing oxidative stress, one of the agents that acts in AD, due to their 
ability to eliminate free radicals. The neuroprotective effect of A. citrodora has 
been attributed to its chelating activity. As described in the literature, an important 
mechanism of antioxidant effect is the chelation of transition metals, thus avoiding 
the catalysis of hydrogen peroxide decomposition via the Fenton type reaction [95]. 
The main proposed mechanisms regarding the action of A. citrodora and Salvia 
lavandulifolia OE in vitro models of neurological disorders.

A pioneering study by Abuhamdah et al. showed that Aloysia citrodora EO 
provides complete and partial protection from oxidative stress in an experimental 
model with H2O2-induced Alzheimer’s disease and β-amyloid-induced neurotoxicity 
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using neuroblastoma cells. This study showed that 250 μm H2O2 could not trigger its 
neurotoxic effect when in the presence of 0.01 and 0.001 mg/mL O. citrodora EO, 
exhibiting neuroprotective activity at both concentrations [70].

Chelating agents have been reported to be effective as secondary antioxidants 
because they reduce the redox potential of transition metals, thereby stabilizing 
the oxidized form of the metal ion [96]. This seems to be one of the mechanisms 
involved in the antioxidant activity of some essential oils, as some of them were able 
to effectively chelate iron (II).

3.3 Brain ischemia

Cerebral ischemia consists in decreased blood flow in specific areas of the brain, 
causing hypoxia, which leads to an insufficient supply of glucose and oxygen, the 
magnitude of which disturbs the development of normal brain functions [97].

Currently, treatments that minimize neuronal damage after cerebral ischemia 
are limited, thus leading to the search for new complementary treatment therapies 
[98]. Terpenoids present in some essential oils constitute the largest group of sec-
ondary metabolites with neurological properties, including sedative, antidepressant 
and antinociceptive activities [99].

Another metabolite with neuroprotective function is linalool, a monoterpene 
present in volatile lavender oil, responsible for important therapeutic properties 
[100]; its activity on nerve disorders is well documented [101, 102]. Vakili et al. 
demonstrated that Lavandula angustifolia had a protective effect on focal cere-
bral ischemia in Wistar rats, especially when the treatment was performed with 
Lavandula angustifolia EO at 200 and 400 mg/kg. The results of the administra-
tion of this EO were an avoidance of a total antioxidant defense, reduced cerebral 
edema, and reduced infarct size. In addition, it improved functional performance 
after cerebral ischemia [103].

4. Concluding remarks

Neurodegenerative and neuropsychiatric diseases have multiple etiology. 
Multiple studies have been developed to clarify which approaches might be promis-
ing in prevention and treatment. We have targeted studies that present a neuro-
protective perspective, herbal medicines and essential oils from different species 
of medicinal plants. These have various bioactive and phytochemical compounds 
with neuroprotective capacity, and also have given positive responses in studies on 
neurological disorders such as dementia, oxidative stress, anxiety, cerebral ischemia 
and oxidative toxicity. We suggest that these present a potential as agents in the 
treatment of neurological disorders.
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Chapter 5

Glycodendrimers as Potential 
Multitalented Therapeutics in 
Alzheimer’s Disease
Oxana Klementieva

Abstract

Finding successful therapies for the treatment of Alzheimer’s disease (AD) is 
one of the most challenging tasks existing for human health. Several drugs have 
been found and validated in preclinical studies with some success, but not with the 
desired breakthroughs in the following clinical development phases. AD causes 
multiple brain dysfunctions that can be described as a brain organ failure, result-
ing in significant cognitive decline. Aggregation of amyloid proteins and neuronal 
loss are the hallmarks of AD. Thus, one of the strategies to treat AD is to find a 
multifunctional drug that may combine both anti-aggregation and neuroprotective 
properties. Such a candidate could be chemically modified dendrimers. Dendrimers 
are branched, nonlinear molecules with multiple reactive groups located on their 
surface. Chemical modification of reactive surface groups defines the property of 
the dendrimers. In this chapter, I will discuss poly(propylene imine) dendrimers 
with the surface functionalized with histidine and maltose as an example of a 
multifunctional therapeutic drug candidate able to protect the memory of AD 
transgenic model mice.

Keywords: dendrimer, histidine, aggregation, synapse, memory, Alzheimer’s disease

1. Introduction

Alzheimer’s disease (AD) is a complex neurological disease, which already in its 
earliest clinical phase is characterized by remarkable memory impairment. Multiple 
pieces of evidence suggest that in AD, memory impairment begins with dysfunction 
of synapses, a unique characteristic of nerve cells. Early neurochemical analyses of 
AD brain tissue revealed that the deficits in numerous neurotransmitters (including 
corticotropin-releasing factor, somatostatin, GABA, and serotonin) and the early 
symptoms correlate with dysfunction of cholinergic and glutamatergic synapses [1]. 
In addition to the deficits of the transmitters, many other biochemical and morpho-
logical indicators suggest that in early AD, synapses are under attack as reviewed 
in [2]. It has been shown that in biopsied AD cortex, there is a significant decrease 
in the numerical density of synapses in the brain and the number of synapses per 
cortical neuron [3]. The amyloid cascade hypothesis, one of the widely accepted 
theories, suggests that progressive accumulation and aggregation of amyloid-β 
proteins (Aβ) could be the main cause of AD, which triggers AD neuropathology. 
Aβ proteins are the proteolytic products of amyloid precursor protein (APP), 
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been found and validated in preclinical studies with some success, but not with the 
desired breakthroughs in the following clinical development phases. AD causes 
multiple brain dysfunctions that can be described as a brain organ failure, result-
ing in significant cognitive decline. Aggregation of amyloid proteins and neuronal 
loss are the hallmarks of AD. Thus, one of the strategies to treat AD is to find a 
multifunctional drug that may combine both anti-aggregation and neuroprotective 
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1. Introduction

Alzheimer’s disease (AD) is a complex neurological disease, which already in its 
earliest clinical phase is characterized by remarkable memory impairment. Multiple 
pieces of evidence suggest that in AD, memory impairment begins with dysfunction 
of synapses, a unique characteristic of nerve cells. Early neurochemical analyses of 
AD brain tissue revealed that the deficits in numerous neurotransmitters (including 
corticotropin-releasing factor, somatostatin, GABA, and serotonin) and the early 
symptoms correlate with dysfunction of cholinergic and glutamatergic synapses [1]. 
In addition to the deficits of the transmitters, many other biochemical and morpho-
logical indicators suggest that in early AD, synapses are under attack as reviewed 
in [2]. It has been shown that in biopsied AD cortex, there is a significant decrease 
in the numerical density of synapses in the brain and the number of synapses per 
cortical neuron [3]. The amyloid cascade hypothesis, one of the widely accepted 
theories, suggests that progressive accumulation and aggregation of amyloid-β 
proteins (Aβ) could be the main cause of AD, which triggers AD neuropathology. 
Aβ proteins are the proteolytic products of amyloid precursor protein (APP), 
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a type-I transmembrane protein which is highly expressed in neurons, known to 
regulate synaptic function and neurite outgrowth [4]. There are two main alterna-
tive enzymatic pathways to process APP [5]:

1. Non-amyloidogenic pathway, where APP is subjected to consecutive cleavage 
by α-and γ-secretases that cut APP within the Aβ fragment

2. Amyloidogenic APP pathway, where APP is subjected to cleavage by β-and 
γ-secretases generating Aβ, a mix of short peptides ranging from 38 to 43 
amino acids in length able to form polymorphous aggregates, so-called 
 oligomers, and fibrils [6]

APP processing is regulated by neuronal activity, and neuronal activity may 
favor β-secretase-mediated amyloidogenic cleavage of APP during which Aβ 
proteins are generated [7]. It was accepted that after APP cleavage, Aβ peptides are 
first secreted, and then, extracellularly, soluble Aβ peptides aggregate into amyloid 
plaques. This extracellular Aβ, which is the main constituent of amyloid plaques, 
is thought to be toxic to the neurons. More recently, the intraneuronal Aβ has been 
demonstrated and reported to be involved in neuronal damage [8, 9]. It has been 
demonstrated that Aβ attacks synapses, small membranous protrusions that permit 
one neuron to pass a signal (electrical or chemical) to another neuron.

It has been shown that synaptic activity may affect Aβ secretion [5], and it 
has been hypothesized that synaptic activity may stimulate the generation of Aβ 
although why this occurs and whether Aβ might have a normal function in neuronal 
synapse have not been understood well [10]. Strikingly, it has been shown that Aβ 
selectively binds to synapses when added to cultured neurons [11]. Further, the level 
of Aβ is shown to be increased in synaptosomes in early AD [12]. Immunoelectron 
microscopy and high-resolution immunofluorescence microscopy studies show that 
this early subcellular Aβ accumulation leads to progressive damage of neurites and 
synapses [13]. Thus, synapses could be sites of early accumulation of pathogenic Aβ. 
It is believed that soluble Aβ oligomers rather than monomeric or fibrillar Aβ are the 
main neurotoxic species. However, a structure of neurotoxic Aβ oligomers and the 
nature of their effects on synapses are not identified [14].

Despite advances, the efforts to target neurotoxic Aβ oligomers in the brain are 
confounded by high polymorphism of amyloid structures [15]. Oligomer specific 
antibodies may interact mainly with a specific type of Aβ conformers against 
which these antibodies were produced [16]. Therefore, to target polymorphic Aβ 
oligomers, a cocktail from several antibodies might be required. Another way to 
modulate Aβ aggregation could be via establishing H-bond interactions [17] to favor 
the formation of less toxic Aβ species [18].

To fight a brain disease such as AD pathology, both synapse protection and 
anti-amyloid modulation would be desired properties of a possible therapeutic drug. 
However, to protect synapses and to modulate Aβ aggregation, amyloid aggregation 
modulator and neuroprotective therapeutics have to be delivered to the synapse. One 
way to deliver both therapeutic molecules is to use a compound which may carry both 
molecules simultaneously. Such multifunctional compound could be a dendrimer.

Dendrimers are three-dimensionally branched, globular macromolecules built 
by a series of iterative steps from a small core molecule which defines the type of the 
dendrimer [19]. They were first synthesized and described in 1978 [20], and since 
then dendrimers are in focus, due to their outstanding complexation properties. 
The most important features of dendrimers are controlled molecular structure, 
nanoscopic size, and high tunable availability of multiple functional groups at the 
dendrimer surface. Dendrimers are composed of three elements: a core branched 
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dendron and terminal groups which could be used for dendrimer functionalization. 
The number of surface functional groups of the dendrimer depends on the degree 
of dendrimer branching (Figure 1). For example, PPI or PAMAM dendrimers of the 

Figure 1. 
Structure and chemical modification of dendrimers. (A) Molecular structure of poly(propylene imine) 
dendrimers of the fourth generation. Circle 1 shows the core; circle 2 indicates branching points of the 
dendrimers; circle 3 shows the terminal groups, R1 and R2. Fifth-generation PPI dendrimer (Eindhoven, the 
Netherlands) was renamed as fourth-generation (G4) PPI dendrimers following the uniform nomenclature 
[21]. (B) Example of surface modification of the PPI dendrimer. A reaction pathway shows the synthesis of 
G4 histidine-maltose PPI dendrimers first with histidine (R1) and then with maltose (R2). Conjugation with 
histidine and maltose neutralizes the positive charge of the primary amino groups [22].
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dendron and terminal groups which could be used for dendrimer functionalization. 
The number of surface functional groups of the dendrimer depends on the degree 
of dendrimer branching (Figure 1). For example, PPI or PAMAM dendrimers of the 

Figure 1. 
Structure and chemical modification of dendrimers. (A) Molecular structure of poly(propylene imine) 
dendrimers of the fourth generation. Circle 1 shows the core; circle 2 indicates branching points of the 
dendrimers; circle 3 shows the terminal groups, R1 and R2. Fifth-generation PPI dendrimer (Eindhoven, the 
Netherlands) was renamed as fourth-generation (G4) PPI dendrimers following the uniform nomenclature 
[21]. (B) Example of surface modification of the PPI dendrimer. A reaction pathway shows the synthesis of 
G4 histidine-maltose PPI dendrimers first with histidine (R1) and then with maltose (R2). Conjugation with 
histidine and maltose neutralizes the positive charge of the primary amino groups [22].
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second generation have 16 functional groups on their surface, the third generation 
has 32, and the fourth dendrimer generation has 64 functional groups. Strikingly, 
the number of terminal groups increases exponentially, while the size increases 
linearly. The terminal groups on the dendrimer surface can be used for surface 
modification and dendrimer functionalization. Such modifications could change 
dendrimers’ surface charge and, for example, reduce toxicity associated with a 
cationic surface charge as reviewed by Appelhans et al. [23]. Dendrimers are most 
commonly synthesized using divergent or convergent different synthetic pathways 
[24]. Importantly, the high tunability of dendrimers’ surface allows endless pos-
sibilities for dendrimers’ biomedical applications, for example, for pharmaceutical 
applications, the terminal groups can be functionalized with different active conju-
gates such as specifically targeting antibodies, drugs, metal ions or imaging agents, 
and more [25]. Moreover, several research groups demonstrated that some types of 
dendrimers are able to cross the BBB [22, 26–28], showing their applicability for the 
research and possibly treatment of brain diseases.

In the present chapter, I summarize the experimental evidence showing that 
functionalized poly(propylene imine) dendrimers may provide multitargeting 
properties for dendrimers increasing their potential for the treatment of AD.

2. Amyloid aggregation and dendrimers

According to the amyloid cascade hypothesis, Aβ peptides are important players 
triggering the AD development. Multiple in vitro studies have demonstrated that 
the Aβ peptides can form fibrils and other aggregates called oligomers. The forma-
tion of insoluble Aβ fibril follows a nucleation-dependent polymerization mecha-
nism (Figure 2) as described [29]. The formation of soluble Aβ oligomers in vivo is 
largely unknown; it is believed that soluble Aβ oligomers may precede fibril forma-
tion [30] and are more toxic than mature Aβ fibrils [31].

In the search for drugs that would inhibit neuronal death in Alzheimer’s disease, 
one of the ways one can use is to find compounds that interfere with Aβ, cleaning 
the brain tissues from neurotoxic Aβ oligomers. It has been demonstrated that PPI 
dendrimers modified with maltose are capable of interfering with the amyloid 
formation in vitro [18, 28, 32, 33]. Amyloid fibril formation is usually monitored 

Figure 2. 
Example of amyloid fibrils and amyloid oligomers. (A) Electron micrographs of the Aβ(1–40) fibrils  
(B) Aβ(1–40) oligomers prepared as described [9]. Scale bar is 200 nm.

93

Glycodendrimers as Potential Multitalented Therapeutics in Alzheimer’s Disease
DOI: http://dx.doi.org/10.5772/intechopen.88974

using the fluorescence dye thioflavin T (ThT). The dye becomes fluorescent when 
interacting with the ordered β-sheet structures characteristic for amyloid fibrils. 
With the fibril growth, the ThT fluorescence increases until its value reaches a 
plateau. Figure 3 demonstrates the sigmoid-shaped line corresponding to the ThT 
kinetics corresponding to the fibril growth of Aβ(1–40), where the lag (nucleation) 
phase is followed by the elongation phase and plateau; when all ThT molecules 
have intercalated into β-sheets of the amyloid fibrils, the aggregation kinetics of 
 amyloids is reviewed [34].

PPI dendrimers modified with maltose may, in the case of Aβ(1–40) or Aβ(1–42), 
interfere with amyloid fibril formation in a concentration-dependent manner, 
indicating that maltose PPI dendrimers bind amyloid proteins [18]. Figure 4 dem-
onstrates the ThT fluorescent kinetics of Aβ(1–40) and Aβ(1–42) in the presence 
of maltose PPI dendrimers. As expected, Aβ alone forms the typical amyloid fibrils 
[30]. However, when the maltose PPI dendrimers are present, the morphology of 
amyloid fibrils is altered, demonstrating binding of the dendrimers to Aβ [18, 28, 
35, 36]. The electron micrograph shows the morphology of amyloid fibril in the 
presence of maltose PPI dendrimers. Fibril clumps were generated by incubating 
maltose PPI dendrimers with Aβ(1–40). As it has been suggested that dendrimers 
interact with Aβ thus, fibrils seem to be varnished by maltose dendrimers and 
clumped together, and importantly, no Aβ oligomers were observed in the presence 
of maltose PPI dendrimers [18]. Thus it is reasonable to think that maltose den-
drimers interacting with Aβ may form hybrid fibrils, shifting the balance between 
oligomeric and fibrillar forms of Aβ toward less toxic hybrid products.

Dendrimers’ intrinsic toxicity is an important issue in relation to their potential 
biological applications [37]. It was observed that unmodified PPI dendrimers 
have high intrinsic toxicity for cells [38, 39]. It was hypothesized that this toxicity 
could be related to the dendrimer capacity of establishing strong interactions of 
electrostatic nature [40]. It has been demonstrated that dendrimers with a surface 
decorated by polysaccharides, such as maltose or maltotriose, confer less toxicity 
[41, 42]. The charge of the dendrimer covered by polysaccharides is close to neutral; 

Figure 3. 
Characteristic aggregation curve for amyloid fibril formation. Sigmoid-shaped curve 5 μM recombinant 
Aβ(1–42) kinetics as detected by ThT fluorescence over time and displayed as % of total ThT binding. Area (A) 
corresponds to the lag phase (nucleation), area (B) corresponds to the growing phase, and area (C) corresponds 
to final ThT fluorescence plateau. Inset: molecular structure of ThT.
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thus the interaction of dendrimer with other biomolecules is driven by hydrogen 
bonds, which is less strong; therefore, dendrimers covered by polysaccharides are 
less toxic [38, 39, 41].

In collaborations between the research groups of Dietmar Appelhans (Leibniz 
Institute of Polymer Research, Dresden, Germany), Josep Cladera (Autonomous 
University of Barcelona, Spain), and Isidro Ferrer in Barcelona (University of 
Barcelona, Spain), it has been shown that distinct PPI dendrimers with electroneu-
tral maltose shell, with cationic maltose or maltotriose shell, were tested against 
amyloid toxicity in vivo and in vitro. The evaluation of the toxicity of Aβ in the 
presence of PPI maltose dendrimers showed that the dendrimers could significantly 
reduce the Aβ toxicity compared to Aβ alone [28].

Interestingly, only the electroneutral maltose dendrimers were able to reduce the 
toxicity of Alzheimer’s disease brain extracts in cultured SH-SY5Y neuroblastoma 
cells [28]. Moreover, maltose PPI dendrimers with electroneutral or cationic surface 
penetrated the cytoplasm of cultured cells. Additionally, they penetrated inside the 
brain when administered to AD transgenic mice intranasally [28]. These PPI malt-
ose dendrimers were able to modify amyloid plaque load in the brains of AD trans-
genic animals, showing anti-amyloid potential for in vivo applications. However, 
the studied maltose PPI dendrimers could not reverse memory impairment in APP/
PS1 mice following chronic administration. Strikingly, cationic maltose dendrimers 
were neurotoxic in vivo and caused cognitive decline in non-transgenic mice [28]. 
Taken together, these results suggest that maltose PPI dendrimers require further 
optimization of biocompatibility.

3.  Modified PPI dendrimers as potential multifunctional therapeutics 
for Alzheimer’s disease

As it has been mentioned at the beginning of the chapter, Alzheimer’s disease is 
a fatal neurodegenerative disorder. AD is characterized by a decade-long presymp-
tomatic phase, and it is during the presymptomatic phase, before synaptic damage 
and neuronal loss, that therapies are most likely to be effective [43]. Thus, a preven-
tive treatment which could protect synapses and reduce the neurotoxicity of Aβ 

Figure 4. 
Effect of G4 histidine-maltose PPI dendrimers on the fibrillization of Aβ. (A) Aggregation of 20 μM Aβ(1–40) 
in the absence (red) and the presence of histidine-maltose PPI dendrimers. (Magenta) 20 μM Aβ(1–40) 
in the presence of dendrimers at dendrimer/peptide ratio = 0.1, (blue) 20 μM Aβ(1–40) in the presence of 
dendrimers at dendrimer/peptide ratio = 1. (B) Aggregation of 25 μm Aβ(1–42) in the absence (red) and in 
the presence of histidine-maltose PPI dendrimers. (Magenta) 25 μM Aβ(1–42) in the presence of dendrimers 
at dendrimer/peptide ratio = 0.1, (blue) 25 μM Aβ(1–42) in the presence of dendrimers at dendrimer/peptide 
ratio = 1. The temperature was 37°C, the pH was set to 7.4, and the concentration of ThT was 6 μM (adapted 
with permission from [22]).
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oligomers is one such strategy. Such successful drug candidates for AD treatment 
have to possess both anti-amyloidogenic and neuroprotective properties. Therefore, 
a modification of maltose dendrimers with a molecule with neuroprotective 
characteristics was the next logical step in search of the new drug candidate for the 
treatment of AD.

To further improve the pharmacological properties of maltose PPI dendrimers, 
it was decided to modify PPI dendrimers of the fourth generation with maltose and 
histidine. Maltose was used due to anti-amyloidogenic properties; histidine was 
added due to several reasons: it is selectively transported through the BBB [44]. 
Histidine has chelating properties for Cu2+ ions [45]. Thus these properties were 
considered to be important since Cu ion dyshomeostasis may play a detrimental role 
in AD progression [46], and importantly, histidine has been shown to have some 
neuroprotective capacity [47]. After the modification, G4 PPI dendrimers modified 
with maltose and histidine were supposed to possess both anti-amyloid and neuro-
protective properties simultaneously.

Figure 5. 
Effect of G4 histidine-maltose PPI dendrimers on Aβ morphology. (A) Electron microscopy micrographs of 
25 μM Aβ(1–40) incubated at pH 7.4 for 24 h. (B) 25 μM Aβ(1–40) incubated at pH 7.4 in the presence of G4 
histidine-maltose PPI dendrimers at the ratio 1 to 1. (C) Aβ(1–42) incubated at pH 7.4 for 24 h. (D) Aβ(1–42) 
incubated in the presence of G4 histidine-maltose PPI dendrimers (clumped fibrils). Scale bar is 200 nm.
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a modification of maltose dendrimers with a molecule with neuroprotective 
characteristics was the next logical step in search of the new drug candidate for the 
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In vitro evaluations demonstrated that histidine-maltose PPI dendrimers could 
interact with Aβ. As maltose PPI dendrimers, G4 histidine-maltose PPI dendrimers 
did not prevent fibril formation but clump Aβ fibrils (Figure 5). Importantly, small 
oligomeric aggregates were not present in the studied suspensions in the presence 
of the dendrimers. Interestingly, the intensity of ThT was significantly decreased 
following the aggregation of Aβ probably due to the competition of the dendrimers 
with ThT for binding to Aβ(1–40) or due to change of structure, resulting in lower 
ThT fluorescence quantum yield [48, 49]. To test if G4 histidine-maltose PPI den-
drimers could reduce the neurotoxicity of Aβ, primary neurons derived from wild-
type mouse were treated with 1 μM Aβ(1–42) in the presence of the dendrimers 
at the ratio 1 to 1. As it was demonstrated by cell viability assay, histidine-maltose 
PPI dendrimers significantly reduced the neurotoxicity of soluble Aβ oligomers 
[22]. Figure 6 shows the neuronal viability in the presence of the dendrimers and 
Aβ(1–42) oligomers as assessed by a lactate dehydrogenase (LDH) activity assay. 
1 μM G4 histidine-maltose PPI dendrimers were added to primary neurons and 
incubated 24 h before the assay; as it was documented, the dendrimers alone were 
not toxic to the neurons. 1 μM recombinant Aβ(1–42) monomers, oligomers, and 
fibrils were added to primary neurons and incubated 1 h at 37°C in the presence and 
the absence of dendrimers. The results demonstrate that G4 histidine-maltose PPI 
dendrimers significantly reduced the toxicity of Aβ(1–42) for primary neurons.

In vivo evaluations demonstrated that chronic treatment with histidine-maltose 
PPI dendrimers of APP/PS1 mice prevented AD-related memory impairment [22]. 
Figure 7 shows the results of the memory test after the treatment. APP/PS1 mice 
harbor two human genes: APP with the KM670/671NL, the Swedish mutation, 
and PSEN1 with the L166P mutation [50]. In APP/PS1 mice, human Aβ increases 
with age, but Aβ42 is preferentially generated over Aβ40, and the expression of the 
human APP transgene is approximately 3-fold higher than the endogenous murine 
APP [51]. For the treatment, APP/PS1 and wild-type mice were randomly divided 
into four groups, two groups (transgenic and wild type) were treated intranasally 
with histidine-maltose PPI dendrimers, and two groups (transgenic and wild type) 
were given intranasally phosphate saline. Administration lasted 3 months until 
animals reached the age of 6 months, the age when the first cognitive decline is 
detected [52]. Memory evaluation tests were performed at the end of treatment 
using two object recognition tests in a VmazeR as described [52].

Figure 6. 
G4 histidine-maltose PPI dendrimers reduce the toxicity of Aβ oligomers for cultured primary neurons. (A) ThT 
fluorescence variation was used to monitor aggregation of 10 μM Aβ(1–42) in PBS at 37°C (black line); red 
line corresponds to ThT alone. The arrows indicate the time when aliquots of Aβ(1–42) were taken for neuronal 
viability assay. Aβ-M, a monomeric form of Aβ(1–42); Aβ-O, an oligomeric form of Aβ(1–42); Aβ-F, mature 
fibrils of Aβ(1–42); (B) 1 μM of G4 histidine-maltose PPI dendrimers were added to primary neurons and 
incubated 24 h before a cell viability assay. Cell viability was assessed by a lactate dehydrogenase activity assay. 
For the assay, 1 μM Aβ(1–42) of monomers, oligomers, and fibrils were added to wild-type primary neurons 
and incubated 1 h at 37°C. statistics: one-way ANOVA followed by Tukey’s post hoc test; data are expressed as 
mean ± SD. Primary neurons were derived from the brains of wild-type mouse embryos and cultured for 19 days. 
The experiment was performed in triplicate, one embryo per replica (adapted with permission from [22]).
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Figure 7. 
G4 histidine-maltose PPI dendrimers can protect memory in vivo. Memory performance in the V-maze shows 
significant improvement after preventive treatment with histidine-maltose PPI dendrimers. Treatment procedure: 
at the age of 3 months, animals were randomly divided into four groups; two groups control and APP/PS1 mice 
were given intranasally 5 μL of PBS, and two groups received intranasally 5 μg/day of G4 histidine-maltose PPI 
dendrimers (dendrimers). Treatment lasted 3 months until animals reached the age of 6 months when APP/PS1 
mice display cognitive impairment [52]. Statistics: two-way ANOVA with genotype and treatment as between 
factors followed by Tukey’s post hoc test; data are expressed as mean ± SEM (adapted with permission from [22]).

Figure 8. 
G4 histidine-maltose PPI dendrimers protect synapses in vivo. (A) Synapse is a junction between two neurons, 
which consist of pre- and postsynaptic terminals characterized by specific pre- and postsynaptic proteins. 
Synaptophysin was used to assess presynapse, while drebrin was used to evaluate postsynapse. Brain tissue 
homogenates of control mice and mice treated with G4 histidine-maltose PPI dendrimers (dendrimers) were 
analyzed using Western blotting; β-actin was used for protein normalization. Statistics: Student’s t-test (N is 
the number of animals per group, Western blotting was done in triplicate). Data are expressed as mean ± SD.
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Figure 6. 
G4 histidine-maltose PPI dendrimers reduce the toxicity of Aβ oligomers for cultured primary neurons. (A) ThT 
fluorescence variation was used to monitor aggregation of 10 μM Aβ(1–42) in PBS at 37°C (black line); red 
line corresponds to ThT alone. The arrows indicate the time when aliquots of Aβ(1–42) were taken for neuronal 
viability assay. Aβ-M, a monomeric form of Aβ(1–42); Aβ-O, an oligomeric form of Aβ(1–42); Aβ-F, mature 
fibrils of Aβ(1–42); (B) 1 μM of G4 histidine-maltose PPI dendrimers were added to primary neurons and 
incubated 24 h before a cell viability assay. Cell viability was assessed by a lactate dehydrogenase activity assay. 
For the assay, 1 μM Aβ(1–42) of monomers, oligomers, and fibrils were added to wild-type primary neurons 
and incubated 1 h at 37°C. statistics: one-way ANOVA followed by Tukey’s post hoc test; data are expressed as 
mean ± SD. Primary neurons were derived from the brains of wild-type mouse embryos and cultured for 19 days. 
The experiment was performed in triplicate, one embryo per replica (adapted with permission from [22]).
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Figure 7. 
G4 histidine-maltose PPI dendrimers can protect memory in vivo. Memory performance in the V-maze shows 
significant improvement after preventive treatment with histidine-maltose PPI dendrimers. Treatment procedure: 
at the age of 3 months, animals were randomly divided into four groups; two groups control and APP/PS1 mice 
were given intranasally 5 μL of PBS, and two groups received intranasally 5 μg/day of G4 histidine-maltose PPI 
dendrimers (dendrimers). Treatment lasted 3 months until animals reached the age of 6 months when APP/PS1 
mice display cognitive impairment [52]. Statistics: two-way ANOVA with genotype and treatment as between 
factors followed by Tukey’s post hoc test; data are expressed as mean ± SEM (adapted with permission from [22]).

Figure 8. 
G4 histidine-maltose PPI dendrimers protect synapses in vivo. (A) Synapse is a junction between two neurons, 
which consist of pre- and postsynaptic terminals characterized by specific pre- and postsynaptic proteins. 
Synaptophysin was used to assess presynapse, while drebrin was used to evaluate postsynapse. Brain tissue 
homogenates of control mice and mice treated with G4 histidine-maltose PPI dendrimers (dendrimers) were 
analyzed using Western blotting; β-actin was used for protein normalization. Statistics: Student’s t-test (N is 
the number of animals per group, Western blotting was done in triplicate). Data are expressed as mean ± SD.
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To understand a possible mechanism behind the memory rescue, the levels of 
pre- and postsynaptic markers in the brain of treated APP/PS1 mice were evalu-
ated by Western blotting. Pre- and postsynaptic markers, such as drebrin and 
synaptophysin, play a crucial role in the synaptic plasticity and are downregulated 
in AD [53, 54]. Loss of synaptophysin correlates with cognitive impairments in AD 
patients and AD transgenic models [54, 55]; Psd95 knockout animals have impaired 
basal synaptic transmission and learning deficit [56]; transgenic animals lacking 
synaptophysin have reduced novel object recognition [57]. Importantly, it has 
been shown that loss of synaptophysin immunoreactivity precedes amyloid plaque 
formation [58, 59]. Preventive treatment of AD transgenic mice with G4 histidine-
maltose PPI dendrimers prevented a decrease in synaptic proteins compared to 
PBS-treated mice [22].

In contrast, G4 histidine-maltose PPI dendrimers did not change the level 
of these synaptic proteins in WT mice, indicating that, most likely, the level of 
their mRNA expression was not affected [22]. Thus it is reasonable to think that 
the increased levels of pre- and postsynaptic proteins are more likely an effect 
of reduced synaptic loss in the treated AD transgenic animals (Figure 8). Thus a 
possible mechanism of memory protection in APP/PS1 could be the synapses were 
shielded by the dendrimers from toxic Aβ oligomers or the toxicity of Aβ oligomers 
were inactivated in the presence of the dendrimers.

4. Conclusions and perspectives

Dendrimers, which represent a type of 3D polymers, have been in the spotlight 
for three decades in biomedical and pharmaceutical research, and their chemistry 
and synthesis are continuously progressing by efforts from many research groups 
and companies. Although there are still many unclear problems in AD, in this chap-
ter, functionalization of dendrimers dedicated to the prevention of memory decline 
in AD pathogenesis has been discussed. Based on the reviewed literature, PPI 
dendrimers have been shown to be useful in the way of the surface functionaliza-
tion, which tuned their biochemical properties. Strikingly, the effect of the surface 
functionalization with histidine and maltose magnified exponentially neuroprotec-
tive properties of PPI dendrimers, resulting in an unprecedented outcome, such as 
memory protection in AD transgenic animals.

In this chapter, I have analyzed the functionalization of PPI dendrimers, 
which tuned the intrinsic properties of PPI dendrimers and converted them into 
a multifunctional drug candidate against Alzheimer’s disease. Modification of the 
dendrimer surface with maltose allowed dendrimers successfully to interfere with 
Aβ(1–42) by forming nontoxic hybrid glycofibrils. Modification of the dendrimer 
surface with histidine improved the ability of the dendrimers to cross the blood–
brain barrier and resulted in synaptic protection. By reducing the level of soluble 
amyloid oligomers, on the one hand, and conferring synapse protection, on the 
other hand, the dendrimers were given multifunctionality against main features 
of AD, synaptic loss, and aggregation of Aβ. These observations, coming out of 
the studies on the interaction of dendrimers with amyloid peptides [18, 22, 28, 
32, 42], carried out in vitro and in vivo, point toward a possible use of dendrimers 
(in particular functionalization of PPI dendrimers with histidine and maltose) as a 
multifunctional drug candidate against Alzheimer’s disease.

However, to find a successful drug against AD, other modifications of histidine-
maltose PPI dendrimers might be required. For example, the ability to cross the 
blood-brain barrier, cell wall penetration, distribution in the specific tissue, and 
biodegradation could be tuned for a particular dendrimer application.
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Chapter 6

Alzheimer’s Disease 
Neuroprotection: Associated 
Receptors
Alice Barros Câmara

Abstract

Research with humans and animals has been developed over the past few years 
to identify receptors involved in Alzheimer’s disease, aiming at a better understand-
ing of the mechanisms and pathophysiological aspects associated with the disease. 
Such receptors, whether or not directly associated with current AD therapy, are 
relevant since their blockage or activation might result in improving or worsening 
the clinical scenario of the disease. In other words, such receptors might be involved 
in the AD prognosis. This chapter discusses some relevant points about the recep-
tors involved with AD.

Keywords: neuroprotection, Alzheimer disease, receptors, beta-amyloid peptides, 
central nervous system, agonists, antagonists

1. Introduction

Alzheimer’s disease (AD) is the most recurring chronic and incurable neurode-
generative disorder. The main neuropathological findings on AD are beta-amyloid 
protein plaque (APP) deposition, an accumulation of hyperphosphorylated 
neurofibrillary tangles, inflammation, neurotransmitter signaling dysregulation, 
brain atrophy, and neuronal changes. AD affects the central nervous system (CNS) 
and results in an impaired emotional state, loss of synapses, neuronal death, and 
progressive cognitive decline. Some risk factors such as advanced age, genetic fac-
tors, and head trauma (among others) are involved in AD progression. Alzheimer’s 
disease is responsible for marked morbidity and mortality due to the difficulty in 
treatment and irreversible damage. However, there is condition stabilization in 
some cases, and the individual can postpone their life expectancy for years [1].

2. Alzheimer’s disease-associated receptors

2.1 Nicotinic acetylcholine receptor

Nicotinic acetylcholine receptors (nAChR) are involved with neuroprotective 
effects in AD. Furthermore, nAChR agonists and antagonists have been shown to 
have positive effects on memory. Cotinine and methyl cyclonite are examples of 
nAChR ligands associated with brain protection when in vitro and in vivo tests 
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have been performed. In addition, nAChR and the muscarinic acetylcholine recep-
tor family (mAChR) are acetylcholine targets in the brain. The nAChR family is 
affected in AD because beta-amyloid peptides (Aβ) can interact with these recep-
tors [1]. Acetylcholine (Ach) plays a crucial role in CNS. Choline acetyltransferase 
enzyme is responsible for ACh synthesis from acetyl-CoA and choline in the 
cytoplasm. The acetylcholine vesicular transporter absorbs the neurotransmitter 
in synaptic vesicles. After depolarization, ACh undergoes exocytosis in reaching 
the synaptic cleft, where it can bind with its receptors. The ACh in the synaptic 
cleft is readily hydrolyzed by the acetylcholinesterase enzyme, forming acetate and 
choline, which is recycled at the presynaptic nerve terminal by the high-affinity 
choline transporter. Cholinergic neurons located in the basal forebrain, including 
the neurons which form Meynert’s basal nucleus, are severely affected in AD. The 
loss of cholinergic neurons contributes to memory and attention deficits. Therefore, 
drugs acting on the cholinergic system represent a promising option for treating 
AD patients [2]. The conventional therapeutic prescription for AD consists of three 
acetylcholinesterase inhibitors and one NMDA receptor antagonist. Researchers 
around the world are developing new nAChR agonists to develop drugs with lower 
risks and adverse effects [3].

2.2 Estrogen receptor

Another important target in AD is the estrogen receptor (ER), which may 
represent a promising therapeutic approach since its activation through agonists 
prolongs survival, improves spatial recognition memory, and decreases the amy-
loid pathology progression in animal models of AD. On the other hand, estrogen 
receptor genetic polymorphisms have been associated with cognitive impairment, 
accelerated brain aging, and increased risk of AD, predominantly in women. A 
methylation promoter in estrogen receptor α is also related to impaired cognitive 
function and quality of life in AD patients by inhibiting ERα mRNA expression and 
transcription [4]. Estrogen can increase neural plasticity, cognitive functions, and 
the brain’s regenerative potential. The beneficial effects of estrogen on neural plas-
ticity occur at three levels: cellular, morphological, and synaptic function. Studies 
have shown that estradiol can increase neurogenesis in several brain regions, such as 
the hippocampal gyrus. These estrogen-induced hippocampal neurons contribute 
to learning and memory. Estradiol can also rapidly increase the number of dendritic 
spines in the hippocampus, amygdala, and hypothalamus and thus improve the 
performance in a hippocampal-dependent memory task. Moreover, estradiol is an 
effective enhancer of synaptic transmission in the hippocampal system. Estradiol 
plays an important role in promoting neurogenesis and neuronal plasticity to 
maintain healthy cognitive function and protect against women’s cognitive decline 
during aging [5]. Therefore, estrogen with selective effects on ERα or G protein-
coupled estrogen receptors (GPER1 or GqMER) can be used to influence the inflam-
mation process resolution, with positive effects on AD progression [6].

2.3 Ryanodine receptor

Ryanodine receptors (RyR) are an ion channel family responsible for calcium 
release from intracellular reserves during muscle contraction. Calcium homeostasis 
is known to be related to cognition; thus, RyR may be associated with AD, especially 
RyR 3, which is found in various nervous system areas. In addition, RyR 1 and RyR 
2 are also found in the brain, although they are not predominantly present in the 
nervous system. Ryanodine receptors can be regulated by several proteins and ions, 
as well as redox modifications. Antioxidants importantly prevent cognitive decline, 
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long-term depolarization, and memory loss by inhibiting RyR sensitization [7]. 
Calcium-dependent signaling pathways are related to AD pathogenesis. A phar-
macological approach (using a RyR stabilizing drug) or gene therapy of calcium 
leakage (mediated by RyR2) improved synaptic plasticity, and behavioral and 
cognitive functions and reduced Aβ loading. Genetically, altered mice (congenital 
leaking of RyR2) exhibited premature and severe defects in synaptic plasticity, and 
behavioral and cognitive function. These data provide an underlying mechanism 
for RyR2 channels, which can be considered as possible therapeutic targets in AD 
[8]. Additionally, calcium accumulation may result in the calpain and CaMKK2 
activation, contributing to Aβ production and tau phosphorylation. Ryanodine 
receptor dysfunction can also lead to abnormal activation and accumulation of 
PKR kinase in AD brains. PKR kinase is linked to calcium accumulation and PKR 
autophosphorylation can be triggered by Aβ peptides in neuronal cultures in a 
calcium-dependent manner. In turn, PKR activation may lead to Aβ production by 
regulating BACE1 levels and abnormal tau protein phosphorylation by GSK3 activa-
tion. Dantrolene, a RyR inhibitor, may be an AD treatment [9].

2.4 Gamma-Aminobutyric Acid receptor

Gamma-Aminobutyric Acid receptor (GABAR) inhibition is also related to a 
better prognosis in AD. Gamma-Aminobutyric Acid receptor regulates learning, 
memory, and cognition, inhibits Adenylyl Cyclase and the cAMP cascade, as well 
as controls GABA and glutamate release. CGP35348 is a GABA receptor antagonist, 
and the CGP35348 hippocampal concentration is a crucial point for improving 
memory by reducing APP toxicity. Several neurological and psychiatric disorders 
occur with neuronal hyperexcitability in specific regions of the brain or spinal cord, 
partly due to some loss and/or dysfunction of GABAergic inhibitory interneurons 
[10]. Strategies which improve inhibitory neurotransmission in the affected brain 
regions may decrease deficits associated with these disorders. This perception has 
prompted an interest in testing the efficacy of GABAergic interneuron grafting 
in the brain or spinal cord regions which exhibit hyperexcitability, GABAergic 
interneurons scarcity, or impaired inhibitory neurotransmission, using preclinical 
models of neurological and psychiatric disorders [10]. Defective GABAergic neu-
ronal functions can lead to cortical network hyperactivity and aberrant neuronal 
oscillations and thereby generate a detrimental change in memory processes [11]. 
In this context, GABAergic cell therapy may decrease neurological deficits in AD 
preclinical models [10]. Alzheimer patients have low GABA levels in the brain and 
spinal cerebrospinal fluid (SCF), and these changes are more severe in ApoE4 allele 
carriers. ApoE4 is associated with increased brain activity at rest and memory tasks, 
possibly reflecting impaired GABAergic inhibitory control. In addition, GABA 
levels in human SCF change with aging, constituting the strongest AD risk factor. 
Therefore, ApoE4 may at least partially contribute to the AD pathogenesis, causing 
age-dependent impairment in GABAergic interneurons [12].

2.5 Receptor for advanced glycation end products

The relationship between the receptor for advanced glycation end products 
(RAGE) and AD has also recently been established; RAGE is widely expressed and 
regulated in the AD brain. Furthermore, RAGE is involved with the transport of 
beta-amyloid protein through the blood-brain barrier (BBB) to the brain paren-
chyma. Interactions between RAGE and APP result in inflammatory responses and 
oxidative stress, as well as reduce cerebral blood flow. The receptor also inhibits the 
elimination of APP and RAGE ligands such as AGE, HMGB1, and S100β, which are 
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long-term depolarization, and memory loss by inhibiting RyR sensitization [7]. 
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possibly reflecting impaired GABAergic inhibitory control. In addition, GABA 
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age-dependent impairment in GABAergic interneurons [12].

2.5 Receptor for advanced glycation end products

The relationship between the receptor for advanced glycation end products 
(RAGE) and AD has also recently been established; RAGE is widely expressed and 
regulated in the AD brain. Furthermore, RAGE is involved with the transport of 
beta-amyloid protein through the blood-brain barrier (BBB) to the brain paren-
chyma. Interactions between RAGE and APP result in inflammatory responses and 
oxidative stress, as well as reduce cerebral blood flow. The receptor also inhibits the 
elimination of APP and RAGE ligands such as AGE, HMGB1, and S100β, which are 
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involved in the neurodegenerative disease progression. Additionally, RAGE/AGE 
interactions induce the apoptosis cascade and neuronal inflammation [7]. In addi-
tion, RAGE has been considered as a therapeutic approach in AD; in fact, a RAGE 
antagonist demonstrated a protective effect in an animal model. Chronic oral dos-
ing of PF-04494700 antagonist in transgenic AD mice reduced Aβ levels, improved 
performance in spatial memory testing, and normalized the electrophysiological 
recordings of hippocampal slices. According to the results of the Phase II clinical 
study [13], the RAGE inhibitor has an excellent safety profile and is well-tolerated 
for over 10 weeks in patients with oral AD. These inhibitors block the binding of Aβ 
peptides to the RAGE V domain as well as inhibit the cell stress induced by Aβ in 
cells expressing RAGE in vitro, as well as in the brains of mice [14].

Moreover, a RAGE inhibitor (FPS-ZM1) has no animal toxic activity and easily 
crosses the BBB. In aged mice with AD, FPS-ZM1 can inhibit the RAGE-mediated 
influx of Aβ40 and Aβ42 in the brain. FPS-ZM1 binds exclusively to RAGE in 
the brain, inhibiting Aβ production and suppressing microglia activation and 
neuroinflammatory response. Blocking RAGE actions in the SCF and brain normal-
izes cognitive performance and cerebral blood flow. FPS-ZM1 is a potent RAGE 
blocker, thereby controlling the progression of Aβ-mediated brain disorder [14]. 
Furthermore, metabolic syndrome is a risk factor for cognitive decline in AD, and 
RAGE has been associated with metabolic syndrome, as this receptor directly con-
tributes to an inflammatory process and oxidative stress. Thus, the RAGE inhibition 
is able to reduce cellular toxicity, and therefore, RAGE inhibitors have therapeutic 
potential in retarding AD progression [15].

2.6 Vitamin D receptor

Vitamin D (VD) acts through the vitamin D receptor (VDR), expressed in 
various tissues, including the nervous system. Vitamin D receptor is related to 
memory and cognitive functions. Research has reported a higher prevalence of VD 
deficiency in AD patients and individuals with VD deficiency had twice the risk 
of developing AD compared with individuals with sufficient VD concentrations. 
Several potential mechanisms which link low VD levels to the risk of dementia 
have been identified. First, VDR is expressed throughout the brain, including areas 
involved in memory, such as the hippocampus. The enzyme which synthesizes the 
active form of VD, 1α-hydroxylase, is also produced in various brain areas. Second, 
the VD active form (1,25dihydroxyvitamin D3 or 1,25-D3) regulates neurotrophin 
expression, such as neurotrophin 3, Glial cell-derived neurotrophic factor (GDNF) 
and neural growth factor (NGF). NGF has been implicated in maintaining and 
regulating the normal function of the septohippocampal pathway, which is involved 
in learning and memory. In addition, NGF levels are substantially reduced in 
AD patients and NGF negatively modulates APP protein gene expression, while 
increased APP expression is observed after NGF suppression. Furthermore, VD 
analogs increase APP binding to the NGF promoter, inducing NGF expression. 
Therefore, 1,25-D3 contributes to the development, survival, and function of neural 
cells [16].

Third, VD can stimulate macrophages, which increases amyloid plaque clear-
ance. Fourth, the antioxidant effect of VD may be related to the modulation 
of antioxidant gene expression. Oxidative stress is known to contribute to the 
pathophysiology of neurodegenerative diseases, which leads to impaired cognitive 
and behavioral function. Genetic analyses of the human genome have pointed to 
several genes playing a role in susceptibility to AD, such as genes which are involved 
in inflammation and oxidative stress [7]. Fifth, VD also plays a role in vascular 
protection. Sixth, VD regulates neurotransmitter metabolism in the CNS, such as 
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acetylcholine, dopamine, serotonin, and aminobutyric gamma acid. Finally, VD 
also reduces Aβ-induced cytotoxicity and apoptosis in primary cortical neurons. 
A recent study found that Aβ induction of nitric oxide synthase, part of the AD 
inflammatory process, depends on the VDR pathway disruption. VD supplementa-
tion improves age-related cognitive decline, learning, and memory in older rats. A 
cross-sectional study found that VD deficiency was associated with increased white 
matter volume and reduced gray matter volume. In summary, low VD concentra-
tions may increase the risk of dementia and AD through vascular and neurodegen-
erative mechanisms [16].

2.7 Retinoid X receptor

Vitamin D receptor interacts with the retinoid receptor X (RXR) to perform 
VD actions. Retinoid receptor X activation can stimulate the normal physiological 
processes by which APP is eliminated from the brain. Thus, RXR agonists may be 
useful in treating AD. Two-week treatment with an RXR agonist (bexarotene) 
in an AD animal model resulted in clearance of intraneuronal amyloid deposits. 
Additionally, treatment with bexarotene improved remote memory stabilization 
in fear-conditioned mice and improved olfactory habituation. In addition, bexaro-
tene pretreatment improved neuronal survival in response to glutamate-induced 
excitotoxicity. The bexarotene effects were accompanied by reduced amyloid plaque 
levels, decreased astrogliosis and suppression of inflammatory gene expression. 
Therefore, treatment with RXR agonists can decrease neuron loss, reverse cognitive 
deficits, and improve neural circuit function in aggressive AD models [17]. Retinoid 
receptor X agonists can increase the expression of ApoE, ABCA1, and ABCG1 
by activating RXR heterodimers. On the other hand, these beneficial effects are 
blocked by the RXR antagonist, which can accentuate cellular oxidative stress [18].

Interestingly, RXR decreased expression was identified in the AD mouse model 
and in cells treated with Aβ peptides [19]. However, the action mechanism of 
RXR ligands remains unknown, particularly in the context of human ApoE [20]. 
Retinoids have effects on various physiological and pathological processes in the 
brain. For example, retinoic acid (RA) signaling is widely detected in the adult 
CNS, including the amygdala, cortex, hypothalamus, hippocampus, and other 
brain areas. Retinoids are mainly involved in neural patterns, axon differentiation, 
and cell growth. Retinoids also play a key role in preserving the differentiated state 
of adult neurons. Impaired RA signaling may result in neurodegeneration and 
AD progression. Recent studies have shown severe deficiencies in mouse learn-
ing and memory during RA deprivation, indicating its importance in preserving 
memory. Defective cholinergic neurotransmission is related to cognitive deficits in 
AD. Retinoic acid is also known to increase choline acetyltransferase expression and 
the activity in neuronal cell lines. In addition, retinoids have been shown to inhibit 
the expression of proinflammatory chemokines and cytokines in microglia and 
astrocytes, which are activated in AD [21].

2.8 N-methyl-d-aspartate receptors

N-methyl-d-aspartate receptors (NMDAR) participate in CNS development 
and are involved in synaptic plasticity, which is essential for learning and memory. 
Cognitive symptoms associated with learning and memory deficits have been 
associated with glutaminergic neurotransmission disorders. Excitatory glutamin-
ergic neurotransmission via NMDAR is critical for synaptic plasticity and neuron 
survival. However, excessive neuron stimulation by the glutamate neurotransmit-
ter causes cytotoxicity and results in neuronal damage and death, underlying a 
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involved in the neurodegenerative disease progression. Additionally, RAGE/AGE 
interactions induce the apoptosis cascade and neuronal inflammation [7]. In addi-
tion, RAGE has been considered as a therapeutic approach in AD; in fact, a RAGE 
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cells expressing RAGE in vitro, as well as in the brains of mice [14].
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izes cognitive performance and cerebral blood flow. FPS-ZM1 is a potent RAGE 
blocker, thereby controlling the progression of Aβ-mediated brain disorder [14]. 
Furthermore, metabolic syndrome is a risk factor for cognitive decline in AD, and 
RAGE has been associated with metabolic syndrome, as this receptor directly con-
tributes to an inflammatory process and oxidative stress. Thus, the RAGE inhibition 
is able to reduce cellular toxicity, and therefore, RAGE inhibitors have therapeutic 
potential in retarding AD progression [15].
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Vitamin D (VD) acts through the vitamin D receptor (VDR), expressed in 
various tissues, including the nervous system. Vitamin D receptor is related to 
memory and cognitive functions. Research has reported a higher prevalence of VD 
deficiency in AD patients and individuals with VD deficiency had twice the risk 
of developing AD compared with individuals with sufficient VD concentrations. 
Several potential mechanisms which link low VD levels to the risk of dementia 
have been identified. First, VDR is expressed throughout the brain, including areas 
involved in memory, such as the hippocampus. The enzyme which synthesizes the 
active form of VD, 1α-hydroxylase, is also produced in various brain areas. Second, 
the VD active form (1,25dihydroxyvitamin D3 or 1,25-D3) regulates neurotrophin 
expression, such as neurotrophin 3, Glial cell-derived neurotrophic factor (GDNF) 
and neural growth factor (NGF). NGF has been implicated in maintaining and 
regulating the normal function of the septohippocampal pathway, which is involved 
in learning and memory. In addition, NGF levels are substantially reduced in 
AD patients and NGF negatively modulates APP protein gene expression, while 
increased APP expression is observed after NGF suppression. Furthermore, VD 
analogs increase APP binding to the NGF promoter, inducing NGF expression. 
Therefore, 1,25-D3 contributes to the development, survival, and function of neural 
cells [16].

Third, VD can stimulate macrophages, which increases amyloid plaque clear-
ance. Fourth, the antioxidant effect of VD may be related to the modulation 
of antioxidant gene expression. Oxidative stress is known to contribute to the 
pathophysiology of neurodegenerative diseases, which leads to impaired cognitive 
and behavioral function. Genetic analyses of the human genome have pointed to 
several genes playing a role in susceptibility to AD, such as genes which are involved 
in inflammation and oxidative stress [7]. Fifth, VD also plays a role in vascular 
protection. Sixth, VD regulates neurotransmitter metabolism in the CNS, such as 
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acetylcholine, dopamine, serotonin, and aminobutyric gamma acid. Finally, VD 
also reduces Aβ-induced cytotoxicity and apoptosis in primary cortical neurons. 
A recent study found that Aβ induction of nitric oxide synthase, part of the AD 
inflammatory process, depends on the VDR pathway disruption. VD supplementa-
tion improves age-related cognitive decline, learning, and memory in older rats. A 
cross-sectional study found that VD deficiency was associated with increased white 
matter volume and reduced gray matter volume. In summary, low VD concentra-
tions may increase the risk of dementia and AD through vascular and neurodegen-
erative mechanisms [16].

2.7 Retinoid X receptor

Vitamin D receptor interacts with the retinoid receptor X (RXR) to perform 
VD actions. Retinoid receptor X activation can stimulate the normal physiological 
processes by which APP is eliminated from the brain. Thus, RXR agonists may be 
useful in treating AD. Two-week treatment with an RXR agonist (bexarotene) 
in an AD animal model resulted in clearance of intraneuronal amyloid deposits. 
Additionally, treatment with bexarotene improved remote memory stabilization 
in fear-conditioned mice and improved olfactory habituation. In addition, bexaro-
tene pretreatment improved neuronal survival in response to glutamate-induced 
excitotoxicity. The bexarotene effects were accompanied by reduced amyloid plaque 
levels, decreased astrogliosis and suppression of inflammatory gene expression. 
Therefore, treatment with RXR agonists can decrease neuron loss, reverse cognitive 
deficits, and improve neural circuit function in aggressive AD models [17]. Retinoid 
receptor X agonists can increase the expression of ApoE, ABCA1, and ABCG1 
by activating RXR heterodimers. On the other hand, these beneficial effects are 
blocked by the RXR antagonist, which can accentuate cellular oxidative stress [18].

Interestingly, RXR decreased expression was identified in the AD mouse model 
and in cells treated with Aβ peptides [19]. However, the action mechanism of 
RXR ligands remains unknown, particularly in the context of human ApoE [20]. 
Retinoids have effects on various physiological and pathological processes in the 
brain. For example, retinoic acid (RA) signaling is widely detected in the adult 
CNS, including the amygdala, cortex, hypothalamus, hippocampus, and other 
brain areas. Retinoids are mainly involved in neural patterns, axon differentiation, 
and cell growth. Retinoids also play a key role in preserving the differentiated state 
of adult neurons. Impaired RA signaling may result in neurodegeneration and 
AD progression. Recent studies have shown severe deficiencies in mouse learn-
ing and memory during RA deprivation, indicating its importance in preserving 
memory. Defective cholinergic neurotransmission is related to cognitive deficits in 
AD. Retinoic acid is also known to increase choline acetyltransferase expression and 
the activity in neuronal cell lines. In addition, retinoids have been shown to inhibit 
the expression of proinflammatory chemokines and cytokines in microglia and 
astrocytes, which are activated in AD [21].

2.8 N-methyl-d-aspartate receptors

N-methyl-d-aspartate receptors (NMDAR) participate in CNS development 
and are involved in synaptic plasticity, which is essential for learning and memory. 
Cognitive symptoms associated with learning and memory deficits have been 
associated with glutaminergic neurotransmission disorders. Excitatory glutamin-
ergic neurotransmission via NMDAR is critical for synaptic plasticity and neuron 
survival. However, excessive neuron stimulation by the glutamate neurotransmit-
ter causes cytotoxicity and results in neuronal damage and death, underlying a 
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potential mechanism of neurodegeneration in AD. Therefore, blocking NMDAR 
receptor-mediated glutaminergic neurotransmission can decrease cytotoxicity, 
thereby preventing further damage to neurons and cellular oxidative damage [22]. 
Therefore, NMDAR antagonists have emerged as potential compounds for AD 
patients since the receptor itself has many subunits and its variants have several 
brain functions. For example, conantokine acts as an NMDA receptor antagonist 
and plays an important role in understanding the importance of NMDA receptor 
inhibition in the AD treatment. Moreover, NMDAR activation might be blocked 
by an AD drug, memantine, an NMDAR antagonist which selectively blocks the 
function of extra synaptic NMDARs, but does not affect normal neurotransmission. 
However, memantine (and other current medications used to treat AD) only relieve 
the symptoms and do not alter the disease progression [23].

2.9 Cholesterol receptors

Regarding cholesterol receptors, some specific genotypes have been related 
to a higher or lower risk of dementia and AD. Even genotypes associated with 
AD neuropathology attenuation could be associated with late-onset of dementia. 
Liver nuclear X receptors (LXRs) are the main regulators of cholesterol homeo-
stasis and CNS inflammation. The brain, which contains about 25% of total body 
cholesterol, requires a complex and balanced cholesterol metabolism to maintain 
neuronal function. Deregulation of cholesterol metabolism has been implicated in 
several neurodegenerative diseases, including AD. Due to their anti-inflammatory 
activities, LXRs play a crucial role in CNS function. Although LXR agonists have 
therapeutic potential in neurological diseases, the use of LXR in these patholo-
gies remains problematic. The recent discovery of cholesterol derivatives which 
function as LXR agonists has shown new roles for LXRs in midbrain neurogenesis. 
Elucidating the repertoire of endogenous ligands for LXR will improve the under-
standing of how this receptor regulates CNS lipid metabolism [24].

Nuclear X receptor signaling affects AD development through various path-
ways. Studies indicate that LXR genetic loss in transgenic mice results in increased 
amyloid plaques. Studies also suggest that LXRs activation in mice improves the 
expression of cholesterol efflux-linked genes (ApoE and ABCA-1), induces APP 
processing, and reduces Aß synthesis, with significant improvement in memory. 
Furthermore, LXR agonists have also been shown to inhibit neuroinflammation 
by modulating microglial phagocytosis and repressing COX2, MCP1, and INOS 
expression in glial cells [25]. The T allele of NR1H2 (rs2695121) presents the most 
significant risk for AD among all LXR-β gene polymorphisms. Taken together, these 
findings suggest that brain-penetrable LXR agonists or LXR modulators may be 
useful therapeutic agents for AD treatment and prevention [26].

Additionally, chromosome 12p has been recognized as an AD-associated region. 
This chromosome includes genes for LDL receptor 1 (LRP1) and oxidized low-
density lipoprotein receptor 1 (OLR1). OLR1 is a class E scavenger receptor and is 
a transmembrane glycoprotein. In vitro factors such as oxidized LDL, oxidative 
stress, and inflammatory cytokines, as well as in vivo factors such as diabetes mel-
litus, hyperlipidemia, and hypertension, may induce OLR1 expression. Increased 
oxidized LDL levels induce endothelial cell activation and dysfunction, apoptosis, 
and impaired vessel relaxation, thus contributing to atherosclerosis development 
and progression through OLR1. Epidemiological and clinical literature has reported 
an association between atherosclerosis, vascular risk factors, and AD. Therefore, 
ORL1 variations may lead to low efficiency in the oxidized LDL removal and 
therefore increased Aβ levels, which may result in neuronal death. Indeed, a single 
nucleotide polymorphism in OLR1 located in the 3′ untranslated region of the gene 
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may influence regulatory microRNA binding and OLR1 homeostasis. Several stud-
ies have reported an association between this variant and AD [27].

2.10 Toll-like receptors

Toll-like receptors (TLRs) are innate immune system receptors which are acti-
vated by pathogens (PAMP) or damage-associated molecular patterns (DAMPs). 
Toll-like receptors are associated with neuronal injury in chronic inflammatory 
conditions but also with functional recovery after nerve injury. Amyloid aggregates 
seem to be a type of DAMP and may interact and activate standard recognition 
receptors. Two TLR actions (ligand binding and immune signaling) may have 
beneficial effects on AD pathology. Moreover, microglial activation represents an 
important AD hallmark. Analysis of genetic polymorphisms suggested relation-
ships between TLR polymorphisms and AD risk, further supporting the hypothesis 
that TLRs are involved in AD [28]. In fact, TLR2 is elevated in the hippocampus 
and cortex of AD patients and mice. In this context, it was observed that a TLR2-
binding peptide (WT TIDM) inhibited Aβ-induced microglial activation, reduced 
Aβ load, attenuated neuronal apoptosis, and improved memory and learning in 
mice. However, WT TIDM peptide was not effective in TLR2 knockout mice [29].

Importantly, TLR5 binds to APP with high-affinity, forming complexes which 
block APP toxicity. In turn, APP fibrils modulate the human TLR5 activation via fla-
gellin, but APP cannot activate TLR5 signaling by themselves. Thus, TLR5-related 
biological data suggest this receptor as a potential agent in AD therapy [30]. A new 
TLR9 signaling pathway has recently been associated with the immune-inflam-
matory response, reducing Aβ levels in AD mice. Therefore, TLR9 may represent a 
functional candidate gene for AD [31]. Moreover, TLR4 has also been described in 
the brain and seems to regulate some physiological processes such as neurogenesis. 
In this sense, TLR4 plays an important role during neurodegenerative disorders. 
PRDX6 has been shown to inhibit neural stem cell neurogenesis by down-regulating 
the TLR4 signaling pathway [32]. An early TLR3-mediated signal improves Aβ 
neuronal autophagy, although it increases neuronal apoptosis in the late stage of 
AD. Similarly, TLR7, TLR8, and TLR9 may improve early Aβ microglial uptake, but 
over time, they contribute to neuroinflammation. Therefore, TLRs, in particular 
TLR2 and TLR4, represent suitable targets for therapeutic intervention in AD and 
carefully targeting them may increase Aβ autophagy and phagocytosis, as well as 
reduce inflammatory responses. Several modulators with selective TLR agonist 
or antagonist activity have been developed, and many of them could produce a 
therapeutic benefit in AD patients [33].

2.11 Chemokine receptors

Another molecule involved in AD is the chemokine receptor CX3C1 (CX3CR1), 
which performs IL-1β-dependent cognitive functions. It is known that CX3CR1 
maintains microglial homeostasis and is essential for microglia function in synaptic 
support since it is highly expressed in microglia. In vivo, CX3CR1-GFP knock-in 
mice (in which GFP replaced a CX3CR1 allele) were used to study the role of 
microglia in AD and other brain diseases. Under physiological conditions, decreased 
CX3CR1 function affects cognitive functions in an IL-1β-dependent manner, as 
well as exacerbates LPS-induced inflammation, suggesting that CX3CR1 is essential 
for nerve synapses. In this context, CX3CL1/CX3CR1 axis dysregulation in AD 
may have neuroprotective and neurotoxic effects depending on the model used. It 
is also possible that CX3CR1 is involved in the death of neurons with intracellular 
TAU deposits and the subsequent TAU release [34]. Still, regarding chemokine 
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Elucidating the repertoire of endogenous ligands for LXR will improve the under-
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ways. Studies indicate that LXR genetic loss in transgenic mice results in increased 
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Furthermore, LXR agonists have also been shown to inhibit neuroinflammation 
by modulating microglial phagocytosis and repressing COX2, MCP1, and INOS 
expression in glial cells [25]. The T allele of NR1H2 (rs2695121) presents the most 
significant risk for AD among all LXR-β gene polymorphisms. Taken together, these 
findings suggest that brain-penetrable LXR agonists or LXR modulators may be 
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This chromosome includes genes for LDL receptor 1 (LRP1) and oxidized low-
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a transmembrane glycoprotein. In vitro factors such as oxidized LDL, oxidative 
stress, and inflammatory cytokines, as well as in vivo factors such as diabetes mel-
litus, hyperlipidemia, and hypertension, may induce OLR1 expression. Increased 
oxidized LDL levels induce endothelial cell activation and dysfunction, apoptosis, 
and impaired vessel relaxation, thus contributing to atherosclerosis development 
and progression through OLR1. Epidemiological and clinical literature has reported 
an association between atherosclerosis, vascular risk factors, and AD. Therefore, 
ORL1 variations may lead to low efficiency in the oxidized LDL removal and 
therefore increased Aβ levels, which may result in neuronal death. Indeed, a single 
nucleotide polymorphism in OLR1 located in the 3′ untranslated region of the gene 
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may influence regulatory microRNA binding and OLR1 homeostasis. Several stud-
ies have reported an association between this variant and AD [27].

2.10 Toll-like receptors

Toll-like receptors (TLRs) are innate immune system receptors which are acti-
vated by pathogens (PAMP) or damage-associated molecular patterns (DAMPs). 
Toll-like receptors are associated with neuronal injury in chronic inflammatory 
conditions but also with functional recovery after nerve injury. Amyloid aggregates 
seem to be a type of DAMP and may interact and activate standard recognition 
receptors. Two TLR actions (ligand binding and immune signaling) may have 
beneficial effects on AD pathology. Moreover, microglial activation represents an 
important AD hallmark. Analysis of genetic polymorphisms suggested relation-
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2.11 Chemokine receptors

Another molecule involved in AD is the chemokine receptor CX3C1 (CX3CR1), 
which performs IL-1β-dependent cognitive functions. It is known that CX3CR1 
maintains microglial homeostasis and is essential for microglia function in synaptic 
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receptors, CCL2 receptor (CCR2) was also associated with AD since CCR2 promotes 
the recruitment of bone marrow monocytes into the APP deposition sites in the 
parenchyma, where APP phagocytosis occurs. In mice, CCR2 deficiency accelerated 
early AD progression, impairing mononuclear phagocyte accumulation. CCR2−/− 
mice exhibited high APP levels and low CD11b+ cell recruitment in the brain. 
Importantly, these mice had increased mortality in a dose-dependent manner of the 
CCR2 gene. Subsequent studies showed that APP reduction is due to the monocyte 
accumulation in the perivascular spaces and possibly its infiltration into the brain 
parenchyma. These findings were corroborated by the fact that CCR2 deficiency 
worsened memory and increased soluble APP levels in mice [34].

2.12 Glucocorticoid receptors

The main AD risk factor is aging, but there is growing evidence that chronic 
stress or stress-related disorders may increase the chance of developing AD. Thus, 
depressive disorder may be a risk factor for AD [35]. Stress promotes AD progres-
sion on neurons and glial cells, supporting an important pro-inflammatory role 
of glucocorticoid (GC) in the CNS [36]. Glucocorticoids act via two receptors: 
mineralocorticoid and glucocorticoid receptors (GR) and can participate in APP 
generation and APP activity in the brain. There is a cross-talk between APP and 
GRs in hippocampal excitatory synapses, which may contribute to abnormal brain 
activity during the AD pathogenesis. Both AD patients and AD mice have dysregu-
lated hypothalamic-pituitary-adrenal (HPA) axis, marked by hypercortisolemia 
early in the AD pathology. Thus, in early AD, while APP levels slowly increase in the 
brain, GR activity is probably abnormally high [37]. Moreover, GRs hyperactiva-
tion induces brain changes similar to AD changes. In the brain, GCs are regulators 
of dendritic spine renewal and microglia activity, two strongly altered phenomena 
in AD. Although well established that GCs initiate the brain neuroinflammatory 
response, it is not known whether GRs modulate dendritic spine plasticity and 
microglial activity in AD [36].

Several strategies aiming GR has been tested to counteract HPA axis dysregula-
tion and GC overproduction. Given the GR ubiquitous expression, antagonists have 
many side effects, limiting the GR therapeutic potential. However, a new class of 
selective molecules has been developed, acting as GR modulators. They selectively 
reduce GR-dependent pathogenic processes while retaining the beneficial aspects of 
GR signaling. Indeed, these “selective GR modulators” induce receptor conforma-
tions that allow the activation of only a subset of downstream signaling pathways, 
explaining their ability to combine agonistic and antagonistic properties. Therefore, 
targeting GR with selective modulators, alone or in association with current 
strategies, is attractive to develop new strategies aiming disorders associated with 
HPA axis dysregulation [35]. Dexamethasone, a GR agonist, was able to reduce 
the dendritic spine density, induced the microglia proliferation, and activated the 
microglia in the mouse hippocampus. Besides, in vitro microglial cells were acti-
vated by dexamethasone. In contrast, treatment with mifepristone, a GRs antago-
nist, strongly increased dendritic column density, decreased microglia density, and 
improved mice behavioral performance [36].

2.13 G-protein-coupled receptor 40

There are a large number of polyunsaturated fatty acids in the nervous system, 
such as docosahexaenoic acid (DHA), an omega 3 carboxylic acid. The DHA binds 
to G-protein-coupled receptor 40 (GPR40) and exerts protective effects on the 
nervous system. For example, GPR40 can increase synaptic plasticity, neuronal 
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activity, and inhibits neuronal apoptosis. In this context, GPR40 was considered a 
possible target in dementia [38]. The receptor is expressed in several brain areas, 
including the hippocampus, which is involved in learning and spatial memory. 
However, few studies are investigating the functional role of GPR40 in the brain 
[39]. One study evaluated the GPR40 functional role in the AD mouse model. 
Groups treated with GPR40 significantly improved cognitive performance and 
GPR40 agonist-treated groups improved learning and memory skills in various 
tests. Besides, GPR40 activation caused CREB phosphorylation and increased 
neurotrophic factors levels, including brain-derived neurotrophic factor (BDNF), 
nerve growth factor (NGF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4) in 
hippocampal neurons. These results suggest that GPR40 can be a therapeutic can-
didate for neurogenesis and neuroprotection in AD treatment and prevention [39] 
since GPR40 agonists can promote adult neurogenesis, inhibit neuronal apoptosis, 
and play a vital role in protecting nerves and decreasing brain damage [38].

2.14 Triggered receptor expressed on myeloid cells 2

The triggered receptor expressed in myeloid cells 2 (TREM2) is a soluble protein 
carried by macrophages through ventricles and choroid plexus, entering the brain 
parenchyma through radial glial cells. TREM2 is important for innate immunity, but 
it is also essential for neuroplasticity and myelination. During later stages of life, 
the TREM2 absence can accelerate aging processes, neuronal cell loss and reduce 
microglial activity, leading to neuroinflammation. Inflammation plays an important 
role in neurodegenerative diseases and TREM2 can be important to immunomodu-
lation and neuroprotection [40]. As a member of the immunoglobulin superfamily, 
TREM2 can suppress inflammatory responses, mediates phagocytic pathways, is 
involved with neuronal survival and neurogenesis, as well as contributes to CNS 
neuroimmune homeostasis. Changes in TREM2 are involved in AD-related neuro-
pathology, including Aβ deposition, tau hyperphosphorylation, neuroinflamma-
tion, and neuronal and synaptic losses in AD animal models. However, the precise 
underlying mechanisms about TREM2 have not yet been fully characterized [41]. 
Besides, TREM2 might be related to microglial activation, promoting the associa-
tion of microglial cells with APP plaques. Therefore, microglia can decrease APP 
plaque growth, limiting APP toxicity. On the other hand, this phagocytotic capacity 
is impaired by TREM2 deficiency. Moreover, different mutations in TREM2 are 
associated with AD [42, 43]. Interestingly, recent findings also suggested that the 
association between TREM2 variants and the AD risk varies according to different 
ethnicities and populations [41].

2.15 5-Hydroxytryptamine 6 receptor

The serotoninergic neurotransmitter system has been implicated in AD patho-
genesis. The 5-hydroxytryptamine 6 receptor (5HTR6) is expressed in brain areas 
involved with cognitive processes and has been investigated as a possible thera-
peutic target in AD symptomatology. Besides, 5HTR6 may be added to currently 
approved “Food and Drug Administration” therapies: cholinesterase inhibitors 
and NMDA receptor antagonists since 5HTR6 controls the pyramidal neurons’ 
migration during corticogenesis. In addition, 5HTR6 is a TOR signaling activa-
tor and seems to regulate GABAergic, glutamatergic, and cholinergic activity. 
Therefore, 5HTR6 is involved in cognition, anxiety, memory, affective state, among 
others [44]. Several kinds of research have been conducted with selective 5HTR6 
antagonists. These antagonists act by modulating the glutamate and GABA levels, 
consequently increasing dopamine, ACh, and norepinephrine concentrations in 
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worsened memory and increased soluble APP levels in mice [34].
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mineralocorticoid and glucocorticoid receptors (GR) and can participate in APP 
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GRs in hippocampal excitatory synapses, which may contribute to abnormal brain 
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lated hypothalamic-pituitary-adrenal (HPA) axis, marked by hypercortisolemia 
early in the AD pathology. Thus, in early AD, while APP levels slowly increase in the 
brain, GR activity is probably abnormally high [37]. Moreover, GRs hyperactiva-
tion induces brain changes similar to AD changes. In the brain, GCs are regulators 
of dendritic spine renewal and microglia activity, two strongly altered phenomena 
in AD. Although well established that GCs initiate the brain neuroinflammatory 
response, it is not known whether GRs modulate dendritic spine plasticity and 
microglial activity in AD [36].

Several strategies aiming GR has been tested to counteract HPA axis dysregula-
tion and GC overproduction. Given the GR ubiquitous expression, antagonists have 
many side effects, limiting the GR therapeutic potential. However, a new class of 
selective molecules has been developed, acting as GR modulators. They selectively 
reduce GR-dependent pathogenic processes while retaining the beneficial aspects of 
GR signaling. Indeed, these “selective GR modulators” induce receptor conforma-
tions that allow the activation of only a subset of downstream signaling pathways, 
explaining their ability to combine agonistic and antagonistic properties. Therefore, 
targeting GR with selective modulators, alone or in association with current 
strategies, is attractive to develop new strategies aiming disorders associated with 
HPA axis dysregulation [35]. Dexamethasone, a GR agonist, was able to reduce 
the dendritic spine density, induced the microglia proliferation, and activated the 
microglia in the mouse hippocampus. Besides, in vitro microglial cells were acti-
vated by dexamethasone. In contrast, treatment with mifepristone, a GRs antago-
nist, strongly increased dendritic column density, decreased microglia density, and 
improved mice behavioral performance [36].

2.13 G-protein-coupled receptor 40

There are a large number of polyunsaturated fatty acids in the nervous system, 
such as docosahexaenoic acid (DHA), an omega 3 carboxylic acid. The DHA binds 
to G-protein-coupled receptor 40 (GPR40) and exerts protective effects on the 
nervous system. For example, GPR40 can increase synaptic plasticity, neuronal 
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activity, and inhibits neuronal apoptosis. In this context, GPR40 was considered a 
possible target in dementia [38]. The receptor is expressed in several brain areas, 
including the hippocampus, which is involved in learning and spatial memory. 
However, few studies are investigating the functional role of GPR40 in the brain 
[39]. One study evaluated the GPR40 functional role in the AD mouse model. 
Groups treated with GPR40 significantly improved cognitive performance and 
GPR40 agonist-treated groups improved learning and memory skills in various 
tests. Besides, GPR40 activation caused CREB phosphorylation and increased 
neurotrophic factors levels, including brain-derived neurotrophic factor (BDNF), 
nerve growth factor (NGF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4) in 
hippocampal neurons. These results suggest that GPR40 can be a therapeutic can-
didate for neurogenesis and neuroprotection in AD treatment and prevention [39] 
since GPR40 agonists can promote adult neurogenesis, inhibit neuronal apoptosis, 
and play a vital role in protecting nerves and decreasing brain damage [38].

2.14 Triggered receptor expressed on myeloid cells 2

The triggered receptor expressed in myeloid cells 2 (TREM2) is a soluble protein 
carried by macrophages through ventricles and choroid plexus, entering the brain 
parenchyma through radial glial cells. TREM2 is important for innate immunity, but 
it is also essential for neuroplasticity and myelination. During later stages of life, 
the TREM2 absence can accelerate aging processes, neuronal cell loss and reduce 
microglial activity, leading to neuroinflammation. Inflammation plays an important 
role in neurodegenerative diseases and TREM2 can be important to immunomodu-
lation and neuroprotection [40]. As a member of the immunoglobulin superfamily, 
TREM2 can suppress inflammatory responses, mediates phagocytic pathways, is 
involved with neuronal survival and neurogenesis, as well as contributes to CNS 
neuroimmune homeostasis. Changes in TREM2 are involved in AD-related neuro-
pathology, including Aβ deposition, tau hyperphosphorylation, neuroinflamma-
tion, and neuronal and synaptic losses in AD animal models. However, the precise 
underlying mechanisms about TREM2 have not yet been fully characterized [41]. 
Besides, TREM2 might be related to microglial activation, promoting the associa-
tion of microglial cells with APP plaques. Therefore, microglia can decrease APP 
plaque growth, limiting APP toxicity. On the other hand, this phagocytotic capacity 
is impaired by TREM2 deficiency. Moreover, different mutations in TREM2 are 
associated with AD [42, 43]. Interestingly, recent findings also suggested that the 
association between TREM2 variants and the AD risk varies according to different 
ethnicities and populations [41].

2.15 5-Hydroxytryptamine 6 receptor

The serotoninergic neurotransmitter system has been implicated in AD patho-
genesis. The 5-hydroxytryptamine 6 receptor (5HTR6) is expressed in brain areas 
involved with cognitive processes and has been investigated as a possible thera-
peutic target in AD symptomatology. Besides, 5HTR6 may be added to currently 
approved “Food and Drug Administration” therapies: cholinesterase inhibitors 
and NMDA receptor antagonists since 5HTR6 controls the pyramidal neurons’ 
migration during corticogenesis. In addition, 5HTR6 is a TOR signaling activa-
tor and seems to regulate GABAergic, glutamatergic, and cholinergic activity. 
Therefore, 5HTR6 is involved in cognition, anxiety, memory, affective state, among 
others [44]. Several kinds of research have been conducted with selective 5HTR6 
antagonists. These antagonists act by modulating the glutamate and GABA levels, 
consequently increasing dopamine, ACh, and norepinephrine concentrations in 
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the brain, all compromised in AD. Besides, 5HTR6 agonists have also been shown 
to have pro-cognitive effects. Partial or inverse agonists may produce promising 
cognitive effects [44, 45]. Moreover, 5HTR6 gene variants can be a genetic risk 
factor for late-onset AD and 5HTR6 polymorphisms are possibly involved with AD 
susceptibility, such as the C267T polymorphism [44]. However, there are relatively 
few genetic studies investigating the association between AD and gene variants 
involved in the serotonergic system.

2.16 Cannabinoid receptors

Evidence regarding the involvement of the endocannabinoid system (ECS) in 
the AD pathogenesis raised questions about the development of new therapeutic 
approaches for AD based on endocannabinoid regulation. The endocannabinoid 
system is composed of receptors, endogenous ligands, and enzymes, which are 
involved in AD pathogenesis [46]. Endocannabinoid system-directed drugs can 
exert beneficial effects on mood, as well as modulate neuroinflammation, synaptic 
plasticity, neurotoxicity, apoptosis, cell proliferation, cell differentiation, and 
oxidative stress [47, 48]. Moreover, cannabis tetrahydrocannabinol (THC) induces 
neurogenesis, removes Aβ peptides, and decreases neurofibrillary tangles. The 
hippocampus and microglia, key actors in dementia pathophysiology, express 
1 and 2 cannabinoid receptors, respectively [49]. Type 2 cannabinoid receptor 
(CNR2) is overexpressed in activated microglia in different areas of the nervous 
system. Activated CNR2 has the potential to disrupt the AD process and treat the 
symptoms, reducing neurodegeneration, neuroinflammation, and improving 
spatial memory [50]. The role of the type 1 cannabinoid receptor (CNR1) is unclear. 
However, CNR1 can up-regulate anti-apoptotic proteins in rats [49].

2.17 Peroxisome proliferator-activated γ receptor

Peroxisome proliferator-activated γ receptor (PPARγ) regulates the transcrip-
tion of several genes involved in inflammation, immune response, insulin sensitiv-
ity, and lipid metabolism. The pathways governed by PPARγ overlap the biological 
pathways implicated in AD pathogenesis according to various pieces of evidence. 
Besides, PPARγ regulates the expression of seven AD-associated genes, including 
ApoE, ABCA1, and ABCG1. Increasing ApoE lipid levels facilitate soluble Aβ deg-
radation. Studies using AD animal models have suggested that PPARγ exerts direct 
and indirect effects on APP protein metabolism [51]. Peroxisome proliferator-
activated γ receptor is up-regulated in AD due to existing neuroinflammation and 
PPARγ agonists can be used in AD and shows anti-inflammatory effects, as well as 
improve learning and memory. Thus, PPARγ might be a significant new therapeutic 
target in AD treatment [52]. In addition, emerging evidence suggests that PPARγ 
effectively regulates microglia activation under physiological and pathological 
conditions, facilitating Aβ microglial phagocytosis [53]. In addition, PPARγ poly-
morphisms have been studied in AD; however, the results are controversial and 
inconclusive [54].

2.18 NOD-like receptor pyrin domain-containing-3

The NOD-like receptor pyrin domain-containing-3 (NLRP3) is the best 
known member of the NLR family. Importantly, APP can activate the NLRP3 
inflammasome and increase NLRP3, caspase1, and IL1-β genes expression [55]. 
In microglia, NLRP3 activation is essential for interleukin-1β (IL1-β) maturation 
and subsequent inflammatory events. Besides, NLRP3 is possibly involved in AD 
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pathogenesis through oxidative stress [56]. One study showed that NLRP3 knock-
out mice were largely protected from spatial memory loss and other AD-associated 
sequelae, showing reduced caspase-1 and IL1-β activation, as well as increased 
Aβ clearance. Microglial activation by Aβ can initiate innate immune responses in 
CNS via NLRP3, even before the Aβ deposition. These results show an important 
role of the NLRP3 axis in the AD pathogenesis and suggest that NLRP3 inflam-
masome inhibition might be a new therapeutic intervention for the disease [57]. 
Non-steroidal anti-inflammatory drugs can inhibit NLRP3 inflammasome via 
reversible blockade of volume-regulated anionic channels in the plasma mem-
brane, inhibiting cognitive impairment in AD mice models [58]. The loss of NLRP3 
inflammasome function also reduced tau hyperphosphorylation and aggregation 
(involved in AD pathogenesis) by regulating tau kinases and phosphatases. Tau, in 
turn, activated the NLRP3 inflammasome. The intracerebral injection containing 
Aβ induced tau pathology in an NLRP3-dependent manner. Therefore, these data 
suggest an important role of NLRP3, microglia, and inflammasome activation in 
AD tauopathies [59]. Finally, virgin coconut oil improved hippocampal health, 
memory, and learning in AD mice models by inhibiting NLRP3 and reducing 
oxidative stress [55].

3. Conclusion

Nuclear receptors family and G-protein-coupled receptors are probably the 
receptors families most involved with AD (Table 1). Additionally, the cerebral 
cortex is the main area where most of the receptors involved in AD express 
themselves. The cerebral cortex’s physical area, its complexity, and its involve-
ment with several relevant functions in AD probably justify this fact. Despite the 
small size of the hippocampus, this region is significantly affected in AD. While 
the cerebral cortex is mainly involved in decision making, subjective thinking, 
consequences of action assessment, perception, and attention, the hippocampus is 
mainly related to memory. As a key component of cortico-hippocampal networks, 
the perirenal cortex plays an important role in memory processes, especially 
familiarity-based recognition memory. Therefore, disrupted functional connec-
tivity of this cortical region as a result of early neurodegeneration may contribute 
to altered brain rhythms and cognitive failures observed in the early clinical phase 
of AD patients [11].

Although few receptors involved with AD are expressed in the hypothalamus 
and amygdala (when compared to the expression in the cortex, hippocampus, pons, 
medulla, and basal ganglia), it is known that AD is closely associated with changes 
in mood and motivation. However, these associations depend on the AD stage. 
Most of the receptors involved with AD are expressed in more than one nervous 
system area, showing the involvement of several brain regions in AD. Additionally, 
microglia is one of the main cell types in which AD-associated receptors express 
themselves, highlighting the relevance of microglia in AD, especially in the removal 
of toxic peptides. Additionally, AD-associated receptors are involved with several 
metabolic pathways, which may be directly or indirectly related to the disease. The 
APP elimination or the blockage of pathways related to the APP synthesis is the 
main function performed by the receptors involved with AD (Table 1, Figure 1). 
Besides, many receptors are directly involved with cognitive, memory, and/or learn-
ing functions and many receptors are associated with more than one AD-related 
function (Table 1, Figure 1). Finally, AD-associated receptors are also related to 
nervous system plasticity, including neuronal and microglial survival, nervous 
system development (positive plasticity), and neuronal death (negative plasticity). 
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the brain, all compromised in AD. Besides, 5HTR6 agonists have also been shown 
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exert beneficial effects on mood, as well as modulate neuroinflammation, synaptic 
plasticity, neurotoxicity, apoptosis, cell proliferation, cell differentiation, and 
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(CNR2) is overexpressed in activated microglia in different areas of the nervous 
system. Activated CNR2 has the potential to disrupt the AD process and treat the 
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spatial memory [50]. The role of the type 1 cannabinoid receptor (CNR1) is unclear. 
However, CNR1 can up-regulate anti-apoptotic proteins in rats [49].

2.17 Peroxisome proliferator-activated γ receptor

Peroxisome proliferator-activated γ receptor (PPARγ) regulates the transcrip-
tion of several genes involved in inflammation, immune response, insulin sensitiv-
ity, and lipid metabolism. The pathways governed by PPARγ overlap the biological 
pathways implicated in AD pathogenesis according to various pieces of evidence. 
Besides, PPARγ regulates the expression of seven AD-associated genes, including 
ApoE, ABCA1, and ABCG1. Increasing ApoE lipid levels facilitate soluble Aβ deg-
radation. Studies using AD animal models have suggested that PPARγ exerts direct 
and indirect effects on APP protein metabolism [51]. Peroxisome proliferator-
activated γ receptor is up-regulated in AD due to existing neuroinflammation and 
PPARγ agonists can be used in AD and shows anti-inflammatory effects, as well as 
improve learning and memory. Thus, PPARγ might be a significant new therapeutic 
target in AD treatment [52]. In addition, emerging evidence suggests that PPARγ 
effectively regulates microglia activation under physiological and pathological 
conditions, facilitating Aβ microglial phagocytosis [53]. In addition, PPARγ poly-
morphisms have been studied in AD; however, the results are controversial and 
inconclusive [54].

2.18 NOD-like receptor pyrin domain-containing-3

The NOD-like receptor pyrin domain-containing-3 (NLRP3) is the best 
known member of the NLR family. Importantly, APP can activate the NLRP3 
inflammasome and increase NLRP3, caspase1, and IL1-β genes expression [55]. 
In microglia, NLRP3 activation is essential for interleukin-1β (IL1-β) maturation 
and subsequent inflammatory events. Besides, NLRP3 is possibly involved in AD 
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pathogenesis through oxidative stress [56]. One study showed that NLRP3 knock-
out mice were largely protected from spatial memory loss and other AD-associated 
sequelae, showing reduced caspase-1 and IL1-β activation, as well as increased 
Aβ clearance. Microglial activation by Aβ can initiate innate immune responses in 
CNS via NLRP3, even before the Aβ deposition. These results show an important 
role of the NLRP3 axis in the AD pathogenesis and suggest that NLRP3 inflam-
masome inhibition might be a new therapeutic intervention for the disease [57]. 
Non-steroidal anti-inflammatory drugs can inhibit NLRP3 inflammasome via 
reversible blockade of volume-regulated anionic channels in the plasma mem-
brane, inhibiting cognitive impairment in AD mice models [58]. The loss of NLRP3 
inflammasome function also reduced tau hyperphosphorylation and aggregation 
(involved in AD pathogenesis) by regulating tau kinases and phosphatases. Tau, in 
turn, activated the NLRP3 inflammasome. The intracerebral injection containing 
Aβ induced tau pathology in an NLRP3-dependent manner. Therefore, these data 
suggest an important role of NLRP3, microglia, and inflammasome activation in 
AD tauopathies [59]. Finally, virgin coconut oil improved hippocampal health, 
memory, and learning in AD mice models by inhibiting NLRP3 and reducing 
oxidative stress [55].

3. Conclusion

Nuclear receptors family and G-protein-coupled receptors are probably the 
receptors families most involved with AD (Table 1). Additionally, the cerebral 
cortex is the main area where most of the receptors involved in AD express 
themselves. The cerebral cortex’s physical area, its complexity, and its involve-
ment with several relevant functions in AD probably justify this fact. Despite the 
small size of the hippocampus, this region is significantly affected in AD. While 
the cerebral cortex is mainly involved in decision making, subjective thinking, 
consequences of action assessment, perception, and attention, the hippocampus is 
mainly related to memory. As a key component of cortico-hippocampal networks, 
the perirenal cortex plays an important role in memory processes, especially 
familiarity-based recognition memory. Therefore, disrupted functional connec-
tivity of this cortical region as a result of early neurodegeneration may contribute 
to altered brain rhythms and cognitive failures observed in the early clinical phase 
of AD patients [11].

Although few receptors involved with AD are expressed in the hypothalamus 
and amygdala (when compared to the expression in the cortex, hippocampus, pons, 
medulla, and basal ganglia), it is known that AD is closely associated with changes 
in mood and motivation. However, these associations depend on the AD stage. 
Most of the receptors involved with AD are expressed in more than one nervous 
system area, showing the involvement of several brain regions in AD. Additionally, 
microglia is one of the main cell types in which AD-associated receptors express 
themselves, highlighting the relevance of microglia in AD, especially in the removal 
of toxic peptides. Additionally, AD-associated receptors are involved with several 
metabolic pathways, which may be directly or indirectly related to the disease. The 
APP elimination or the blockage of pathways related to the APP synthesis is the 
main function performed by the receptors involved with AD (Table 1, Figure 1). 
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ing functions and many receptors are associated with more than one AD-related 
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nervous system plasticity, including neuronal and microglial survival, nervous 
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Receptor/family Main expression 
area in human 
CNS

Main roles in AD

Acetylcholine receptors 
(AChR)
Nicotinic Receptors

Cerebral cortex 
and cerebellum

Interacts with APP protein and exert positive 
effects on memory and attention [1, 2].

Estrogen receptors (ER)
Nuclear receptor family

Basal ganglia and 
hippocampus

Increases neural plasticity and neurogenesis, 
affecting cognitive functions and the brain 
regenerative potential. May play beneficial effects 
in reducing the brain inflammatory process [4–6].

Ryanodine receptor 3 (RyR3)
Calcium channels

Basal ganglia Plays negative effects related to synaptic 
transmission and synaptic plasticity. Associated 
with memory loss and age-related cognition 
decline [7–9].

Gamma-Aminobutyric Acid 
receptor (GABAR)
Ionotropic receptor

Cerebral cortex Regulates learning, memory, cognitive function, 
controls the glutamate release, and reduces APP 
toxicity [10–12].

Receptor for advanced 
glycation end products 
(RAGE)
Immunoglobulins 
superfamily

Cerebellum Contributes to neuronal death and inflammation 
and is involved with the APP transport, oxidative 
stress, and cerebral blood flow [14, 15].

Vitamina D receptor (VDR)
Nuclear receptor family

Cerebral cortex 
and hippocampus

Interacts with SMAD3, regulating APP 
transcription through TGFβ signaling. Suppress 
APP gene promoter activity [16].

Retinoid X receptor (RXR)
Nuclear receptor family

Cerebral cortex Stimulates physiological mechanisms of APP 
elimination, decreasing APP-induced deficits  
[17, 18, 21].

N-methyl-D-aspartate 
receptors (NMDAR)
Ionotropic receptor

Cerebral cortex 
and hypothalamus

Participates in CNS development and is involved 
in synaptic plasticity, essential for learning and 
memory [22, 23].

Liver X receptor β (LXR)
Nuclear receptor family

Cerebral cortex Regulates the cholesterol homeostasis and 
inflammation in CNS. May play roles in 
neurogenesis, APP processing, and microglial 
phagocytosis modulation [24–26].

Low-density lipoprotein 
receptor (LDLR)
Lipoprotein receptor family

Pons and medulla Mediates the increase in ApoE expression induced 
by APP protein [27].

Oxidized low-density 
lipoprotein receptor 1 
(OLR1)
Lipoprotein receptor family

Midbrain Mediates the uptake and internalization of low-
density oxidized lipoprotein (oxLDL), which may 
be involved in AD [27].

Toll-like receptor 4 (TLR4)
Toll-like receptor family

Hippocampus Induces CREB signaling, which regulates 
neuron survival, neuronal gene expression, and 
neurogenesis in the adult subventricular zone  
[28, 32, 33].

Toll-like receptor 5 (TLR5)
Toll-like receptor family

Thalamus Binds to APP oligomers and fibrils, forming 
complexes that block APP toxicity [28, 30, 31].

C-C chemokine receptor 
type 2 (CCR2)
Chemokine receptor family

Pons and medulla Promotes monocyte recruitment to APP 
deposition sites, where these cells can phagocyte 
APP proteins [34].

Chemokine receptor CX3C 1
(CX3CR1)
Chemokine receptor family

Midbrain, pons, 
and medulla

Maintains microglial function in synaptic support 
and performs IL-1β dependent cognitive  
functions [34].

117

Alzheimer’s Disease Neuroprotection: Associated Receptors
DOI: http://dx.doi.org/10.5772/intechopen.91918

This suggests that these receptors participate in several long-term changes in the 
nervous system (long-term plasticity) [60].

Finally, most of the receptors involved in AD (67%) are associated with ben-
eficial effects on the disease. These receptors include nuclear receptors, such as 
VDR, membrane receptors, such as TLR5, and cytoplasmic receptors, such as 
GABAR. Most of the AD-associated receptors are found in the membrane of nerve 
cells (61%). Among the neuroprotective receptors, we can highlight the vitamin 
D receptor, responsible for vitamin D actions. Vitamin D is increasingly recog-
nized as a substance involved in neuronal survival, taking part in psychiatric and 

Receptor/family Main expression 
area in human 
CNS

Main roles in AD

Glucocorticoid receptor 
(GCRs)
Glucocorticoid receptor
family

Cerebellum Participates in the generation and activity of APP 
protein in the brain [36, 37].

G-protein-coupled receptor 
40 (GPR40)
G-protein-coupled receptor 
family

Spinal cord Promotes neurogenesis, inhibits neuronal 
apoptosis, and plays a role in protecting nerves and 
decreasing brain damage [38, 39].

Triggered receptor expressed 
on myeloid cells 2 (TREM-2)
Immunoglobulins 
superfamily

Midbrain Participates in microglial survival, inflammatory 
response, phagocytosis, dendritic cell maturation 
and others [40–43].

5-hydroxytryptamine 6 
receptor (5 HTR6)
G-protein-coupled receptor 
family

Basal ganglia Controls the pyramidal neurons migration during 
corticogenesis, activates TOR signaling, and 
regulates the GABAergic, glutamatergic, and 
cholinergic activity. Involved in cognition, anxiety, 
memory, mood, among others [44, 45].

Cannabinoid receptor 
(CNR)
G-protein-coupled receptor 
family

Cerebral cortex Disrupt the AD process, reduce symptoms, 
neurodegeneration, neuroinflammation, and 
improve spatial memory [47–50].

Peroxisome proliferator-
activated γ receptor (PPARγ)
Nuclear receptor family

Amygdala Participates in pathways involved with lipid 
metabolism and immune response implicated 
in AD etiology. PPARγ acts as a transcriptional 
regulator of several genes involved in AD 
pathogenesis [51–53].

NOD-like receptor pyrin 
domain-containing-3 
(NLRP3)
NOD-like receptor family

Pons and medulla The NLRP3 activation leads to IL-1β and IL-18 
production that play a role in the inflammatory 
response and oxidative stress in AD pathogenesis. 
[56–59].

Sigma-1 receptor (σ1R)
Chaperone protein

Cerebral cortex Inhibits enzymes involved in AD, such as 
acetylcholinesterase, 5-lipoxygenase, and 
monoamine oxidase. Protects neurons against 
oxidative stress, contributing to neuronal tissues 
repair [64].

Calcium sensing receptor 
(CaSR)
G-protein-coupled receptor 
family

Cerebral cortex 
and hippocampus

Role in hippocampal neurons degeneration. 
APP is able to increase intracellular calcium by 
opening calcium-permeable cationic channels in 
hippocampal neurons [65].

Table 1. 
Alzheimer’s disease associated receptors.
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neurodegenerative diseases such as AD. The participation of vitamin D in neuronal 
survival may be related to its role in inhibiting the cellular oxidative stress and APP 
synthesis. Therefore, supplementation with vitamin D can help in the current AD 
treatment [61]. A beneficial role in inflammation, played by some receptors acting 
on inflammatory pathways, such as TLRs, has also been shown to be beneficial in 
the AD treatment [62]. More and more new treatments are being researched for 
AD, but unfortunately, the improvements have not been significant. What has 
been sought are combinations of treatments, which can result in some side effects 
in the elderly patient. Besides, current treatments are only symptomatic, that is, 
they do not modify the AD stage. These are cholinesterase inhibitors, used in all AD 
stages as they result in some beneficial effects on cognition and behavior. However, 
therapies affecting the AD stage are still under development. Therefore, efficient 
research must be conducted in this direction, instead of alleviating only the symp-
toms. Immunotherapy, for example, can be a viable option soon [63].

Figure 1. 
Proteins associated with AD. Proteins related to AD are shown according to their protective (a) or pathological 
(b) effects in AD. The receptors located in the green boxes are associated with neuroprotective effects on 
AD. Receptors located in red boxes are associated with AD pathophysiology. Proteins are shown according 
to their location in the cell (nucleus, membrane, intracellular or extracellular). Arrows/triangles represent 
activation, induction or increase. Inverted bars/triangles represent inhibition, deficit or decrease. Protein 
associated to AD protection are related to proteins involved in AD pathophysiological process. Two triangles 
represent overactivation. Elements in the figure are not showed in real scale. ROS, reactive oxygen.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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In Vivo Studies of 
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Neurodegeneration Induced by 
Metabolic Syndrome Relative to 
Chronic Cerebral Hypoperfusion: 
A Critical Review
María I. Herrera, Juan P. Luaces, Lucas D. Udovin, 
Nicolás Toro-Urrego, Matilde Otero-Losada  
and Francisco Capani

Abstract

Metabolic syndrome (MetS) leads to microvascular dysfunction and chronic 
cerebral hypoperfusion (CCH) in an insidious way. Clinical evidence and several 
rodent models have contributed to determining the neurodegenerative effect of a 
sustained decrease in cerebral blood flow (CBF). Protein misfolding and aggrega-
tion derived from CCH might account for the establishment of vascular cognitive 
impairment and dementia (VCID) and Alzheimer’s disease (AD). However, the 
complex and multifactorial etiology of cerebrovascular disease demands the 
combination of experimental models in scientific research. In this sense, the present 
work aims at summarizing the differential available rodent paradigms for studying 
the establishment of cognitive decline resulting from protein misfolding induced 
by MetS in association with CCH. Revising experimental findings in the field will 
help further basic research on the pathophysiology of cerebrovascular disease and 
the future testing of protein-remodeling factors as neuroprotective agents for the 
prevention of cognitive impairment.

Keywords: metabolic syndrome (MetS), chronic cerebral hypoperfusion (CCH), 
protein misfolding, experimental models, cognitive impairment

1. Introduction

Metabolic syndrome (MetS) is the resulting condition of specific concurrent 
maladies, whose common pathogenic component is insulin resistance. Difficult to 
diagnose in clinical practice, there is consensus on its presence provided a cluster 
of risk factors be present, including abdominal obesity, hyperglycemia, hypertri-
glyceridemia, and hypertension [1–3]. Several murine models have contributed to 



127

Chapter 7

In Vivo Studies of 
Protein Misfolding and 
Neurodegeneration Induced by 
Metabolic Syndrome Relative to 
Chronic Cerebral Hypoperfusion: 
A Critical Review
María I. Herrera, Juan P. Luaces, Lucas D. Udovin, 
Nicolás Toro-Urrego, Matilde Otero-Losada  
and Francisco Capani

Abstract

Metabolic syndrome (MetS) leads to microvascular dysfunction and chronic 
cerebral hypoperfusion (CCH) in an insidious way. Clinical evidence and several 
rodent models have contributed to determining the neurodegenerative effect of a 
sustained decrease in cerebral blood flow (CBF). Protein misfolding and aggrega-
tion derived from CCH might account for the establishment of vascular cognitive 
impairment and dementia (VCID) and Alzheimer’s disease (AD). However, the 
complex and multifactorial etiology of cerebrovascular disease demands the 
combination of experimental models in scientific research. In this sense, the present 
work aims at summarizing the differential available rodent paradigms for studying 
the establishment of cognitive decline resulting from protein misfolding induced 
by MetS in association with CCH. Revising experimental findings in the field will 
help further basic research on the pathophysiology of cerebrovascular disease and 
the future testing of protein-remodeling factors as neuroprotective agents for the 
prevention of cognitive impairment.

Keywords: metabolic syndrome (MetS), chronic cerebral hypoperfusion (CCH), 
protein misfolding, experimental models, cognitive impairment

1. Introduction

Metabolic syndrome (MetS) is the resulting condition of specific concurrent 
maladies, whose common pathogenic component is insulin resistance. Difficult to 
diagnose in clinical practice, there is consensus on its presence provided a cluster 
of risk factors be present, including abdominal obesity, hyperglycemia, hypertri-
glyceridemia, and hypertension [1–3]. Several murine models have contributed to 



Neuroprotection - New Approaches and Prospects

128

the knowledge of this vascular risk factors’ constellation, which has been studied 
for over 80 years [4]. The experimental evidence shows that MetS silently, though 
relentlessly, leads to microvascular dysfunction and chronic cerebral hypoperfusion 
(CCH) [5]. Clinical findings, including the multivariate association between func-
tional microvascular variables and laboratory-anthropometrical measurements [6], 
have reinforced the linkage of MetS with CCH [7], which leads to cognitive decline 
in late middle-aged adults [8]. As much as CCH might explain the considerable 
overlap between features of vascular cognitive impairment and dementia (VCID) 
and Alzheimer’s disease (AD), it might also underly as a common pathophysiologi-
cal mechanism [9]. Experimental models of CCH have also contributed to exploring 
the interplay between hypoperfusion and amyloid β (Aβ) deposition, as it relates to 
AD [9]. Scientific evidence has underscored the importance of treating dementia 
comorbid disease conditions, including hypometabolism and diminished cerebral 
blood flow (CBF) [10]. An alternative target in neuroprotection is the regulation 
of the proteostasis network since protein aggregates link MetS-induced CCH and 
sporadic AD late-onset [11]. Therefore, the present work aims at revising differ-
ent murine models of MetS and CCH, summarizing those experimental findings 
of relevance in the establishment of cerebrovascular disease. Plus, this overview 
intends to shed light on the usefulness of experimental models for the study of pro-
tein misfolding as a mechanism of neurodegeneration in CCH. Thirdly, this review 
attempts to discuss the requirement of combining MetS and CCH experimental 
models in order to resemble multifactorial conditions like VCID and AD and to test 
protein-remodeling factors as potential neuroprotective mechanisms for cognitive 
decline in the aging brain [12].

2.  Experimental models of MetS and CCH: relevant findings to  
vascular dementia

Although MetS is a multifactorial and complex condition, several rat strains 
have been developed to assemble a profile of anomalies described in human subjects 
that exhibit cerebrovascular disease. Obese Zucker rats constitute the most repre-
sentative rat strain to study this syndrome since animals present changes similar to 
those seen in patients [1]. This widely extended model of insulin resistance and obe-
sity was discovered in 1961 by Lois Zucker. The mutation in the leptin receptor fa 
leads to noticeable obesity from the third week of life [13]. Leptin is synthesized by 
adipose tissue. This hormone acts in the brain on leptin receptors [14]. Elevated lev-
els of leptin represent the molecular base of the characteristic phenotype of Zucker 
rats, which includes hyperphagia, deposition of energy in adipose tissue, dyslipid-
emia, mild glucose intolerance, hyperinsulinemia, and vascular changes [1, 15]. In 
contraposition to obese Zucker rats, the Wistar Ottawa Karlsburg W (WOKW) rat 
model is not induced by a single-gene mutation, resembling the context in which 
this pathology is developed in human subjects. However, these animals exhibit signs 
of MetS between 8 and 10 weeks of age, much later than Zucker rats [1].

Several murine models of MetS derive from the spontaneously hypertensive 
rat (SHR), which represents the of-choice experimental model of essential (or 
primary) hypertension. While the SHR rats show hypertriglyceridemia and 
abdominal obesity, corpulent SHR rats are preferable for reproducing MetS [1]. 
Different strains have been developed, including obese SHR or Koletsky rats, SHR/
NIH-corpulent (SHR/N-cp) rats and its subline, the SHR/NDmc-corpulent rats, 
and stroke-prone-SHR fatty rats. The first strain, originally developed by Koletsky 
in 1970, shows premature vascular pathology mimicking human atherosclerosis 
[16]. The SHR/N corpulent model was established to reproduce obesity and 
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non-insulin-dependent diabetes mellitus (NIDDM) [17]. Spontaneously hyper-
tensive rats (SHR), an animal model of essential (or primary) hypertension, and 
SHR/NDmc-corpulent rats are also obese, presenting hyperphagia and metabolic 
alterations, while stroke-prone-SHR fatty rats are characterized by severe hyperten-
sion, which induces atherosclerosis and stroke. The spontaneously hypertensive/
NIH-corpulent (SHR/N-cp) rat is a genetic model doomed to developing both 
non-insulin-dependent diabetes mellitus and hypertension.

Low-capacity runner (LCR) rats have been lately described, when cardiovascular 
risk factors were observed to emerge after artificial selection of low aerobic capacity 
[18]. These animals are selectively bred according to their performance in a running 
task. The LCR group is represented by rats capable of running short distances due to 
their low intrinsic aerobic capacity and bred with each other. After 11 generations, 
elevated blood pressure, insulin resistance, hyperinsulinemia, and endothelial 
dysfunction were registered in this strain [1]. Finally, from a translational perspec-
tive, both high-fat diet (HFD) and sweet carbonated beverage drinking represent 
two interesting rodent models of MetS evoking unhealthy dietary habits, increasing 
cardiovascular risk [19]. The former experimental paradigm reproduces impaired 
glucose tolerance (IGT) and type 2 diabetes. Rodents fed a HFD containing near 
58% of total energy supply from fat develop obesity over the first week of life due 
to higher energy intake in combination with lower metabolic efficiency [20]. In 
the latter, 6-month ad libitum coke beverage drinking as the only liquid source 
results in hyperglycemia, hypertriglyceridemia, hypercholesterolemia, overweight, 
systolic hypertension, cardiac, renal alterations, and oxidative stress [2, 3, 21–24]. 
Table 1 offers a translational overview of the abovementioned experimental models 
of MetS.

Disruption of CBF has been studied using focal or global ischemia. Focal 
ischemia models are used for resembling stroke pathophysiology and consist in the 
occlusion of a specific vessel, which reduces CBF by 70% due to restrictions in the 
vessel’s territory. This condition is generally induced by transient or permanent 
middle cerebral artery occlusion. Multiple infarcts can be reproduced via intra-
arterial injection of emboli (heterogeneous localization) or by inducing spontane-
ous strokes (SHRSP). Higher reductions of CBF are developed in global ischemia 
models, which include transient common carotid artery occlusion (TCAO), three- 
and four-vessel occlusion, and cardiac arrest [9].

Since focal and global ischemia leads to severe reductions in CBF, alterna-
tive models have been developed to reproduce CCH, i.e., the subtle yet sustained 
decrease in CBF relevant to VCID. Early pathological events provoking VCID were 
studied through the ligation or occlusion of unilateral or bilateral common carotid 
arteries (two-vessel occlusion) [25]. Bilateral common carotid artery occlusion 
(BCCAO) was refined to resemble modest reductions in CBF. Bilateral common 
carotid artery stenosis (BCCAS) was developed to reduce flow to 50% of baseline 
[26]. However, flow largely recovered 1 month later, which was overcome by estab-
lishing a gradual stenosis model. Aneroid devices were used to absorb extracellular 
fluid and provoke the constriction of arteries, resulting in a slower and progressive 
onset of hypoperfusion. This experimental condition is known as gradual common 
carotid artery stenosis [27]. Consequently, murine models of CCH include a wide 
spectrum of disease severity, ranging from traditional occlusion mechanisms to 
gradual stenosis methods. Despite these variants, experimental models of CCH 
induce sustained and moderate blood flow reductions by 30–50%, in contraposition 
to ischemic models that reduce CBF in 70% acutely [9].

Although stenosis represents a better theoretical approach from a clinical 
perspective, it involves difficult techniques, rendering BCCAO the most com-
monly used model [28]. An alternative experimental model of CCH comprises the 
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attempts to discuss the requirement of combining MetS and CCH experimental 
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decline in the aging brain [12].
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have been developed to assemble a profile of anomalies described in human subjects 
that exhibit cerebrovascular disease. Obese Zucker rats constitute the most repre-
sentative rat strain to study this syndrome since animals present changes similar to 
those seen in patients [1]. This widely extended model of insulin resistance and obe-
sity was discovered in 1961 by Lois Zucker. The mutation in the leptin receptor fa 
leads to noticeable obesity from the third week of life [13]. Leptin is synthesized by 
adipose tissue. This hormone acts in the brain on leptin receptors [14]. Elevated lev-
els of leptin represent the molecular base of the characteristic phenotype of Zucker 
rats, which includes hyperphagia, deposition of energy in adipose tissue, dyslipid-
emia, mild glucose intolerance, hyperinsulinemia, and vascular changes [1, 15]. In 
contraposition to obese Zucker rats, the Wistar Ottawa Karlsburg W (WOKW) rat 
model is not induced by a single-gene mutation, resembling the context in which 
this pathology is developed in human subjects. However, these animals exhibit signs 
of MetS between 8 and 10 weeks of age, much later than Zucker rats [1].

Several murine models of MetS derive from the spontaneously hypertensive 
rat (SHR), which represents the of-choice experimental model of essential (or 
primary) hypertension. While the SHR rats show hypertriglyceridemia and 
abdominal obesity, corpulent SHR rats are preferable for reproducing MetS [1]. 
Different strains have been developed, including obese SHR or Koletsky rats, SHR/
NIH-corpulent (SHR/N-cp) rats and its subline, the SHR/NDmc-corpulent rats, 
and stroke-prone-SHR fatty rats. The first strain, originally developed by Koletsky 
in 1970, shows premature vascular pathology mimicking human atherosclerosis 
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non-insulin-dependent diabetes mellitus (NIDDM) [17]. Spontaneously hyper-
tensive rats (SHR), an animal model of essential (or primary) hypertension, and 
SHR/NDmc-corpulent rats are also obese, presenting hyperphagia and metabolic 
alterations, while stroke-prone-SHR fatty rats are characterized by severe hyperten-
sion, which induces atherosclerosis and stroke. The spontaneously hypertensive/
NIH-corpulent (SHR/N-cp) rat is a genetic model doomed to developing both 
non-insulin-dependent diabetes mellitus and hypertension.

Low-capacity runner (LCR) rats have been lately described, when cardiovascular 
risk factors were observed to emerge after artificial selection of low aerobic capacity 
[18]. These animals are selectively bred according to their performance in a running 
task. The LCR group is represented by rats capable of running short distances due to 
their low intrinsic aerobic capacity and bred with each other. After 11 generations, 
elevated blood pressure, insulin resistance, hyperinsulinemia, and endothelial 
dysfunction were registered in this strain [1]. Finally, from a translational perspec-
tive, both high-fat diet (HFD) and sweet carbonated beverage drinking represent 
two interesting rodent models of MetS evoking unhealthy dietary habits, increasing 
cardiovascular risk [19]. The former experimental paradigm reproduces impaired 
glucose tolerance (IGT) and type 2 diabetes. Rodents fed a HFD containing near 
58% of total energy supply from fat develop obesity over the first week of life due 
to higher energy intake in combination with lower metabolic efficiency [20]. In 
the latter, 6-month ad libitum coke beverage drinking as the only liquid source 
results in hyperglycemia, hypertriglyceridemia, hypercholesterolemia, overweight, 
systolic hypertension, cardiac, renal alterations, and oxidative stress [2, 3, 21–24]. 
Table 1 offers a translational overview of the abovementioned experimental models 
of MetS.

Disruption of CBF has been studied using focal or global ischemia. Focal 
ischemia models are used for resembling stroke pathophysiology and consist in the 
occlusion of a specific vessel, which reduces CBF by 70% due to restrictions in the 
vessel’s territory. This condition is generally induced by transient or permanent 
middle cerebral artery occlusion. Multiple infarcts can be reproduced via intra-
arterial injection of emboli (heterogeneous localization) or by inducing spontane-
ous strokes (SHRSP). Higher reductions of CBF are developed in global ischemia 
models, which include transient common carotid artery occlusion (TCAO), three- 
and four-vessel occlusion, and cardiac arrest [9].

Since focal and global ischemia leads to severe reductions in CBF, alterna-
tive models have been developed to reproduce CCH, i.e., the subtle yet sustained 
decrease in CBF relevant to VCID. Early pathological events provoking VCID were 
studied through the ligation or occlusion of unilateral or bilateral common carotid 
arteries (two-vessel occlusion) [25]. Bilateral common carotid artery occlusion 
(BCCAO) was refined to resemble modest reductions in CBF. Bilateral common 
carotid artery stenosis (BCCAS) was developed to reduce flow to 50% of baseline 
[26]. However, flow largely recovered 1 month later, which was overcome by estab-
lishing a gradual stenosis model. Aneroid devices were used to absorb extracellular 
fluid and provoke the constriction of arteries, resulting in a slower and progressive 
onset of hypoperfusion. This experimental condition is known as gradual common 
carotid artery stenosis [27]. Consequently, murine models of CCH include a wide 
spectrum of disease severity, ranging from traditional occlusion mechanisms to 
gradual stenosis methods. Despite these variants, experimental models of CCH 
induce sustained and moderate blood flow reductions by 30–50%, in contraposition 
to ischemic models that reduce CBF in 70% acutely [9].

Although stenosis represents a better theoretical approach from a clinical 
perspective, it involves difficult techniques, rendering BCCAO the most com-
monly used model [28]. An alternative experimental model of CCH comprises the 
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asymmetric common carotid artery surgery. Differential procedures are used for 
each common carotid artery (CCA), allowing interesting comparisons between 
both hemispheres. Gradual occlusion of the right artery lasts 1 month, while the 

Name of the 
model

Experimental 
induction of MetS

Characteristic phenotype Translational 
advantages

Obese Zucker rats Mutation in leptin 
receptor fa causes 
obesity in rats 
from the 3rd week 
of life.

Hyperphagia, energy deposition 
in adipose tissue, dyslipidemia, 
mild glucose intolerance, 
hyperinsulinemia, and vascular 
changes.

Reproduces phenotypic 
changes resembling 
those in patients with 
MetS.

Wistar Ottawa 
Karlsburg W 
(WOKW) rats

Derived from a 
Wistar rat outbred 
strain, WOKW 
rats first exhibit 
signs of MetS at 
8–10 weeks of age.

Obesity, moderate 
hypertension, dyslipidemia, 
hyperinsulinemia, and glucose 
intolerance.

Resembles MetS in a 
polygenetic context, as 
in humans.

Spontaneously 
hypertensive rats 
(SHR)

Rats bred with 
high blood 
pressure develop 
hypertension 
around 5–6 weeks 
of age.

Hypertension, 
hypertriglyceridemia, and 
abdominal obesity. The 
phenotype varies according to 
the respective corpulent strain:
a. Obese SHR or Koletsky rats
b. SHR/NIH-corpulent 

(SHR/N-cp) rats
c. SHR/NDmc-corpulent rats
d. Stroke-prone-SHR fatty rats

The of-choice 
experimental model of 
essential (or primary) 
hypertension.
Corpulent SHR 
rats are preferable 
for reproducing 
MetS. Some strains 
resemble human-like 
atherosclerosis (a,d) or 
non-insulin-dependent 
(type II) diabetes 
mellitus (NIDDM) 
(b,c), respectively.

Low-capacity 
runner (LCR) rats

Rats capable of 
running short 
distances due to 
their low intrinsic 
aerobic capacity 
are selectively bred 
with each other 
along various 
generations.

Elevated blood pressure, insulin 
resistance, hyperinsulinemia, 
and endothelial dysfunction.

Represents metabolic 
dysfunction associated 
with low aerobic 
capacity.

High-fat diet 
(HFD)

Rodents fed a 
diet containing 
near 58% of total 
energy supply 
from fat become 
obese over the 1st. 
week of life due 
to higher energy 
intake.

Obesity and low metabolic 
efficiency.

Evokes impaired 
glucose tolerance (IGT) 
and type-2 diabetes due 
to unhealthy dietary 
habits.

Sweet carbonated 
beverage drinking

6-month ad 
libitum coke 
beverage drinking 
as the only 
liquid source 
causes metabolic 
dysfunction in 
rats.

Hyperglycemia, 
hypertriglyceridemia, 
hypercholesterolemia, 
overweight, systolic 
hypertension, cardiorenal 
alterations, and oxidative stress.

It mimics MetS derived 
from unhealthy dietary 
habits.

Table 1. 
Experimental models of MetS: summary of phenotypic features from a translational perspective.
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left artery undergoes 50% stenosis by placing a micro-coil. Further investigation is 
necessary to assess CBF reductions at longer time points, discarding the complete 
occlusion of carotid arteries in the long term [9]. Table 2 summarizes the main 
features of the described models of CCH. For more details regarding experimental 
paradigms of CCH, including primate models, see [29].

Recent evidence using the abovementioned experimental models of CCH 
has shown that disruption of CBF leads to vascular cognitive impairment (VCI). 
Because of BCCAS induction in mice, selective recognition alterations were 
encountered in the novel object recognition (NOR) test, together with damage to 
the perirhinal cortex [30]. When CBF was gradually reduced, progressive motor 
impairment and working memory decline were found in the rotarod and Y-maze 
tests, respectively. Loss of oligodendrocytes in the white matter might underlie 
these behavioral deficits, suggesting that the GCCAS model could closely replicate 
the clinical pathogenesis of hypoperfusive vascular dementia in humans [31]. After 
implanting an aneroid constrictor on the left CCA and provoking stenosis on the 
right CCA, mice exhibited sustained motor, learning, and memory dysfunction, 
inferred from the balance beam maze, a fear conditioning task, and the NOR test. 
Histopathological analysis showed neurodegeneration in the cerebral cortex, dorsal 
striatum, and hippocampus. These findings support the usefulness of the ACCAS 
experimental model for reproducing the effect of microvascular occlusions on 
cognitive impairment [32].

3.  Experimental findings supporting protein misfolding as a 
neurodegenerative mechanism in CCH

The causative role of CCH in cognitive impairment and AD has been reported in 
several studies using the BCCAO model, an experimental paradigm of easy applica-
tion [28]. Differential mechanisms have been proposed as a potential link between 
CCH and neurodegeneration, including synaptic dysfunction, oxidative stress, 
neuronal loss, white matter lesion, neuroinflammation, and protein misfolding [28]. 

Name of the 
model

Experimental induction of 
CCH

Characteristic 
phenotype

Translational 
advantages

Bilateral common 
carotid artery 
occlusion 
(BCCAO)

Both common carotid arteries 
are ligated.

Cerebral blood 
flow (CBF) CBF 
rapidly decreases.

Represents a widely 
used model of CCH, 
characterized by its 
feasibility.

Bilateral common 
carotid artery 
stenosis (BCCAS)

Microcoils are placed on both 
CCAs.

CBF decreases 
and gradually 
recovers.

Mimics the clinical 
scenario of modest 
reductions in CBF.

Gradual common 
carotid artery 
stenosis (GCCAS)

Aneroid devices are used to 
absorb extracellular fluid and 
provoke the constriction of 
arteries.

CBF gradually 
decreases without 
recovery.

Reproduces a progressive 
onset of hypoperfusion, 
slower than induced by 
BCCAS.

Asymmetric 
common carotid 
artery surgery 
(ACCAS)

An aneroid constrictor is 
placed on the right common 
carotid artery (CCA), 
inducing a gradual occlusion 
for 1 month. The left CCA 
undergoes 50% stenosis by 
placing a micro-coil.

CBF decreases to 
different extents 
between the right 
and left CCAs.

Resembles differential 
reductions in CBF 
between both 
hemispheres.

Table 2. 
Experimental models of CCH: Summary of phenotypic features from a translational perspective.
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asymmetric common carotid artery surgery. Differential procedures are used for 
each common carotid artery (CCA), allowing interesting comparisons between 
both hemispheres. Gradual occlusion of the right artery lasts 1 month, while the 
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left artery undergoes 50% stenosis by placing a micro-coil. Further investigation is 
necessary to assess CBF reductions at longer time points, discarding the complete 
occlusion of carotid arteries in the long term [9]. Table 2 summarizes the main 
features of the described models of CCH. For more details regarding experimental 
paradigms of CCH, including primate models, see [29].

Recent evidence using the abovementioned experimental models of CCH 
has shown that disruption of CBF leads to vascular cognitive impairment (VCI). 
Because of BCCAS induction in mice, selective recognition alterations were 
encountered in the novel object recognition (NOR) test, together with damage to 
the perirhinal cortex [30]. When CBF was gradually reduced, progressive motor 
impairment and working memory decline were found in the rotarod and Y-maze 
tests, respectively. Loss of oligodendrocytes in the white matter might underlie 
these behavioral deficits, suggesting that the GCCAS model could closely replicate 
the clinical pathogenesis of hypoperfusive vascular dementia in humans [31]. After 
implanting an aneroid constrictor on the left CCA and provoking stenosis on the 
right CCA, mice exhibited sustained motor, learning, and memory dysfunction, 
inferred from the balance beam maze, a fear conditioning task, and the NOR test. 
Histopathological analysis showed neurodegeneration in the cerebral cortex, dorsal 
striatum, and hippocampus. These findings support the usefulness of the ACCAS 
experimental model for reproducing the effect of microvascular occlusions on 
cognitive impairment [32].

3.  Experimental findings supporting protein misfolding as a 
neurodegenerative mechanism in CCH

The causative role of CCH in cognitive impairment and AD has been reported in 
several studies using the BCCAO model, an experimental paradigm of easy applica-
tion [28]. Differential mechanisms have been proposed as a potential link between 
CCH and neurodegeneration, including synaptic dysfunction, oxidative stress, 
neuronal loss, white matter lesion, neuroinflammation, and protein misfolding [28]. 
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feasibility.
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between the right 
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reductions in CBF 
between both 
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Figure 1. 
Protein misfolding as a neurodegenerative mechanism and novel neuroprotective target in CCH. Chronic 
cerebral hypoperfusion impairs proteostasis network, inducing protein misfolding. Under cell stress, proteostasis 
network surveillance systems degrade proteins through different mechanisms. Depending on the nature of 
misfolded proteins, different systems are activated such as ubiquitin-proteasome system or macroautophagy. 
Protein aggregates, are recognized by molecular chaperones, ubiquitinated and delivered to the autophagosome 
via Beclin-1 complex. Neuroprotective agents, which target proteostasis network, emerge as promising 
treatments for cognitive impairment following CCH.

The latter appears as a novel target for neuroprotection, according to cumulative 
evidence [11]. Figure 1 illustrates how CCH alters proteostasis network, leading to 
protein misfolding and neurodegeneration.

Degeneration of hippocampal neurons was attributed to proteostasis network 
destruction and protein aggregation induced by BCCAO [33]. This murine model 
has also led to a sustained increase in autophagy related-proteins Beclin-1, light 
chain 3B (LC3-B), and P62, suggesting a defensive reaction against protein misfold-
ing. In this study, although CBF returned to baseline, cognitive failure was irrevers-
ible and attributed to Aβ aggregation in the hippocampus [34]. This brain region is 
characterized by its vulnerability to CCH [35] and its association with memory and 
learning dysfunction in AD [36]. Hippocampal degeneration has also been related 
to BCCAO-induced macroautophagy and endoplasmic reticulum (ER) stress, as 
it was inferred from the expression of light chain 3 II (LC3-II), Beclin 1, CCAAT/
enhancer-binding protein, and C/EBP homologous protein [37].

Besides BCCAO, oxygen-glucose deprivation (OGD) provokes autophagy 
upregulation and apoptosis [35]. Recent evidence extended these findings, report-
ing CCH-induced high levels of LC3-II and Beclin-1 along with ultrastructural 
markers of apoptosis in CA1 neurons, including nuclear pycnosis, autophagosomes, 
and autolysosomes. ER fragmentation and spatial working memory impairment 
appeared as subcellular and functional correlates [38]. In addition to autophagy 
[34, 35, 38] and macroautophagy [37], ubiquitin-proteasome system (UPS) appears 
as another proteostatic pathway altered as a consequence of experimental CCH, 
which leads to CA1 degeneration. Long-term decrease peptidase activity and 
accumulation of ubiquitinated protein aggregates were observed after ligating the 
left vein and draining the transverse sinus and the bilateral external carotid arteries 
[39]. Previous studies from this laboratory had suggested the removal of misfolded 
proteins was impaired by UPS downregulation [40], and cognitive decline might be 
associated with long-term potentiation inhibition [41].

Along with aggregation of extracellular Aβ, intracellular phosphorylated tau 
protein deposition constitutes a hallmark of AD [42]. Tau hyperphosphorylation 
was observed as a result of unilateral common carotid artery occlusion (UCCAO), 

133

In Vivo Studies of Protein Misfolding and Neurodegeneration Induced by Metabolic Syndrome…
DOI: http://dx.doi.org/10.5772/intechopen.92603

together with decreased post-translational tau O-GlcNAcylation by β-N-
acetylglucosamine, dysregulation of synaptic proteins, and memory deficits [43]. 
According to previous findings, brain glucose metabolic dysfunction might down-
regulate tau O-GlcNAcylation mediated by tau hyperphosphorylation [44–46]. 
Recent studies have confirmed and extended this finding, suggesting CCH might 
exacerbate tau hyperphosphorylation in AD-rodents, either after UCCAO in mice 
[47] or BCCAO in rats [48]. Similarly, previous evidence prompted CCH might 
precipitate AD neuropathology since BCAS seemed to accelerate Aβ aggregation, 
the same process found in amyloid protein precursor (APP)-transgenic (APP-Tg) 
mice [49]. In fact, aberrant processing of APP has been reported after BCCAO [50].

4. Combining experimental models

Since MetS is associated with an increased risk of cerebral ischemia, recent 
investigations developed murine models of MetS combined with experimental 
paradigms of ischemia-reperfusion injury to study the impact of ischemia associ-
ated with MetS. Wistar rats fed a high-fat diet for 20 weeks were more susceptible 
to BCCAO-reperfusion than normal diet (ND)-fed animals, showing worsening 
in microvascular dysfunction and oxidative stress. These results show that MetS 
increases the vulnerability of the ischemic brain to damage, whereby BCCAO 
exacerbates cerebrovascular disease previously induced by HFD [51]. Similarly, 
BCCAO, followed by reperfusion, aggravated microvascular alterations in obese 
Zucker rats compared with lean Wistar controls. Lesions in the cortex and 
striatum were largely more pronounced in obese Zucker rats, suggesting MetS 
could increase the risk of adverse outcomes following a brain hypoperfusion-
reperfusion event [52].

Novel findings support the hypothesis that the brain under obesity’s conditions 
is more vulnerable to ischemic injury. A brief episode of transient ischemia (TI) was 
provoked in obese gerbils, commonly known as desert rats. After 12 weeks of HFD, 
the rodents underwent a 2-min experimental TI. Hyperglycemia, cholesterolemia, 
and triglyceridemia observed in gerbils fed with a HFD were associated with a 
massive loss of pyramidal neurons in the hippocampal CA1 region 5 days after TI, 
indicating that a short-lived episode of TI could evoke neuronal damage along with 
pre-existing MetS. Increased levels of dihydroethidium, 4-hydroxynonenal, tumor 
necrosis factor-α, and interleukin-1β indicated brain injury was mediated by oxida-
tive stress and neuroinflammation. On the contrary, ND gerbils did not exhibit 
neuronal death as a consequence of acute TI. In addition, these control animals 
could develop cerebral ischemic tolerance against a subsequent severer episode of 
TI [53]. Previous studies from the same laboratory have deepened the role of mam-
malian target of rapamycin (mTOR) in the pathogenesis of metabolic and neuro-
logical diseases and demonstrated that obesity and its related metabolic dysfunction 
might exacerbate the impact of TI in certain brain areas, including cerebral cortex, 
striatum, and hippocampus (CA1-3 regions) [54–56].

Conversely, cerebral ischemia itself might lead to glucose deregulation, a 
pathognomonic feature of MetS. Experimental evidence combining rodent models 
of ischemia and MetS shows that ischemic hippocampal neuronal death hampers 
glucose homeostasis, decreasing insulin secretion, which is later exacerbated by 
a HFD. In this study, gerbils were subjected to an 8-min BCCAO or a sham opera-
tion followed by either 11 or 40% fat diet for 7, 14, or 28 days. Although the initial 
occlusion provoked a 70% decrease in CA1 neurons, only HFD and longer ischemic 
periods resulted in larger hippocampal cell death. Similarly, glucose intolerance 
measured through the oral glucose tolerance test (OGTT) was overrated in gerbils 
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Figure 1. 
Protein misfolding as a neurodegenerative mechanism and novel neuroprotective target in CCH. Chronic 
cerebral hypoperfusion impairs proteostasis network, inducing protein misfolding. Under cell stress, proteostasis 
network surveillance systems degrade proteins through different mechanisms. Depending on the nature of 
misfolded proteins, different systems are activated such as ubiquitin-proteasome system or macroautophagy. 
Protein aggregates, are recognized by molecular chaperones, ubiquitinated and delivered to the autophagosome 
via Beclin-1 complex. Neuroprotective agents, which target proteostasis network, emerge as promising 
treatments for cognitive impairment following CCH.

The latter appears as a novel target for neuroprotection, according to cumulative 
evidence [11]. Figure 1 illustrates how CCH alters proteostasis network, leading to 
protein misfolding and neurodegeneration.

Degeneration of hippocampal neurons was attributed to proteostasis network 
destruction and protein aggregation induced by BCCAO [33]. This murine model 
has also led to a sustained increase in autophagy related-proteins Beclin-1, light 
chain 3B (LC3-B), and P62, suggesting a defensive reaction against protein misfold-
ing. In this study, although CBF returned to baseline, cognitive failure was irrevers-
ible and attributed to Aβ aggregation in the hippocampus [34]. This brain region is 
characterized by its vulnerability to CCH [35] and its association with memory and 
learning dysfunction in AD [36]. Hippocampal degeneration has also been related 
to BCCAO-induced macroautophagy and endoplasmic reticulum (ER) stress, as 
it was inferred from the expression of light chain 3 II (LC3-II), Beclin 1, CCAAT/
enhancer-binding protein, and C/EBP homologous protein [37].

Besides BCCAO, oxygen-glucose deprivation (OGD) provokes autophagy 
upregulation and apoptosis [35]. Recent evidence extended these findings, report-
ing CCH-induced high levels of LC3-II and Beclin-1 along with ultrastructural 
markers of apoptosis in CA1 neurons, including nuclear pycnosis, autophagosomes, 
and autolysosomes. ER fragmentation and spatial working memory impairment 
appeared as subcellular and functional correlates [38]. In addition to autophagy 
[34, 35, 38] and macroautophagy [37], ubiquitin-proteasome system (UPS) appears 
as another proteostatic pathway altered as a consequence of experimental CCH, 
which leads to CA1 degeneration. Long-term decrease peptidase activity and 
accumulation of ubiquitinated protein aggregates were observed after ligating the 
left vein and draining the transverse sinus and the bilateral external carotid arteries 
[39]. Previous studies from this laboratory had suggested the removal of misfolded 
proteins was impaired by UPS downregulation [40], and cognitive decline might be 
associated with long-term potentiation inhibition [41].

Along with aggregation of extracellular Aβ, intracellular phosphorylated tau 
protein deposition constitutes a hallmark of AD [42]. Tau hyperphosphorylation 
was observed as a result of unilateral common carotid artery occlusion (UCCAO), 

133

In Vivo Studies of Protein Misfolding and Neurodegeneration Induced by Metabolic Syndrome…
DOI: http://dx.doi.org/10.5772/intechopen.92603

together with decreased post-translational tau O-GlcNAcylation by β-N-
acetylglucosamine, dysregulation of synaptic proteins, and memory deficits [43]. 
According to previous findings, brain glucose metabolic dysfunction might down-
regulate tau O-GlcNAcylation mediated by tau hyperphosphorylation [44–46]. 
Recent studies have confirmed and extended this finding, suggesting CCH might 
exacerbate tau hyperphosphorylation in AD-rodents, either after UCCAO in mice 
[47] or BCCAO in rats [48]. Similarly, previous evidence prompted CCH might 
precipitate AD neuropathology since BCAS seemed to accelerate Aβ aggregation, 
the same process found in amyloid protein precursor (APP)-transgenic (APP-Tg) 
mice [49]. In fact, aberrant processing of APP has been reported after BCCAO [50].

4. Combining experimental models

Since MetS is associated with an increased risk of cerebral ischemia, recent 
investigations developed murine models of MetS combined with experimental 
paradigms of ischemia-reperfusion injury to study the impact of ischemia associ-
ated with MetS. Wistar rats fed a high-fat diet for 20 weeks were more susceptible 
to BCCAO-reperfusion than normal diet (ND)-fed animals, showing worsening 
in microvascular dysfunction and oxidative stress. These results show that MetS 
increases the vulnerability of the ischemic brain to damage, whereby BCCAO 
exacerbates cerebrovascular disease previously induced by HFD [51]. Similarly, 
BCCAO, followed by reperfusion, aggravated microvascular alterations in obese 
Zucker rats compared with lean Wistar controls. Lesions in the cortex and 
striatum were largely more pronounced in obese Zucker rats, suggesting MetS 
could increase the risk of adverse outcomes following a brain hypoperfusion-
reperfusion event [52].

Novel findings support the hypothesis that the brain under obesity’s conditions 
is more vulnerable to ischemic injury. A brief episode of transient ischemia (TI) was 
provoked in obese gerbils, commonly known as desert rats. After 12 weeks of HFD, 
the rodents underwent a 2-min experimental TI. Hyperglycemia, cholesterolemia, 
and triglyceridemia observed in gerbils fed with a HFD were associated with a 
massive loss of pyramidal neurons in the hippocampal CA1 region 5 days after TI, 
indicating that a short-lived episode of TI could evoke neuronal damage along with 
pre-existing MetS. Increased levels of dihydroethidium, 4-hydroxynonenal, tumor 
necrosis factor-α, and interleukin-1β indicated brain injury was mediated by oxida-
tive stress and neuroinflammation. On the contrary, ND gerbils did not exhibit 
neuronal death as a consequence of acute TI. In addition, these control animals 
could develop cerebral ischemic tolerance against a subsequent severer episode of 
TI [53]. Previous studies from the same laboratory have deepened the role of mam-
malian target of rapamycin (mTOR) in the pathogenesis of metabolic and neuro-
logical diseases and demonstrated that obesity and its related metabolic dysfunction 
might exacerbate the impact of TI in certain brain areas, including cerebral cortex, 
striatum, and hippocampus (CA1-3 regions) [54–56].

Conversely, cerebral ischemia itself might lead to glucose deregulation, a 
pathognomonic feature of MetS. Experimental evidence combining rodent models 
of ischemia and MetS shows that ischemic hippocampal neuronal death hampers 
glucose homeostasis, decreasing insulin secretion, which is later exacerbated by 
a HFD. In this study, gerbils were subjected to an 8-min BCCAO or a sham opera-
tion followed by either 11 or 40% fat diet for 7, 14, or 28 days. Although the initial 
occlusion provoked a 70% decrease in CA1 neurons, only HFD and longer ischemic 
periods resulted in larger hippocampal cell death. Similarly, glucose intolerance 
measured through the oral glucose tolerance test (OGTT) was overrated in gerbils 
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fed a HFD as the ischemic periods became longer. During the OGTT, insulin levels 
were significantly lower in gerbils subjected to BCCAO than in sham-operated 
controls. In addition, insulin secretion decrease was elevated the most after 28 days 
of HFD in ischemic gerbils [57]. These interesting findings using a combination 
of rodent models suggest that ischemic damage is a risk factor for glucose homeo-
stasis, which might be worsened by the experimental induction of MetS in a HFD 
paradigm.

5. Future directions

Scientific findings combining rodent models have shown that chronic MetS 
is associated with poor stroke outcomes following experimental cerebrovascular 
events [58] since HFD or the way of inducing MetS modulates ischemic mecha-
nisms of brain damage [59]. Also, experimental CBF restriction seems to hamper 
glucose homeostasis, posing a risk factor for developing MetS. When artery occlu-
sion models are followed by the experimental induction of metabolic dysfunction 
features, the resulting MetS might exacerbate previously ischemia-induced glucose 
deregulation [57]. Therefore, combining experimental models offers an interesting 
scientific paradigm for elucidating the complexity of pathophysiological mecha-
nisms underlying chronic cerebrovascular disease. In terms of Zhao and Gong [28], 
differential clinical scenarios may coexist in chronic pathologies where risk factors 
rarely exist alone or may even exert a causative role in some patients while acting as 
a consequence in others. In this regard, experimental studies using the combined 
application of murine models could help to close the gap between rodent models 
and human disease [9].

However, this complex translational perspective is still necessary for studying 
the interaction between MetS and CCH inducing neurodegeneration. Although 
brain microvascular dysfunction has been confirmed in several murine models 
of MetS, including HFD [60, 61], Zucker [62], and SHR rats [63], whether MetS 
causes cognitive impairment due to a decrease in CBF has not been fully addressed 
yet [64]. In addition, since protein misfolding is a hallmark of neurodegenerative 
diseases [65], dissecting the exact role of MetS in association with CCH in protein 
aggregation represents a relevant challenge in the field. Detailed studies on the 
time-dependent proteostatic changes after experimental MetS and CCH will shed 
light on the roles and mechanisms of these clinical conditions in the establishment 
of VCID and AD. Furthermore, these studies will contribute to testing protein-
remodeling factors [12] as putative neuroprotective agents for the prevention of 
cerebrovascular disease and cognitive decline.
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Abstract

Stroke is a pathology of great relevance worldwide as it currently occupies the 
second motif of death and the third reason of disability. Although exits some thera-
pies that are used successfully in the clinic, a very high percentage of patients do not 
have the opportunity to benefit from them; therefore, it is imperative to propose 
other alternatives that may favor more patients. In this chapter, we briefly review 
the inflammatory response induced by stroke and also its deleterious and protective 
effects. We will describe the characteristics of copolymer-1 and the effects that this 
compound has shown in models of cerebral ischemia.

Keywords: cerebral ischemia, copaxone, neurogenesis, protective autoimmunity, 
neuroregeneration, neuroprotection

1. Introduction

Cerebral ischemia is the main disorder of cerebrovascular diseases; currently, 
according to data from the World Health Organization, it is the second main cause 
of death worldwide [1] and the third principal cause of disability. In the last 40 
years alone, the incidence of this condition has more than doubled in people from 
low and middle-revenue countries [2].

The increment in the incidence of this condition is due to increased risk factors as 
diabetes mellitus, hypertension, obesity, hyperlipidemia, and increased longevity of 
the population [3]. These factors allow the development of atherosclerosis, which is 
the main cause of ischemia [4]; thereby, it is considered that for the coming years this 
scenario will be maintained while strategies to reduce these factors are progressing.

Stroke is distinguished by the brusque reduction of blood flow; therefore, the 
levels of oxygen and glucose are also reduced significantly, to the point of alter-
ing the metabolic activities of the neural tissue [5]. As a consequence of the latter, 
the low production of ATP and the acidification of the environment induce the 
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depolarization of the membranes causing the intracellular increase of Ca2+ that is 
added to the one released by the endoplasmic reticulum and mitochondria [6].

Neuronal depolarization causes the release of glutamate which, when bound to 
its ionotropic N-methyl-D-aspartate (NMDA) and -amino-3-hydroxy-5-methyl-
4-isoxazolpropionic (AMPA) receptors, achieves greater depolarization and, as a 
consequence, conditions of excitotoxicity [7]. These conditions are coupled with 
the production of free radicals [8] and lead to cell death by the activation of mol-
ecules that induce necrosis and apoptosis [9].

Along with the lesion caused by the decrease in blood flow, the immune response 
is added to the events involved in both the detriment of the tissue and its protection.

2. Immunological response in stroke

Inflammation is usually present before the development of arterial obstruction 
that gives rise to the ischemic event. The development of atherosclerosis is accom-
panied by the production of oxygen free radicals (ROS), expression of cell adhesion 
molecules, and production of proinflammatory cytokines as IL-1β and tumor 
necrosis factor-α (TNF-α) by endothelial cells [10].

Shortly after occlusion, endothelial cells express a greater amount of intercel-
lular adhesion molecules (ICAM), deposition of mannose binding lectin molecules 
that trigger activation of the complement pathway [11], producing higher amounts 
of ROS. The overproduction of ROS activates the prostaglandin pathway that 
stimulates the production of matrix metalloproteinases (MMP) that even though 
degrading constituents of the extracellular matrix, reshape the vascular endothe-
lium seeking to protect of the blood brain barrier (BBB) [12].

The release of chemokines such as CCL2 allows endothelial permeability [13], 
leading to the translocation of P-selectin from Weibel-Palade bodies, as well as 
the expression of ICAM-1 and vascular cell adhesion molecule (VCAM)-1 and 
E-selectin, on the endothelial surface [14]. Theses phenomena, together with the 
damage of the extracellular matrix facilitate the extravasation of macromolecules 
and water, which causes the development of vasogenic edema [15]. Peripheral 
immune cells then enter the injured cerebral parenchyma [16] facilitating the loss of 
the integrity of the BBB.

Neutrophils are the first leukocytes that migrate to the cerebral parenchyma; 
they have been detected since the first hour after ischemia and reach their maxi-
mum peak in 1–3 days [17]. In the clinic, it has been observed that the higher blood 
neutrophil count is associated with higher infarction volumes in patients with acute 
stroke [18].

The second cell type that enters the neural tissue are monocytes, these infiltrate 
within 24 h of the onset of the ischemic event reaching its peak on day 3 [19]; their dif-
ferentiation process toward macrophages and their activation will be determined by 
the molecular environment to which they arrive. This process is similar to that experi-
enced by T lymphocytes, which reach the parenchyma 24–96 h post-ischemia [20].

At the same time, the cells of the injured cerebral parenchyma release damage 
associated molecular patterns (DAMPs) that activate the microglia. Depending 
on the activation environment, the microglia can acquire a proinflammatory (M1) 
or anti-inflammatory (M2) phenotype [21]. In the M1 phenotype, the microglia 
acquires phagocytic capacity, produces NO, free radicals, and proinflammatory 
cytokines (e.g. TNF-α, IL-12 and IL-6) [22]. Some regions in the ischemic pen-
umbra present an activation of M2 microglia distinguished by the production of 
anti-inflammatory and repair molecules, such as insulin growth factor 1 (IGF-1), 
IL-10, and arginase 1 [23].
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Some researchers suggest that the M2 phenotype is initially activated dur-
ing the acute phase in the peripheral zone to the infarction [24], since it has 
been determined that the levels of IL-10, TGF-β, and CD206 increase from the 
first day after the lesion and reach the maximum point between 4 and 6 days, 
possibly trying to keep the viability of tissue. In addition, TGF-β induces the anti-
inflammatory phenotype of microglia, related with enhanced proliferation and 
neuroprotection [25, 26].

In contrast, some authors suggest that the first response is proinflammatory [27], 
due to the loss of regulatory mechanisms; when a stroke occurs there is an important 
activation of the M1 microglial phenotype [28].

Although contradictory, both positions could be correct. The fact is that, M1 and 
M2 phenotypes actively participate in the response observed after ischemic event; 
however, in normal conditions, there is an important prevalence of the M1 pheno-
type leading the response to a proinflammatory reaction that, instead of helping, 
promotes more damage.

On the other hand, perivascular macrophages and monocytes of peripheral 
origin that arrive at the injured parenchyma induce the synthesis of chemokines 
like CXCL1 and CXCL2, which are fundamental for recruiting more neutrophils to 
the injury site [29, 30]. The dendritic cells (DC) present a greater expression of the 
major histocompatibility complex II (MHCII) and the co-stimulant molecule CD80. 
This causes an important enhance in the interaction of T cells around and within 
the damaged areas inducing then a stronger immune response [31].

When T lymphocytes are activated by antigen-presenting cells (APCs) toward 
a Th1 phenotype, the secretion of proinflammatory cytokines like as IFN-γ, TNF, 
and LT-α [lymphotoxin] increases. This cytokine profile, intensify proinflammatory 
response and thereby, tissue damage. Contrarily, when T cells are activated toward 
a Th2 phenotype they produce anti-inflammatory cytokines such as IL-4 and IL-10 
[32]. These cytokines have been associated with tissue protection mechanisms and 
even increased neurogenesis. This immune response that exerts protective effects 
and limits the damage caused by ischemia [19] can be stimulated by immunomodu-
latory molecules such as copolymer-1.

3. Copolymer-1

Copolymer-1 [Cop-1], also known as glatiramer acetate (GA) or copaxone [trade 
name], is a blend of peptides formed by random sequences of four amino acids: 
glutamic acid, lysine, alanine, and tyrosine; these have a variable length from 45 to 
200 amino acid residues and a molecular weight of 4000–9000 Da [33].

Cop-1 was originally synthesized from mylelin basic protein (MBP) to identify 
the precise immunogenic sequence and provoke experimental autoimmune enceph-
alomyelitis (EAE), an animal model of multiple sclerosis (MS); however, it did not 
present encephalitogenic characteristics [34]; on the contrary, it has suppressive 
and protective effects on EAE [35]. In the clinic, copaxone is able to diminish the 
relapse rate and improve the disability of patients with relapsing-remitting MS [36]. 
Copaxone obtained its approvement by the Food and Drugs Administration [FDA] 
of U.S.A. in 1996 and in Europe in 2001 [33].

At this time, the exact mechanism by which Cop-1 exerts its protective effects is 
not known at all. Studies carried out in EAE suggest that Cop-1 has greater affin-
ity for the MHCII binding site of APC when competing with peptide complexes 
derived from the MBP, specifically with the epitope 82–100 [37]. This competition 
may also be present among the complexes for the TCR binding site of the lympho-
cytes [38] that, when activated, induces a Th2 response [39].
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The Cop-1 response is distinguished by increased synthesis of IL-4, IL-5, IL-10, 
IL-13, and TGF-β [33, 40–43]. Cop-1 has also been observed to increase the pres-
ence of regulatory T lymphocytes [44] and regulatory CD8+ T lymphocytes in 
patients with multiple sclerosis [45, 46].

Another important effect of copolymer-1 is the production of growth factors, 
among which stand out; the brain derived neurotrophic factor [BDNF] [47, 48], 
IGF-1, [49] and neurotrophins NT-3 and NT-4 [47]. It is known that, in addition to 
inducing neuroprotection and neurorestoration, these growth factors are related to 
mechanisms such as memory and learning.

The molecular basis by which Cop-1 exerts its neuroprotective effect has 
been evaluated in several in-vitro assays. The most explanatory results have been 
obtained in the analysis of the effect of Cop-1 on APC such as monocytes, microg-
lia, and astrocytes.

It has been showed that through the blockade of the nuclear factor kappa B [NF-
kB], Cop-1 reduces the expression of the chemokine CCL5 [RANTES], which is 
upregulated by the presence of IL-1β [50] and TNF-α in human astroglial cells [51]. 
A similar effect has also been observed on the monocyte chemotactic protein-1 
[MPC-1] and adhesion molecules VCAM-1 and selectin E in endothelial cells as well 
as COX2 and iNOS [52].

It has also been observed that Cop-1 induces differentiation of type II mono-
cytes independently of the binding of Cop-1 to MHCII. Weber et al. demonstrated 
that this differentiation is due to the fact that Cop-1 reduces the phosphorylation 
of the transcription factor STAT-1 by stimulating the expression of IL-10 and 
TGF-β [53].

On the other hand, it has also been observed that Cop-1 has a direct effect on 
glial cells [microglia and astrocytes] which are activated in conjunction with T cells 
reducing STAT-1 and STAT-3 phosphorylation through increased expression of 
cytokine signaling suppressor (SOCS-1) and independently of IFNϒR, accompa-
nied by a reduction of IL-12 by CD4+ T lymphocytes [54].

Even though the molecular pathways by which Cop-1 acts are not yet completely 
established, the microenvironment induced by this compound is capable of allow-
ing neuroprotection since it reduces the deleterious scenario that leads to neural 
death. Additionally, the new conditions could facilitate tissue restoration through 
the synthesis of growth factors.

4. The effect of copolymer-1 on inflammatory diseases

The beneficial effects showed by copaxone in patients with MS, even though the 
knowledge of its immunomodulatory mechanisms is partial, encouraged the evalu-
ation of its effect in other experimental models.

In the model of optic nerve lesion—which tries to reproduce the characteristics 
of secondary degeneration—Cop-1 demonstrated an interesting neuroprotective 
effect. Kipnis et al. [55] evaluated the effect of adoptive anti-Cop-1 T cell transfer 
and immunization with Cop-1 immediately after causing optic nerve contusion 
in Lewis rats; their results were very encouraging as they observed reduction in 
axonal degeneration, accumulation of T lymphocytes in injured areas and obtained 
a significant increase in IL-10 and BDNF in-vitro. In contrast, using a model of axon 
transection of the optic nerve, Blair and coworkers [56] found no beneficial effects 
of Cop-1. The difference in the results may be due to the different inflammatory 
response evoked by the type of injury (contusion or transection). Inflammation is 
more pronounced after contusion as compared to the one observed after a transec-
tion. It should be an issue to be studied by future investigations.
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Parkinson’s disease presents gradual reduction of dopaminergic neurons in the 
region of the substantia nigra and the striatum in the brain, it is not known the 
reason that causes the death of these neurons, but the pathology is characterized 
by a significant increase in oxidative stress, mitochondrial dysfunction, neuroin-
flammation, and cell death [57]. Patients with PD present an increase in TNF-β, 
IL-1β, and IL-6 and other inflammatory cytokines resulting from the activation of 
the macrophages and microglia towards a proinflammatory phenotype capable of 
releasing NO and superoxide radicals that further damage neural tissue facilitating 
disease progression [58].

In the traditional model to induce Parkinson’s disease in mice [induction by 
1-1-methyl-1,2,3,6-tetrahydropyridine], it was observed that Cop-1 reduces the 
degeneration of dopaminergic cells. This effect is achieved since Cop-1 induces the 
up-regulation in the protein expression of tyrosine hydroxylase [59, 60]. Additionally, 
it has been reported an increase in glial cell-derived neurotrophic factor (GDNF), 
reduction of activated microglia markers, and restoration of BDNF [61]. Based in 
these findings, several research groups consider COP-1 as a pharmacological alterna-
tive for this pathology which should be deeply studied [62].

Copolimer-1 has also been tested in models of Alzheimer’s disease (AD). AD is 
a pathology that produces deposits of the β-amyloid protein, dystrophic neurites, 
loss of synapses and neurons, and elevated gliosis [63]. From the early stages of the 
pathology, it has been observed microgial activation toward a M2 neuroprotective 
phenotype that is modified as the disease progresses [64]. In advanced stages, a 
proinflammatory microenvironment characterized by the presence of cytokines 
such as IL-1β, TNF-α, IL-6 has been reported [65].

After Cop-1 administration, microglia modulation toward a M2 phenotype is 
observed, in such a way as to promote neuronal survival and neural tissue repair 
in AD models [66]. Butovsky and coworkers showed that Cop-1 immunizations 
lead to enhanced infiltration of monocyte-derived macrophages into neural tissue 
with an anti-inflammatory profile expressing minor levels of TNF-α and high levels 
of IL-10, TGF-β1, and IGF1. In this scenario, phagocytosis of preformed fibrillar 
amyloid-β by bone marrow-derived macrophages increased dramatically after 
the administration of Cop-1. Also, to demonstrate benefits on the preservation of 
cognitive function, the investigation showed an important synaptic protection, 
plaque removal, restriction of astrogliosis, and modulation of the immune molecu-
lar environment [67, 68].

Another pathology that evidenced the beneficial effects produced by Cop-1 is 
amyotrophic lateral sclerosis (ALS). This is a neurodegenerative disease known 
by the progressive depletion of the upper and lower motor neurons [69]. During 
pathogenesis, glutamate excitotoxicity, structural and functional anomalies of 
mitochondria, damaged axonal structure, and oxidative stress conducted by free 
radicals are strongly observed [70].

In this case, Angelov and colleagues showed—in mouse models—that the 
administration of Cop-1 promotes the survival of motor neurons [71].

The beneficial effects of Cop-1 on ALS have been assessed in a Phase II trial 
conducted by Mosley. This investigation evaluated the cytokine response of ALS 
patients treated with copaxone and showed that copaxone is capable of inducing a 
temporary change in cytokines from Th1 to Th2 phenotype [72].

Copaxone is also tested in other pathologies at clinical settings. For instance, a 
phase III study on optic neuritis is now being conducted to evaluate the thickness 
of the layer of nerve fiber of the retina after 6 months of treatment. The results 
of this study have not been published. Finally, copaxone has been tested in Crohn’s 
disease and various types of carcinomas, studies where copaxone is in evaluation 
processes [73].



Neuroprotection - New Approaches and Prospects

146

The Cop-1 response is distinguished by increased synthesis of IL-4, IL-5, IL-10, 
IL-13, and TGF-β [33, 40–43]. Cop-1 has also been observed to increase the pres-
ence of regulatory T lymphocytes [44] and regulatory CD8+ T lymphocytes in 
patients with multiple sclerosis [45, 46].

Another important effect of copolymer-1 is the production of growth factors, 
among which stand out; the brain derived neurotrophic factor [BDNF] [47, 48], 
IGF-1, [49] and neurotrophins NT-3 and NT-4 [47]. It is known that, in addition to 
inducing neuroprotection and neurorestoration, these growth factors are related to 
mechanisms such as memory and learning.

The molecular basis by which Cop-1 exerts its neuroprotective effect has 
been evaluated in several in-vitro assays. The most explanatory results have been 
obtained in the analysis of the effect of Cop-1 on APC such as monocytes, microg-
lia, and astrocytes.

It has been showed that through the blockade of the nuclear factor kappa B [NF-
kB], Cop-1 reduces the expression of the chemokine CCL5 [RANTES], which is 
upregulated by the presence of IL-1β [50] and TNF-α in human astroglial cells [51]. 
A similar effect has also been observed on the monocyte chemotactic protein-1 
[MPC-1] and adhesion molecules VCAM-1 and selectin E in endothelial cells as well 
as COX2 and iNOS [52].

It has also been observed that Cop-1 induces differentiation of type II mono-
cytes independently of the binding of Cop-1 to MHCII. Weber et al. demonstrated 
that this differentiation is due to the fact that Cop-1 reduces the phosphorylation 
of the transcription factor STAT-1 by stimulating the expression of IL-10 and 
TGF-β [53].

On the other hand, it has also been observed that Cop-1 has a direct effect on 
glial cells [microglia and astrocytes] which are activated in conjunction with T cells 
reducing STAT-1 and STAT-3 phosphorylation through increased expression of 
cytokine signaling suppressor (SOCS-1) and independently of IFNϒR, accompa-
nied by a reduction of IL-12 by CD4+ T lymphocytes [54].

Even though the molecular pathways by which Cop-1 acts are not yet completely 
established, the microenvironment induced by this compound is capable of allow-
ing neuroprotection since it reduces the deleterious scenario that leads to neural 
death. Additionally, the new conditions could facilitate tissue restoration through 
the synthesis of growth factors.

4. The effect of copolymer-1 on inflammatory diseases

The beneficial effects showed by copaxone in patients with MS, even though the 
knowledge of its immunomodulatory mechanisms is partial, encouraged the evalu-
ation of its effect in other experimental models.

In the model of optic nerve lesion—which tries to reproduce the characteristics 
of secondary degeneration—Cop-1 demonstrated an interesting neuroprotective 
effect. Kipnis et al. [55] evaluated the effect of adoptive anti-Cop-1 T cell transfer 
and immunization with Cop-1 immediately after causing optic nerve contusion 
in Lewis rats; their results were very encouraging as they observed reduction in 
axonal degeneration, accumulation of T lymphocytes in injured areas and obtained 
a significant increase in IL-10 and BDNF in-vitro. In contrast, using a model of axon 
transection of the optic nerve, Blair and coworkers [56] found no beneficial effects 
of Cop-1. The difference in the results may be due to the different inflammatory 
response evoked by the type of injury (contusion or transection). Inflammation is 
more pronounced after contusion as compared to the one observed after a transec-
tion. It should be an issue to be studied by future investigations.
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of this study have not been published. Finally, copaxone has been tested in Crohn’s 
disease and various types of carcinomas, studies where copaxone is in evaluation 
processes [73].
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The ability of Cop-1 to modify the proinflammatory milieu and to stimulate the 
production of growth factors encourages the idea of testing this compound on other 
pathologies with characteristics of secondary degeneration caused by inflamma-
tion. In line with this, the use of Cop-1 after stroke envisions an optimistic result.

5. Effect of copolymer-1 on stroke

As copolymer-1 has been shown to have beneficial effects in various models 
where neuroinflammation is a detrimental determinant, our group decided to 
evaluate its neuroprotective effect on cerebral ischemia. For this purpose, we used 
the median transient cerebral artery obstruction (tMCAO) model. Sprague-Dawley 
male rats were used. After being subjected to ischemia for 90 min, the rats were 
immunized in the interscapular region with a dose of 200 μg of Cop-1.

In the first study, the animals were evaluated for neurological deficit at day 1 and 
day 7 post-ischemia using the Zea Longa scale [74]. Then, a histological analysis 
was performed using hematoxylin and eosin staining to determine neuroprotection. 
The results indicated that Cop-1 is able to avoid up to 85.1% increase in infarct size 
(4.8 ± 1.5 for Cop-1 vs. 32.2 ± 8 for control group; p = 0.004 mean ± SD; Figure 1A) 
and is able to reduce neurological deficit on day 7 post-ischemia.

This neuroprotective effect may be due to the reduction of the proinflamma-
tory cytokines TNF-α and IL-1β and the increase of IL-4, as was observed by the 
Manguin group in a model of ischemia in diabetic mice [75]. Additionally, the pro-
duction of neurotrophic factors—known to be implicated in the processes of neural 
survival and proliferation of neuron precursor cells—could also be involved [76].

On the other hand, recovery from neurological deficit can be achieved by diverse 
mechanisms; for instance, neuroprotection exerted by Cop-1 could be limiting 
tissue damage caused by inflammation, this could allow the proper functioning of 
remaining neuronal connections. Functional recovery could also be the result of 
neurogenesis induced by Cop-1. Neurogenesis is a phenomenon that can replace 
neurons that died during the ischemic insult by allowing the substitution of neuro-
nal circuits and thus neurorestoration.

Our study provided evidences about the neuroprotective effect of Cop-1; how-
ever, the fact that Cop-1-induced T cells are able to produce neurotrophic factors, 
led us to think that, it was imperative to investigate if behind the clinical recovery 
there was also a possible neurogenesis phenomenon.

In the following study, we evaluated whether Cop-1 induces neurogenesis in 
the two neurogenic niches of the adult brain: in the subventricular (SVZ) and the 

Figure 1. 
Neuroprotective effect of the copolymer-1. (A) Infarction size reduction. (B) Effect of the copolymer-1 on the 
neurological deficit. n = 8. Each bar represents mean ± SEM. Two-way repeated measure ANOVA. Sidak’s post 
hoc multiple comparisons test. *p < 0.05; **p < 0.0.
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subgranular zone of the dentate hippocampus gyrus (SGZ) [77]. To accomplish the 
evaluation, we performed an immunofluorescence technique using a double mark-
ing of 5-bromo-2′-deoxyuridine (BrdU) and doublecortin (Dcx) at 7 and 60 days 
after ischemia.

The results were very encouraging, the neurological recovery caused by Cop-1 
was observed from day 7 post-ischemia as in the first experiment [78] and was 
improving even in the chronic phase at 60 days (Figure 1B). The number of neuro-
blasts in the groups treated with Cop-1 was significantly higher in the two neuro-
genic niches at both 7 and 60 days in the SVZ and SGZ (Figure 2). This neurogenic 
phenomenon correlated with the clinical recovery of treated rats. Simultaneously, an 
important increase of NT-3 was observed in the area of the ischemic penumbra [79].

Cop-1-induced neurogenesis has been evaluated in other animal models such 
as EAE [47], Alzheimer [66], and recently in the model of permanent cerebral 
ischemia in diabetic male mice C57Bl6 [75]. Regarding the latter, it is important 
to mention that, in a previous experiment carried out by the same group, they did 
not observe improvement in the neurological function nor reduction in the volume 
of the infarction. These findings could be the result of the use of inappropriate 
evaluation techniques [80] as in their most recent study, they observed a reduction 
in infarct size of up to 30–40% and an increase in neurogenesis 7 days after perma-
nent ischemia in the SVZ. In addition, they found a reduction of proinflammatory 
cytokines such as TNF-α, IL-1β, and a significant increase of IL-4 and IL-10 [75].

Neurogenesis is a mechanism widely regulated by signals that stimulate the stem 
cells of neurogenic niches [81]; many of these signals are produced by the choroid 
plexus (CP), which is a complex structure of cells considered an interface that medi-
ates communication between the immune system and the cerebral parenchyma [82]. 
Therefore, trying to analyze the mechanism by which Cop-1 induces neurogenesis, we 
evaluate whether Cop-1 modifies the microenvironment of CP, 14 days after tMCAO.

In the third investigation, we evaluated neurological recovery—which was 
observed according to our previous experiments [78, 79], neurogenesis and the 
expression of proinflammatory (IL-1β, TNF-α, INF-ϒ, and IL-17) and anti-inflam-
matory cytokines (IL-4 and IL-10) as well as the concentration of growth factors 
(BDNF, NT-3 and IGF-1) at the CP (Figure 3).

In this experiment, we again proved a significant increase of neurogenesis in the 
groups treated with Cop-1 in both, the SVZ and SGZ [83]. This data was similar to 
that previously reported [79]. As for the expression of proinflammatory cytokines, 
we only found significant differences in the expression of IL-17, which was observed 
reduced in the groups treated with Cop-1. With respect to anti-inflammatory cyto-
kines, only IL-10 was significantly increased. In this investigation, we also found a 
significant increase of growth factors (BDNF, NT-3, and IGF-1) in the CP [83].

Figure 2. 
Effect of copolymer-1 on neurogenesis at 7, 14, and 60 days. (A) Neurogenesis in SVZ at 7 and 60 days. 
(B) Neurogenesis in SGZ at 7 and 60 days. (C) Neurogenesis in SVZ and SGZ at 14 days. n = 8 in A and B. 
n = 5 in C. Each bar represents mean ± SEM. Two-tailed Mann-Whitney U test. Dunn’s post hoc multiple 
comparison test. *p < 0.05, **p < 0.01, ***p < 0.001. SVZ: Subventricular zone and SGZ: Subgranular zone.
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ing of 5-bromo-2′-deoxyuridine (BrdU) and doublecortin (Dcx) at 7 and 60 days 
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The results were very encouraging, the neurological recovery caused by Cop-1 
was observed from day 7 post-ischemia as in the first experiment [78] and was 
improving even in the chronic phase at 60 days (Figure 1B). The number of neuro-
blasts in the groups treated with Cop-1 was significantly higher in the two neuro-
genic niches at both 7 and 60 days in the SVZ and SGZ (Figure 2). This neurogenic 
phenomenon correlated with the clinical recovery of treated rats. Simultaneously, an 
important increase of NT-3 was observed in the area of the ischemic penumbra [79].

Cop-1-induced neurogenesis has been evaluated in other animal models such 
as EAE [47], Alzheimer [66], and recently in the model of permanent cerebral 
ischemia in diabetic male mice C57Bl6 [75]. Regarding the latter, it is important 
to mention that, in a previous experiment carried out by the same group, they did 
not observe improvement in the neurological function nor reduction in the volume 
of the infarction. These findings could be the result of the use of inappropriate 
evaluation techniques [80] as in their most recent study, they observed a reduction 
in infarct size of up to 30–40% and an increase in neurogenesis 7 days after perma-
nent ischemia in the SVZ. In addition, they found a reduction of proinflammatory 
cytokines such as TNF-α, IL-1β, and a significant increase of IL-4 and IL-10 [75].

Neurogenesis is a mechanism widely regulated by signals that stimulate the stem 
cells of neurogenic niches [81]; many of these signals are produced by the choroid 
plexus (CP), which is a complex structure of cells considered an interface that medi-
ates communication between the immune system and the cerebral parenchyma [82]. 
Therefore, trying to analyze the mechanism by which Cop-1 induces neurogenesis, we 
evaluate whether Cop-1 modifies the microenvironment of CP, 14 days after tMCAO.

In the third investigation, we evaluated neurological recovery—which was 
observed according to our previous experiments [78, 79], neurogenesis and the 
expression of proinflammatory (IL-1β, TNF-α, INF-ϒ, and IL-17) and anti-inflam-
matory cytokines (IL-4 and IL-10) as well as the concentration of growth factors 
(BDNF, NT-3 and IGF-1) at the CP (Figure 3).

In this experiment, we again proved a significant increase of neurogenesis in the 
groups treated with Cop-1 in both, the SVZ and SGZ [83]. This data was similar to 
that previously reported [79]. As for the expression of proinflammatory cytokines, 
we only found significant differences in the expression of IL-17, which was observed 
reduced in the groups treated with Cop-1. With respect to anti-inflammatory cyto-
kines, only IL-10 was significantly increased. In this investigation, we also found a 
significant increase of growth factors (BDNF, NT-3, and IGF-1) in the CP [83].

Figure 2. 
Effect of copolymer-1 on neurogenesis at 7, 14, and 60 days. (A) Neurogenesis in SVZ at 7 and 60 days. 
(B) Neurogenesis in SGZ at 7 and 60 days. (C) Neurogenesis in SVZ and SGZ at 14 days. n = 8 in A and B. 
n = 5 in C. Each bar represents mean ± SEM. Two-tailed Mann-Whitney U test. Dunn’s post hoc multiple 
comparison test. *p < 0.05, **p < 0.01, ***p < 0.001. SVZ: Subventricular zone and SGZ: Subgranular zone.
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Both growth factors and IL-10 have been reported to be directly involved in 
the stimulation of SVZ and SGZ stem cells; specifically, IL-10 has been observed 
to induce stem cell proliferation but not differentiation in primary cultures [84]. 
Moreover, IL-10 has immunomodulatory capacity as it inhibits the synthesis and 
release of proinflammatory cytokines such as TNF-α, IL-6, and IL-1β that are 
known to affect neurogenesis [85]. Moreover, growth factors such as NT-3 maintain 
viable stem cells from neurogenic niches facilitating plasticity [86]. BDNF promotes 
the proliferation and survival of neuroblasts [87] and IGF-1 promotes stem cell dif-
ferentiation and migration of neuroblasts [88]. Therefore, this investigation allowed 
to demonstrate that Cop-1 is capable of raising the expression of IL-10 and growth 
factors, which have beneficial effects on neurogenesis.

In order to know if Cop-1 modulates the number of leukocytes in CP and to know 
if these intervene in the synthesis and release of growth factors and IL-10, we evalu-
ated the cell types present in the cerebrospinal fluid in animals submitted to tMCAO 
and Cop-1 therapy. The results showed a significant increment in CD8+ T cells, which 
positively linked with the increase in growth factors and IL-10 [unpublished data].

The increase in CD8+ T lymphocytes has been observed as an effect of copaxone 
immunization in patients with MS [46]. In addition, experiments performed in the 
EAE model have considered these cells indispensable for the development of the 
beneficial effect of Cop-1 [89]. However, it is necessary to identify the nature of 
these cells and whether the type of CD8 T lymphocytes is of a regulatory phenotype.

Finally, the combination of Cop-1 with other strategies like polyunsaturated fatty 
acids has shown optimistic results as together, they have a greater capacity to signifi-
cantly reduce the size of the infarction in the tMCAO model [unpublished data].

Figure 3. 
Effect of the copolymer-1 on the expression of growth factors and IL-10. Gene expression of: (A) BDNF; 
(B) NT-3; (C) IGF-1; and (D) IL-10. Bars represent mean ± SEM of 5 rats from each group. *p < 0.05, 
**p < 0.001. Mann-Whitney U test. Dunn’s post hoc multiple comparison test.
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6. Conclusion

The existing evidence of the effect of Cop-1 in the tMCAO model has been very 
encouraging, as it shows a significant neurological recovery. This beneficial effect 
could be caused by modulatory mechanisms that allow the increase of IL-4 and the 
reduction of TNF-α and IL-1β at the lesion site, promoting then neuroprotection. 
Additionally, neurological recovery could also be reinforced by the changes induced 
by Cop-1 at the CP as the increase of IL-10 and growth factors in this site stimulate 
neurogenesis after ischemia. We consider that more investigations are needed in 
order to analyze in greater detail the mechanism by which Cop-1 acts so that in the 
medium term, it may be considered as a pharmacological alternative for patients 
suffering from a cerebrovascular event.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 9

Trends in Neuroprotective 
Strategies after Spinal Cord Injury: 
State of the Art
Roxana Rodríguez-Barrera, Marcela Garibay-López  
and Antonio Ibarra

Abstract

Spinal cord injury (SCI) is an important pathology leading to possibly fatal 
consequences. The most common repercussions are those affecting motor and 
sensitivity skills. SCI-damage occurs in its first phase—as a result of the lesion 
mechanism (contusion, compression, transection, and primary lesion). After this 
primary damage, there is a second phase with further deleterious effects on neural 
degeneration and tissue restoration. At the moment, several investigation groups 
are working on developing therapeutic strategies to induce neuroprotection. This 
chapter pretends to introduce the reader to a wide range of these therapies, particu-
larly those with promising results and tested in preclinical and clinical studies. In 
the first section, physiopathology of SCI will be addressed. Afterwards, the chapter 
will review neuroprotective strategies such as cyclooxygenase, calpain, and apopto-
sis inhibitors. Finally, the effect of immunophilin ligands, neural-derived peptides, 
antioxidants, hypoglycemic agent, gonadal hormones, Na channel blockers, and 
transplant of cultured cells will also be reviewed.

Keywords: neuroprotection, SCI, therapies, acute phase

1. Introduction

Spinal cord injury (SCI) can be defined as damage to the spinal cord (SC). It 
causes anatomical and physiological changes that result in permanent or temporary 
alterations in its function [1]. The injury causes ionic deregulation, edema, isch-
emia, bleeding, free radicals production, and a generalized inflammatory response 
that will cause partial or total loss of sensitive and motor function below the site of 
injury [2, 3].

In the United States, there are around 17,500 new cases of SCI per year, with an 
approximate prevalence of 280,000 people [4]. SCI is found most frequently in men 
(79.8%) than women (20.2%) and the age distribution reflects a bimodal perfor-
mance with a peak between 15 and 29 years of age and another one on ages above 
50 years [4–6]. Traffic accidents are the main cause of traumatic SCI (38%), and 
they are most prevalent in young people. The low impact accidents like falls are the 
second cause of SCI (31%), and they are more common among people older than 
60 years old [5]. In Mexico, the estimated annual incidence of SCI is about 18.1 per 
million inhabitants. Statistically, the number of people involved rises each year [7].
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Abstract

Spinal cord injury (SCI) is an important pathology leading to possibly fatal 
consequences. The most common repercussions are those affecting motor and 
sensitivity skills. SCI-damage occurs in its first phase—as a result of the lesion 
mechanism (contusion, compression, transection, and primary lesion). After this 
primary damage, there is a second phase with further deleterious effects on neural 
degeneration and tissue restoration. At the moment, several investigation groups 
are working on developing therapeutic strategies to induce neuroprotection. This 
chapter pretends to introduce the reader to a wide range of these therapies, particu-
larly those with promising results and tested in preclinical and clinical studies. In 
the first section, physiopathology of SCI will be addressed. Afterwards, the chapter 
will review neuroprotective strategies such as cyclooxygenase, calpain, and apopto-
sis inhibitors. Finally, the effect of immunophilin ligands, neural-derived peptides, 
antioxidants, hypoglycemic agent, gonadal hormones, Na channel blockers, and 
transplant of cultured cells will also be reviewed.

Keywords: neuroprotection, SCI, therapies, acute phase

1. Introduction

Spinal cord injury (SCI) can be defined as damage to the spinal cord (SC). It 
causes anatomical and physiological changes that result in permanent or temporary 
alterations in its function [1]. The injury causes ionic deregulation, edema, isch-
emia, bleeding, free radicals production, and a generalized inflammatory response 
that will cause partial or total loss of sensitive and motor function below the site of 
injury [2, 3].

In the United States, there are around 17,500 new cases of SCI per year, with an 
approximate prevalence of 280,000 people [4]. SCI is found most frequently in men 
(79.8%) than women (20.2%) and the age distribution reflects a bimodal perfor-
mance with a peak between 15 and 29 years of age and another one on ages above 
50 years [4–6]. Traffic accidents are the main cause of traumatic SCI (38%), and 
they are most prevalent in young people. The low impact accidents like falls are the 
second cause of SCI (31%), and they are more common among people older than 
60 years old [5]. In Mexico, the estimated annual incidence of SCI is about 18.1 per 
million inhabitants. Statistically, the number of people involved rises each year [7].
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2. Pathophysiology

The Spinal Cord Injury could be divided by its etiology in traumatic and 
nontraumatic. The traumatic type is caused by physical damage (traffic accident, 
sportive, and fall), whereas nontraumatic is occasioned by an illness/sickness, such 
as tumors, infections or degenerative diseases which directly affect the SC [8]. In 
addition, SCI can be divided into primary and secondary injury [1, 9].

Primary injury is caused at the moment of physical damage and leads to irre-
versible affection on gray matter during the first hour post-lesion. There are three 
main mechanisms of injury: contusion, when there is not a visible alteration in its 
morphology, producing a necrotic region at the injury area; laceration or transec-
tion, when there is an extreme trauma or penetration, affecting SC conduction of 
nervous impulses depending on whether the tissue is partial or totally transected; 
compression from vertebral fractures leading ischemic damage in the area where 
blood flow was disrupted [10, 11].

After injury, superficial blood vessels undergo to vasospasm which provokes 
damage in the microvasculature of gray matter [12]. Reduction in the perfusion has 
two important implications: hypoxia and ischemia; which may involve to neuro-
genic shock characterized by arterial hypotension, bradycardia, arrhythmia, and 
intraparenchymal hemorrhage that causes neuronal death by necrosis. Afterwards, 
primary injury provokes the rupture of blood brain barrier and a cascade of 
destructive secondary phenomena leading to a further damage in SC and neurologi-
cal dysfunction [1, 13]. Therefore, the primary lesion results in the development of 
a succession of cellular and molecular changes that alter gene expression patterns, 
which are processes that are already part of the secondary injury [11, 12]. During 
the acute phase, injury to the blood vessels and severe hemorrhages cause massive 
influx of inflammatory cells, cytokines, and vasoactive peptides. This phase is 
almost characterized by ionic deregulation that leads to edema, thus interrupting 
the conduction of nerve impulses. Following, subacute phase involves a sequence 
of events like ischemia, vasospasm, thrombosis, inflammatory response, free 
radicals (FR) production, lipid peroxidation (LPO), and activation of autoimmune 
responses causing apoptosis. The huge inflammatory responses after the acute and 
subacute phase, together with the disruption of the blood-brain barrier (BBB), con-
tribute to the progressively swelling of the SC. This generalized edema may increase 
the mechanical pressure of the SC, aggravating the injury [1, 11, 14].

To counteract all these acute effects after SCI, neuroprotective strategies have 
been investigated to rapidly intervene decreasing the neuronal death occurring 
after damage mechanisms. Many pharmacological and nonpharmacological thera-
pies have been developed, and others are still under investigation, this in order to 
improve the quality of life of patients.

3. Neuroprotective therapy after acute SCI

As we review previously, SCI leads to motor and sensory dysfunction, first with 
the primary mechanical injury and then with the complex cascade of secondary 
damaging events [15]. For several years, basic science, preclinical, and clinical stud-
ies are focused in overcoming elements involved in accurate recovery from SCI [1]. 
An ideal neuroprotective therapy must reduce neurological symptoms including 
degenerative changes; starting from there, we can discriminate between potential 
clinical therapies, which could have a better effect [16]. While these therapies are 
being searched, there are many preclinical and clinical investigations exploring 
pharmacological and nonpharmacological treatments.
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3.1 Preclinical pharmacological therapies

This range of therapeutic approaches includes: ionic channel blockers, inhibitors 
of NMDA and AMPA-kainate receptors, inhibitors of FR and LPO, anti-apoptotic 
drugs, calpain inhibitors, immunosuppressive or immunomodulatory drugs, immu-
nophilin ligands, immunomodulatory peptides, hypoglycemic agents, and gonadal 
hormones.

3.1.1 Ionic channel blockers

3.1.1.1 Sodium

3.1.1.1.1 Tetrodotoxin

Tetrodotoxin (TTX) is a low-molecular-weight guanidine neurotoxin that acts as a 
specific blocker of voltage-gated sodium (NaV) channel [17]. TTX has neuroprotec-
tive properties by blocking NaV channels, preventing neuronal death by diminishing 
depolarization, cellular Na+/Ca+2 exchange, and neuronal glutamate release [18].

The beneficial effects of TTX in preclinical studies include a reduction of white 
matter loss after SCI [17–19], promoting a motor function restoration. The effect 
of TTX is time-dependent [20]. The administration of TTX 15 minutes after a SCI 
helps to restore the function of hindlimbs [21]. Despite these promissory effects, 
there are some limitations for the use of TTX in patients, one of them is its toxicity. 
This may appear as a consequence of its systemic distribution and it can involve the 
blocking of diaphragmatic nerves ending in respiratory tract paralysis [17]. Even 
with previous findings, current studies are needed to improve its use in SCI.

3.1.1.1.2 Riluzole

Riluzole is a benzothiazole anticonvulsant drug with neuroprotective effects in 
the SCI [22]. One of the mechanisms by which riluzole operates is the inhibition 
in the presynaptic terminals of glutamate, and this helps to limit the glutamate-
induced toxicity [23]. In addition, riluzole blocks the NaV-gated channels, avoiding 
swelling and neuronal acidosis. Riluzole blocks the entry of H+ to the neurons 
through the Na+/H+ exchanger; this prevents the Ca+2 from inducing the release 
of glutamate and excitotoxicity [22]. Investigations have shown that the inter-
ruption of events associated with glutamate release on the presynaptic space by 
reducing Ca+2 influxes provokes a glutamate-mediated LPO reduction [23, 24]. 
Administration of riluzole within 12 hours of SCI was well tolerated and suggests 
that it may have a beneficial effect on motor outcome [25].

3.1.1.2 Calcium

3.1.1.2.1 Nimodipine

Nimodipine is a dihydropyridinic Ca+2 channel antagonist that boosts the brain’s 
blood flow, without compromising metabolism [26, 27]. It reduces malondialdehyde 
(MDA) levels, ED-1 markers for activated macrophages and myeloperoxidase 
(MPo). Studies have shown that nimodipine helps reducing FR, oxidative damage, 
resulting in the reduction of the damaged area and the infiltration of the inflam-
matory cells to the region, allowing SCI restoration [26]. Furthermore, the effect of 
inhibiting Ca+2 flux by nimodipine reduces apoptosis and tissue damage after SCI, 
increasing cell viability [27].
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3.1.2 Inhibitors of NMDA and AMPA-kainate receptors

3.1.2.1 Memantine

Memantine is a noncompetitive N-methyl-D-aspartate (NMDA) receptor antag-
onist, which through the inhibition of hypoxic or ischemic damage/necrosis helps 
to prevent the secondary damage in SCI [28, 29]. The use of an NMDA antagonist 
limits neuronal glutamate exposure caused by excitatory amino acid neurotransmit-
ters [29]. The use of memantine with anti-apoptotic agents like Q-VD-OPh boosts 
the neuroprotective effect through the reduction in apoptosis and necrosis mecha-
nisms. Moreover, it provides better clinical and histological outcomes by limiting 
neuronal necrosis [28, 29].

3.1.2.2 Gacyclidine

Gacyclidine is a noncompetitive NMDA antagonist that is able to reduce the 
extension of ischemic lesions in SCI. It has been proven that gacyclidine is efficient 
in enhancing the functional and histological condition of the injury, but their 
neuroprotective effects are time and dose-dependent [30, 31].

3.1.2.3 NBQX (2,3-dihydroxy-6-nitro-7-sulfamoylbenzoquinoxaline)

NBQX is an AMPA/kainate antagonist that during acute SCI improves mito-
chondrial function and diminishes reactive oxygen species (ROS) formation as well 
as LPO production [32, 33]. The treatment with NBQX reduces white matter loss 
following SCI. Further studies are needed to know more about its efficacious effects 
in acute SCI.

3.1.3 Inhibitors of free radicals and lipid peroxidation

3.1.3.1 Polyunsaturated fatty acids (PUFAs)

Omega-3 polyunsaturated fatty acids (ω-3 PUFAs) are structural compounds of 
the phospholipid membrane. They produce beneficial effects in neurodegenerative 
diseases by its anti-inflammatory, antioxidant, and membrane stabilizing proper-
ties [34]. ω-3 PUFAs, particularly docosahexaenoic acid (DHA), exert profound 
anti-inflammatory effects on the central nervous system (CNS), confer significant 
protection to the white matter, and help to increase neurite growth and synapse for-
mation. DHA acts on cyclooxygenases (COX), cytosolic phospholipase A2 (cPLA2), 
and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) [35, 
36]. Deficiencies of lipids affect neural responses in CNS injuries, and this must 
predispose nerve cells to dysfunction [37]. According to previous findings, there are 
some investigations (Table 1) that have previously shown the effects of PUFAs in 
preclinical models.

3.1.3.2 Glutathione

Glutathione (GSH) is a tripeptide compound constituted by glutamine, glycine, 
and cysteine. The reduced form of GSH is glutathione-monoethyl-ester (GSHE), 
which is an endogenous, rechargeable antioxidant. Besides its anti-oxidant 
 functions, GSHE plays a role in regulation of apoptosis, and it is important for 
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cellular defense against ROS [43, 44]. Some studies have reported that GSHE 
diminishes SC LPO after SCI, while also acting as a vasodilator under conditions of 
oxidative stress [44, 45]. In addition, GSHE plays an anti-excitotoxic role by inhibit-
ing the binding ligands to ionotropic glutamate receptors under redox modulation, 
which have been involved in excitotoxicity after SCI. As a consequence of the 
reduction of GSH after an injury, there is neuronal loss in the SC, probably due to 
oxidative stress and mitochondrial dysfunction. Combined therapy of GSHE with 
A91 resulted in a better motor recovery and axonal sparing associated with a higher 
axonal myelination [46]. The use of GSHE could be an interesting alternative for 
SCI therapy; however, it should be strongly evaluated before its use in clinical trials.

3.1.4 Anti-apoptosis therapy

3.1.4.1 Zdevd-fmk

Caspase inhibitor Z-DEVD-fmk is a selective caspase-3 inhibitor that also has anti-
inflammatory properties. Anti-apoptosis compounds are used to block apoptotic cell 
death but also to inhibit cytokine production. Treatment of SCI with z-DEVD reduces 
secondary tissue damage, ischemic injury, preserves motor function, and provides 
neuroprotection via the inhibition of cell death in all of cell types in the SC [47, 48]. 
Low doses of z-DEVD-fmk combined with basic fibroblast growth factor (bFGF) 
reduce neurological deficit in ischemia, therefore providing neuroprotection [49].

3.1.4.2 z-LEHD-fmk

Caspase inhibitor z-LEHD-fmk acts as a selective caspase-9 inhibitor with anti-
apoptotic properties. This drug helps decreasing levels of apoptosis biochemical 
markers, reducing lesion size and remaining active during treatment to maintain 
its therapeutic effect. Treatment with z-LEHD-fmk helps to prevent apoptosis in 
a variety of cell types like neurons, astrocytes, oligodendrocytes, and microglia 
populations [50]. Further studies are needed to understand more about its effects 
and benefits in acute SCI.

3.1.5 Calpain inhibitors

Calpains belong to the family of calcium-dependent nonlysosomal cysteine 
proteases, which can be found expressed through the CNS. They are involved in 

Treatment outcome Ref.

α-linolenic acid (ALA) and DHA reduce lesion size and increase motor recovery and neuronal 
survival.

[34]

DHA reduces microglia activation in both ventral and dorsal horns and increases motor recovery, 
promoting beneficial functional effect in SCI.

[38]

ALA, combined with DHA, protects against neuronal necrosis and apoptosis. [39]

DHA induces a reduction in neutrophil number in SC epicenter. The administration confers 
histological protection and improves motor recovery.

[40]

Prophylactic therapy with ω-3 has shown a reduction in cellular vulnerability. Supporting 
functional recovery, there is also an increase in levels of protein kinase B/Akt and CREB.

[37, 41]

DHA plus rehabilitation enhance a functional, anatomical, and synaptic plasticity in cervical SCI. [42]

Table 1. 
Polyunsaturated fatty acids in spinal cord injury.
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promoting beneficial functional effect in SCI.

[38]

ALA, combined with DHA, protects against neuronal necrosis and apoptosis. [39]

DHA induces a reduction in neutrophil number in SC epicenter. The administration confers 
histological protection and improves motor recovery.

[40]

Prophylactic therapy with ω-3 has shown a reduction in cellular vulnerability. Supporting 
functional recovery, there is also an increase in levels of protein kinase B/Akt and CREB.

[37, 41]
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Table 1. 
Polyunsaturated fatty acids in spinal cord injury.
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neurodegeneration, degradation of cytoskeleton, and apoptosis via caspase-3 due 
to its proteolytic activities, in SCI. The influx of Ca+2 stimulates Ca+2-dependent 
enzymes, within them are calpains, which seem to play a role in proteolysis by con-
tributing to apoptosis in CNS cells. The cell death decreases mRNA expression and 
transcription of myelin basic protein (MBP) and proteolipid protein (PLP), which 
are axonal neurofilament proteins [49, 51, 52]. The administration of a calpain 
inhibitor such as E-64-d (1 mg/kg) to injured rats blocks apoptosis and helps to 
re-establish MBP and PLP genes [51]. The administration of other calpain inhibitors 
such as SJA 6017 and calpeptin has demonstrated their ability to induce neuropro-
tection after SCI [53, 54]. Despite the study efforts and the promising therapeutic 
effects for functional neuroprotection, there are no clinical trials testing these 
drugs, so further studies are needed for the use of calpain inhibitors in patients.

3.1.6 Immunosuppressive or immunomodulatory drugs.

3.1.6.1 Inhibitors of cyclooxygenase

3.1.6.1.1 Indomethacin

Indomethacin, a nonsteroidal anti-inflammatory (NSAID) drug, acts as a 
nonselective cyclooxygenase inhibitor. It has shown that it inhibits the synthesis of 
prostaglandins and ameliorates the effects of secondary injuries like tissue necro-
sis in SCI [55–57]. RhoA is a convergent intracellular pathway that limits axonal 
growth; its inhibition with indomethacin prevents oligodendrocyte loss and induces 
myelination across damaged white matter [58]. Nevertheless, the administration of 
nonselective cyclooxygenase inhibitors is a controversial issue since these com-
pounds could inhibit platelet aggregation and may produce gastrointestinal ulcer-
ation [55]. Moreover, there is evidence that a single injection of indomethacin in SCI 
had a minimal effect on functional recovery and anatomical repair [57].

3.1.6.1.2 Meloxicam

Meloxicam is a drug derived from enolic acid, which inhibits prostaglandin 
biosynthesis under inflammatory conditions via the inhibition of COX-2. It has 
minimal gastric toxicity. Meloxicam has shown to reduce SCI-induced oxidative 
stress and exert neuroprotection by inhibiting LPO, GSH depletion, and DNA 
fragmentation [59, 60]. Despite these interesting results, meloxicam has not been 
further studied. Therefore, more studies are needed to know about its clinical 
management in SCI.

3.1.7 Immunophilin ligands

3.1.7.1 Cyclosporine A

Cyclosporine A (CsA) is an immunosuppressant agent compound formed by 11 
amino cyclic peptides, and it is obtained from Tolypocladium inflatum. CsA inhibits 
T-helper lymphocytes, cytotoxic and inflammatory responses in macrophages, 
inducible nitric oxide synthase (iNOs) expression avoiding the formation of nitric 
oxide (NO)-derived cytotoxic species, Cox-2 mRNA accumulation, tumor necrosis 
factor (TNFα) production and reduces cytokines and interleukins production (IL-1, 
IL-2, and IL-6). Also, CsA reduced the apoptosis of SC cells and increased the 
protein expression levels of cyclophilin-D (Cyp-D) and apoptosis-inducing factor 
(AIF) [61, 62]. This compound is capable of inducing motor recovery after SCI [63].
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3.1.7.2 Tacrolimus

Tacrolimus or FK506 is an immunosuppressant macrolide drug, isolated from 
Streptomyces tsukubaensis, and it is approved by The Food and Drug Administration 
(FDA) [64, 65]. An indirect neuroprotective effect results from its immunosuppres-
sant action on T-cells that infiltrate SCI, and this action modulates inflammation. 
On the other hand, FK506 inhibits caspase-3 and NF-kB, improving functional 
recovery with the increase of rostral axonal sparing and oligodendroglial survival 
[66, 67]. Additionally, this compound is capable of reducing FR and thereby 
LPO. These neuroprotective effects improve if the administration of FK506 is 
during the first 30 min after injury [65]. The studies suggest that FK506 might be a 
good drug for treating SCI in humans.

3.1.8 With neural derived peptides

Immunization with neural derived peptides (INDP) such as A91, a peptide 
derived from the 87–99 immunogenic sequence of myelin basic protein has shown 
to induce neuroprotection and motor recovery after SCI [68]. Its mechanism of 
action is related to the activation of T-lymphocytes inducing an anti-inflammatory 
Th2 response that allows microglia to differentiate into a M2 phenotype. Th2 
response is capable of producing brain-derived neurotrophic factor (BDNF), a 
molecule strongly related to tissue protection [69]. INDP has shown that anti-A91 
T-lymphocytes promote tissue protection by inhibiting the expression of iNOS, 
reducing ON production [68] and decrease LPO after SCI [70]. On the other hand, 
it has been shown that all these beneficial effects contribute to the preservation of 
neural tissue by preventing apoptosis [71], the survival of neurons in rubrospinal 
tract [72] and promoting a better neurological recovery in models of SCI [46]. 
Studies suggest that A91 might be an immune modulating treatment for SCI.

3.1.9 Metformin

Metformin is a hypoglycemic agent used for therapy of type 2 diabetes mel-
litus; it is an AMP-activated protein kinase (AMPK) agonist. Metformin also acts 
through signaling pathway of mTOR and p70S6K causing an inhibition of apoptosis 
and inflammation. This drug is also capable of stimulating autophagy and reduc-
ing expression of NF-kB-mediated inflammation [73, 74]. Studies indicate that 
long-term use of metformin has been proved effective as a pharmacological treat-
ment for some CNS disorders like Parkinson’s disease, Huntington’s disease, and 
ischemic brain injury. Using a rat model of traumatic SCI, the administration of 
metformin helps restoring the dysfunctional autophagy-lysosome pathways provid-
ing neuroprotection, decreasing neuronal death and mitigating apoptosis [75, 76]. 
The immediate administration of metformin after the injury showed diminishing 
complications, reflecting a decrease on histopathological signs of neuroinflamma-
tion, including TNFα and IL-1β inflammatory cytokines in the SC [73]. Although 
these outcomes are promising, subsequent studies are required to determine the risk 
ad optimal doses for the use of metformin on clinical studies.

3.1.10 Gonadal hormones

Androgens and estrogens are multi-active steroidal hormones that have neu-
roprotective effects in neural injuries; both testosterone and estradiol improve 
safeguard against apoptosis and promote motor and sensitive recovery. Also, 
reduce inflammation and FR generation and have been involved in regulating the 
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are axonal neurofilament proteins [49, 51, 52]. The administration of a calpain 
inhibitor such as E-64-d (1 mg/kg) to injured rats blocks apoptosis and helps to 
re-establish MBP and PLP genes [51]. The administration of other calpain inhibitors 
such as SJA 6017 and calpeptin has demonstrated their ability to induce neuropro-
tection after SCI [53, 54]. Despite the study efforts and the promising therapeutic 
effects for functional neuroprotection, there are no clinical trials testing these 
drugs, so further studies are needed for the use of calpain inhibitors in patients.

3.1.6 Immunosuppressive or immunomodulatory drugs.

3.1.6.1 Inhibitors of cyclooxygenase

3.1.6.1.1 Indomethacin

Indomethacin, a nonsteroidal anti-inflammatory (NSAID) drug, acts as a 
nonselective cyclooxygenase inhibitor. It has shown that it inhibits the synthesis of 
prostaglandins and ameliorates the effects of secondary injuries like tissue necro-
sis in SCI [55–57]. RhoA is a convergent intracellular pathway that limits axonal 
growth; its inhibition with indomethacin prevents oligodendrocyte loss and induces 
myelination across damaged white matter [58]. Nevertheless, the administration of 
nonselective cyclooxygenase inhibitors is a controversial issue since these com-
pounds could inhibit platelet aggregation and may produce gastrointestinal ulcer-
ation [55]. Moreover, there is evidence that a single injection of indomethacin in SCI 
had a minimal effect on functional recovery and anatomical repair [57].

3.1.6.1.2 Meloxicam

Meloxicam is a drug derived from enolic acid, which inhibits prostaglandin 
biosynthesis under inflammatory conditions via the inhibition of COX-2. It has 
minimal gastric toxicity. Meloxicam has shown to reduce SCI-induced oxidative 
stress and exert neuroprotection by inhibiting LPO, GSH depletion, and DNA 
fragmentation [59, 60]. Despite these interesting results, meloxicam has not been 
further studied. Therefore, more studies are needed to know about its clinical 
management in SCI.

3.1.7 Immunophilin ligands

3.1.7.1 Cyclosporine A

Cyclosporine A (CsA) is an immunosuppressant agent compound formed by 11 
amino cyclic peptides, and it is obtained from Tolypocladium inflatum. CsA inhibits 
T-helper lymphocytes, cytotoxic and inflammatory responses in macrophages, 
inducible nitric oxide synthase (iNOs) expression avoiding the formation of nitric 
oxide (NO)-derived cytotoxic species, Cox-2 mRNA accumulation, tumor necrosis 
factor (TNFα) production and reduces cytokines and interleukins production (IL-1, 
IL-2, and IL-6). Also, CsA reduced the apoptosis of SC cells and increased the 
protein expression levels of cyclophilin-D (Cyp-D) and apoptosis-inducing factor 
(AIF) [61, 62]. This compound is capable of inducing motor recovery after SCI [63].
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recovery with the increase of rostral axonal sparing and oligodendroglial survival 
[66, 67]. Additionally, this compound is capable of reducing FR and thereby 
LPO. These neuroprotective effects improve if the administration of FK506 is 
during the first 30 min after injury [65]. The studies suggest that FK506 might be a 
good drug for treating SCI in humans.

3.1.8 With neural derived peptides
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derived from the 87–99 immunogenic sequence of myelin basic protein has shown 
to induce neuroprotection and motor recovery after SCI [68]. Its mechanism of 
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Th2 response that allows microglia to differentiate into a M2 phenotype. Th2 
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molecule strongly related to tissue protection [69]. INDP has shown that anti-A91 
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reducing ON production [68] and decrease LPO after SCI [70]. On the other hand, 
it has been shown that all these beneficial effects contribute to the preservation of 
neural tissue by preventing apoptosis [71], the survival of neurons in rubrospinal 
tract [72] and promoting a better neurological recovery in models of SCI [46]. 
Studies suggest that A91 might be an immune modulating treatment for SCI.
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Metformin is a hypoglycemic agent used for therapy of type 2 diabetes mel-
litus; it is an AMP-activated protein kinase (AMPK) agonist. Metformin also acts 
through signaling pathway of mTOR and p70S6K causing an inhibition of apoptosis 
and inflammation. This drug is also capable of stimulating autophagy and reduc-
ing expression of NF-kB-mediated inflammation [73, 74]. Studies indicate that 
long-term use of metformin has been proved effective as a pharmacological treat-
ment for some CNS disorders like Parkinson’s disease, Huntington’s disease, and 
ischemic brain injury. Using a rat model of traumatic SCI, the administration of 
metformin helps restoring the dysfunctional autophagy-lysosome pathways provid-
ing neuroprotection, decreasing neuronal death and mitigating apoptosis [75, 76]. 
The immediate administration of metformin after the injury showed diminishing 
complications, reflecting a decrease on histopathological signs of neuroinflamma-
tion, including TNFα and IL-1β inflammatory cytokines in the SC [73]. Although 
these outcomes are promising, subsequent studies are required to determine the risk 
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roprotective effects in neural injuries; both testosterone and estradiol improve 
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reduce inflammation and FR generation and have been involved in regulating the 
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expression of cytoskeletal proteins, promoting them as an increasing in neurite 
outgrowth [77, 78]. Studies in rats treated with estradiol have shown a reduction 
in the lesion size, an increase in white matter sparing, and an improving in motor 
function [77, 79, 80]. On the other hand, testosterone has shown to exert similar 
but not identical effects; it is neuroprotective against apoptosis in oxidative stress 
[77, 78]. A study with young adult female rats implanted with testosterone-filled 
silastic capsules reported regressive changes in motoneuron and muscle morphol-
ogy after a SCI providing the possibility of improving motor function [81]. A 
study with administration of progesterone in rats improves neurological deficits 
and reduces inflammatory response. Prevents degeneration of motor neurons and 
reestablishes proliferation and differentiation of oligodendrocytes [82]. At the 
moment, investigations on the field conclude that gonadal hormones could be an 
effective alternative after SCI.

3.2 Clinical pharmacological therapies

Methylprednisolone, minocycline, GM-1-ganglioside, and glyburide are some of 
the most investigated pharmacological therapies in clinical settings.

3.2.1 Methylprednisolone

Methylprednisolone (MP) is a synthetic glucocorticoid, with anti-inflammatory 
and anti-oxidant effects [83, 84]. MP blocks the inflammatory cascade and disrupts 
neuron regeneration by inhibiting immunological cells [85, 86]. The potential 
neuroprotective effects of MP have been reported especially in the acute phase of 
SCI. According to some investigations, MP is capable of reducing FR production, 
Ca+2 influx, excitotoxicity, and immune-mediated phagocytosis over the course of 
hypoperfusion of SCI [87]. In addition, MP appears to have effect in apoptosis and 
autophagy regulation; however, the mechanisms are not clear [84]. While it remains 
the only option for acute SCI treatment in clinical settings, a debate regarding 
optimal dose, time of administration, efficacy, and adverse effects has dominated 
the field for years. There are three National Acute SCI Studies (NASCIS) and other 
clinical or biomedical investigations, in which the safety and efficacy of MP were 
assessed (Table 2) [88]. Despite the intense investigation, currently there is an 
important controversy regarding the real utility of this drug.

3.2.2 Minocycline

Minocycline is a second generation tetracycline, a semi-synthetic antibiotic 
able to cross blood brain barrier, and it can be used to treat rheumatoid arthritis 
[95, 96]. Minocycline has neuroprotective effects when administered during the 
acute neural trauma. Current data suggest that minocycline has anti-inflammatory, 
immunomodulatory, and neuroprotective effects. These beneficial actions are 
achieved as a result of the inhibition of iNOS matrix metalloproteinases (MMPs), 
PLA2, TNF-α, caspase-1, and caspase-3. Moreover, minocycline enhances Bcl-2 
and thus, reduces apoptosis, also, it decreases p38 mitogen-activated protein 
kinase (MAPK) phosphorylation and inhibits PARP-1 [97–100]. Other studies 
report that minocycline can bind to Ca+2 and Mg+, reduces reactive astrocytes to 
increase oligodendrocyte viability in white matter, and inhibits the activation of 
microglial cells [101, 102]. A multi-center phase II trial was performed to explore 
the neuroprotective effect of minocycline; however, the results of the study did 
not establish a real improvement in SCI. Authors suggest further investigations in a 
multi-center phase III trial [103].
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3.2.3 GM-1-ganglioside

Gangliosides (GM-1) are sialic acid-containing glycosphingolipids, pres-
ent in cell membranes of CNS cells, specifically in the external leaflet of plasma 
membranes. They participate in the repair and maintenance of CNS [104, 105]. A 
randomized placebo-controlled (Phase II) trial with administration of GM-1 within 
24 hours after injury was realized in 37 patients with SCI. The results of this study 
showed that GM-1 enhances the recovery of neurologic function after 1 year [104]. 
Further studies should be designed in order to provide more evidence about the 
efficacy of GM-1.

3.2.4 Glyburide

Glyburide (glibenclamide) is a FDA approved sulfonylurea drug widely used 
to treat type 2 diabetes; it has the ability to target receptor (SUR1) regulated Ca+2 
activated [ATP] cation (NCCa-ATP) channels [96, 106]. After SCI, there are small 
hemorrhagic lesions at the epicenter of gray matter. Glyburide diminishes the 
progressive hemorrhage necrosis by jamming the interaction between SUR-1 and 
preforming subunits of NCCa-ATP channels located in endothelial cells. In addi-
tion, improves neurological function [107]. Actually, a phase I/II clinical trial is cur-
rently under way to test the safety and neuroprotective effectiveness of glyburide in 
patients with SCI [88].

4. Nonpharmacological therapies (preclinical interventions)

The most common preclinical nonpharmacological therapies in the acute phase 
of SCI are antioxidants, growth factors, and transplant of cultured cells like neural 
stem cells (NSCs), bone marrow stem cells (BMSCs), olfactory ensheathing cells 
(OECs), and Schwann cells (SCs).

Treatment outcome Ref.

NASCIS I: Treatment with a dose 1.0 g daily promotes neurological recovery. The morbidity and 
mortality is increased.

[89]

NASCIS II: Administration of (30 mg/kg intravenous bolus plus 23 hour infusion of 5.4 mg/kg) 
during the first 8 hours after injury causes neurological recovery seen from 6 weeks after the SCI.

[86]

NASCIS III: Administration within 8 hours from the SCI, should maintain the administration for 
48 hours to improve neurological function.

[90]

Combination of riluzole and MP improves functional recovery and tissue sparing. In addition, 
beneficial effects on oxidative stress were observed.

[91]

MP may cause acute corticosteroid myopathy, at doses recommended by the NASCIS. [92]

High-dose MP inhibits glucocorticoid receptors as well as having effects in LPO; however, their 
beneficial effects are independent of LPO inhibition.

[55]

Administration of MP for treatment of SCI is not recommended. There is evidence that high-dose 
steroids are associated with harmful side effects including death.

[93]

A comparative study of MP vs. A91-immunization showed that A91-immunization has a better 
efficiency promoting motor recovery. Combining MP with A91-immunization allowed to observe 
that MP has a transient immunosuppressive effect that eliminated the beneficial actions of 
A91-immunization.

[94]

Table 2. 
Effects of methylprednisolone in spinal cord injury.
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reestablishes proliferation and differentiation of oligodendrocytes [82]. At the 
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Methylprednisolone (MP) is a synthetic glucocorticoid, with anti-inflammatory 
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Ca+2 influx, excitotoxicity, and immune-mediated phagocytosis over the course of 
hypoperfusion of SCI [87]. In addition, MP appears to have effect in apoptosis and 
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the only option for acute SCI treatment in clinical settings, a debate regarding 
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assessed (Table 2) [88]. Despite the intense investigation, currently there is an 
important controversy regarding the real utility of this drug.

3.2.2 Minocycline

Minocycline is a second generation tetracycline, a semi-synthetic antibiotic 
able to cross blood brain barrier, and it can be used to treat rheumatoid arthritis 
[95, 96]. Minocycline has neuroprotective effects when administered during the 
acute neural trauma. Current data suggest that minocycline has anti-inflammatory, 
immunomodulatory, and neuroprotective effects. These beneficial actions are 
achieved as a result of the inhibition of iNOS matrix metalloproteinases (MMPs), 
PLA2, TNF-α, caspase-1, and caspase-3. Moreover, minocycline enhances Bcl-2 
and thus, reduces apoptosis, also, it decreases p38 mitogen-activated protein 
kinase (MAPK) phosphorylation and inhibits PARP-1 [97–100]. Other studies 
report that minocycline can bind to Ca+2 and Mg+, reduces reactive astrocytes to 
increase oligodendrocyte viability in white matter, and inhibits the activation of 
microglial cells [101, 102]. A multi-center phase II trial was performed to explore 
the neuroprotective effect of minocycline; however, the results of the study did 
not establish a real improvement in SCI. Authors suggest further investigations in a 
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ent in cell membranes of CNS cells, specifically in the external leaflet of plasma 
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24 hours after injury was realized in 37 patients with SCI. The results of this study 
showed that GM-1 enhances the recovery of neurologic function after 1 year [104]. 
Further studies should be designed in order to provide more evidence about the 
efficacy of GM-1.

3.2.4 Glyburide

Glyburide (glibenclamide) is a FDA approved sulfonylurea drug widely used 
to treat type 2 diabetes; it has the ability to target receptor (SUR1) regulated Ca+2 
activated [ATP] cation (NCCa-ATP) channels [96, 106]. After SCI, there are small 
hemorrhagic lesions at the epicenter of gray matter. Glyburide diminishes the 
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preforming subunits of NCCa-ATP channels located in endothelial cells. In addi-
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(OECs), and Schwann cells (SCs).
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NASCIS I: Treatment with a dose 1.0 g daily promotes neurological recovery. The morbidity and 
mortality is increased.

[89]

NASCIS II: Administration of (30 mg/kg intravenous bolus plus 23 hour infusion of 5.4 mg/kg) 
during the first 8 hours after injury causes neurological recovery seen from 6 weeks after the SCI.

[86]

NASCIS III: Administration within 8 hours from the SCI, should maintain the administration for 
48 hours to improve neurological function.

[90]

Combination of riluzole and MP improves functional recovery and tissue sparing. In addition, 
beneficial effects on oxidative stress were observed.
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MP may cause acute corticosteroid myopathy, at doses recommended by the NASCIS. [92]

High-dose MP inhibits glucocorticoid receptors as well as having effects in LPO; however, their 
beneficial effects are independent of LPO inhibition.
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Administration of MP for treatment of SCI is not recommended. There is evidence that high-dose 
steroids are associated with harmful side effects including death.
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Table 2. 
Effects of methylprednisolone in spinal cord injury.
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4.1 Antioxidants

First damage in the acute phase of injury is generated in membranes, membranes 
which are susceptible to the attack of ROS and reactive nitrogen species (RNS). ROS 
are produced in metabolic and physiological processes of cells; however, they are 
overproduced by inflammatory response. ROS and RNS induce LPO, which leads 
to demyelinating processes. Among the nonpharmacological therapies to prevent 
damage from FR are nonenzymatic antioxidants like vitamins.

4.1.1 Vitamins

Vitamins are one of the main natural antioxidants. Table 3 shows some vitamins 
and their neuroprotective effect after SCI.

4.1.2 Resveratrol

Resveratrol is a natural polyphenolic compound that has exhibited beneficial 
health properties as well as antioxidant, anti-inflammatory, and antitumor 
effects. Resveratrol exerts a neuroprotective effect by regulating apoptosis [118]. 
Studies have shown that the anti-inflammatory effects of resveratrol are mediated 
mainly by sirtuin (SIRT) 1 [119, 120]. Resveratrol enhances locomotor recovery 
[121–123]. Furthermore, resveratrol increases nuclear factor erythroid 2-related 
factor (Nrf-2) activation, providing antioxidant effects [121]. Further inves-
tigation is needed in order to provide more evidence about the efficacy of this 
treatment.

Treatment Neuroprotection mechanism Ref.

Vitamin E Increases functional recovery.
Reduces cavitation and decreases FR, LPO, and glutathione 
peroxidase and improves functional recovery.

[108–112]

Vitamin C Stops lipid hydroperoxyides formation and decreases membrane 
damage.
Reduces necrotic tissues and improves functional recovery in rats.
Inhibits ROS generation and LPO.
Decreases levels of proteins like NF-kB, iNOS, and COX-2.
Down-regulates the levels of TNFα and IL-1β.
Modulates antioxidant status and MPO activity

[113, 114]

Vitamin 
C + fluoxetine

Co-treatment with vitamin C + fluoxetine inhibits the blood-SC 
barrier disruption after SCI.
Inhibits capillary fragmentation by reducing mRNA levels of MMP-9.
Prevents degradation of tight-junction proteins, inhibits infiltration 
of neutrophils and macrophages.
Inhibits apoptotic cell death and improves functional recovery.

[115]

Vitamin A Increases the expression of IL-1β, IL-6, and TNFα after SCI.
Systemic administration reduces early transcript levels of IL-1β, IL-6, 
and TNFα.
Reduces blood-SC-barrier permeability and improves functional 
recovery

[116]

Decreases levels of β-catenin, P120 catenin, occluding, and claudin5.
Inhibits endocytoplasmic reticulum stress and caspase-12 
expression.

[117]

Table 3. 
Vitamins in spinal cord injury.
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4.2 Growth factors

The use of growth factors like BDNF, transforming growth factor-β (TGF-β), 
and insulin-like growth factor-1 (IGF-1) as a therapy to improve morphological and 
behavioral outcomes after SCI has been topic of study of many investigations.

4.2.1 Brain-derived neurotrophic factor

BDNF exerts a relevant function in the repair of neural tissue and plastic-
ity in CNS [124, 125]. Nevertheless, recent studies have also shown that BDNF 
is capable of exerting neuroprotective effects. In acute phases of injury, several 
reports indicate that both, BDNF alone [126, 127] or in any combination [128, 129] 
has improved functional recovery, neuronal survival, and tissue preservation. 
Moreover, BDNF has potent antioxidant effects and may be involved in regulation 
of immune responses after an SCI [130]. BDNF after SCI requires careful selection 
to consider the location, mode, and time of application after an injury.

4.2.2 Transforming growth factor-β

TGF-β is a pleiotropic molecule with specific key functions in cell differentia-
tion, proliferation, migration, immunosuppression, and extracellular matrix 
metabolism [131]. TGF-β could also be contributing to neuroprotective mechanisms 

Therapy Neuroprotective effects Ref.

NSCs Increase functional recovery.
Reduction in neutrophils and M1 macrophages.
Downregulation of TNFα, IL-1 β, IL-6, and IL-12.
Improve functional recovery and reduce neuronal apoptosis, microglia 
activation, reduce pro-inflammatory cytokines like TNFα, IL-1β, and IL-6.
Improve locomotor and sensory function and increase mRNA expression 
of BDNF.

[141–144]

BMSCs Improve locomotor function and tissue protection.
Increase the neurotrophic growth factor.
Stimulate M2 macrophage activation.
Reduce cystic cavities size and suppress glial scar formation.

[145–148]

BMSCs + SCs Reduce the formation of the glial scar, remyelinate the injured axons, and 
promote functional recovery

[149]

BMSCs + 
IGF-1

Induce modulation of inflammatory cytokines and oxidative stress.
Increase functional recovery and reduce activation of glial fibrillary acidic 
protein and increase myelination 4 weeks following SCI.

[150]

BMSCs + 
OECs

Reduce apoptosis and increase locomotor recovery. [151]

OECs Reduce cavity size, increase the neurofilaments sprouting and serotonin 
axons, and improve functionality.

[152]

OECs + SCs Diminish astrocyte number, microglia/macrophage infiltration and 
expression of CCL2 and CCL3.

[153]

SCs Upregulate the expression of NOS, activate the NO-dependent cyclic-GMP 
pathway, which enhances neuronal survival.
Stimulate the expression of neural growth factor and BDNF.
Reduce inflammatory cytokines and ROS.

[154, 
155]

SCs + NSCs Promote neuronal differentiation, increase axonal regeneration/
myelination, reduce neuronal loss, and improve functional recovery.

[156]

Table 4. 
Stem cell therapy in spinal cord injury.
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4.1 Antioxidants

First damage in the acute phase of injury is generated in membranes, membranes 
which are susceptible to the attack of ROS and reactive nitrogen species (RNS). ROS 
are produced in metabolic and physiological processes of cells; however, they are 
overproduced by inflammatory response. ROS and RNS induce LPO, which leads 
to demyelinating processes. Among the nonpharmacological therapies to prevent 
damage from FR are nonenzymatic antioxidants like vitamins.

4.1.1 Vitamins

Vitamins are one of the main natural antioxidants. Table 3 shows some vitamins 
and their neuroprotective effect after SCI.

4.1.2 Resveratrol

Resveratrol is a natural polyphenolic compound that has exhibited beneficial 
health properties as well as antioxidant, anti-inflammatory, and antitumor 
effects. Resveratrol exerts a neuroprotective effect by regulating apoptosis [118]. 
Studies have shown that the anti-inflammatory effects of resveratrol are mediated 
mainly by sirtuin (SIRT) 1 [119, 120]. Resveratrol enhances locomotor recovery 
[121–123]. Furthermore, resveratrol increases nuclear factor erythroid 2-related 
factor (Nrf-2) activation, providing antioxidant effects [121]. Further inves-
tigation is needed in order to provide more evidence about the efficacy of this 
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Treatment Neuroprotection mechanism Ref.
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Vitamin C Stops lipid hydroperoxyides formation and decreases membrane 
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Reduces necrotic tissues and improves functional recovery in rats.
Inhibits ROS generation and LPO.
Decreases levels of proteins like NF-kB, iNOS, and COX-2.
Down-regulates the levels of TNFα and IL-1β.
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[113, 114]

Vitamin 
C + fluoxetine

Co-treatment with vitamin C + fluoxetine inhibits the blood-SC 
barrier disruption after SCI.
Inhibits capillary fragmentation by reducing mRNA levels of MMP-9.
Prevents degradation of tight-junction proteins, inhibits infiltration 
of neutrophils and macrophages.
Inhibits apoptotic cell death and improves functional recovery.

[115]

Vitamin A Increases the expression of IL-1β, IL-6, and TNFα after SCI.
Systemic administration reduces early transcript levels of IL-1β, IL-6, 
and TNFα.
Reduces blood-SC-barrier permeability and improves functional 
recovery

[116]

Decreases levels of β-catenin, P120 catenin, occluding, and claudin5.
Inhibits endocytoplasmic reticulum stress and caspase-12 
expression.

[117]

Table 3. 
Vitamins in spinal cord injury.
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4.2 Growth factors
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BMSCs Improve locomotor function and tissue protection.
Increase the neurotrophic growth factor.
Stimulate M2 macrophage activation.
Reduce cystic cavities size and suppress glial scar formation.

[145–148]

BMSCs + SCs Reduce the formation of the glial scar, remyelinate the injured axons, and 
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[149]

BMSCs + 
IGF-1

Induce modulation of inflammatory cytokines and oxidative stress.
Increase functional recovery and reduce activation of glial fibrillary acidic 
protein and increase myelination 4 weeks following SCI.

[150]

BMSCs + 
OECs

Reduce apoptosis and increase locomotor recovery. [151]

OECs Reduce cavity size, increase the neurofilaments sprouting and serotonin 
axons, and improve functionality.

[152]

OECs + SCs Diminish astrocyte number, microglia/macrophage infiltration and 
expression of CCL2 and CCL3.

[153]

SCs Upregulate the expression of NOS, activate the NO-dependent cyclic-GMP 
pathway, which enhances neuronal survival.
Stimulate the expression of neural growth factor and BDNF.
Reduce inflammatory cytokines and ROS.

[154, 
155]

SCs + NSCs Promote neuronal differentiation, increase axonal regeneration/
myelination, reduce neuronal loss, and improve functional recovery.
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Table 4. 
Stem cell therapy in spinal cord injury.
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after SCI since it participates in the regulation of neuronal survival and orchestrates 
repairing processes in the CNS [132]. It has been previously observed that TGF-β 
administration reduces microglial activation and increases neuronal survival [133]. 
The early induction of TGF-β after SCI modulates the acute immune response, the 
formation of glial scar and improves functional recovery [134].

4.2.3 Insulin-like growth factor-1

IGF-1 belongs to the family of insulin-related peptides, and it is the mediator of 
the anabolic and mitogenic activity of the growth hormone [135]. Aside from this, 
IGF-1 acts as a strong antioxidant [136] and pro-survival [137] factor in the CNS 
since it diminishes caspase-9 and elevates Bcl2 [138]. Experimental studies have 
shown that IGF-1 reduces edema and the upregulation of iNOS after SCI [139]. In 
the same way, it has been suggested that IGF-1 and erythropoietin protect against 
ischemic SCI in rabbits [140]. Therefore, the beneficial properties of IGF-1 make 
this molecule an interesting neuroprotective strategy in the acute phase of SCI.

4.3 Stem cells

Stem cells have also been the focus of several investigations. Table 4 summarizes 
some of the neuroprotective effects exerted by stem cells like NSCs, BMSCs, OECs, 
and SCs.

5. Nonpharmacological therapies (clinical trials)

Nonpharmacological therapies with clinical studies are hence limited in acute 
phases of the injury.

5.1 Stem cells neural stem cells

Pilot studies cover the acute phase of SCI.

5.1.1 Neural stem cells

Transplants with human NSCs in phase I/IIa assessed the safety and neurological 
effects after SCI. Of 19 treated subjects, 17 were sensorimotor complete and two were 
motor complete and sensory incomplete. They demonstrated that 1 year after cell trans-
plantation, there was no evidence of SC damage, syrinx or tumor formation, neurologi-
cal deterioration, and exacerbating neuropathic pain or spasticity [157]. Additional 
studies should be designed in order to afford more evidence about the efficacy of NSCs.

5.1.2 Bone marrow stem cells

Regarding bone marrow stem cells (BMSC), an interesting study reported data 
from 20 patients with complete SCI who received transplants of BMSC. They showed 
improvement in motor and sensory functions [158]. In addition, a study with autolo-
gous BMSCs in three patients in the sub-acute phase of injury (<6 months of disease) 
demonstrated that, these cells could be safely administered through intrathecal 
injection in SCI patients [159]. Other study showed that 45.5% of transplanted patients 
presented improved neurological function. They showed some degree of improvement 
in sensitivity and motor function as well as in sexual function. In two patients, neuro-
pathic pain disappeared and bladder and bowel control increased [160]. Nevertheless, 
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more investigation through clinical trials is required with a larger population of 
patients before further conclusions can be drawn.

5.1.3 Olfactory ensheathing cells

Transplants with autologous OECs in three patients indicated that there were no 
adverse effects 1 year after transplantation. The neurosurgical process did not lead 
to any negative sequelae either during the operation or postoperatively. Additionally, 
they demonstrated the possibility of taking a nasal biopsy and reliably generating 
enough cells for transplantation within 4 weeks [161]. These observations suggest 
that autologous transplantation is safe but further researches are needed.

5.1.4 Schwann cells

A Phase I clinical trial with autologous human SCs was conducted to evaluate the 
safety of transplantation into the injury of six subjects with subacute SCI. There was 
no evidence of additional SC damage, mass lesion or syrinx formation. They con-
clude that it is feasible to identify eligible candidates, appropriately obtain informed 
consent, perform a peripheral nerve harvest to obtain SCs within 5–30 days of 
injury, and perform intra-spinal transplantation of highly purified autologous SCs 
within 4–7 weeks of injury [162]. Studies in acute phases using SCs are very few: 
therefore, more studies are needed in this area.

5.2 Physical therapy

Timing as a specific prognostic factor in rehabilitation results and confirms 
that early specific rehabilitation treatment is associated with greater improvement. 
Several studies investigate the early rehabilitation as a therapeutic strategy to 
improve locomotor function, some of them have even shown physical functional 
independence [163–165]. Other studies indicated that in acute SCI physical therapy 
of body weight support on a treadmill and defined overground mobility therapy did 
not produce different results [166]. Further studies are required to afford conclusive 
results.

6. Conclusions

In conclusion, there are several pharmacological and nonpharmacological 
treatments that have been tested in preclinical and clinical phases. However, so far 
have not yielded fully satisfactory results; even using combined therapies. Further 
studies are needed in order to identify novel therapeutic targets and strategies that 
provide a better medical care avoiding complications.
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Abstract

Cerebral small vessel disease (CSVD) refers to a spectrum of clinical and 
neuroimaging findings resulting from pathological processes of various etiolo-
gies affecting cerebral arterioles, perforating arteries, capillaries, and venules. It 
is the commonest neurological problem that results in significant disability, but 
awareness of it remains poor. It affects over half of people over 65 years old and 
inflicts up to third of acute strokes, over 40% of dementia, and a significant decline 
in physical ability in otherwise asymptomatic, aging individuals. Moreover, the 
unifying theory for the pathomechanism of the disease remains elusive and hence 
the apparent ineffective therapeutic approaches. Given the growing literature for 
natural vitamin E (tocopherols and tocotrienols) as a potent antioxidant, this chap-
ter attempts to consolidate the contemporary evidence to shed plausible insights on 
the neuroprotective potentials of natural vitamin E in addressing the heterogenous 
CSVD spectrum, in health and in disease.

Keywords: cerebral small vessel diseases, vitamin E, antioxidants, dementia, aging

1. Introduction

The recognition of vitamin E for its nutritive value was first linked to reproduc-
tive health in laboratory rats, then coined as factor X [1]. While alpha-tocopherol 
was the first vitamin E isomer to be recognized, there are now eight chemically 
distinct isomers known, consisting of alpha (α), beta (β), gamma (γ), and delta 
(δ)-isoforms of tocopherols and tocotrienols [2]. Current recommendations for 
adequate intake values are established based on α-tocopherol alone, whereas other 
forms of vitamin E need to meet other criteria [3]. Nature affords tocopherols in 
abundance, particularly in plants such as peanuts, sunflower seeds, and sesame 
seeds. The major dietary source of tocopherol is largely from corn and soybean oil 
consumption [4]. In contrast, the less ubiquitous tocotrienols are found in certain 
cereals and vegetables such as palm oil and annatto. A non-food source of tocotri-
enols is also recognized, namely, the latex of the rubber plant [2].

The well-established bioactivity of vitamin E is its antioxidant property by 
means of lipid peroxidation of cellular membranes [2]. As such, this property 
lends vitamin E the roles in promoting vascular health in arterial compliance 
studies and endothelial dysfunction biomarker. Pertinent to this, vitamin E 
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unifying theory for the pathomechanism of the disease remains elusive and hence 
the apparent ineffective therapeutic approaches. Given the growing literature for 
natural vitamin E (tocopherols and tocotrienols) as a potent antioxidant, this chap-
ter attempts to consolidate the contemporary evidence to shed plausible insights on 
the neuroprotective potentials of natural vitamin E in addressing the heterogenous 
CSVD spectrum, in health and in disease.

Keywords: cerebral small vessel diseases, vitamin E, antioxidants, dementia, aging

1. Introduction

The recognition of vitamin E for its nutritive value was first linked to reproduc-
tive health in laboratory rats, then coined as factor X [1]. While alpha-tocopherol 
was the first vitamin E isomer to be recognized, there are now eight chemically 
distinct isomers known, consisting of alpha (α), beta (β), gamma (γ), and delta 
(δ)-isoforms of tocopherols and tocotrienols [2]. Current recommendations for 
adequate intake values are established based on α-tocopherol alone, whereas other 
forms of vitamin E need to meet other criteria [3]. Nature affords tocopherols in 
abundance, particularly in plants such as peanuts, sunflower seeds, and sesame 
seeds. The major dietary source of tocopherol is largely from corn and soybean oil 
consumption [4]. In contrast, the less ubiquitous tocotrienols are found in certain 
cereals and vegetables such as palm oil and annatto. A non-food source of tocotri-
enols is also recognized, namely, the latex of the rubber plant [2].

The well-established bioactivity of vitamin E is its antioxidant property by 
means of lipid peroxidation of cellular membranes [2]. As such, this property 
lends vitamin E the roles in promoting vascular health in arterial compliance 
studies and endothelial dysfunction biomarker. Pertinent to this, vitamin E 
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involvement is the vascular endothelium, which lines the intraluminal surface of 
blood vessels and is involved in the regulation of vascular tone, platelet activity, 
thrombosis, and the overriding pathogenesis of atherosclerosis [5, 6]. Vitamin E 
engages with the production of nitric oxide (NO) that relaxes the vascular smooth 
muscle while limiting free radicals to maintain arterial compliance [7]. More 
recently, vitamin E has been linked with anti-atherogenic effects that decrease 
low-density lipoprotein (LDL) oxidation and downstream inhibition of protein 
kinase C (PKC), adhesion molecules, monocyte transmigration, and vascular 
smooth muscle cell proliferation [8].

Therefore, the foregoing facts on vascular health and vitamin E profiles offer 
interrelated perspectives for a largely unexplored neurological condition termed 
cerebral small vessel diseases (CSVD). CSVD variable manifestations inflict small 
blood vessels or microcirculation at the subcortical and deeper parts of the brain. 
It has been widely reported to cause cerebral ischemic stroke or lacunar stroke that 
accounts for nearly a third of all stroke subtypes worldwide [9–12]. The pathologi-
cal consequences of small vessel disease on the brain parenchyma rather than the 
underlying diseases of the vessels is frequently viewed as the basis of CSVD [13]. 
Notably, CSVD lesions can be silent, and the affected individual may not have any 
apparent clinical symptoms. This silent (subclinical) lesion, with higher numbers 
(single or multiple), poses as a risk for vascular cognitive impairment, dementia, 
Alzheimer’s disease, and full-blown stroke [14, 15].

Furthermore, aging and chronic hypertension are known to accelerate CSVD, 
as the two conditions (physiological and pathological, respectively) may result in 
less efficient ability to self-regulate cerebral blood flow (cBF) from the concur-
rent varying systemic blood pressure levels and increased arterial stiffness which 
increases the speed and flow pulsatility in cerebral arterioles [16]. These hemo-
dynamic changes are postulated to cause variable degrees of endothelial damage 
in the blood-brain barrier (BBB) and alter its permeability through an increase of 
the shear stress [17]. Hence, the BBB breakdown is an important etiopathogenesis 
feature of CSVD [17–19].

In addition, there is an elevated production of reactive oxygen species (ROS) in 
CSVD that ultimately leads to endothelium dysfunctions [20, 21]. This is mainly 
due to the cumulative reactions and processes (i.e., high blood pressure, very low 
density of lipoproteins, diabetes mellitus, homocysteinemia, and smoking) that 
trigger and escalate the inflammatory responses and oxidative stress [20, 21]. This, 
in turn, heightens the release of adhesion molecules and recruits leukocytes, caus-
ing higher leukocyte-endothelial cell (EC) adhesion and reduced cBF. Accordingly, 
nicotinamide adenine dinucleotide phosphate (NADPH) oxidases intensify the 
oxidative stress (a major source of ROS in vessel wall) and the consequent destruc-
tive impact on EC-dependent NO signaling [22, 23].

Collectively, this chapter focuses on highlighting the contemporary evidence on 
vitamin E, especially α-tocopherol and α-tocotrienol, their neuroprotective poten-
tial in relation to the heterogenous spectrum of CSVD manifestations, in promoting 
health as we age, and in mitigating disease.

2. Natural sources of vitamin E

2.1 Forms and structure

Vitamin E was first discovered in 1922 by Herbert Evans and Katherine Bishop at 
the University of California in Berkeley when they studied nutritive dependencies 
in reproduction [1]. They observed that rats fed with a purified diet of casein 18%, 
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cornstarch 54%, lard 15%, butterfat 9%, and salts 4% and adequate vitamin A (as 
cod liver oil), vitamin B (as yeast), and vitamin C (as orange juice) did not repro-
duce. They observed in females defective placental function, whereas the ovaries, 
ovulation, and implantation were unimpaired; and in males, there was a complete 
atrophy of the seminiferous epithelium [24, 25]. The addition of lettuce to the diet 
prevented embryo resorption during rodent gestation, and healthy pups were born 
again, thus, leading to the discovery of an anti-sterility factor, then termed as factor 
X. Wheat germ oil was later found to be a rich source of factor X. It was not until 
some 10 years later that Evans successfully isolated the components of vitamin E 
family and named them tocopherols (Greek: toc (child), phero (to bring forth), and 
–ol because it behaves chemically like an alcohol) [25, 26].

Meanwhile, tocotrienol was named by Bunyan and colleagues, when they 
identified the unsaturated derivatives of tocols, isolated from the latex of the rubber 
plant (Hevea brasiliensis) [27]. The structure of tocotrienols was further described 
by Pennock and colleagues, who found that palm oil was a rich source of this “new 
tocopherol” [28]. Palm oil derived from Elaeis guineensis (African oil palm) now 
represents the richest source of the lesser characterized vitamin E, α-tocotrienol.

α-Tocopherol is currently the only form of vitamin E recognized to meet human 
requirements, and recommended adequate intake values are established based 
on α-tocopherol alone. Other forms of vitamin E must fulfill the following to be 
recognized as vitamin E: (1) converted to α-tocopherol in humans and (2) recog-
nized by the α-tocopherol transfer protein. Plasma α-tocopherol concentrations 
in humans range from 11 to 37 μmol/L, whereas γ-tocopherol concentrations are 
roughly 2–5 μmol/L, and tocotrienol concentrations are less than 1 μmol/L in non-
supplemented humans [3].

Tocopherols are widely found in nature, predominantly in plant seeds such as 
peanuts, sunflower seeds, almonds, walnuts, and sesame seeds. The major dietary 
source of tocopherol comes from the widespread use of corn and soybean oil [4]. 
Tocotrienols, which are less ubiquitous, are found in certain cereals and vegetables 
such as palm oil, rice bran oil, and annatto. Lower levels of tocotrienols can be 
found in grapefruit seed oil, oats, hazelnuts, maize, olive oil, buckthorn berry, rye, 
flaxseed oil, poppy seed oil, and sunflower oil [3]. A non-food source of tocotri-
enols is the latex of the rubber plant. While it has been shown that the different 
vitamin E forms are interconvertible by plants, there has been no convincing 
evidence that the same is true for animals [29].

While alpha-tocopherol was the first vitamin E isomer to be recognized, there 
are now eight chemically distinct isomers known, consisting of alpha (α), beta (β), 
gamma (γ), and delta (δ)-isoforms of tocopherols and tocotrienols [2], as shown in 
Figure 1. The molecular structure of vitamin E is based on a chromanol ring with a 
side chain at the C2 position. While the lipophilic tail of tocopherols is completely 
saturated, tocotrienols have three double bonds, at the 3′, 7′, and 11′ positions. 
Plants synthesize eight different forms of vitamin E, tocopherols and tocotrienols, 
which include α, β, γ, and δ forms that differ in the number of methyl groups on the 
chromanol ring [29]. The slight difference in structure between isoforms translates 
into striking variations in activity. Compared with tocopherols, tocotrienols are 
more efficiently incorporated into membranes and cultured cells [30], thus giving 
rise to more potent antioxidant activities.

2.2 Mechanism and regulation of metabolism

Upon oral administration, vitamin E, a lipid-soluble vitamin, requires biliary 
and pancreatic secretions in order to form micelles for the subsequent uptake by 
intestinal epithelial cells [3]. Therefore, the absorption of vitamin E is enhanced if 
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taken with food which contributes fat, thereby triggering the secretion of enzymes 
that facilitate the formation of micelles required for absorption. Despite many 
years since its discovery, there is still a lack of understanding of the mechanism of 
absorption, liver trafficking, and disposition of vitamin E isoforms [31].

The general understanding of vitamin E absorption and trafficking is that 
orally administered vitamin E undergoes intestinal luminal processing, where it 
accumulates in lipid droplets, which then coalesce with nascent chylomicrons [32]. 
The vitamin E isoforms are not discriminated during the intestinal absorption or 
incorporation into chylomicrons. Chylomicrons then transport vitamin E from the 
intestine through circulation to the liver, which metabolizes or resecretes vitamin E 
back into the plasma for trafficking to tissues via enriched lipoproteins.

After the liver takes up chylomicron remnants, vitamin E isoforms with greater 
affinity to α-tocopherol transport protein (αTTP) are preferentially bound for 
transport to tissues, thereby avoiding catabolism. αTTP expressed in the liver is 
required to facilitate vitamin E transport from the liver to other tissues and organs. 
The discrimination of vitamin E isoforms occurs in the liver as a result of differing 
affinity of isoforms to αTTP. αTTP has the ability to bind to both α-tocotrienol and 
α-tocopherol, but αTTP binds to α-tocotrienol with approximately 10 fold lower 
affinity than that for α-tocopherol [33]. All lipoproteins are involved in the traffick-
ing of α-tocopherol to the tissues, although very low-density lipoprotein apparently 
leaves the liver preferentially enriched in α-tocopherol compared with LDL or 
high-density lipoprotein (HDL) [29]. Discrimination between dietary forms of 
vitamin E is dependent upon the hepatic αTTP to maintain circulating α-tocopherol 
[34]. α-tocopherol is also most retained in tissues due to preferential binding by 
αTT, facilitating secretion into plasma [2] and trafficking to tissues, whereas large 
portions of other forms of vitamin E are catabolized through general xenobiotic 
processes [4].

Interestingly, a study using αTTP knockout mice showed that orally admin-
istered α-tocotrienol was absorbed and delivered to vital organs, despite being 
deficient of αTTP [35]. In organs such as adipose tissue, skin, skeletal muscle, 
and the heart, α-tocotrienol levels were many folds higher than α-tocopherol in 
supplemented αTTP knockout mice. Oral supplementation of the female mice with 
α-tocotrienol also restored fertility, suggesting that it can be successfully delivered 
to the relevant tissues and that α-tocotrienol supported reproductive function under 

Figure 1. 
Chemical structures of (A) tocopherol and (B) tocotrienol. Note the three double bonds in the tocotrienol 
side chain. Note: Isoforms—α (R′ = CH3, R″ = CH3); β (R′ = CH3, R″ = H); γ (R′ = H, R″ = CH3); δ (R′ = H, 
R″ = H).
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conditions of α-tocopherol deficiency. These findings suggest TTP-independent 
mechanisms for the tissue delivery of oral α-tocotrienol. While αTTP may contrib-
ute to tocotrienol trafficking, αTTP does not represent a major or sole mechanism of 
α-tocotrienol transport in the body [35].

Vitamin E is metabolized by ω-hydroxylation by cytochrome P450 (CYP), 
followed by β-oxidation and conjugation to generate carboxychromanols and 
conjugated counterparts [2, 29]. The tail of vitamin E isoforms is ω-hydroxylated by 
CYP 4F2 and subjected to several rounds of β-oxidation, which ultimately results in 
the formation of carboxyethyl hydroxy chromanol (CEHC) (Figure 2). Thus, the 
tail-shortened, water-soluble metabolite, CEHC, is synthesized and excreted in the 
urine [36]. Conjugation such as sulfation and glucuronidation of the phenolic on 
the chromanol may also take place in parallel with β-oxidation when there is a high 
intake of vitamin E forms [4]. Although α-tocopherol largely escapes catabolism 
and ends up in the blood circulation, α-CEHC is synthesized endogenously when 
the quantity of hepatic α-tocopherol exceeds the capacity of αTTP to facilitate 
α-tocopherol secretion from the liver into the circulation [31].

Traber and colleagues established that urinary α-CEHC might be useful to 
noninvasively assess α-tocopherol adequacy, especially in populations with meta-
bolic syndrome-associated hepatic dysfunction that likely impairs α-tocopherol 
trafficking. Their finding also suggests that people with metabolic syndrome may 
have a higher requirement for vitamin E due to poorer trafficking leading to lower 
apparent α-tocopherol bioavailability. However, it is still unknown whether urinary 
α-CEHC excretion reflects α-tocopherol intake from a single meal or whether its 
changes reflect long-term vitamin E status [31].

Recently, Traber and colleagues, which lead as one of the most prolific 
research groups in vitamin E tocopherol, suggested novel approaches to assess 
α-tocopherol absorption and trafficking in order to establish human vitamin 
E requirements [32]. Their study observed that the absorption of α-tocopherol 
is not necessarily limited by the absence of fat or fasting and that the absorp-
tion is highly dependent on chylomicron assembly processes. The transport 
of α-tocopherol across the intestines may be prolonged during fasting and 

Figure 2. 
Tocol structures. The chromanol head group is identical in the alpha-forms of synthetic (A) all-racemic 
α-tocopherol [2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl) chroman-6-ol], (B) natural (RRR) 
α-tocopherols [(R)-2,5,7,8-tetramethyl-2-((4R,8R)-4,8,12-trimethyltridecyl) chroman-6-ol], (C) 
α-tocotrienol [2,5,7,8-tetramethyl-2-((3E,7E)-4,8,12-trimethyltrideca-3,7,11-trien-1-yl) chroman-6-ol], and 
(D) the metabolite of all three isoforms, α-carboxyethyl hydroxychromanol (CEHC) [3-(6-hydroxy-2,5,7,8-
tetramethylchroman-2-yl) propanoic acid]. CEHC results from the ω-hydroxylation, followed by β-oxidation 
of the side chain (as well as conjugation with glucuronide, sulfate, or other compounds), yielding a  
water-soluble molecule that is largely excreted in urine [34].
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potentiated by eating. However, the authors recognized the conclusion derived 
from the study has several limitations, including small sample size, lack of 
randomization or blinding, and compliance issues, leading to an imbalance with 
attendant potential for baseline and residual confounding. Nevertheless, if proven 
in a larger trial, this observation changes the conventional thinking that vitamin E 
needs to be taken with or immediately after meal to enhance absorption and also 
reflects that there is still much to learn on the absorption and transport of vitamin 
E in humans.

2.3 Antioxidant activities

The most established bioactivity of vitamin E is its antioxidant property, 
primarily against lipid peroxidation in biological membranes [2]. By quenching 
the lipid radicals, vitamin E, as chain-breaking antioxidant, terminates the chain 
reaction of the oxidation of polyunsaturated fatty acids (PUFAs) [3]. This function 
is critical to ensure the integrity of cellular membranes and systems which rely on 
the abundance of PUFAs, such as the nervous system. Hence, neurological symp-
toms such as progressive ataxia and hyporeflexia are manifestations of vitamin E 
deficiency as a result of malabsorption.

Tocopherols and tocotrienols are potent antioxidants that scavenge lipid peroxyl 
radicals by donating hydrogen from the phenolic group on the chromanol ring 
[4]. A synergistic antioxidant system made up of vitamin C and other hydrogen 
donors such as thiol antioxidants, namely, glutathione and lipoic acid, reacts with 
the resulting tocotrienoxyl or tocopheroxyl radicals to regenerate vitamin E [37], 
returning it to its reduced state for further use (Figure 3). There is very little 
evidence in vivo for more advanced vitamin E oxidation products [34].

Packer and colleagues noted that the substituents on the chromanol nucleus and 
properties of side chain (saturated vs. unsaturated) were critical to the effectiveness 
of the different vitamin E homologs [37]. Preferential distribution of α-tocopherol 
to the tissues in vivo may have contributed to its greater impact compared 
with other homologs, but the structural differences between α-tocopherol and 
α-tocotrienol have given rise to differences in reactivity observed in in vitro and 
in vivo studies.

Figure 3. 
The antioxidant network showing the interaction among vitamin E, vitamin C, and thiol redox cycles 
[37]. Notes: *thiol transferase (glutaredoxin), protein disulfide isomerase, glutathione (GSH)-dependent 
dehydroascorbate reductase, thioredoxin (TRX) reductase.
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Tocotrienols were suggested to be more effective scavengers of peroxyl radicals 
due to more even distribution in the phospholipid bilayer, more effective interac-
tion with lipid peroxyl radicals [4], stronger disordering of membrane lipids, and 
greater recycling of chromanoxyl radical due to closer location to the membrane 
surface [37]. The chromanoxyl radical of α-tocotrienol was found to be recycled in 
membranes and lipoproteins more quickly than the corresponding α-tocopheroxyl 
radical [38].

The antioxidant activity of vitamin E is critical to a healthy nervous system, as 
evident from the consequences of neurological function under deficient condi-
tion. The vitamin E protection of PUFAs leads to neuroprotective effects under 
pathologic and high oxidative stress conditions. Due to the early discovery of 
α-tocopherol as an essential vitamer and its ubiquitous nature, most research in 
vitamin E, concerning the mechanisms of action and physiological implications of 
deficiency, has centered on tocopherols. Tocotrienols, without having any appar-
ent consequence of deficiency and being not inherently detectable in non-supple-
mented humans or animals, were not the focus of vitamin E-related research until 
much later. Since the discovery of rich sources of tocotrienols and subsequent 
availability as an active ingredient, there is growing evidence that tocotrienols 
have superior potency in terms of antioxidant activity and modulation of impaired 
biochemical pathways resulting in physiologically beneficial effects.

Arachidonic acid (AA), one of the most abundant PUFAs of the central nervous 
system, is highly susceptible to oxidative metabolism under pathologic conditions. 
[39]. A number of neurodegenerative conditions in the human brain are associated 
with disturbed PUFA metabolism of AA, including acute ischemic stroke [40]. 
Cleaved from the membrane phospholipid bilayer by cytosolic phospholipase A2 
(cPLA2), AA is metabolized by both enzymatic and nonenzymatic pathways into 
neurotoxic metabolites. Palm oil-derived α-tocotrienol at nanomolar concentrations 
has been shown to attenuate both enzymatic and nonenzymatic mediators of AA 
metabolism and neurodegeneration [39] (Figure 4).

Figure 4. 
The arachidonic acid (AA) cascade and potential target sites for α-tocopherols (αTOC) and α-tocotrienols 
(αTCT) [39]. cPLA2, cytosolic phospholipase A2; 12-LOX, 12-lipoxygenase; c-Src, proto-oncogene tyrosine-
protein kinase or simply c-Src (cellular sarcoma); 12-HPETE, 12-hydroperoxyeicosatetraenoic acid; COX, 
cyclooxygenase.
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2.4 Benefits in vascular health

Vitamin E has also been associated with improved vascular health in studies 
measuring arterial compliance and endothelial dysfunction as biomarkers. Vascular 
endothelium, which lines the blood luminal surface of vessels, is involved in the 
regulation of vascular tone, platelet activity, and thrombosis and intimately involved 
in the pathogenesis of atherosclerosis [5, 6]. The endothelium is an integral part 
of the vasculature and is involved in promoting an atheroprotective environment 
via the complementary actions of endothelial cell-derived vasoactive factors [41]. 
Vasomotor tone is modulated through the release of endothelium-derived relaxing 
factors (EDRFs) such as NO [6]. Impaired vascular homeostasis can lead to endothe-
lial dysfunction, which contributes to atherosclerosis [41]. Intact endothelium is also 
needed for normal arterial compliance, a predictor of cardiovascular events. Arterial 
compliance, which can be assessed by pulse wave velocity (PWV) and augmentation 
index (AI), can be improved in healthy subjects even with dietary interventions [7].

In a randomized controlled trial, subjects with the following risk factors, hyper-
cholesterolemia (13 subjects), smokers (14 subjects), or both (15 subjects), were 
supplemented with placebo or vitamin E for 4 months. The authors hypothesized 
that long-term supplementation with vitamin E would improve endothelium-
dependent relaxation in hypercholesterolemic patients and/or chronic smoking, two 
risk factors that have been associated with increased radical formation, impaired 
endothelial vasodilator function, and increased plasma levels of autoantibodies 
against oxidized LDL [6]. The study found the most severe endothelial vasodila-
tor dysfunction in patients with both risk factors present. Vitamin E significantly 
improved endothelium-dependent relaxation in forearm resistance vessels of hyper-
cholesterolemic smokers. There was a significant relationship between improve-
ment in acetylcholine-induced vasodilation and the change in autoantibody titer 
against oxidized LDL (r = −0.59; p = 0.002) [6].

Moreover, in a randomized controlled trial, 36 healthy male volunteers were 
supplemented with placebo or tocotrienol-rich vitamin (50, 100, 200 mg/day) 
with self-emulsifying formula for 2 months [7]. Arterial compliance was assessed 
using carotid-femoral PWV and AI, at baseline and after 2 months of supplementa-
tion. Subjects treated with tocotrienols at doses of 100 and 200 mg/day showed 
significant improvement in arterial compliance with PWV reductions of 0.77 m/s 
(p = 0.007) and 0.65 m/s (p = 0.002), respectively. The placebo group did not show 
a reduction in PWV and AI compared with baseline. The treatment had no effect on 
blood pressure, serum total cholesterol, and LDL-C [7], which are potential con-
founding factors to the observed improvement in arterial compliance. The improve-
ment in vascular function can be achieved through mechanisms involving enhanced 
NO production by the endothelium and inhibition of free radicals that inactivate 
EDRF. Vitamin E can potentially increase the production of NO, which relaxes the 
vascular smooth muscle cells, while also neutralizing free radicals which preserve 
the action of EDRF to maintain arterial compliance [7].

In addition to promoting vascular health, vitamin E is also postulated to exert 
anti-atherogenic effects via its ability to decrease LDL oxidation, quench free radi-
cals, inhibit protein kinase C (PKC), inhibit expression of adhesion molecules and 
monocyte transmigration, and impair vascular smooth muscle cell proliferation [8].

3. Cerebral small vessel disease

The general ischemia implicated in CSVD of small blood vessels (i.e., arterial 
tree occlusion in particular) involving the subcortical and deeper parts of the brain 
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has been widely reported to cause cerebral ischemic stroke or lacunar stroke and 
accounts for nearly 30% of all stroke subtypes worldwide [9–12].

3.1 Characteristic and classification

The complexity and overlapping pathophysiological mechanism of the disease 
make the interpretation of CSVD debatable. However, it is a widely accepted view 
that pathological consequences of small vessel disease (SVD) on the brain paren-
chyma rather than the underlying diseases of the vessels serve as the basis of CSVD 
[13]. Hence, the injury in the brain parenchyma that is linked with leptomeningeal 
and intracerebral vessel pathology that vascularizes with poor collaterals in the 
deep white matter and subcortical gray matter is the main diagnostic landmark of 
CSVD. Moreover, CSVD is generally due to several vasculo-pathological processes 
that affect and cause occlusion to the small perforating cerebral arterioles, capillar-
ies, and venules (of sizes 50–400 mm), which are small arteries (chiefly of middle 
cerebral artery tributaries) that penetrate and supply the brain subcortical region, 
resulting in various lesions in the brain [42–46].

Several manifestations of CSVD can be seen through clinical, radiological 
(i.e., neuroimaging such as CT or MRI), or pathological phenomena with various 
etiologies [46–49]. Recent advancement in neuroimaging techniques had enabled 
the imaging-based (such as MRI) identification and characterization of multiple 
manifestation of CSVD including white matter hyperintensities (WMHs) of 
presumed vascular origin or leukoaraiosis, lacunes of presumed vascular origin 
(i.e., small subcortical infarcts and silent brain infarcts, SBI), perivascular spaces, 
microinfarcts, and cerebral microbleeds (CMBs) [46, 50, 51]. Alarmingly, the 
aforementioned lesions can be silent, and the affected individual may not have 
any clinical symptoms. More importantly, this silent lesion with higher number 
of single or multiple, is associated with higher risk of mild cognitive impairment, 
dementia, Alzheimer’s disease, and full-blown stroke [14, 15].

There are several etiopathogenic classifications of CSVD. However, the most 
prevalent forms of CSVD are amyloidal CSVD (sporadic and hereditary cerebral 
amyloid angiopathy [CAA]) and non-amyloidal CSVD (arteriolosclerosis, age-
related, vascular risk-factor-related SVD, i.e., microatheroma, lipohyalinosis, 
fibrinoid necrosis, and segmental arterial disorganization) [42, 52, 53]. Other less 
common forms of CSVD include inherited or genetic CSVD that is recognizably 
different from CAA (i.e., Fabry’s disease and cerebral autosomal dominant arteri-
opathy with subcortical ischemic strokes and leukoencephalopathy [CADASIL]), 
inflammatory and immunologically mediated CSVD (i.e., rheumatoid vasculitis, 
lupus erythematosus, and CNS vasculitis secondary to infection), venous col-
lagenosis, and other CSVD (i.e., non-amyloid microvessel degeneration in AD and 
postradiation angiopathy) [42, 52, 53].

3.2 Neuroepidemiology and health burden

Different manifestations of CSVD based on neuroimaging findings result in 
different and overlapping health burden and epidemiology [54]. Increasing age has 
been reported to elevate the finding of WMHs, lacunes, perivascular spaces, and 
CMBs in healthy populations [54–56]. However, increased vascular risk factors are 
consistent with the prevalence of CMBs but not in other imaging findings [56, 57]. 
Race, ethnicity, and gender with adjusted age also explain the variability of these 
imaging findings, whereby some findings had reported that higher WMH grade and 
volume were found in ethnic or racial minorities than non-Hispanic white [58] and 
WMHs were much higher in women than men, although no definite mechanism 
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was reported for this gender difference [59]. In addition, previous study had 
reported stroke-free elderly Hispanic and/or Latino had SBI (16%), especially in 
subcortical region (82.9%) [60] and perivascular spaces (48%) [61].

In other ethnic groups, previous study had reported that the prevalence of 
WMHs in South Asians and Europeans is similar, although South Asian elderly 
individuals with known vascular risk are more likely to be associated with higher 
WMHs [62]. Meanwhile, data in three Asian countries (Singapore, Hong Kong, and 
Korea) have shown that elderly Asians with higher SVD burden are associated with 
cognitive decline [63]. This was further supported by the Taizhou Imaging Study, 
whereby the authors found increased incidental findings of WMHs (10.68%), 
lacunes (26.69%), CMBs (18.51%), and perivascular spaces (27.76%) in elderly 
Chinese with vascular risk [64]. However in the Japanese population, most are 
having moderate to mild dilated perivascular spaces, especially in the centrum 
semiovale and basal ganglia [65]. Thus, it is apparent that more data are required to 
understand the role of racial and/or ethnic contributions for the presence of differ-
ent CSVD manifestations.

The effects of several manifestations of CSVD on cognition seem to be invariably 
influenced by the location of the lesion(s). The damaged and reduced white matter 
integrity in the frontal lobe and its dysfunction are associated with reduced transmis-
sion of information to other parts of the brain in the presence of WMHs [54], lacunes 
(deep nuclear [78.2%], posterior fossa [10.1%]) [66], and perivascular spaces [65, 67]. 
In contrast, temporal lobe lesion is more associated with the findings of lobar and deep 
CMBs [68, 69]. Several studies have reported that an increase in WMHs is associ-
ated with worse general and specific domain of cognitive performance, especially in 
executive function, processing speed, and episodic memory [70–73]. Intriguingly, 
an increase in WMHs with reduced cognitive performance is similar to the individual 
with amyloid load, mild parkinsonism, and functional impairments [70].

Furthermore, reduced cognitive ability has been reported in elderly and non-
demented people with the presence of lacunes of presumed vascular origin [54, 72, 74]. 
Memory declines have also been associated with thalamic infarcts, whereas decreased 
psychomotor speed is associated with non-thalamic infarcts [75]. In contrast, the 
presence of a lesion in the perivascular spaces reduces the individual processing speed 
[76] and, in others, reported no effect on the cognitive performance [67]. Meanwhile, 
a decrease in global cognitive performance and domain specific has been linked with 
the location of CMBs [77].

3.3 Pathomechanism

Despite the growing insights from histopathological, epidemiological, and 
physiological studies in the past two decades, the underlying pathomechanism of 
CSVD remains contentious [46, 53]. In general, it is recognized that advanced age 
and the presence of chronic hypertension may reduce the ability to self-regulate 
cBF in response to various systemic blood pressure levels and increased arterial 
stiffness, hence the increased speed and flow pulsatility in cerebral arterioles [16]. 
These hemodynamic changes are postulated to inflict a certain degree of endothe-
lial damage in the BBB and alter its permeability through an increase of the shear 
stress [17]. Hence, the BBB breakdown is an important etiopathogenesis feature of 
CSVD [17–19].

Another key factor thought to contribute to the pathogenesis of CSVD is endo-
thelial dysfunction, with elevated biomarkers as the surrogates [78, 79]. The endo-
thelial dysfunction involvement is also associated with metabolic syndrome [80, 81] 
and hence a strong link with CSVD. Furthermore, this dysfunction is also implicated 
for a higher risk of aging-related disease [82, 83]. In addition to the endothelium, 
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cross-talk among cellular components of the BBB, such as pericytes, astrocytes, and 
oligodendrocyte precursor cells (OPCs), may be involved in the microvascular dam-
age as precursors for the onset and progression of CSVD [84, 85]. In relation to this, 
reduced white matter integrity due to changes in oligodendrocytes has been shown 
in CSVD, whereby the EC-OPC signaling became compromised and altered the ECs’ 
ability to secrete the releasing factor crucial for the growth and survival of OPCs to 
eventually cause oligodendrocytes prone to damage [86]. Therefore, the interaction 
of multiple BBB components may play a crucial role in the discovery and develop-
ment of new prevention steps and therapies for CSVD.

In parallel, an increased activity of matrix metalloproteinase-2 (MPP2) from 
endothelial cell membrane (ECM) also caused tight junctions (TJs) to dissemble. 
TJ damage eventually leads to basement membrane degradation and endothelial 
damage and, hence, endothelial dysfunction. This results in BBB damage, making 
it vulnerable to the infiltration of neutrophils, monocytes, and blood components 
into the ECM [53]. Activated neutrophils induce the activation of ROS, proteolytic 
enzymes, and cytokines, thus causing higher leukocyte-EC adhesion and reduced 
cBF (Figure 5). Meanwhile, activated monocytes will be induced by cytokine and 
neopterin to cause inflammation in the ECs. Cumulatively, the increased shear and 
oxidative stress from the system also lead to the activation of blood components 
and increased production of microparticles, reduced tissue factor pathway inhibi-
tor, and increased fibrinogen accumulation that result in lumen narrowing and 
consequent cBF reduction [53].

Understandably, the role of hypoperfusion or reduced cBF in endothelial dys-
function for CSVD has been hypothesized [87]. Generally, the regulation of cBF is 
mediated by NO signaling; thus, NO serves as a marker for endothelial dysfunction 
[88]. Since endothelial dysfunction is associated with increased BBB permeability, 
this would worsen brain parenchyma and white matter lesions given the reduced 
integrity of ECs [89]. In addition, the increased expression of the mutated NOTCH3 
gene (a genetic determinant of CADASIL) in pericytes was found to contribute 
to CSVD pathogenesis due to abnormal cross-talk between ECs and pericytes 
[87]. Therefore, one can posit that increased BBB permeability, reduced cBF, and 
impaired cerebral autoregulation serve as three main interrelated underlying patho-
genesis precursors to the development and progression of CSVD, notwithstanding 
the role of other potential and novel factors.

3.4 Role of reactive oxygen species

Multiple studies have reported that the early detection of cognitive and motor 
decline in neurodegenerative disease has been linked with protein, lipids, sugar, and 
nucleic acid oxidation [90, 91]. Therefore, it can be postulated that changes or dam-
age to the cerebral vasculature, BBB, and cBF is due to localized oxidative stress, 
hence initiating the neurodegenerative changes in the brain tissue.

Generally, overproduction of oxidants by NADPH oxidases and malfunction 
or reduced activities of antioxidant enzymes may result in oxidative stress [52]. 
The imbalance between antioxidants and prooxidants in aging and age-related 
neurological disease is regarded to be mainly due to ROS [92] which is a large group 
of oxygen radicals (i.e., superoxide anion radical, hydroxyl radical, peroxyl radical, 
and alkoxyl radical) and non-radicals (i.e., hydrogen peroxide, organic hydroper-
oxide, singlet molecular oxygen, electronically excited carbonyls, and ozone) [52, 
64]. NADPH oxidase- and superoxide dismutase-mediated enzymatic conversion 
of molecular oxygen to superoxide initiates the production of ROS; however, the 
production of ROS can also be mediated by spontaneous transformation of non-
radical hydrogen peroxide [93].
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was reported for this gender difference [59]. In addition, previous study had 
reported stroke-free elderly Hispanic and/or Latino had SBI (16%), especially in 
subcortical region (82.9%) [60] and perivascular spaces (48%) [61].

In other ethnic groups, previous study had reported that the prevalence of 
WMHs in South Asians and Europeans is similar, although South Asian elderly 
individuals with known vascular risk are more likely to be associated with higher 
WMHs [62]. Meanwhile, data in three Asian countries (Singapore, Hong Kong, and 
Korea) have shown that elderly Asians with higher SVD burden are associated with 
cognitive decline [63]. This was further supported by the Taizhou Imaging Study, 
whereby the authors found increased incidental findings of WMHs (10.68%), 
lacunes (26.69%), CMBs (18.51%), and perivascular spaces (27.76%) in elderly 
Chinese with vascular risk [64]. However in the Japanese population, most are 
having moderate to mild dilated perivascular spaces, especially in the centrum 
semiovale and basal ganglia [65]. Thus, it is apparent that more data are required to 
understand the role of racial and/or ethnic contributions for the presence of differ-
ent CSVD manifestations.

The effects of several manifestations of CSVD on cognition seem to be invariably 
influenced by the location of the lesion(s). The damaged and reduced white matter 
integrity in the frontal lobe and its dysfunction are associated with reduced transmis-
sion of information to other parts of the brain in the presence of WMHs [54], lacunes 
(deep nuclear [78.2%], posterior fossa [10.1%]) [66], and perivascular spaces [65, 67]. 
In contrast, temporal lobe lesion is more associated with the findings of lobar and deep 
CMBs [68, 69]. Several studies have reported that an increase in WMHs is associ-
ated with worse general and specific domain of cognitive performance, especially in 
executive function, processing speed, and episodic memory [70–73]. Intriguingly, 
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the location of CMBs [77].

3.3 Pathomechanism

Despite the growing insights from histopathological, epidemiological, and 
physiological studies in the past two decades, the underlying pathomechanism of 
CSVD remains contentious [46, 53]. In general, it is recognized that advanced age 
and the presence of chronic hypertension may reduce the ability to self-regulate 
cBF in response to various systemic blood pressure levels and increased arterial 
stiffness, hence the increased speed and flow pulsatility in cerebral arterioles [16]. 
These hemodynamic changes are postulated to inflict a certain degree of endothe-
lial damage in the BBB and alter its permeability through an increase of the shear 
stress [17]. Hence, the BBB breakdown is an important etiopathogenesis feature of 
CSVD [17–19].

Another key factor thought to contribute to the pathogenesis of CSVD is endo-
thelial dysfunction, with elevated biomarkers as the surrogates [78, 79]. The endo-
thelial dysfunction involvement is also associated with metabolic syndrome [80, 81] 
and hence a strong link with CSVD. Furthermore, this dysfunction is also implicated 
for a higher risk of aging-related disease [82, 83]. In addition to the endothelium, 
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cross-talk among cellular components of the BBB, such as pericytes, astrocytes, and 
oligodendrocyte precursor cells (OPCs), may be involved in the microvascular dam-
age as precursors for the onset and progression of CSVD [84, 85]. In relation to this, 
reduced white matter integrity due to changes in oligodendrocytes has been shown 
in CSVD, whereby the EC-OPC signaling became compromised and altered the ECs’ 
ability to secrete the releasing factor crucial for the growth and survival of OPCs to 
eventually cause oligodendrocytes prone to damage [86]. Therefore, the interaction 
of multiple BBB components may play a crucial role in the discovery and develop-
ment of new prevention steps and therapies for CSVD.

In parallel, an increased activity of matrix metalloproteinase-2 (MPP2) from 
endothelial cell membrane (ECM) also caused tight junctions (TJs) to dissemble. 
TJ damage eventually leads to basement membrane degradation and endothelial 
damage and, hence, endothelial dysfunction. This results in BBB damage, making 
it vulnerable to the infiltration of neutrophils, monocytes, and blood components 
into the ECM [53]. Activated neutrophils induce the activation of ROS, proteolytic 
enzymes, and cytokines, thus causing higher leukocyte-EC adhesion and reduced 
cBF (Figure 5). Meanwhile, activated monocytes will be induced by cytokine and 
neopterin to cause inflammation in the ECs. Cumulatively, the increased shear and 
oxidative stress from the system also lead to the activation of blood components 
and increased production of microparticles, reduced tissue factor pathway inhibi-
tor, and increased fibrinogen accumulation that result in lumen narrowing and 
consequent cBF reduction [53].

Understandably, the role of hypoperfusion or reduced cBF in endothelial dys-
function for CSVD has been hypothesized [87]. Generally, the regulation of cBF is 
mediated by NO signaling; thus, NO serves as a marker for endothelial dysfunction 
[88]. Since endothelial dysfunction is associated with increased BBB permeability, 
this would worsen brain parenchyma and white matter lesions given the reduced 
integrity of ECs [89]. In addition, the increased expression of the mutated NOTCH3 
gene (a genetic determinant of CADASIL) in pericytes was found to contribute 
to CSVD pathogenesis due to abnormal cross-talk between ECs and pericytes 
[87]. Therefore, one can posit that increased BBB permeability, reduced cBF, and 
impaired cerebral autoregulation serve as three main interrelated underlying patho-
genesis precursors to the development and progression of CSVD, notwithstanding 
the role of other potential and novel factors.

3.4 Role of reactive oxygen species

Multiple studies have reported that the early detection of cognitive and motor 
decline in neurodegenerative disease has been linked with protein, lipids, sugar, and 
nucleic acid oxidation [90, 91]. Therefore, it can be postulated that changes or dam-
age to the cerebral vasculature, BBB, and cBF is due to localized oxidative stress, 
hence initiating the neurodegenerative changes in the brain tissue.

Generally, overproduction of oxidants by NADPH oxidases and malfunction 
or reduced activities of antioxidant enzymes may result in oxidative stress [52]. 
The imbalance between antioxidants and prooxidants in aging and age-related 
neurological disease is regarded to be mainly due to ROS [92] which is a large group 
of oxygen radicals (i.e., superoxide anion radical, hydroxyl radical, peroxyl radical, 
and alkoxyl radical) and non-radicals (i.e., hydrogen peroxide, organic hydroper-
oxide, singlet molecular oxygen, electronically excited carbonyls, and ozone) [52, 
64]. NADPH oxidase- and superoxide dismutase-mediated enzymatic conversion 
of molecular oxygen to superoxide initiates the production of ROS; however, the 
production of ROS can also be mediated by spontaneous transformation of non-
radical hydrogen peroxide [93].
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There are multiple oxidative markers used to correlate with neurodegenera-
tive disease including CSVD, for example, thioredoxins (positively correlate with 
severity of acute ischemic stroke and infarct volume) [94], thioredoxin reductase 

Figure 5. 
General pathomechanism and role of ROS in CSVD. ECs, endothelial cells; BBB, blood–brain barrier; ECM, 
extracellular matrix; cBF, cerebral blood flow; NO, nitric oxide; eNOS, endothelial nitric oxide synthase; ROS, 
reactive oxygen species; RNS, reactive nitrogen species; COX, cyclooxygenase; NADPH, nicotinamide adenine 
dinucleotide phosphate; MPs, microparticles; TNF-alpha, tumor necrosis factor-alpha; WMHs, white matter 
hyperintensities; CMBs, cerebral microbleeds; AD, Alzheimer’s disease.
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(reduced thioredoxin reductase attenuates the capacity of endothelium-dependent 
vasodilatory) [95], and peroxiredoxins (higher during stroke onset and traumatic 
brain injury) [96]. Moreover, reduced plasma levels of uric acid and vitamins E, A, 
and C have been used as antioxidant biomarkers for Alzheimer’s disease and also 
Parkinson’s disease [97–100]. Similarly, coenzyme Q10 (i.e., ubiquinone Q10) is 
another antioxidant that has been shown to provide potential protective effects for a 
spectrum of CSVD and cerebral metabolic syndrome [82].

In CSVD, the elevated production of ROS is mainly due to reactions and 
process (i.e., high blood pressure, very low density of lipoproteins, diabetes, and 
homocysteinemia and smoking) that lead to inflammatory mechanism and oxida-
tive stress hence causing endothelium dysfunction [20, 21]. Induction of oxidative 
stress further enhanced the releasing of adhesion molecules and recruiting of 
leukocytes causing higher leukocyte-EC adhesion and reduced cBF (Figure 5). 
NADPH oxidases induce oxidative stress (major source of ROS in vessel wall), and 
its destructive impact on EC-dependent NO signaling has been widely studied 
[22, 23]. The NADPH oxidases can be stimulated by mechanical forces and vaso-
active agonists (i.e., thrombin, platelet-derived growth factor, and tumor necrosis 
factor-alpha) hence enhancing the production of ROS through superoxide anion 
radical synthesis [101–103].

Another two key enzymes that facilitate the production of ROS include cycloox-
ygenase (COX) and enzymatic cascade in mitochondria (i.e., oxidative phosphory-
lation). COX is an important enzyme that produces superoxide in cerebral blood 
vessels through prostaglandin H2 synthesis mediated by AA [104, 105]. Superoxide 
can also be synthesized after endothelial nitric oxide synthase dysfunction that 
halts the NO production. This eventually reduces the bioavailability of NO and, in 
turn, facilitates the production of reactive nitrogen species (RNS) to cause reduced 
anti-inflammatory, reduced vasodilating, increased platelet aggregation, disinhibi-
tion of leukocyte adhesion, and reduced antiproliferative effects of NO [52, 106]. 
Hence, biomarkers of oxidative stress can be used to study the redox imbalance in 
individuals with WMHs while it draws a plausible therapeutic avenue with targeted 
dietary supplements to reduced ROS and RNS that would be neuroprotective 
against CSVD onset and/or manifestations [107].

4. Prospects of vitamin E for CSVD neuroprotection

As remarked in the previous sections, increasing body of evidence indicated 
that oxidative stress might play a pivotal role in the largely elusive pathomecha-
nism of CSVD and other neurodegenerative disease, including cognitive 
impairment. Moreover, targeting oxidative stress, as a therapeutic approach of vas-
cular-related disease, has been an area of continuing interest given its significance 
on the aging world population and the rising trend of noncommunicable disease 
burden, typically cardio-cerebrovascular disorders which include CSVD. However, 
informative and converging data on vitamin E and its neuroprotective potential for 
CSVD are scarce.

Central to this proposition of vitamin E potential in CSVD is the involvement 
of ROS in the physiological role for normal regulation of cerebral vascular event. 
Hence, a balance between mitigating oxidative stress and normal physiological 
role should be considered in this ROS-centric approach for natural vitamin E in 
CSVD neuroprotective potentials. Nonetheless, the idea of attaining or sustain-
ing certain levels of antioxidants to mitigate vascular oxidative stress remains a 
contentious issue. For instance, antioxidants such as vitamin E have been proven 
beneficial for vascular function in small clinical and experimental trials [108], 
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(reduced thioredoxin reductase attenuates the capacity of endothelium-dependent 
vasodilatory) [95], and peroxiredoxins (higher during stroke onset and traumatic 
brain injury) [96]. Moreover, reduced plasma levels of uric acid and vitamins E, A, 
and C have been used as antioxidant biomarkers for Alzheimer’s disease and also 
Parkinson’s disease [97–100]. Similarly, coenzyme Q10 (i.e., ubiquinone Q10) is 
another antioxidant that has been shown to provide potential protective effects for a 
spectrum of CSVD and cerebral metabolic syndrome [82].

In CSVD, the elevated production of ROS is mainly due to reactions and 
process (i.e., high blood pressure, very low density of lipoproteins, diabetes, and 
homocysteinemia and smoking) that lead to inflammatory mechanism and oxida-
tive stress hence causing endothelium dysfunction [20, 21]. Induction of oxidative 
stress further enhanced the releasing of adhesion molecules and recruiting of 
leukocytes causing higher leukocyte-EC adhesion and reduced cBF (Figure 5). 
NADPH oxidases induce oxidative stress (major source of ROS in vessel wall), and 
its destructive impact on EC-dependent NO signaling has been widely studied 
[22, 23]. The NADPH oxidases can be stimulated by mechanical forces and vaso-
active agonists (i.e., thrombin, platelet-derived growth factor, and tumor necrosis 
factor-alpha) hence enhancing the production of ROS through superoxide anion 
radical synthesis [101–103].

Another two key enzymes that facilitate the production of ROS include cycloox-
ygenase (COX) and enzymatic cascade in mitochondria (i.e., oxidative phosphory-
lation). COX is an important enzyme that produces superoxide in cerebral blood 
vessels through prostaglandin H2 synthesis mediated by AA [104, 105]. Superoxide 
can also be synthesized after endothelial nitric oxide synthase dysfunction that 
halts the NO production. This eventually reduces the bioavailability of NO and, in 
turn, facilitates the production of reactive nitrogen species (RNS) to cause reduced 
anti-inflammatory, reduced vasodilating, increased platelet aggregation, disinhibi-
tion of leukocyte adhesion, and reduced antiproliferative effects of NO [52, 106]. 
Hence, biomarkers of oxidative stress can be used to study the redox imbalance in 
individuals with WMHs while it draws a plausible therapeutic avenue with targeted 
dietary supplements to reduced ROS and RNS that would be neuroprotective 
against CSVD onset and/or manifestations [107].

4. Prospects of vitamin E for CSVD neuroprotection

As remarked in the previous sections, increasing body of evidence indicated 
that oxidative stress might play a pivotal role in the largely elusive pathomecha-
nism of CSVD and other neurodegenerative disease, including cognitive 
impairment. Moreover, targeting oxidative stress, as a therapeutic approach of vas-
cular-related disease, has been an area of continuing interest given its significance 
on the aging world population and the rising trend of noncommunicable disease 
burden, typically cardio-cerebrovascular disorders which include CSVD. However, 
informative and converging data on vitamin E and its neuroprotective potential for 
CSVD are scarce.

Central to this proposition of vitamin E potential in CSVD is the involvement 
of ROS in the physiological role for normal regulation of cerebral vascular event. 
Hence, a balance between mitigating oxidative stress and normal physiological 
role should be considered in this ROS-centric approach for natural vitamin E in 
CSVD neuroprotective potentials. Nonetheless, the idea of attaining or sustain-
ing certain levels of antioxidants to mitigate vascular oxidative stress remains a 
contentious issue. For instance, antioxidants such as vitamin E have been proven 
beneficial for vascular function in small clinical and experimental trials [108], 
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whereby vitamin E supplementation had been shown to reduce the onset of 
WMHs in small clinical trials [109]. Moreover, natural vitamin E also had been 
shown favorable to lessen cognitive impairments in CSVD animal models  

Figure 6. 
Putative neuroprotective potentials of natural vitamin E in targeting ROS in CSVD manifestations. αTCT, 
α-tocotrienols; αTOC, α-tocopherols; ECs, endothelial cells; BBB, blood–brain barrier; ECM, extracellular 
matrix; cBF, cerebral blood flow; NO, nitric oxide; eNOS, endothelial nitric oxide synthase; ROS, reactive 
oxygen species; RNS, reactive nitrogen species; COX, cyclooxygenase; NADPH, nicotinamide adenine 
dinucleotide phosphate; MPs, microparticles; TNF-alpha, tumor necrosis factor-alpha; WMHs, white matter 
hyperintensities; CMBs, cerebral microbleeds; AD, Alzheimer’s disease.
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[110, 111]. Notwithstanding, a larger-scale clinical trial had shown less convinc-
ing beneficial outcomes on stroke and vascular disease prevention with antioxi-
dant (i.e., vitamin E) supplementation [112].

Moreover, utilizing other antioxidants such as coenzyme Q10 has been reported 
to have potential neuroprotective effects in treating oxidative stress-induced 
metabolic syndrome with CSVD-related deterioration with reduced plasma level 
of coenzyme Q10 in experimental animal model with metabolic syndrome [82]. 
Nonetheless, recent studies on oxidative stress-induced diet reported weak or 
no apparent association in modifying the cardiovascular risk in an animal model 
(normotensive wild-type mice, C57BL/6 J), at least in its impact on systemic blood 
pressure [113].

The inconsistency in the reports of the potential neuroprotective effects of anti-
oxidant (natural vitamin E) in cerebrovascular disease is partly due to the apparent 
lack of optimization in terms of concentrations/doses of the vitamin E used. This 
is despite the supportive data on supra(optimal)-physiological concentration of 
vitamin E (especially α-tocotrienol) that can interrupt the superoxide and NO 
reaction [108] to reduce the activation of ROS and endpoint BBB disintegration in 
CSVD. Hence, we are tempted to posit that appropriate nutritive consumptions of 
vitamin E could prove advantageous to attenuate BBB damages that underlie CSVD 
heterogenous manifestations, i.e., by halting the leukocyte-EC adhesion that can 
further degrade the BBB damages with WMHs. Biomarkers of oxidative stress can 
serve to monitor the redox imbalance in individuals with WMHs while exploring 
the putative therapeutic avenue with targeted dietary supplements as neuroprotec-
tive potentials against CSVD onset and/or disease manifestations. As such, the 
vitamin E neuroprotective merits could prevent a comprising reduction of cBF in 
cerebral ischemia in numerous CSVD manifestations, be it silent or symptomatic, 
from the ROS-centric targeting (Figure 6).

5. Challenge and future direction

Although data on therapeutic regimes had shown promising increased plasma 
levels of antioxidants, whether this translates to increased levels in the vasculature 
remains unknown. Even if sufficient levels of antioxidants were achieved in vascu-
lar cells, the antioxidants might in fact exert prooxidant effects as a result of their 
conversion to radical species following their reactions with superoxide [114, 115]. 
Either way, a single approach of conventional antioxidant supplementation would 
be suboptimal in combating oxidative stress in CSVD [108].

Corroboratively, with multiple studies having successfully linked the potential 
therapeutic and neuroprotective potentials of vitamin E in vascular health domains, 
a multicenter and adequately powered clinical trial is much needed for CSVD. Such 
data would further strengthen the nutritive value of vitamin E for CSVD neuropro-
tective supplements. In addition, opportunities exist to examine the connectivity of 
white matter tracts to exhibit vitamin E role in protection of small vessel collateral 
circulation as well as an increased expression of proarteriogenic (new blood vessel 
formation) genes in future research.

6. Conclusion

CSVD, as the commonest neurological condition as we age, could benefit from 
the potency of vitamin E antioxidant neuroprotective potentials through oxida-
tive stress and BBB integrity modulation. This chapter converges contemporary 
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[110, 111]. Notwithstanding, a larger-scale clinical trial had shown less convinc-
ing beneficial outcomes on stroke and vascular disease prevention with antioxi-
dant (i.e., vitamin E) supplementation [112].

Moreover, utilizing other antioxidants such as coenzyme Q10 has been reported 
to have potential neuroprotective effects in treating oxidative stress-induced 
metabolic syndrome with CSVD-related deterioration with reduced plasma level 
of coenzyme Q10 in experimental animal model with metabolic syndrome [82]. 
Nonetheless, recent studies on oxidative stress-induced diet reported weak or 
no apparent association in modifying the cardiovascular risk in an animal model 
(normotensive wild-type mice, C57BL/6 J), at least in its impact on systemic blood 
pressure [113].

The inconsistency in the reports of the potential neuroprotective effects of anti-
oxidant (natural vitamin E) in cerebrovascular disease is partly due to the apparent 
lack of optimization in terms of concentrations/doses of the vitamin E used. This 
is despite the supportive data on supra(optimal)-physiological concentration of 
vitamin E (especially α-tocotrienol) that can interrupt the superoxide and NO 
reaction [108] to reduce the activation of ROS and endpoint BBB disintegration in 
CSVD. Hence, we are tempted to posit that appropriate nutritive consumptions of 
vitamin E could prove advantageous to attenuate BBB damages that underlie CSVD 
heterogenous manifestations, i.e., by halting the leukocyte-EC adhesion that can 
further degrade the BBB damages with WMHs. Biomarkers of oxidative stress can 
serve to monitor the redox imbalance in individuals with WMHs while exploring 
the putative therapeutic avenue with targeted dietary supplements as neuroprotec-
tive potentials against CSVD onset and/or disease manifestations. As such, the 
vitamin E neuroprotective merits could prevent a comprising reduction of cBF in 
cerebral ischemia in numerous CSVD manifestations, be it silent or symptomatic, 
from the ROS-centric targeting (Figure 6).

5. Challenge and future direction

Although data on therapeutic regimes had shown promising increased plasma 
levels of antioxidants, whether this translates to increased levels in the vasculature 
remains unknown. Even if sufficient levels of antioxidants were achieved in vascu-
lar cells, the antioxidants might in fact exert prooxidant effects as a result of their 
conversion to radical species following their reactions with superoxide [114, 115]. 
Either way, a single approach of conventional antioxidant supplementation would 
be suboptimal in combating oxidative stress in CSVD [108].

Corroboratively, with multiple studies having successfully linked the potential 
therapeutic and neuroprotective potentials of vitamin E in vascular health domains, 
a multicenter and adequately powered clinical trial is much needed for CSVD. Such 
data would further strengthen the nutritive value of vitamin E for CSVD neuropro-
tective supplements. In addition, opportunities exist to examine the connectivity of 
white matter tracts to exhibit vitamin E role in protection of small vessel collateral 
circulation as well as an increased expression of proarteriogenic (new blood vessel 
formation) genes in future research.
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CSVD, as the commonest neurological condition as we age, could benefit from 
the potency of vitamin E antioxidant neuroprotective potentials through oxida-
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Abstract

Hypoxic–ischemic brain injury is a number one cause of long-term neurologic dis-
ability and death worldwide. This public health burden is mainly characterized by a 
decrease in oxygen concentration and blood flow to the tissues, which lead to an inef-
ficient supply of nutrients to the brain. This condition induces cell death by energy 
depletion and increases free radical generation and inflammation. Hypoxic–ischemic 
brain injury may occur in ischemic-stroke and over perinatal asphyxia, being both 
leading causes of morbidity in adults and children, respectively. Currently, there are 
no effective pharmaceutical strategies to prevent the triggering of secondary injury 
cascades, including oxidative stress and metabolic dysfunction. Neuroactive steroids 
like selective estrogen receptor modulators, SERMs, and selective tissue estrogenic 
activity regulators, STEARs, exert several neuroprotective effects. These encompass 
mitochondrial survival, a decrease in reactive oxygen species, and maintenance of 
cell viability, among others. In this context, these neurosteroids constitute promising 
molecules, which could modify brain response to injury. Here we show an updated 
overview of the underlying mechanisms of hypoxic–ischemic brain injury. We also 
highlight the neuroprotective effects of neurosteroids and their future directions.

Keywords: neuroactive steroids, hypoxia-ischemia, brain injury, oxidative stress, 
metabolic dysfunction

1. Introduction

Hypoxic–ischemic (HI) brain injury is a major cause of long-term neurologic dis-
ability and death worldwide. Brain damage caused by hypoxia-ischemia responds to a 
wide variety of factors, being the central nervous system (CNS) especially susceptible to 
changes in energy levels, mainly glucose concentrations and oxygen [1]. The brain has a 
25% glucose and 20% oxygen consumption of total body weight [2, 3]. This high energy 
demand is attributed to the functions performed by brain cells such as synaptic activity, 
neurotransmitter recycling and ion transport [2]. Thus, ensuring correct brain metabo-
lism results in optimal neuronal functioning. HI brain injury is mainly characterized by 
a decrease in the concentration of oxygen and blood flow, which causes an insufficient 
supply of nutrients to the brain. These pathological conditions lead to cell death due to 
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wide variety of factors, being the central nervous system (CNS) especially susceptible to 
changes in energy levels, mainly glucose concentrations and oxygen [1]. The brain has a 
25% glucose and 20% oxygen consumption of total body weight [2, 3]. This high energy 
demand is attributed to the functions performed by brain cells such as synaptic activity, 
neurotransmitter recycling and ion transport [2]. Thus, ensuring correct brain metabo-
lism results in optimal neuronal functioning. HI brain injury is mainly characterized by 
a decrease in the concentration of oxygen and blood flow, which causes an insufficient 
supply of nutrients to the brain. These pathological conditions lead to cell death due to 
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the increase in free radical production and depletion of ATP [4]. This phenomenon is 
observed both in perinatal asphyxia (PA) and in ischemic stroke (IS) [5–7]. Around 15 
to 20% of infants that suffer PA will die in the postnatal period and further 25% will 
develop severe and long-lasting neurological impairments such as cerebral palsy, epilepsy 
and neurodevelopmental disorders [8], also representing one of the main causes of 
morbidity in children and adults in the world [9, 10]. Similarly, at a structural level HI 
injury mainly affects the layers II, III and VI of the cortex, CA1 and CA3 hippocampal 
areas, striatum and cerebellum [11]. Therefore, the understanding of the underlying 
mechanisms of this pathology is essential for the establishment of efficient treatments.

Several neuroprotective strategies have been tested, including Selective Estrogen 
Receptor Modulators (SERMs) and Selective Tissue Estrogenic Activity Regulators 
(STEARs), which have shown the same benefits as estrogen, including the decrease 
of reactive oxygen species (ROS), maintenance of cell viability, mitochondrial 
survival, among others; without its negative side effects [12–14]. However, there 
are no effective pharmaceutical strategies to prevent the triggering of secondary 
injury cascades, including oxidative stress and metabolic dysfunction. In this sense, 
the present chapter summarizes the underlying mechanisms of HI brain injury and 
compiles several neuroprotective strategies, including SERMs and STEARs.

2. Mechanisms of brain damage in hypoxia-ischemia

Hypoxia is a condition that affects mainly the brain, and it is characterized by 
a low concentration of oxygen, affecting the proper functioning of the organs and 
tissues exposed to it. This insult causes a variety of responses in the brain. An initial 
response occurs immediately after the insult and is associated with a depletion of ATP, 
glucose and phosphocreatine inside the brain. This immediate reaction determines 
the patient’s outcome against injury, which in turn triggers a secondary response that 
occurs several hours later. A temporary energy recovery takes place almost to the 
initial physiological levels, providing a treatment window between 1 and 6 hours fol-
lowing injury [8, 15, 16]. A third phase of persistent effects lasts for several years [17]. 
In general terms, global hypoxia affects the cerebral cortex, the sensorimotor cortex, 
the talamo and the basal ganglia, causing damage in deep gray matter [18].While the 
complete pathogenic pathways of HI are not fully described, some mechanisms like 
apoptosis, increased glutamate, calcium overload, mitochondrial dysfunction and 
oxidative stress have been proposed to contribute to generate neuronal damage [19].

Primary response depends on the energetic failure, which is characterized by the 
reduction of the energy supply, generating the accumulation of Reactive Oxygen 
Species (ROS) via lactate production augment, making the cell susceptible to oxida-
tive stress and mitochondrial dysfunction [18]. Besides this, restricted cerebral blood 
flow causes a switch to anaerobic respiration, reducing ATP and phosphocreatine, and 
increasing lactic acid production [16]. Low levels of ATP derived from this energetical 
failure affect the integrity of the cell membrane. Calcium enters easily to the cell caus-
ing the membrane depolarization, blocking calcium storage in the cell, which in turn 
accumulates in the extracellular space. In addition, the ion flux of sodium/potassium 
is altered by the Na+/K+ pump dysfunction [20]. The second phase of injury is related 
to the recovery of blood flow and the reestablishment of brain metabolism, character-
ized by an inflammatory response, excitotoxicity and oxidative stress, being the main 
responsible for the brain cells death after hypoxia [7, 18].

2.1 Second phase of injury

Apoptosis as necrosis are the death pathways of the cell. They are present in 
brain damage caused by hypoxia, being apoptosis the most common death pathway 
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in the young brain unchained by mitochondrial failure [21]. Apoptosis can fol-
low two pathways, being the extrinsic triggered by external signals like the tumor 
necrosis factor alpha (TNF-α), Fatty acid synthase (FAS), and the intrinsic path 
mediated by internal factors such as DNA damage or cell stress [22]. The extrinsic 
pathway is involved in the action of caspase 8 and 10, which activate caspase effec-
tors directly, interacting with the intrinsic pathway, and triggering a permeabiliza-
tion of the mitochondrial membrane [23].

The Intrinsic pathway is mediated by the release of apoptotic factors such as 
cytochrome-c, Serine protease HTRA2, mitochondrial (Omi/HtrA2), apoptosis 
inducing factor (AIF), endonuclease G (endoG), Second mitochondria-derived 
activator of caspase/direct inhibitor of apoptosis-binding protein with low pI 
(Smac / Diablo) after permeabilization of the membrane. These apoptotic factors 
can trigger cell death processes that can be mediated by caspase-dependent path-
ways. Each of these factors has a role in programmed death. Cytochrome c interacts 
with Apoptosis protease-activating factor-1 (Apaf-1), creating the apoptosome. 
Smac/Diablo interacts with apoptosis inhibitors, AIF and endoG act through a 
caspase- dependent pathway. These are translocated to the nucleus, causing nuclear 
fragmentation [24, 25]. Hence, the permeabilization of the mitochondrial mem-
brane has been proposed as a marker of a point of no return in hypoxic injury.

2.2 Excitotoxicity

HI injury triggers responses at both the systemic and cellular levels. When the 
energy supply is interrupted, excitotoxicity occurs through an uncontrolled release 
of excitatory neurotransmitters such as glutamate, causing an acute cascade damag-
ing neurons and glial cells at cytoplasmic and mitochondrial levels, and also causing 
disruption of the BBB [23]. Glutamate activates NMDA receptors, causing the accu-
mulation of Ca ++ and nitric oxide (NO), which in turn cause production of ROS. The 
increased levels of intracellular calcium in neurons and glial cells in turn results in the 
activation of calcium-dependent proteases, reactive oxygen species (ROS) production, 
mitochondrial dysfunction, oxidative stress, cytotoxic edema, lipases and deoxyribo-
nuclease (DNase), and the stimulation of pro-cell death pathways [23, 26, 27].

2.3 Oxidative stress

The balance between the oxidant and the antioxidant levels of the cell is called 
redox homeostasis. An imbalance in favor of the intracellular level of oxidants results 
in what is known as oxidative stress. This deregulation occurs mainly in two free 
radicals, the reactive oxygen species (ROS), and the reactive nitrogen species (RNS) 
[28, 29]. Oxidative stress plays a major role in the pathophysiology of HI, due to the 
significant damage to nucleic acids (DNA degeneration), lipids (lipid oxidation), 
proteins and different organelles such as the mitochondria [7]. There are differ-
ent sources of free radicals (ROS and RNS) following HI, including mitochondrial 
electron transport chain (ETC), xanthine oxidase (XO), NADPH oxidases (NOX) and 
nitric oxide synthase (NOS), and arachidonic acid (12/15 lipoxygenase) [26, 28].

2.4 Mitochondria

Mitochondria plays a vital role in survival of the different cells of the CNS [30]. 
It is composed of two membranes, one internal and one external, each with differ-
ent functions. Within these membranes is the matrix. There are enzymes respon-
sible for the main metabolic processes to produce ATP, such as the Krebs cycle, 
β-oxidation, as well as the metabolism of aminoacids [31]. Additionally, the mito-
chondria is involved in moderating processes of death (apoptosis) and biogenesis or 
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responsible for the brain cells death after hypoxia [7, 18].

2.1 Second phase of injury
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low two pathways, being the extrinsic triggered by external signals like the tumor 
necrosis factor alpha (TNF-α), Fatty acid synthase (FAS), and the intrinsic path 
mediated by internal factors such as DNA damage or cell stress [22]. The extrinsic 
pathway is involved in the action of caspase 8 and 10, which activate caspase effec-
tors directly, interacting with the intrinsic pathway, and triggering a permeabiliza-
tion of the mitochondrial membrane [23].

The Intrinsic pathway is mediated by the release of apoptotic factors such as 
cytochrome-c, Serine protease HTRA2, mitochondrial (Omi/HtrA2), apoptosis 
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activator of caspase/direct inhibitor of apoptosis-binding protein with low pI 
(Smac / Diablo) after permeabilization of the membrane. These apoptotic factors 
can trigger cell death processes that can be mediated by caspase-dependent path-
ways. Each of these factors has a role in programmed death. Cytochrome c interacts 
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HI injury triggers responses at both the systemic and cellular levels. When the 
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β-oxidation, as well as the metabolism of aminoacids [31]. Additionally, the mito-
chondria is involved in moderating processes of death (apoptosis) and biogenesis or 



Neuroprotection - New Approaches and Prospects

212

cell proliferation [31, 32], also in critical processes such the maintenance of neuro-
nal homeostasis, including autophagy, elimination of toxic metabolites like ROS, 
and calcium homeostasis [26, 30, 31, 33].

Neonatal brain has increased vulnerability to damage by oxidative stress when 
compared with the adult brain, in part due to lower levels of antioxidants [34]. In 
adult brain, superoxide dismutase (SOD) 1 can scavenge ROS generating hydro-
gen peroxide (H2 O2), thus allowing further breakdown by catalases to H2 O. In 
contrast, neonatal SOD1, although expressed, can exacerbate brain injury caused by 
HI possibly due to the absence or downregulation of enzymes such as catalase and 
glutathione peroxidase 1, required downstream of SOD1 [35].

Mitochondria plays a key role in HI injury since the disturbances in energy 
metabolism trigger a number of pathophysiological responses converging at 
mitochondrial levels, such as the control of energy metabolism, production of ROS, 
and the release of apoptotic factors into the cytoplasm [36]. Mitochondria consti-
tutes an important regulator of cell death due to its ability to release proapoptotic 
proteins following mitochondrial permeabilization. Apoptosis can occur through an 
intrinsic pathway, where DNA damage or cellular stressors activate apoptosis, or an 
extrinsic pathway, following activation of death receptors [36].

2.5 Cardiolipin peroxidation

Another consequence of cell death caused by ROS-induced oxidative stress is 
the peroxidation of a mitochondrial lipid, cardiolipin [37], one of the most critical 
targets in the components of the evolution of HI injury. This is a unique phospho-
lipid, which is found mostly in the inner mitochondrial membrane, where it has a 
very close association with the components of oxidative phosphorylation [37, 38]. 
Cardiolipin plays a crucial role in the insertion into the membrane and the function 
of cytochrome C, cytochrome C oxidase and other phosphorylation complexes. This 
is required, therefore, for an optimal functioning of complexes I (NADH: ubiqui-
none reductase), complex III (NADH: ubiquinone cytochrome C oxidoreductase), 
complex IV (cytochrome C oxidase) and complex V (ATP synthase) [39].

When HI occurs, enzymatic and non-enzymatic processes induce lipid peroxi-
dation. The non-enzymatic process is triggered by the interaction of ROS with the 
fatty acyds of the membranes, and the enzymatic process include the activation 
of lipoxygenases (LOX), cyclooxygenases (COX), phospholipase A2 (PLA2) and 
Cyt C [40, 41], which leads to an alteration in the structure of this phospholipid 
responsible for mitochondrial dysfunction. Hence, the release of cytochrome c 
depends on the integrity of itself. This severe sensitivity to ROS is due to its high 
content of fatty acids [39].

2.6 Inflammation in HI

Accompanied by the reactions mentioned above, there is a role played by differ-
ent glial cells in the injury caused by hypoxia, mainly in inflammation. This injury 
initially triggers an immediate response in neuroglial cells, which contribute to the 
damage mechanisms mentioned above, due to the secretion of a large amount of 
proinflammatory cytokines and ROS.

2.7 Astrocytes

In the last 20 years, astrocytes have been granted multiple functions, such as 
providing support, helping in the maintenance of the cerebral microenvironment 
for an appropriate function, regulating the blood flow in the brain, which are 
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essential for the adequate functioning of neurons [2, 42]. Another important astro-
cytic function is the contribution to brain metabolism [43]. Astrocytes takes glucose 
from blood vessels and provide energy metabolites to neurons [44]. In addition, 
through the lactate shuttle, astrocytes provide lactate to the neurons as a substrate 
for the citric acid cycle and can therefore supply their energy requirements [45].

However, the role of astrocytes in injuries such as hypoxia are not fully eluci-
dated. Astrocytes as microglia, when subjected to insults such as hypoxia, may act 
differently depending on the severity of the injury. Immediately after hypoxia, 
astrocytes enter in an activated state, which eventually ends in a glial scar [46, 47].  
Astrocytes plays important roles in the brain during HI. Because of the tight 
connection with brain capillaries, astrocytes suffer damage firstly after ischemia, 
and then, damaged astrocytes kill neighboring neurons. The number of apoptotic 
astrocytes increases gradually as the extension of ischemic time, which leads to 
further expand of cerebral infarction area [48].

Astrocytes can exacerbate cytotoxicity death due to secrete inflammatory cyto-
kines such as IL-1, IL-6, interferon-γ, and TNF-α; and can also help the migration of 
immune cells to the CNS by the secretion of chemokines [49]. Likewise, there is also 
a protective effect exerted by astrocytes, which play an important role in tolerance 
to cerebral ischemic injury [50] and inflammation [50, 51].

2.8 Microglia and endothelial cells

Microglia, the immune cells of the CNS, are the first to be activated after hypoxia. 
They migrate to the place of injury and change their morphology to an amoeboid-lice 
functional cell, acting in conjunction with monocytes and macrophages [49, 52, 53]. 
Microglia M1 release proinflammatory agents to the environment such as ROS, cyto-
kines ((IL) -1β, IL-6, tumor necrosis factor-alpha (TNF-α)), glutamate, nitric oxide, 
creating a cytotoxic environment triggering cell death [49, 52, 53].

The extent of injury noted in HI is not only determined by the biochemical 
cascades that trigger the apoptosis-necrosis continuum of cell death in the brain 
parenchyma, but also by the pro-inflammatory factors of the Blood Brain Barrier 
(BBB), such as the endothelial cells [54]. Endothelial cells can sense variation in 
the Parcial Oxygen Pressure (PO2) through different mechano-sensors. Then, they 
can adapt their metabolism to maintain ATP production, switching into an hypoxic 
metabolism. In this way, endothelial cells augment the production of ROS by mak-
ing the respiratory chain slower, reduce the cytochrome-c capacity in order to trap 
O2, and alter the cellular redox potential [54, 55]. In cerebrovascular endothelial 
cells (cEND) OGD augmented the mRNA expression of IL-1 alpha, IL- 6 glut-1 
transporter and total nitric oxide concentration increasing significantly the perme-
ability of the cEND monolayer [56].

2.9 Selective vulnerability of the brain to HI

The pathophysiology of HI is complex. The damage on the developing brain 
is determined by several factors: timing of asphyxia, intensity, severity of HI and 
immaturity of the brain. Beside this, different areas of the brain and different cell 
types present a selective vulnerability to this injury [18].

The immaturity of brain represents a significant factor in the outcome of HI 
brain injury. Although risk factors of HI in term newborns are similar to those 
observed in preterm newborns, the immature brain in the last ones, especially 
those with a very low birth weight, is highly vulnerable to injury [18]. This, due to 
hypoperfusion caused by the defectively functioning lungs and hearts in preterm 
newborns, and the poor auto-regulatory capacity the immature brain possess [57]. 



Neuroprotection - New Approaches and Prospects

212
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essential for the adequate functioning of neurons [2, 42]. Another important astro-
cytic function is the contribution to brain metabolism [43]. Astrocytes takes glucose 
from blood vessels and provide energy metabolites to neurons [44]. In addition, 
through the lactate shuttle, astrocytes provide lactate to the neurons as a substrate 
for the citric acid cycle and can therefore supply their energy requirements [45].

However, the role of astrocytes in injuries such as hypoxia are not fully eluci-
dated. Astrocytes as microglia, when subjected to insults such as hypoxia, may act 
differently depending on the severity of the injury. Immediately after hypoxia, 
astrocytes enter in an activated state, which eventually ends in a glial scar [46, 47].  
Astrocytes plays important roles in the brain during HI. Because of the tight 
connection with brain capillaries, astrocytes suffer damage firstly after ischemia, 
and then, damaged astrocytes kill neighboring neurons. The number of apoptotic 
astrocytes increases gradually as the extension of ischemic time, which leads to 
further expand of cerebral infarction area [48].

Astrocytes can exacerbate cytotoxicity death due to secrete inflammatory cyto-
kines such as IL-1, IL-6, interferon-γ, and TNF-α; and can also help the migration of 
immune cells to the CNS by the secretion of chemokines [49]. Likewise, there is also 
a protective effect exerted by astrocytes, which play an important role in tolerance 
to cerebral ischemic injury [50] and inflammation [50, 51].

2.8 Microglia and endothelial cells

Microglia, the immune cells of the CNS, are the first to be activated after hypoxia. 
They migrate to the place of injury and change their morphology to an amoeboid-lice 
functional cell, acting in conjunction with monocytes and macrophages [49, 52, 53]. 
Microglia M1 release proinflammatory agents to the environment such as ROS, cyto-
kines ((IL) -1β, IL-6, tumor necrosis factor-alpha (TNF-α)), glutamate, nitric oxide, 
creating a cytotoxic environment triggering cell death [49, 52, 53].

The extent of injury noted in HI is not only determined by the biochemical 
cascades that trigger the apoptosis-necrosis continuum of cell death in the brain 
parenchyma, but also by the pro-inflammatory factors of the Blood Brain Barrier 
(BBB), such as the endothelial cells [54]. Endothelial cells can sense variation in 
the Parcial Oxygen Pressure (PO2) through different mechano-sensors. Then, they 
can adapt their metabolism to maintain ATP production, switching into an hypoxic 
metabolism. In this way, endothelial cells augment the production of ROS by mak-
ing the respiratory chain slower, reduce the cytochrome-c capacity in order to trap 
O2, and alter the cellular redox potential [54, 55]. In cerebrovascular endothelial 
cells (cEND) OGD augmented the mRNA expression of IL-1 alpha, IL- 6 glut-1 
transporter and total nitric oxide concentration increasing significantly the perme-
ability of the cEND monolayer [56].

2.9 Selective vulnerability of the brain to HI

The pathophysiology of HI is complex. The damage on the developing brain 
is determined by several factors: timing of asphyxia, intensity, severity of HI and 
immaturity of the brain. Beside this, different areas of the brain and different cell 
types present a selective vulnerability to this injury [18].

The immaturity of brain represents a significant factor in the outcome of HI 
brain injury. Although risk factors of HI in term newborns are similar to those 
observed in preterm newborns, the immature brain in the last ones, especially 
those with a very low birth weight, is highly vulnerable to injury [18]. This, due to 
hypoperfusion caused by the defectively functioning lungs and hearts in preterm 
newborns, and the poor auto-regulatory capacity the immature brain possess [57]. 
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HI injury induces white matter injury with noticeable oligodendroglia loss, due to 
the poorly vascularization in white matter compared with cerebral cortex. This 
injury, known as periventricular leukomalacia (PLV), triggers cognitive, sensory, 
and motor impairment in preterm infants. Abnormalities of cortical gray matter 
and hippocampus are also found in the immature brain [18].

In addition, in the developing brain there is a spectrum of lesions caused by HI. 
Alongside PVL, periventricular hemorrhagic infarction in association with gemi-
nal matrix (ganglionic eminence) hemorrhage, with or without intraventricular 
hemorrhage, or thalamocortical injury (Table 1) [58].

The developing brain exhibits selective vulnerability. As it was mentioned above, 
certain cells and regions appear vulnerable depending on the severity and timing of 
injury. Projection neurons, especially in the deep gray nuclei, are at greatest risk dur-
ing ischemic insults in the term brain [18]. Subplate neurons are the earliest and the 
most transient cell population of the neocortex. The subplate zone peaks at the onset 
of the developmental window of vulnerability to PVL (GW 24) and undergoes dis-
solution during the third trimester. Subplate neurons are largely absent at 6 months 
of postnatal age. HI injury leads to moderate to near-complete subplate neuron cell 
death, whereas most cortical neurons are intact. This selective vulnerability may be 
due to early cellular maturation and a developmentally related increase in glutamate 
receptor expression, including NMDA receptor 1, kainate and AMPA receptors [59]. 
On the other hand, in the preterm brain, subplate neurons and oligodendrocytes 
(OL) precursors are most vulnerable. Consequent abnormal thalamocortical con-
nectivity may explain the somatosensory and visual impairment seen in prematurely 
born infants suffering HI brain injury [60, 61]. OL progenitors appear to be the most 
vulnerable, showing impaired maturation and development following injury.

Hemorrhagic lesions
Germinal matrix (ganglionic eminence) (frequently associated with PVL)

Limited (grade I†)
With intraventricular hemorrhage (grade II)

With ventricular expansion (grade III)
With PHI (grade IV)

Subpial
Cerebellar
Subarachnoid space (temporal lobe and cerebellum)

White-matter lesions
Periventricular leukomalacia (PVL)

With focal necrosis
With diffuse white-matter gliosis only

Periventricular hemorrhagic infarction (PHI)

Combined gray- and white-matter lesions
Single cerebral artery–distribution infarcts (porencephaly)
Hydranencephaly (bilateral large hemispheric infarcts)
Multicystic encephalomalacia

Gray-matter lesions
Thalamic and basal ganglionic injury (“status marmoratus”)
Neuronal necrosis in basis pontis and subiculum (pontosubicular necrosis)
Mobius syndrome (brainstem neuronal loss and gliosis)
Cerebellar infarct

PHI = periventricular hemorrhagic infarction; PVL = periventricular leukomalacia.
†Grade refers to clinical severity assigned based on transfontanelle ultrasonography or other neuroimaging. Adapted 
from [58].

Table 1. 
Lesions caused by HI in the developing brain.
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2.10 Oligodendrocytes and astrocytes

Oligodendrocytes, the myelin-forming glia that ensheath axons in the CNS, 
exhibit four sequential stages of maturation. Oligodendroglial progenitors, the 
pre-OL (or late oligodendroglial progenitor), the immature OL, and the mature 
myelin-producing OL [60], are extremely susceptible to HI. The injury involves 
maturational delays in oligodendrocyte population inducing oxidative stress. 
Following HI, OLs fail to fully mature, leading to persistent aberrations in myelin 
ultrastructure, which are associated with permanent disability and neurodevelop-
mental impairment [62].

Astrocytes are the predominant glial population in the CNS. They play a crucial role 
in HI as mentioned above. However, sustained HI brain injury can lead to decreased 
astrocytic function and, thereby, greatly decreased neuronal regeneration [60].

2.11 Blood–brain barrier and vascular fragility

The brain evidences a high requirement of oxygenated blood. This demand 
has resulted in the development of specific cerebral blood vessel networks with 
arteriovenous hierarchy. The Blood–Brain Barrier (BBB) is a specific and unique 
component of the cerebrovascular network. It is a highly specialized biochemical 
and structural barrier at the interface between blood and brain. BBB is involved in 
preserving ionic homeostasis within cerebral microenvironment and regulating the 
entry of molecules into the brain [63].

HI injury in neonatal brain induces an increase in BBB permeability, affect-
ing important cellular and functional components of this vessel network such as 
pericytes, the tight junctions of endothelial cells and astrocytes [60, 63, 64].

Delicate and thin vessels in the developing brain may not sustain the lack of 
blood flow to compensate the requirements of oxygen and nutrients that the brain 
needs, due to the underdeveloped distal arterial network and an immature cerebral 
auto regulatory capacity. Peripheral arteries in the growing brain lack collateral ves-
sels and exhibit limited vasodilatory function in response to the hypoxic–ischemic 
event, resulting more susceptible to HI injury [60].

3. Experimental models

In vivo and in vitro models are used for studying hypoxia (Table 2). In the 
most used animal model, a unilateral ligation of the carotid artery (UCCAO) is 
performed, followed by an exposure to an oxygen atmosphere of 8% for 1–3 hours, 
mainly developed in rodents [65]. This reproduces the anatomical damage caused 
by HI in neonates, with gray matter damage in the hippocampus, thalamus and 
basal ganglia, as well as in white matter [65, 66]. Similarly, it reproduces metabolic 
damage in parameters such as: cerebral acidosis, decreased cerebral blood flow, and 
decreased glucose uptake [52] and has the ability to show the neuroprotective effect 
of different therapeutic approaches like hypothermia [67, 68]. Bilateral ligation of 
the carotid artery is also used to accentuate white matter damage [69, 70] .

In another animal model, ligation of the common carotid is excluded and 
hypoxic damage is performed by oxygen deprivation. This experimental paradigm 
is used to describe milder lesions and to investigate the biochemical alterations of 
the brain [52]. On the other hand, this model has been used in larger animals such 
as primates, sheep, pigs and rabbits in order to better replicate the conditions of a 
human fetus with HI, with the disadvantage of not being able to perform behavioral 
tests and not having a methodological archetype between experiments [52, 71–73].
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Following HI, OLs fail to fully mature, leading to persistent aberrations in myelin 
ultrastructure, which are associated with permanent disability and neurodevelop-
mental impairment [62].

Astrocytes are the predominant glial population in the CNS. They play a crucial role 
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astrocytic function and, thereby, greatly decreased neuronal regeneration [60].
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has resulted in the development of specific cerebral blood vessel networks with 
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component of the cerebrovascular network. It is a highly specialized biochemical 
and structural barrier at the interface between blood and brain. BBB is involved in 
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HI injury in neonatal brain induces an increase in BBB permeability, affect-
ing important cellular and functional components of this vessel network such as 
pericytes, the tight junctions of endothelial cells and astrocytes [60, 63, 64].

Delicate and thin vessels in the developing brain may not sustain the lack of 
blood flow to compensate the requirements of oxygen and nutrients that the brain 
needs, due to the underdeveloped distal arterial network and an immature cerebral 
auto regulatory capacity. Peripheral arteries in the growing brain lack collateral ves-
sels and exhibit limited vasodilatory function in response to the hypoxic–ischemic 
event, resulting more susceptible to HI injury [60].

3. Experimental models

In vivo and in vitro models are used for studying hypoxia (Table 2). In the 
most used animal model, a unilateral ligation of the carotid artery (UCCAO) is 
performed, followed by an exposure to an oxygen atmosphere of 8% for 1–3 hours, 
mainly developed in rodents [65]. This reproduces the anatomical damage caused 
by HI in neonates, with gray matter damage in the hippocampus, thalamus and 
basal ganglia, as well as in white matter [65, 66]. Similarly, it reproduces metabolic 
damage in parameters such as: cerebral acidosis, decreased cerebral blood flow, and 
decreased glucose uptake [52] and has the ability to show the neuroprotective effect 
of different therapeutic approaches like hypothermia [67, 68]. Bilateral ligation of 
the carotid artery is also used to accentuate white matter damage [69, 70] .

In another animal model, ligation of the common carotid is excluded and 
hypoxic damage is performed by oxygen deprivation. This experimental paradigm 
is used to describe milder lesions and to investigate the biochemical alterations of 
the brain [52]. On the other hand, this model has been used in larger animals such 
as primates, sheep, pigs and rabbits in order to better replicate the conditions of a 
human fetus with HI, with the disadvantage of not being able to perform behavioral 
tests and not having a methodological archetype between experiments [52, 71–73].
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3.1 In vitro approaches

The different methodological limitations of in vivo models make in vitro models 
relevant. In order to replicate the conditions that occur in the presence of a depriva-
tion or decrease in glucose and oxygen levels such as those present in HI, several 
studies have proposed a model of oxygen and glucose deprivation (OGD) (Table 2).  
This experimental model has the ability to adjust to specific research needs and 
the versatility of being able to use different cell lines, making possible the study 
of the bases of the molecular and biochemical mechanisms of HI injury. However, 
methodological differences have been found in the implementation of this model, 
especially in the exposure time of hypoxia and reoxygenation. [74–81], making this 
model dependent on the specific conditions of the tissue or cells used [7].

Another methodological approach used to study the effects of hypoxia in vitro 
include chemical hypoxia-mimetic agents (HMAs) (Table 2). These are based on 
producing at molecular level the effects caused by low concentration of oxygen, 
mainly those involved in the expression of Hypoxia-inducible factor-1 (HIF-1) [82, 
83]. The activation of this factor depends on oxygen concentration, and HIF-1 is 
involved in several cellular processes that trigger hypoxia [84–89].

Reference Species Animal model Outcomes

Large animal models

[73] Macaca 
nemestrina, near 
term

UCO Poor weight gain and cerebellar growth, 
abnormal brain
DTI, behavioral impairment, 43% develop 
CP.

[90, 91] Fetal sheep, 
near term

Bilateral CCAO Shorter HI (<30 min): selective neuronal 
loss. Longer HI:
cortical necrosis. Post-HI EEG suppression 
related to insult
severity and pathology; prevented by 
hypothermia.

[92] Fetal sheep, 
midgestation

Bilateral CCAO Necrosis of subcortical white matter, 
neuronal loss in thalamus and striatum 
similar to near term fetus. Little loss of 
final EEG amplitude.

[93] Fetal sheep, 
midgestation 
and near Term

UCO Hippocampal neuronal loss only in near 
term group. Degree of injury associated 
with the severity of hypotension during 
UCO.

[94] Pigs, <24 h old CCAO + hypoxia Secondary energy failure. Energy 
metabolism ameliorated by hypothermia 
(35°C for 12 h) at 24 h–48 h.

[95] Pigs, P9 Hypotension + hypoxia ~60% fall in CBF, reduced cerebral O2 
uptake, phosphorylated metabolites and 
pH and increased inorganic phosphate.

[71] Rabbits, 21–22d 
gestation

Uterine ischemia P1 pups: overt posture and tone after 
ischemia >37 min, correlates with 
microgliosis in basal ganglia and thalamus.
MRI: WMI in IC.

Rodent models with global hypoxic or excitotoxic component

[96] Mice at E8, P0 
or P5

Ibotenate, i.c.v. Laminar neuronal depopulation of layer V–
VIa. P5: neuronal loss in all cortical layers, 
formation of porencephalic cysts.
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Reference Species Animal model Outcomes

[97] Pregnant 
Sprague–
Dawley rats, 
embryonic

Hypoxia E5-E20 White matter cysts in offspring P0–P7, 
increased lipid peroxidation, WMI and 
macrophages.

Rodent models with hypoxia-ischemia

[98, 99] Sprague Dawley 
rats, P1–P3

CCAL + hypoxia Selective vulnerability of late OL 
progenitors, independent of age.
Death of sub-plate neurons, motor deficits, 
altered thalamocortical connections to 
somatosensory and visual cortex normal.

[65] Sprague–
Dawley rats, P7

CCAL + hypoxia Unilateral ischemic injury in the cortex, 
hippocampus, basal ganglia in >90% of 
survivors.

[100] Wistar rat, P7 LPS, 4 h prior to CCAL 
+ hypoxia

Blocking lymphocyte trafficking reduced 
brain inflammation, BBB damage, and 
improved LPS-induced HI brain injury. No 
effect with pure HI.

[101] C57Bl/6 WT, 
Tg SOD1, GPx1 
over-expressing 
P7 mice

CCAL + hypoxia Reduced injury in GPx1-Tg mice but not in 
SOD1-Tg or GPx1/SOD1. NOS inhibition 
did not improve outcome in SOD-Tg.

[102, 103] C57BL/6 WT 
and Gal-3 KO, 
P9

CCAL + hypoxia Increased BBB permeability 2–24 h, 
reduced BBB protein expression. Infarct 
volume reduction in Gal-3 KO mice.

[104] C57BL/6 J and 
TRIF KO mice, 
P8–9

Poly I:C, 14 h prior to 
CCAL + hypoxia

Increased infarct volume and WMI, 
prevented in TRIF KO.
Injury linked to inflammatory response & 
decrease in M2-like microglia.

Focal ischemia rodent models

[105] Wistar rat, P7 Permanent MCAO +1 h 
CCAO

Infarcts in frontoparietal cortex at 3-month 
recovery. DNA fragmentation from 6 to 
96 h.

[106–108] Sprague Dawley 
rats, P7

Transient MCAO, 3 h Severe unilateral perfusion deficits, 
restoration of CBF upon suture removal. 
Decreased ADC associated with brain 
injury at 24 h reperfusion. Demonstrated 
endogenous neuroprotective role of 
microglial cells after acute injury.

[109] Sprague Dawley 
rats, P10

Transient MCAO, 1.5 h Time resolved cell-type specific increase in 
HIF-1a and
VEGF expression, gliosis.

[110] C57/Bl6 mice, 
CD36 KO and 
WT, P9

Transient MCAO, 1.5 h 
and 3 h

Focal ischemia–reperfusion, increased 
injury and caspase-3 cleavage associated 
with apoptotic neuronal debris in CD36 
KO. Effects independent of NFκB 
activation.

In vitro models

Reference Cell line Experimental model Outcomes

[74] PC12 cells 48 h OGD/ 2 h 
reperfusion

Significant morphological cell changes

[75] Primary cortical 
astrocyte

6 h OGD/ 0, 12, 24, 
48 h reperfusion

Significantly increased 2- NBDG uptake 
by about 1.2 to 2.5 times in cells compared 
to control
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Reference Species Animal model Outcomes

[76] Primary 
cerebral cortex 
neurons

3 h OGD/ 48 h 
Reperfusion

Damage to neuronal viability, dendrite 
branch number in neurons deceased 
significantly

[79] Primary 
astrocyte

3, 5, 7 h OGD/ 24 h 
Reoxygenation

Increases in HMGB1 and TNF-a, induced 
phosphorylation of PI3K, promoted 
nuclear translocation of NF-kB

[111] Primary cortical 
neurons

2 h OGD Suppressed significantly cortical neurons 
proliferation

[112] SH-SY-5Y cells 6 h OGD/ 1 h 
reoxygenation

Caused significant mitochondrial 
fragmentation, excessive mitochondrial 
fission

[77] Primary 
Cortical Neuron

OGD Decrease in neurite outgrowth

[78] Neural 
progenitor cell

6 h OGD Increased apoptosis

[113] Mouse 
hippocampal 
neurons HT22

4 h OGD/ 24 h 
Reoxygenation

miR-144-3p expression was significantly 
downregulated in neurons following 
OGD/R treatment

[81] Neuro 2a cells 4 h OGD/ 12 h 
Reoxygenation

Inhibited cell viability and cell 
proliferation, reduced phosphorylation 
levels of p38 MAPK and ERK1/2

[114] SH-SY5Y cells 
and primary 
murine cortical 
neurons,

4 h OGD OGDR-induced mitochondrial 
depolarization, reactive oxygen species 
production, lipid peroxidation and DNA 
damages

[115] Primary 
astrocytes and 
microglial cells

2 h OGD/ 48 h 
Reoxygenation

Induced abnormally opened hemichannels 
with increased ATP release and EtBr 
uptake but reduced GJIC permeability.
Astrocytic Cx43, hemichannels, and GJIC 
play critical roles in OGD/R injury-induced 
neuroinflammatory responses.

[116] Primary 
astrocytes

4 h OGD/ 3 h, 6 h, 12 h, 
24 h reoxygenation

Expression of Ski was proved to be 
up-regulated

[117] Primary 
hippocampal 
neurons

2 h OGD/ 24 h 
reperfusion

Caspase-3 activity and expression 
increased in the first 24 h,

HMAs models

Reference Cell line/species Experimental model Outcomes

[82] Multiple 
myeloma cell 
line U266

CoCl2 CoCl2-mediated hypoxia affects the 
expression profiles of genes that are 
functionally related to apoptosis and 
angiogenesis

[83] Myeloid 
leukemic cell 
lines NB4 and 
U937

CoCl2 and DFO Apoptosis with a loss of mitochondrial 
transmembrane potentials, activation of 
caspase-3/8 and cleavage of anti-apoptotic 
protein Mcl-1

[118] U251 human 
glioblastoma 
cell line

CoCl2 Increases HIF-1a gene expression

[119] Glioblastoma 
cell lines 
U373MG and 
DBTRG05MG

DFO Activation of factors associated with ECM 
degradation and invasion of glioma cells
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4. Neuroactive steroids

Neuroactive Steroids were defined by Baulieu [128] as steroids synthesized in 
the nervous system capable of inducing neuronal excitability [129]. Compounds 
as dehydroepiandrosterone, androstenedione, and deoxycorticosterone meet the 
requirements to be categorized as neuroactive steroids. Interestingly, neuroactive 
steroids induce responses on GABA receptors and modulate the activity of 5α and 3α 
reductases affecting steroid synthesis [130–132]. In this regard, neuroactive steroids 
can be exogenously synthesized and produce similar effects on the CNS. In the 
current definition neuroactive steroids are molecules capable of inducing several 
effects on CNS including ion channel modulation, voltage-dependent calcium 
channels activation and AMPA-NMDA receptors activation [133–135]. Besides the 
neuroactive properties of steroids, there are a plethora of protective functions char-
acterized on neurons, astrocyte and microglia [136–139]. The effects of neuroactive 
steroids on neurons include the increase of dendritic spines, viability, antioxidant 
capacity [140, 141]. On astrocytes, neuroactive steroids improve the mitochondrial 
function, modulate the synthesis of antioxidant molecules and growth factors and 
pro-survival factors as Bcl-2 [142–145]. Finally, on microglia, the effects include the 
modulation of immune response via regulation of the synthesis and secretion of 
cytokines and inflammatory mediators [139].

Reference Species Animal model Outcomes

[120] C57BL/6 mice DFO DFO up-regulated the expression of 
vascular endothelial growth factor 
(VEGF), HIF-1α protein and growth 
associated protein 43 (GAP43) and 
down-regulated the expression of divalent 
metal transporter with iron-responsive 
element (DMT1 + IRE), α-synuclein, and 
transferrin receptor (TFR)

[121] Hippocampal 
neurons

DFO pretreatment/3 h 
OGD

45% reduction in cell death

[122] Sprague–
Dawley rats

Subarachnoid 
hemorrhage/DFO 
treatment

DFO-induced increase in HIF-1 protein 
level and activity exerts significant 
attenuation of BA vasospasm

[123] Hippocampal 
cultures

Ppreconditioning 
CoCl2, DFO or 
dimethyloxylalyglycine 
(DMOG), 3 h OGD

Cobalt induced the transcription of the 
cytokine erythropoietin.
Cobalt and DFO, enhanced survival of 
neurons.
DMOG exacerbates OGD-induced 
neuronal death

[124] Sprague–
Dawley rats

CCA/DFO treatment Neural-protective and angiogenesis effects 
through regulating the levels of HIF-1α

[125] Adipose-derived 
stem cells

DFO preconditioning Restored neovascularization potential of 
ADSCs

[126] Sprague – 
Dawley rats

MCA/DFO treatment Preserved brain volumes, upregulation of 
HIF1a

[127] Wistar rats MCAO/
DFO + Erythropoietin 
treatment

Reduced the number of cleaved caspase 
3-positive cells in the ipsilateral cerebral 
cortex.

Modified from [7].

Table 2. 
Experimental models for HI.
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Reference Species Animal model Outcomes
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Neuroactive steroids may induce both genomic and non-genomic mechanisms 
associated with its protective effects [146]. The genomic mechanisms involve the 
modulation of pro-survival genes, anti-inflammatory [147] and anti-apoptotic 
functions [148]. For example, the activation of signaling pathways like Akt-PI3K 
and MAPK, and the upregulation of the anti-apoptotic mediators like Bcl-2 and 
antioxidant enzymes like SOD and GPx [149] are under control of Neuroactive 
steroids. Other mechanisms include the downregulation of pro-inflammatory 
cytokines such as IL-1β, IL-6 and TNF-α [150]. The non-genomic effects include the 
antioxidant properties of some neurosteroids, especially the ones that include an 
A-phenolic ring in their chemical structure [151]. Interestingly, some neuroactive 
steroids are capable of exerting its effects through G-protein coupled receptors, 
for example via GPR30 receptor [152]. Until now, there is a large body of evidence 
demonstrating the beneficial effects of neuroactive steroids following ischemia/
reperfusion and traumatic brain injury (TBI) in animal models (Liu et al., 2005; 
O’Connor et al., 2005) as well as steroid-demonstrated effectiveness in glucose 
deprivation and oxygen–glucose deprivation in in vitro models [148]. Despite this 
evidence, the direct use of estrogens is not fully recommended and still represents 
a potential risk for human health [153, 154] (For further evidence, see Table 3). In 
fact, it has been documented that the use of estrogen and progesterone increases 
the risk to develop breast and uterus cancer, as well as, vascular diseases, brain 
hemorrhage and clotting disorders [155–159]. To circumvent these issues, selective 
compounds that mimic the protective action of neuroactive steroid without the side 
effects were developed. These compounds were defined as selective estrogen recep-
tor modulators (SERMs) and selective tissue-specific estrogenic activity regulators 
(STEARs). SERMs and STEARs exert their actions as estrogenic agonists or antago-
nists depending on the target organ [146, 160]. Tissue selective properties of SERM 
and STEAR are currently under investigation (Figure 1).

Reference Type of study Outcomes

[197]9 Human Psychiatric 
study

The evidence summarized supports the idea that MDD and PPD 
are psychiatric disorders involving neurosteroids and GABAergic 
dysfunction

[198] Comparative human 
and animal studies

The study shows potential mechanisms that underlie sex-related 
differences in behavior and its implications for stress-related 
illnesses.

[199] Animal and human 
studies

The negative cognitive consequences of sleep deprivation may arise 
from the effort of the brain to counteract the detrimental effect of 
sleep loss via compensatory mechanisms

[200] Animal (neonatal 
foal) study

Progesterone might be a promissory marker for identifying 
continuous endogenous production of neuroactive steroids in foals 
with suspected NMS and other diseases

[201] Human study Individual domains of cognitive can be considered as an 
endophenotype of psychosis. It is possible that higher levels of 
cortisol and testosterone in siblings are consistent with high-risk 
states for psychosis

[202] Animal model Exposure to neuroactive steroids induced a sustained elevation in 
tonic current in Fmr1 KO mice. Neuroactive steroids may act to 
reverse the deficits of tonic inhibition seen in FXS, and thereby 
reduce aberrant neuronal hyperexcitability associated to this 
disorder

[203] Peripartum 
depressed women

Cortical GABA+/Cr concentrations are associated with postpartum 
RSFC. It is possible that allopregnanolone may be associated with 
postpartum intra-DMPFC connectivity.
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Reference Type of study Outcomes

[204] Animal and human 
studies

Nervous diabetic complications show sex dimorphic features. 
In this regard, sex-oriented therapies with neuroactive steroids 
might be aimed to counteract nervous damage observed in diabetic 
pathology.

[205] Animal and human 
studies

Neuroactive steroids under pathological conditions may alter 
their levels involving sex differencies in the outcome. Neuroactive 
steroid may be considered as neuroprotective factors to be deeply 
investigated.

[206] Animal and human 
studies

Some studies point to a lag between neuroactive steroid 
dysregulation and subsequent symptoms. The study also consider 
key interactions with other aspects of neuroactive steroid 
physiology, such as synthetic enzymes or receptor plasticity.

[207] Animal and human 
studies

There is a very close link among neuroactive steroids and the 
control of metabolic axis to understand the biological basis of 
many pathologies based on metabolic alterations, for example the 
metabolic syndrome, obesity or diabetes.

[208] Women study Women at both extremes of the weight spectrum have low 
mean serum allopregnanolone. Neuroactive steroids such as 
allopregnanolone may be potential therapeutic targets for 
depression and anxiety in traditionally treatment-resistant groups.

[209] Animal and human 
studies

Low levels of neuroactive steroids could have a part in 
development of depression, neuro-inflammation, multiple 
sclerosis, experimental autoimmune encephalitis, epilepsy, and 
schizophrenia. On the other hand, stress and attention deficit 
disorder could occur during high levels.

[210] Animal and human 
studies

Several Compounds have completed a phase 1 single ascending 
dose (SAD) and multiple ascending dose (MAD) clinical trial and 
is currently being studied in parallel phase 2 clinical trials for the 
treatment of postpartum depression (PPD), major depressive 
disorder (MDD), and essential tremor (ET).

[211] Animal model DHEAS and progesterone were good predictors of HPA Axis 
dysfunction and outcome in hospitalized foals.

[212] Clinical study The first-episode antipsychotic-naive schizophrenic patients 
showed a significantly higher blood level of DHEA-S compared 
with healthy controls. On the other hand, serum DHEA-S level 
has an inverse relationship with aggression and may serve as a 
biological adaptive mechanism to antagonize the neuronal damage 
caused by cortisol.

[213] Animal and human 
studies

Clinical trials designed to test neuroactive steroid therapeutics in 
PTSD may benefit from such considerations. However it is needed 
to validate clinically accessible methods for identifying specific 
neuroactive steroid system abnormalities at the individual level.

[214] Animal and human 
studies

Strain variation in neuroactive steroid levels correlated with 
numerous behavioral phenotypes of anxiety sensitivity accessed in 
GeneNetwork, consistent with evidence that neuroactive steroids 
modulate anxiety-like behavior.

[215] Aged human study We observed a significant difference in plasma concentration of 
cortisol and estradiol between experimental groups. In the AIS 
group, higher levels of these neuroactive steroids were associated 
with more pronounced neurological, cognitive and functional 
deficits in women compared to men.

Table 3. 
Neuroactive steroids used in experimental models and clinical studies.
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4.1 Selective estrogen receptor modulators

The activation or partial activation of Estrogen receptors (ER) trigger critical 
signal pathways due to complex molecular mechanisms. ER interact with several 
endogens and exogenous ligands promoting structural changes with the subsequent 
transactivation of estrogen response elements (ERE) in the DNA. ER interact also 
with co-activators, co-repressors and chaperones, affecting the way that the tissues 
exert their estrogenic response [161, 162]. ER show structural components that may 
be involved in their particular action mechanism. One of the most striking domain 
is the ligand binding domain (LBD) that interacts with specific ligands [163] (Cano 
et al., 2006). It is believed that the high or low affinity of the ligand with LBD plays 
a central role in the function of ER. Ligand interaction with LBD induces confor-
mational changes that lead to specific bind to activators with co-activators and 
co-repressors modulating the estrogenic response [161, 164]. In this context, the 
conformational change is predetermined in part by the chemical nature of the ligand 
and its interaction with ER [165]. SERMs are capable of exploiting this advantage. 
A clear example is tamoxifen, a selective compound with estrogenic activity in the 
liver, but anti-estrogenic activity in breast tissue [166]. These compounds have been 
widely used in clinics for the treatment of breast cancer and as hormonal replacement 
therapy (HRT) strategies [167]. SERMs are defined as compounds that are capable of 
binding ER and produce several responses, ranging from a pure estrogenic agonism 

Figure 1. 
Potential Neurosteroids action mechanism. The effects of neurosteroids on neurons include the increase 
of dendritic spines, viability, and antioxidant capacity. The action mechanism is associated to classical 
(canonical) transduction pathway that includes the transactivation of estrogen receptor to dimerize and 
promote the transcription of estrogen response elements ERE. For tibolone, it is described the classical 
transduction pathway but also the transactivation of androgen response elements ARE and progesterone 
response elements PRE. It is possible that all together response elements explain the beneficial and protective 
properties of tibolone. Interestingly, the protective properties also has been observed on astrocytes and microglia.
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to an anti-estrogen activity [146]. SERMs may protect nervous tissue following spinal 
cord and traumatic brain injuries [168, 169]. Gonzales-Burgos et al. (2012) demon-
strated that SERMs increase the number of dendritic spines in hippocampal neurons 
[170]. Raloxifene, a second-generation SERM, demonstrated to improve sensory 
motor and working memory deficits following TBI [168], suggesting that SERMs may 
act as potential therapeutic compounds after CNS injury.

SERMs action mechanisms include the activation of transcription factors such as 
NF-κB through the PI3K-P38-ERK1/2 pathway [146]. SERMs also induce the produc-
tion of antioxidant enzymes such as manganese superoxide dismutase (MnSOD) 
[171] and the endothelial nitric oxide synthase (eNOS) [172]. Interestingly, 
SERMs may induce the upregulation of anti-apoptotic proteins such as Bcl-2 [173]. 
Altogether, the activation of these multifactorial protective signaling cascades may 
improve the outcome of highly heterogeneous pathologies like TBI and HI Brain 
Injury (HIBI). Currently, SERM are used as primary treatments to counter osteopo-
rosis and some kind of cancer. Compounds like raloxifen (Evista ®) and tamoxifen 
(Nolvadex®) are routinely prescribed for thousand women [174, 175]. Several 
reports have described the protective effects of SERMs on the CNS [176–178]. It 
is well known that tamoxifen is capable of preserving pyramidal neurons follow-
ing penetrant lesion [179]. Furthermore, raloxifen exerts protective functions by 
increasing glutamate reuptake via induction of GLT-1 expression on primary astro-
cytes [180]. However, the complete action mechanism of several SERMs needs to be 
fully elucidated, due in part, to the complex agonist–antagonist action [181].

4.2 Selective tissue estrogenic activity regulators

The pharmacologic necessity to develop estrogenic safe compounds against 
climacteric symptoms in post-menopause women lead to synthesize a distinctive 
compound with selective estrogenic properties. As a result, STEARs are compounds 
capable of inducing an estrogenic, progestogenic and androgenic response. The 
most used STEAR compound is tibolone [160]- Tibolone has become a well-known 
treatment for climacteric symptoms than other HRT compounds, especially in 
women suffering low libido, persistent fatigue and blunted motivation [172, 182]. 
Tibolone has been used in the prevention of cardiovascular diseases and osteopo-
rosis [183, 184] Tibolone exhibits weak estrogenic, progestogenic and androgenic 
properties [160, 183, 185].

The selective action mechanism of tibolone and STEARs is currently under 
investigation. However, it is well known that tibolone acts as a pro-drug that has 
complex effects due to its particular mode of action on different steroid receptors. 
It has been demonstrated that the body metabolized tibolone via two-phase reacts 
to produce three different metabolites [186]: two hydroxyl-metabolites (3-alpha-
hydroxy- and 3-beta-hydroxy tibolone) as a result of 3-alpha and 3-beta hydroxys-
teroid dehydrogenase enzymes (3α-HSD and 3ß-HSD), and one isomer (delta-4 
tibolone) synthesized by 3-beta-hydroxysteroid dehydrogenase [160, 183, 185].

Interestingly, 3α-HSD is predominantly expressed in the liver, whereas 3ß-HSD 
is expressed in adrenal glands, ovary and placental tissue [160, 183, 185]. Tibolone 
metabolism is under liver control by α-ketoreductases including hepatic AKR1C1 and 
AKR1C2 [186]. STEARs like tibolone might be metabolized by the brain, due to brain 
cells, for example, astrocytes fully expressing all the needed enzymes to carry out the 
biochemical steps. Kloobsterboer et al. 2017 demonstrated in primates (cynomolgus) 
the occurrence of 3α OH tibolone and 3β OH tibolone metabolites in the brain. They 
also detected sulfated tibolone metabolites (inactive chemical compounds) in the 
brain and plasma. Each metabolite has different features. For example, tibolone 
perse and delta-4 tibolone are agonists for progesterone receptor PR and androgen 
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conformational change is predetermined in part by the chemical nature of the ligand 
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Figure 1. 
Potential Neurosteroids action mechanism. The effects of neurosteroids on neurons include the increase 
of dendritic spines, viability, and antioxidant capacity. The action mechanism is associated to classical 
(canonical) transduction pathway that includes the transactivation of estrogen receptor to dimerize and 
promote the transcription of estrogen response elements ERE. For tibolone, it is described the classical 
transduction pathway but also the transactivation of androgen response elements ARE and progesterone 
response elements PRE. It is possible that all together response elements explain the beneficial and protective 
properties of tibolone. Interestingly, the protective properties also has been observed on astrocytes and microglia.
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to an anti-estrogen activity [146]. SERMs may protect nervous tissue following spinal 
cord and traumatic brain injuries [168, 169]. Gonzales-Burgos et al. (2012) demon-
strated that SERMs increase the number of dendritic spines in hippocampal neurons 
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act as potential therapeutic compounds after CNS injury.
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hydroxy- and 3-beta-hydroxy tibolone) as a result of 3-alpha and 3-beta hydroxys-
teroid dehydrogenase enzymes (3α-HSD and 3ß-HSD), and one isomer (delta-4 
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biochemical steps. Kloobsterboer et al. 2017 demonstrated in primates (cynomolgus) 
the occurrence of 3α OH tibolone and 3β OH tibolone metabolites in the brain. They 
also detected sulfated tibolone metabolites (inactive chemical compounds) in the 
brain and plasma. Each metabolite has different features. For example, tibolone 
perse and delta-4 tibolone are agonists for progesterone receptor PR and androgen 
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receptor AR [185], while 3-alpha and 3-beta hydroxy metabolites are agonists for 
ER, but antagonists for PR and AR [185, 187]. This tibolone-steroid receptor interac-
tion and other regulatory mechanisms might explain the tissue-selective effects of 
tibolone [160, 186]. Belenichev et al. (2012) used cortical neurons from neonatal rats 
to evaluate the neuroprotective activity of tibolone in a model of glutathione deple-
tion that produces oxidative stress and mitochondrial dysfunction. These authors 
found that tibolone prevented mitochondrial dysfunction and neuronal cell death. 
Additional studies account for the protective effects of tibolone in an ovariectomized 
rat model following cerebral ischemia injury [188]. Tibolone has also shown anti-
inflammatory effects tested in cardiovascular animal models [184].

Kloosterboer et al. 2007 propose an additional action mechanism of tibolone and 
STEARs that involves the control of sulfatase and sulfotransferase tissue-specific 
activity [189]. Since sulfatase and sulfotransferase activity is tissue-specific, it is pos-
sible that tibolone exerts its function according to cell type specificity and modulating 
nuclear receptors activity in the tissues [190]. For instance, it is needed to further 
investigate the tissue-specific role of tibolone in CNS, for example, in neurons, astro-
cytes, and microglia. Interestingly, tibolone protects the mitochondrial activity by the 
preservation of the mitochondrial membrane potential and by increasing the levels 
of proteins that control the opening of the mitochondrial permeability transition 
pore (mPTP), such as Bcl-2. Avila-Rodriguez et al. (2014) demonstrated that tibolone 
protects the mitochondria of T98G glial cells from glucose deprivation [141].

De Marinis’ research group recently described and characterized a particular globin 
belonging to CNS called neuroglobin (Ngb1). Neuroglobin is under control of estro-
genic response. In fact, the use of estradiol in several cellular models demonstrated 
the increase of neuroglobin levels [191–193]. Currently, it is known that neuroglobin 
is an 18 kDa protein that binds molecular oxygen with more affinity than hemoglobin, 
probably, increasing the availability of oxygen in the neural tissue [194]. Neuroglobin 
is expressed in neurons under basal conditions and is also expressed in astrocytes 
and microglia after brain injury [194]. Avila-Rodriguez et al. 2016 demonstrated that 
tibolone is capable of increasing the expression of neuroglobin producing a protective 
effect in a glucose deprivation astrocyte-like model. The action mechanism of tibolone 
may be associated with ERß receptor as demonstrated by several studies [191, 193].

Other studies demonstrated the protective effect of tibolone against lipid per-
oxidation and protein oxidation [195]. Tibolone is capable of increasing the density 
of dendritic spines in hippocampal neurons, indicating a potential role in synaptic 
plasticity and memory [196]. Guzmán et al. (2007), also showed that tibolone 
metabolites exert estrogenic activity on human astrocytes and oligodendrocytes-
like cell lines [187]. Tibolone may become a promissory option to counter the detri-
mental effects of TBI and hypoxic injury due to its pleiotropic beneficial properties.

4.3 Selective tissue-specific estrogenic activity regulators and neuroglobin

Pathologic conditions like hypoxia and glucose deprivation, which may lead to neu-
roinflammation, reduce the expression of ER-α and increase the expression of ER-ß 
[216]. In this regard, De Marinis et al. (2013) showed that hypoxia may induce the 
production of pro-inflammatory mediators like IL-6, and INF-γ [193]. Interestingly, 
estrogen is capable of diminishing the secretion of those pro-inflammatory media-
tors. It was demonstrated in a pro-oxidant model induced by H2O2 and stimulated via 
lipopolysaccharide (LPS). Later, it was demonstrated that the anti-inflammatory effect 
was mediated by NF-κB modulation and ER-ß activation [191, 193]. Therefore, it is 
reasonable to assume that the activation of ER-ß in hypoxic and glucose deprivation 
models may be considered as beneficial for brain tissues. Tibolone is capable of induc-
ing the activation of ERß and increasing neuroglobin expression. Avila-Rodriguez  
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et al. (2016) demonstrated that neuroglobin expression depends on ER-ß activation 
and tibolone favors both mechanisms [217]. Originally, neuroglobin was reported 
in neurons but later it was detected in other cell types such as astrocytes [218]. 
Interestingly, neuroglobin has been associated with neuroprotective effects on several 
injury models including middle cerebral artery occlusion (MCAO), focal cerebral 
ischemia, ß-amyloid induced toxicity, oxygen and glucose deprivation [217, 219–221].

Neuroglobin may mediate the response against hypoxia by inducing signal 
pathways. It has also been documented as a reactive oxygen radical scavenger 
with NADH oxidase activity to favor anaerobic glycolytic metabolism [217]. 
Controversial studies based on low levels of neuroglobin and low relative oxygen 
affinity propose that neuroglobin may exert or participate in collateral roles 
other than solely oxygen store [217, 222] (See Figure 2 for further illustration). 
Additionally, photoactivation (NADH/FMN) experiments demonstrated that 
neuroglobin participates in the ROS and RNS elimination, suggesting a critical role 
in removing dangerous highly reactive species [223]. The change in the hexaco-
ordinated state of neuroglobin according to normoxic or hypoxic conditions also 
suggests oxygen sensor capabilities [222]. Proper neuroglobin activity protects 
neurons and astrocytes against cell death [191]. In this regard, overexpression or 
induction of neuroglobin may be considered as potential neuroprotective therapies. 
Interestingly, STEARs such as tibolone are capable of increasing and inducing 
neuroglobin activity, which have been proposed as potential action mechanisms in 

Figure 2. 
Neuroglobin exerts interesting beneficial properties. Neuroglobin includes in its protein structure a particular 
prosthetic haem group to store oxygen. However, it is reported for neuroglobin additional protective functions 
that include oxygen sensor capabilities and detoxification properties (against reactive oxygen species and 
reactive nitrogen species). Evidence shows that the protective functions of neuroglobin may be induced via 
signal transduction mediators including steroid hormones and neurosteroids. For example, some neurosteroids 
increase neuroglobin production improving mitochondrial functions and inducing anti-apoptotic mechanisms.
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brain tissue [191, 217, 222]. According to computations studies and simulations, it 
has been proposed the neuroglobin may interact with cytochrome c. This apparent 
interaction may explain the electronic transfer between neuroglobin (ferrous) and 
cytochrome c (ferric) [191, 224]. Potentially, neuroglobin may modulate cytoplas-
mic cytochrome c, resulting in diminished apoptotic processes in injured tissues. 
Surprisingly, De Marinis et al. (2013) showed that neuroglobin hijacks cytochrome 
c in a neuroblastoma cell model injured via hydrogen peroxide [191]. The estrogenic 
induction of neuroglobin (and eventually by tibolone) increased neuroglobin 
expression and diminished the apoptotic cell death mechanism [191].

5.  Neuroprotective properties of estrogen and its derivates on brain 
injury

A derivate of estrogen, 17β-estradiol, is a female sex hormone and neuroactive 
steroid (NAS) related to the development of secondary sexual characteristics, fat 
storage and regulation of menstrual cycle [225]. 17β-estradiol, showed beneficial 
effects in verbal and visual memory performance, which was originally administered 
as a hormone replacement therapy in order to ameliorate climacteric symptoms [226]. 
The activity of 17β-estradiol depends on its union with ERs [43, 226, 227]. These 
receptors are classified in two subtypes: estrogen receptor-beta (ER-β) and estrogen 
receptor-alpha (ER-α). ERα has its locus in 6 chromosome, while the locus for the Erβ 
is in the 14 chromosome [226]. These ERs are transcription factors which present the 
peculiarity of being activated by a ligand. ER-α and ER-β have a similar structure, 
with a DNA-binding domain and a ligand-binding domain [228]. 17β-estradiol binds 
to ERs and induces the activation and the homodimerization or heterodimerization 
of these receptors. Then, the ERs bind to estrogen-responsive elements (EREs) in the 
promoter region of specific genes through the DNA-binding domain, recruiting tran-
scriptional co-activators and co-repressors [228, 229]. Classical ERs may also regulate 
gene transcription by acting as transcriptional partners at non-ERE sites, such as 
activating protein 1 (AP1) sites [230]. 17β-estradiol can bind to membrane-associated 
non-classical ERs, such as G protein-coupled ERs (GPERs). GPER30, a member of 
the G protein-coupled receptor superfamily, regulates the activity of extracellular 
signal-regulated kinases (ERKs) and the phosphoinositide 3-kinase (PI3K) signaling 
pathway. This union allows the interaction with the signaling of other neuroprotective 
molecules [228, 231]. Another membrane-associated non-classical ER is Gαq protein-
coupled membrane ER (Gq-mER), which was originally identified in hypothalamic 
neurons, modulating μ-opioid and GABA neurotransmission [228, 232].

These findings have led to research on the neuroprotective properties of estro-
gen and its derivates in brain injury. In HI brain injury 17β- estradiol has shown 
several neuroprotective effects, such as: reducing reactive gliosis, decreasing 
oxidative stress, ameliorating the release of pro inflammatory molecules, prevent-
ing cell death and mitochondrial dysfunction, releasing neurotrophic factors [7]. 
It has also been reported that 17β- estradiol produced significant protection against 
OGD-induced cell death in primary oligodendrocytes and against oxidative stress, 
having a potential role in attenuation of HI and oxidative injury [233]. In addition, 
in neonate rats subjected to HI, three doses of 17β-estradiol (using repeated dosing 
paradigm) provided approximately 70% protection of the hippocampus, basal gan-
glia, and amygdala. These results suggest 17β-estradiol acts as a potent neuroprotec-
tive agent against HI-induced damage to the developing brain, and that pretreating 
infants at risk for hypoxic ischemic injury may be advisable [234]. Moreover, 
treatment with estradiol after PA augmented the expression of IGF-1 and its recep-
tor (IGF-IR). The PI3K/Akt/GSK3 signaling pathway was activated as an increase 
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in Akt and GSK3 phosphorylation [235]. However, it has been found that male 
sex is a well-established epidemiological risk factor for poor neurodevelopmental 
outcome after PA. While the mechanisms responsible for this gender difference are 
unknown, growing evidence has identified neuro-inflammation, oxidative stress 
and cell death pathways as key players in these differences [236].

Using a mice model of MCAO with a mutant form of ER-α, neuroprotection was 
absent, showing that protective properties depend on Er-α [237]. Similarly, after emu-
lating hypoxia in the neuroblastoma cell line SH-SY5Y by using CoCl2 (250 μg/mL), an 
hypoxic mimetic agent, treatment with 17β-estradiol (250 nM) exerted neuroprotection. 

Figure 3. 
Ros production.
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Afterwards, using ER-α and ER-β agonist (PPT and DPN, respectively) without 
17β-estradiol treatment, results showed neuroprotection was mimicked by PPT and sug-
gested that ER-α regulates this protective effect [235]. Likewise, in a model of astrocytic 
cells it was found that estradiol improved in one of the HI conditions, parameters such 
as cell viability, mitochondrial membrane potential, reduced ROS production and 
prevented the loss of mitochondrial mass [38]. Nevertheless, estrogen use can have det-
rimental effects like the augment in the incidence of breast and uterus cancer [12–14]. 
In order to maintain the benefits and avoid these side effects, other drugs have been 
developed, mainly SERMs and STEARs [12–14]. The mechanism of regulation of the 
SERMs that determines either if they act as agonist or antagonist in an specific cell type 
depends on the predominant subtype of estrogen receptor alpha or beta. In addition, the 
co-activators, co- factors and helper proteins of each cell will determine the kind of the 
response of the tissue exposed to SERMs [238, 239].

In a MCAO rat model, neurogenesis in the ipsilateral subventricular zone (SVZ) 
after ischemia was significantly higher in estrogen and raloxifene-treated animals 
compared to rats treated with placebo. Otherwhise, tamoxifen did not show this 
enhancing effect on neurogenesis. However, both SERMs tamoxifen and raloxifene 
as well as estrogen, significantly reversed the spine density loss observed in the 
ischemic cortex at day-5 post ischemia [240]. On the other hand, tibolone action is 
given by the metabolization of the tibolone to three different metabolites (delta-4 
tibolone; alpha-hydroxy tibolone and 3- beta-hydroxy tibolone). Each of them 
produces different responses. Delta-4 tibolone is an agonist to the androgen receptor 
and the progesterone receptor, meanwhile alpha-hidroxy and beta-hidroxy tibolone 
are antagonists of those receptors but agonists of the ER [241]. Keeping this in mind, 
Avila-Rodriguez et al. (2014) found out that tibolone ameliorates the effects of the 
GD on an in vitro model of astrocytes, making this molecules interesting for further 
research in a OGD model [12]. For this reason, in recent years we have been working 
on the implementation of these neuroprotection strategies in an astrocyte model 
using Raloxifene as a neuroprotector in the OGD model. Figures 3 and 4 show the 

Figure 4. 
Mitochondrial mass.

229

Neuroactive Steroids in Hypoxic–Ischemic Brain Injury: Overview and Future Directions
DOI: http://dx.doi.org/10.5772/intechopen.93956

deleterious effect caused by glucose and oxygen deprivation, both in the production 
of ROS and in the loss of mitochondrial mass, respectively, and how this neuroactive 
steorid may decrease damage in different concentrations (unpublished data).

6. Conclusion

The different pathologies in which the HI events and with these, the oxygen 
and glucose deprivation are present, have been shown to exert a high impact on 
society. Over the years, a multitude of efforts have been directed towards the search 
for effective treatments that counteract the damage caused by these conditions. 
The different neuroprotection targets try to combat specific points of damage 
caused by hypoxia, including oxidative stress, dysregulation of the cell cycle and 
energy homeostasis [242]. Both in the initial damage phase and in the final one, 
the different neuroprotective agents may have anti-inflammatory, antioxidant, 
anti-excitotoxicity or anti-apoptotic capacities [243]. However, due to the complex 
network of factors that influence these pathologies, such as the cellular interactions 
(molecular, biochemical, protein, etc.) inherent to the CNS, as well as the gender-
dependent response [236] to the use of these neuroprotective agents, the success 
in the treatments has not been optimal [7]. Estradiol treatment not only prevents 
neuronal damage, but may also limit the neurodegenerative modifications induced 
by HI in the early stage of development. The development of SERMs and STEARs 
brings with it a range of possibilities for the treatment of HI, due to its advantages, 
focused on the nervous system without having side effects. However, it is necessary 
to develop new generations of these compounds to improve their neuroprotective 
effects. Further research is necessary to provide new alternatives in the implemen-
tation of new therapeutic strategies and novel approaches.
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Afterwards, using ER-α and ER-β agonist (PPT and DPN, respectively) without 
17β-estradiol treatment, results showed neuroprotection was mimicked by PPT and sug-
gested that ER-α regulates this protective effect [235]. Likewise, in a model of astrocytic 
cells it was found that estradiol improved in one of the HI conditions, parameters such 
as cell viability, mitochondrial membrane potential, reduced ROS production and 
prevented the loss of mitochondrial mass [38]. Nevertheless, estrogen use can have det-
rimental effects like the augment in the incidence of breast and uterus cancer [12–14]. 
In order to maintain the benefits and avoid these side effects, other drugs have been 
developed, mainly SERMs and STEARs [12–14]. The mechanism of regulation of the 
SERMs that determines either if they act as agonist or antagonist in an specific cell type 
depends on the predominant subtype of estrogen receptor alpha or beta. In addition, the 
co-activators, co- factors and helper proteins of each cell will determine the kind of the 
response of the tissue exposed to SERMs [238, 239].

In a MCAO rat model, neurogenesis in the ipsilateral subventricular zone (SVZ) 
after ischemia was significantly higher in estrogen and raloxifene-treated animals 
compared to rats treated with placebo. Otherwhise, tamoxifen did not show this 
enhancing effect on neurogenesis. However, both SERMs tamoxifen and raloxifene 
as well as estrogen, significantly reversed the spine density loss observed in the 
ischemic cortex at day-5 post ischemia [240]. On the other hand, tibolone action is 
given by the metabolization of the tibolone to three different metabolites (delta-4 
tibolone; alpha-hydroxy tibolone and 3- beta-hydroxy tibolone). Each of them 
produces different responses. Delta-4 tibolone is an agonist to the androgen receptor 
and the progesterone receptor, meanwhile alpha-hidroxy and beta-hidroxy tibolone 
are antagonists of those receptors but agonists of the ER [241]. Keeping this in mind, 
Avila-Rodriguez et al. (2014) found out that tibolone ameliorates the effects of the 
GD on an in vitro model of astrocytes, making this molecules interesting for further 
research in a OGD model [12]. For this reason, in recent years we have been working 
on the implementation of these neuroprotection strategies in an astrocyte model 
using Raloxifene as a neuroprotector in the OGD model. Figures 3 and 4 show the 

Figure 4. 
Mitochondrial mass.
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deleterious effect caused by glucose and oxygen deprivation, both in the production 
of ROS and in the loss of mitochondrial mass, respectively, and how this neuroactive 
steorid may decrease damage in different concentrations (unpublished data).

6. Conclusion

The different pathologies in which the HI events and with these, the oxygen 
and glucose deprivation are present, have been shown to exert a high impact on 
society. Over the years, a multitude of efforts have been directed towards the search 
for effective treatments that counteract the damage caused by these conditions. 
The different neuroprotection targets try to combat specific points of damage 
caused by hypoxia, including oxidative stress, dysregulation of the cell cycle and 
energy homeostasis [242]. Both in the initial damage phase and in the final one, 
the different neuroprotective agents may have anti-inflammatory, antioxidant, 
anti-excitotoxicity or anti-apoptotic capacities [243]. However, due to the complex 
network of factors that influence these pathologies, such as the cellular interactions 
(molecular, biochemical, protein, etc.) inherent to the CNS, as well as the gender-
dependent response [236] to the use of these neuroprotective agents, the success 
in the treatments has not been optimal [7]. Estradiol treatment not only prevents 
neuronal damage, but may also limit the neurodegenerative modifications induced 
by HI in the early stage of development. The development of SERMs and STEARs 
brings with it a range of possibilities for the treatment of HI, due to its advantages, 
focused on the nervous system without having side effects. However, it is necessary 
to develop new generations of these compounds to improve their neuroprotective 
effects. Further research is necessary to provide new alternatives in the implemen-
tation of new therapeutic strategies and novel approaches.
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Glyproline Pro-Ampakine with
Neuroprotective Activity
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Tatiana A. Antipova, Anna V. Nadorova, Larisa G. Kolik,
Tatiana A. Gudasheva and Sergei B. Seredenin

Abstract

Previously it was shown that neuropeptide cyclo-L-prolylglycine (CPG) is a
positive modulator of AMPA receptors, which increases BDNF level in neuronal cell
cultures. The spectrum of CPG’s pharmacological effects corresponds to that of
BDNF. Dipeptide N-phenylacetyl-glycyl-L-proline ethyl ester (GZK-111) was
designed and synthesized as a linear analog of CPG. The aim of the present work
was to reveal the pharmacological profile of GZK-111. Dipeptide GZK-111 was
shown to metabolize into CPG in vitro and increased cell survival by 28% at
concentrations of 10-7–10-6 M in a Parkinson’s disease cell model. In a model of
cerebral ischemia, GZK-111, at a dose of 0.5 mg/kg, i.p., was found to have
neuroprotective effects, reducing the cerebral infarct volume by 1.6 times. Similar
to CPG, GZK-111, at the range 0.1–1.0 mg/kg, i.p., possessed a stereospecific
antiamnesic activity. A significant anxiolytic effect was observed at a dose of 1.5
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1. Introduction

Cyclo-L-prolylglycine (CPG) was designed as a potential peptide prototype of
piracetam, the classic nootropic drug [1] and was subsequently discovered as
endogenous compound in the brain of intact rats in micromolar concentration [2].
CPG is similar to piracetam both in structure and main pharmacological effects; it
possesses nootropic [3], anxiolytic [4, 5], antihypoxic [6], neuroprotective [6, 7],
analgesic [8], and antidepressant [9, 10] activities at central administration at doses
100–1000 times smaller than those for piracetam. Recently, we have demonstrated
CPG to be ampakine, i.e., a positive modulator of AMPA receptors [11]. Like other
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neuronal cell cultures [12]. The range of CPG pharmacological effects corresponds
both to that of piracetam and BDNF. In view of this, CPG can be regarded as a basis
for creation of new group of drugs with neuroprotective properties.

CPG is a hydrophilic compound. The task to create an amphiphilic CPG prodrug
with improved pharmacokinetic properties, converted to active molecule in the
brain, was established to increase drug passage through biological membranes,
including the blood-brain barrier. Two variants of substituted dipeptides, based on
the Pro-Gly or Gly-Pro sequence, could be used for this purpose. We selected the
second one (i.e., Gly-Pro), following the known information that an imide bond
with proline in Gly-Pro dipeptide sequence increased the proportion of the cisoid
peptide bond [13, 14], which, in turn, promoted cyclization of the dipeptide
[15, 16].

In this work, we synthesized substituted glyproline N-phenylacetyl-glycyl-L-
proline ethyl ester (GZK-111) to prove the hypothesis, confirmed the CPG forma-
tion during GZK-111 metabolism in the presence of blood plasma enzymes, and
demonstrated the compound pharmacological effects typical for CPG and BDNF,
namely, neuroprotective, nootropic, antihypoxic, anxiolytic, antidepressant, and
analgesic activities.

2. Materials and methods

2.1 Chemical experimental part

The chemical reagents used in the synthesis were obtained from commercial
suppliers and used without purification. All solvents were dried and purified by
standard procedures if required. Melting points were measured in open capillary
tubes using OptiMelt melting point apparatus (Stanford Research Systems, USA).
The structures of the compounds were confirmed by elemental analysis and 1H
NMR spectroscopy. The NMR spectra were obtained on a Bruker Fourier 300
(Bruker, Germany) spectrometer using tetramethylsilane as an internal standard.
The NMR peaks were designated as follows: s, singlet; d, doublet; t, triplet; and m,
multiplet. Microanalyses for C, H, and N agreed with calculated values within 0.4%.
Specific optical rotations were recorded by automatic polarimeter ADP 440
(Bellingham + Stanley Ltd., England). The TLC was carried out on Merck silica gel
60 F 254 plates with spot visualization by iodine vapor or UV light.

N-Phenylacetyl-glycine. 13.24 ml (0.1 mol) of N-phenylacetyl chloride and
25 ml of 4 M NaOH were added dropwise successively to a solution of 7.5 g
(0.1 mol) of glycine in 25 ml of 4 M NaOH under stirring at �10°С. The reaction
mixture was stirred for 30 min on cooling, extracted by ethyl acetate (3 � 15 ml) to
remove impurities and unreacted N-phenylacetyl chloride. Then the solution was
acidified by 4 М HCl to pH 2–3; the resulting precipitate was filtered, washed with
cooled distilled water, and dried in air. The yield of N-phenylacetyl-glycine was
5.83 g (30%); m.p. 143–144°С; Rf 0.8 (BuOH/AcOH/H2O, 4:1:1). 1H-NMR spectrum
(DMSO-d6 + CF3COOD, d, ppm): 3.47 (s, 2Н, СН2Ar), 3.76 (d, J 6.0 Hz, 2Н, СН2

Gly), 7.27 (m, 5H, ArH), 8.40 (t, J 6.0 Hz, 1Н, NH Gly). Lit. data [17]:
m.p. 138–143°С.

H-L-Pro-OC2H5�HCl. 2.54 ml (35 mmol) of thionyl chloride was added
dropwise to 60 ml of anhydrous ethanol cooled to �20°С. Then 2.0 g (17.5 mmol)
of L-proline was added portionwise under vigorous stirring. The resulting mixture
was stirred for 2 h at �5°С and then for 2 h at room temperature. The solvent was
removed in vacuo. This operation was repeated twice, each time adding 30 ml of
anhydrous ethyl alcohol to afford 2.4 g (77%) of L-proline ethyl ester hydrochloride
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as an oil. [α]23D �43° (с 3, EtOH); Rf 0.75 (i-PrOH/NH3, 7:3).
1H-NMR spectrum

(DMSO-d6, d, ppm): 1.19 (m, 3Н, СН3СН2О), 1.8–2.1 (m, 4Н, СγН2 Pro, С
βН2 Pro),

3.2 (m, 2Н, СδН2 Pro), 4.2 (m, 2Н, СН3СН2О), 4.5 (m, 1Н, СαН Pro), 9.9 (br. s, 1Н,
NH). Lit. data [18]: oil; [α]23D �44.8° (с 3.03, EtOH).

H-D-Pro-OC2H5�HCl. Obtained similarly to H-L-Pro-OC2H5�HCl from
D-proline. [α]23D + 42.0° (с 3, EtOH); Rf 0.75 (i-PrOH/NH3, 7:3).

1H-NMR spectrum
(DMSO-d6, d, ppm): 1.18 (m, 3Н, СН3СН2О), 1.8–2.1 (m, 4Н, СγН2 Pro, С

βН2 Pro),
3.19 (m, 2Н, СδН2 Pro), 4.2 (m, 2Н, СН3СН2О), 4.5 (m, 1Н, СαН Pro), 9.9 (br. s, 1Н,
NH). Lit. data [18]: oil; [α]23D +44.16° (с 3.03, EtOH).

N-Phenylacetyl-glycyl-L-proline ethyl ester. 1.1 ml (10.0 mmol) of N-
methylmorpholine and 1.35 ml (10.0 mmol) of isobutyl chloroformate were added
simultaneously at �10°C to a vigorously stirred solution of 1.93 (10.0 mmol)
N-phenylacetyl-glycine in dimethylformamide (10 mL). After 2 min a mixture of
1.79 g (10.0 mmol) of proline ethyl ester hydrochloride and 1.1 ml (10.0 mmol) of
N-methylmorpholine in dimethylformamide (20 mL) was added dropwise. The
reaction mixture was stirred at �10°C for 30 min and then at room temperature for
1 h. The precipitate was separated by filtration; the solvent was evaporated in
vacuo; the residue was dissolved in chloroform (25 ml). The solution was washed
with 3% solution of NaHCO3 (3 � 7 ml), water (3 � 7 ml), and 1 N HCl (3 � 7 ml).
The organic layer was dried with anhydrous Na2SO4, filtered, and evaporated to
dryness. The yield of chromatographically homogeneous product was 2.87 g (90%),
an orange oil, finally crystallized from ethyl acetate/hexane system. M.p. 111–112°C;
[a]23D �90.0° (с 1, water); Rf = 0.80 (dioxane/H2O, 9:1).

1H-NMR spectrum
(DMSO-d6, d, ppm): 1.2 (m, 3Н, СН3СН2О), 1.8–2.1 (m, 4Н, СγН2 Pro, С

βН2 Pro),
3.5 (s, 2Н, СН2ArH), 3.6 (m, 2Н, СδН2 Pro), 3.85 and 4.0 (2 dd, J 17.6 Hz, J 5.6 Hz,
2Н, СαН2 Gly), 4.2 (m, 2Н, СН3СН2О), 4.5 (dd, J 4.0 Hz, J 8.5 Hz, 1Н, СαН Pro), 6.4
(br. t, J 5.6 Hz, 1Н, NH), 7.3 (m, 5Н, ArH). Calcd. for C17H22N2O4, %: C, 64.27; H,
7.05; N, 8.63. Found, %: C, 64.13; H, 6.97; N, 8.80.

C6H5-CH2-C(O)-Gly-D-Pro-OEt (GZK-121). Obtained similarly to the
L-enantiomer. Yield 64%. M.p. 112–113°C; [a]23D +90.0° (с 1, water); Rf = 0.80
(dioxane/H2O, 9:1).

1H-NMR spectrum (DMSO-d6, d, ppm): 1.2 (m, 3Н,
СН3СН2О), 1.85–2.2 (m, 4Н, СγН2 Pro, С

βН2 Pro), 3.5 (s, 2Н, СН2Ar), 3.6 (m, 2Н,
СδН2 Pro), 3.86 and 4.0 (2 dd, J 17.6 Hz, J 5.6 Hz, 2Н, СαН2 Gly), 4.2 (m, 2Н,
СН3СН2О), 4.5 (dd, J 4.0 Hz, J 8.5 Hz, 1Н, СαН Pro), 6.4 (br. t, J 5.6 Hz, 1Н, NH),
7.3 (m, 5Н, Ar). Calcd. for C17H22N2O4., %: C, 64.27; H, 7.05; N, 8.63. Found, %: C,
63.91; H, 6.90; N, 8.71.

2.2 Biological experimental

2.2.1 Study of GZK-111 metabolism

Blood plasma preparation. Blood plasma of outbred male rats weighing 250–280 g
was used. Animals were decapitated, blood was collected in BD Vacutainer® tubes
with EDTA, and plasma was obtained by centrifugation at 3000 rpm for 10 min.

Incubation and extraction. A solution of 3 mg of GZK-111 in 100 μl of saline was
added to 900 μl of rat plasma. The mixture was incubated at 37°C in a water bath for
10 h. Then, an equal volume of acetonitrile was added to 100 μl of the incubated
mixture, the samples were vigorously shaken for 10 min and centrifuged at
12,000 rpm for 10 min, and the supernatant was collected and then
chromatographed.

Reverse-phase high-performance liquid chromatography (RP HPLC). HPLC was
performed on a Gilson 41 chromatograph (Gilson, USA) with a Gilson 116 UV
detector (Gilson, USA). Detection was carried out at 220 nm. A Nucleosil C18
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neuronal cell cultures [12]. The range of CPG pharmacological effects corresponds
both to that of piracetam and BDNF. In view of this, CPG can be regarded as a basis
for creation of new group of drugs with neuroprotective properties.

CPG is a hydrophilic compound. The task to create an amphiphilic CPG prodrug
with improved pharmacokinetic properties, converted to active molecule in the
brain, was established to increase drug passage through biological membranes,
including the blood-brain barrier. Two variants of substituted dipeptides, based on
the Pro-Gly or Gly-Pro sequence, could be used for this purpose. We selected the
second one (i.e., Gly-Pro), following the known information that an imide bond
with proline in Gly-Pro dipeptide sequence increased the proportion of the cisoid
peptide bond [13, 14], which, in turn, promoted cyclization of the dipeptide
[15, 16].

In this work, we synthesized substituted glyproline N-phenylacetyl-glycyl-L-
proline ethyl ester (GZK-111) to prove the hypothesis, confirmed the CPG forma-
tion during GZK-111 metabolism in the presence of blood plasma enzymes, and
demonstrated the compound pharmacological effects typical for CPG and BDNF,
namely, neuroprotective, nootropic, antihypoxic, anxiolytic, antidepressant, and
analgesic activities.

2. Materials and methods

2.1 Chemical experimental part

The chemical reagents used in the synthesis were obtained from commercial
suppliers and used without purification. All solvents were dried and purified by
standard procedures if required. Melting points were measured in open capillary
tubes using OptiMelt melting point apparatus (Stanford Research Systems, USA).
The structures of the compounds were confirmed by elemental analysis and 1H
NMR spectroscopy. The NMR spectra were obtained on a Bruker Fourier 300
(Bruker, Germany) spectrometer using tetramethylsilane as an internal standard.
The NMR peaks were designated as follows: s, singlet; d, doublet; t, triplet; and m,
multiplet. Microanalyses for C, H, and N agreed with calculated values within 0.4%.
Specific optical rotations were recorded by automatic polarimeter ADP 440
(Bellingham + Stanley Ltd., England). The TLC was carried out on Merck silica gel
60 F 254 plates with spot visualization by iodine vapor or UV light.

N-Phenylacetyl-glycine. 13.24 ml (0.1 mol) of N-phenylacetyl chloride and
25 ml of 4 M NaOH were added dropwise successively to a solution of 7.5 g
(0.1 mol) of glycine in 25 ml of 4 M NaOH under stirring at �10°С. The reaction
mixture was stirred for 30 min on cooling, extracted by ethyl acetate (3 � 15 ml) to
remove impurities and unreacted N-phenylacetyl chloride. Then the solution was
acidified by 4 М HCl to pH 2–3; the resulting precipitate was filtered, washed with
cooled distilled water, and dried in air. The yield of N-phenylacetyl-glycine was
5.83 g (30%); m.p. 143–144°С; Rf 0.8 (BuOH/AcOH/H2O, 4:1:1). 1H-NMR spectrum
(DMSO-d6 + CF3COOD, d, ppm): 3.47 (s, 2Н, СН2Ar), 3.76 (d, J 6.0 Hz, 2Н, СН2

Gly), 7.27 (m, 5H, ArH), 8.40 (t, J 6.0 Hz, 1Н, NH Gly). Lit. data [17]:
m.p. 138–143°С.

H-L-Pro-OC2H5�HCl. 2.54 ml (35 mmol) of thionyl chloride was added
dropwise to 60 ml of anhydrous ethanol cooled to �20°С. Then 2.0 g (17.5 mmol)
of L-proline was added portionwise under vigorous stirring. The resulting mixture
was stirred for 2 h at �5°С and then for 2 h at room temperature. The solvent was
removed in vacuo. This operation was repeated twice, each time adding 30 ml of
anhydrous ethyl alcohol to afford 2.4 g (77%) of L-proline ethyl ester hydrochloride
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as an oil. [α]23D �43° (с 3, EtOH); Rf 0.75 (i-PrOH/NH3, 7:3).
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(DMSO-d6, d, ppm): 1.19 (m, 3Н, СН3СН2О), 1.8–2.1 (m, 4Н, СγН2 Pro, С
βН2 Pro),

3.2 (m, 2Н, СδН2 Pro), 4.2 (m, 2Н, СН3СН2О), 4.5 (m, 1Н, СαН Pro), 9.9 (br. s, 1Н,
NH). Lit. data [18]: oil; [α]23D �44.8° (с 3.03, EtOH).

H-D-Pro-OC2H5�HCl. Obtained similarly to H-L-Pro-OC2H5�HCl from
D-proline. [α]23D + 42.0° (с 3, EtOH); Rf 0.75 (i-PrOH/NH3, 7:3).
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3.19 (m, 2Н, СδН2 Pro), 4.2 (m, 2Н, СН3СН2О), 4.5 (m, 1Н, СαН Pro), 9.9 (br. s, 1Н,
NH). Lit. data [18]: oil; [α]23D +44.16° (с 3.03, EtOH).

N-Phenylacetyl-glycyl-L-proline ethyl ester. 1.1 ml (10.0 mmol) of N-
methylmorpholine and 1.35 ml (10.0 mmol) of isobutyl chloroformate were added
simultaneously at �10°C to a vigorously stirred solution of 1.93 (10.0 mmol)
N-phenylacetyl-glycine in dimethylformamide (10 mL). After 2 min a mixture of
1.79 g (10.0 mmol) of proline ethyl ester hydrochloride and 1.1 ml (10.0 mmol) of
N-methylmorpholine in dimethylformamide (20 mL) was added dropwise. The
reaction mixture was stirred at �10°C for 30 min and then at room temperature for
1 h. The precipitate was separated by filtration; the solvent was evaporated in
vacuo; the residue was dissolved in chloroform (25 ml). The solution was washed
with 3% solution of NaHCO3 (3 � 7 ml), water (3 � 7 ml), and 1 N HCl (3 � 7 ml).
The organic layer was dried with anhydrous Na2SO4, filtered, and evaporated to
dryness. The yield of chromatographically homogeneous product was 2.87 g (90%),
an orange oil, finally crystallized from ethyl acetate/hexane system. M.p. 111–112°C;
[a]23D �90.0° (с 1, water); Rf = 0.80 (dioxane/H2O, 9:1). 1H-NMR spectrum
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7.05; N, 8.63. Found, %: C, 64.13; H, 6.97; N, 8.80.

C6H5-CH2-C(O)-Gly-D-Pro-OEt (GZK-121). Obtained similarly to the
L-enantiomer. Yield 64%. M.p. 112–113°C; [a]23D +90.0° (с 1, water); Rf = 0.80
(dioxane/H2O, 9:1). 1H-NMR spectrum (DMSO-d6, d, ppm): 1.2 (m, 3Н,
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βН2 Pro), 3.5 (s, 2Н, СН2Ar), 3.6 (m, 2Н,
СδН2 Pro), 3.86 and 4.0 (2 dd, J 17.6 Hz, J 5.6 Hz, 2Н, СαН2 Gly), 4.2 (m, 2Н,
СН3СН2О), 4.5 (dd, J 4.0 Hz, J 8.5 Hz, 1Н, СαН Pro), 6.4 (br. t, J 5.6 Hz, 1Н, NH),
7.3 (m, 5Н, Ar). Calcd. for C17H22N2O4., %: C, 64.27; H, 7.05; N, 8.63. Found, %: C,
63.91; H, 6.90; N, 8.71.

2.2 Biological experimental

2.2.1 Study of GZK-111 metabolism

Blood plasma preparation. Blood plasma of outbred male rats weighing 250–280 g
was used. Animals were decapitated, blood was collected in BD Vacutainer® tubes
with EDTA, and plasma was obtained by centrifugation at 3000 rpm for 10 min.

Incubation and extraction. A solution of 3 mg of GZK-111 in 100 μl of saline was
added to 900 μl of rat plasma. The mixture was incubated at 37°C in a water bath for
10 h. Then, an equal volume of acetonitrile was added to 100 μl of the incubated
mixture, the samples were vigorously shaken for 10 min and centrifuged at
12,000 rpm for 10 min, and the supernatant was collected and then
chromatographed.

Reverse-phase high-performance liquid chromatography (RP HPLC). HPLC was
performed on a Gilson 41 chromatograph (Gilson, USA) with a Gilson 116 UV
detector (Gilson, USA). Detection was carried out at 220 nm. A Nucleosil C18
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column (4.6 � 150 mm, 5 μm) was used with a flow rate of 0.5 ml/min. The sample
volume was 20 μl. The following eluents were used: (solution A) 3.7 mM sodium
1-hexanesulfonate/water (pH 3.5) and (solution B) 3.7 mM sodium 1-
hexanesulfonate/40% acetonitrile. The elution was carried out in a gradient
according to the following program: (1) 0% B for 3 min, (2) from 0 to 100% B in
20 min, and (3) 100% B for 6 min. The signal was recorded using the Multichrom
1.5 software (Ampersend, RF). Cyclo-L-prolylglycine and N-phenylacetyl-glycyl-L-
proline, synthesized in the Medicinal Chemistry Department of the V.V. Zakusov
Research Institute of Pharmacology, were used as standards for HPLC.

Calibration curve. Standard solutions of synthetic cyclo-L-prolylglycine were
prepared in acetonitrile at the concentrations of 0, 0.1, 0.2, 0.4, 0.8, 1.6, and
3.2 mg/L. The 20 μl aliquot of the solutions were chromatographed under RP HPLC
conditions as described above. The calibration curve was calculated based on the
peak areas.

2.2.2 In vitro pharmacological study

Cell culture. The studies were carried out on SH-SY5Y human neuroblastoma
cells received from the cell bank of the N.N. Blokhin National Medical Research
Center of Oncology of the Ministry of Health of the Russian Federation. Cells were
grown at 37°C and 5% CO2 in DMEM (HyClone, USA) with 10% FBS (Gibco, USA)
and 2 mM L-glutamine (MP Biomedicals, Germany). After the monolayer
formation, the cells were counted and placed into 96-well culture plates
(Costar-Corning, USA) at a density of 3.5 thousand per well and into 6-well
culture plates (Costar-Corning, USA) at a density of 280 thousand per well; both
plates were pre-coated with a 0.1 mg/ml solution of poly-D-lysine (BD Bioscience,
UK) for 1 h.

Parkinson’s disease model in culture of SH-SY5Y human neuroblastoma cells. Neu-
rotoxin 6-hydroxidopamine (6-OHDA) used in an experimental model of in vitro
dopaminergic neuron degeneration according to [19] was applied to simulate
Parkinson’s disease in the culture of SH-SY5Y human neuroblastoma cells. 6-OHDA
was added into the cell medium at a final concentration of 100 μM 24 h after cell
seeding. Then the cells were incubated for 24 h. The neuroprotective effect was
investigated by addition of compounds to the culture medium at final concentra-
tions of 10�8–10�5 M 24 h before 6-OHDA. Cell viability was determined after 24 h
using the MTT test.

Neuronal viability assessment in culture using the MTT test. MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) is a yellow water-soluble
tetrazolium salt that easily penetrates into cells. In living cells, MTT transforms into
water-insoluble violet formazan crystals, which are dissolved in organic solvents
(isopropanol, dimethylformamide, dimethyl sulfoxide) upon completion of the
reaction followed by absorption measurements.

At the end of the experiment, the culture medium was replaced with MTT
solution (0.5 mg/ml) and incubated for 30 min at 37°C. Then, a MTT solution
was removed from the wells, and DMSO was added to dissolve the formazan.
Absorbance was measured at 600 nm using a 96-well plate reader Multiscan
(Thermo, USA).

2.2.3 In vivo pharmacological studies

In vivo studies were performed in outbred male rats weighing 200–270 g
(nootropic and a anxiolytic activity), in outbred male mice weighing 25–28 g
(antihypoxic and antidepressant-like activity), and in C57Bl/6 male mice weighing
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25–29 g (analgesic activity), received from the Stolbovaya Branch of the Scientific
Center of Biomedical Technologies of the Federal Medical Biological Agency
(FMBA) of Russia, and in Wistar male rats weighing 200–250 g (neuroprotective
activity) received from the Andreevka Branch of the Scientific Center of Biomedical
Technologies of the FMBA of Russia. The animals were kept in vivarium under
natural circadian light/dark cycles with free access to standard granular feed and
water. The study complied with the requirements of Order of the Ministry of Health
of the Russian Federation No. 199 “On Approval of the Rules of Good Laboratory
Practice” and Decision of the Council of the Eurasian Economic Commission No. 81
“On Approval of the Rules of Good Laboratory Practice of the Eurasian Economic
Union in the Area of Circulation of Medicines.” All manipulations with animals
were approved by the Bioethical Commission of the Zakusov Research Institute of
Pharmacology. The experiments were carried out from 10 to 16 pm. The test
substances were dissolved in saline or in distilled water and administered, i.p. The
animals of the control groups were injected with saline or with distilled water,
respectively.

2.2.4 Neuroprotective activity

A model of focal cerebral ischemia (ischemic stroke). Focal cerebral ischemia was
induced by transient middle cerebral artery occlusion (MCAO) using a modification
of the intraluminal filament model originally described in [20]. All surgical pro-
cedures were performed using titanium microsurgical instruments.

The rats were anesthetized with an i.p. injection of chloral hydrate (350 mg/kg)
as a 5% solution in saline. The right common carotid artery, internal carotid artery,
and external carotid artery were surgically exposed. A nylon suture (0.25 mm in
diameter) with a silicon-coated tip was inserted from the external carotid artery
into the internal carotid artery and then to the circle of Willis to occlude the origin
of the middle cerebral artery. After 1 h of MCAO, the suture was carefully removed
to induce reperfusion. Sham-operated rats (n = 6) underwent identical surgery
except that the suture was not inserted. During the surgery the body temperature
was maintained at 37.0 � 0.5°C using a heating pad. Three rats received MCAO
without any neurological deficits observed after awakening was excluded.

Design of the study. The rats with experimental ischemic stroke were randomly
divided into two groups: a “stroke” group with water treatment (n = 10) and
“stroke + GZK-111” group treated with GZK-111 (n = 7). Solution of GZK-111 in
distilled water was administered, i.p., at a dose 0.5 mg/kg 6 h after surgery and then
once a day for 6 days. Neurological functions were evaluated 3 and 6 days after
surgery using the limb-placing test [21]. The infarct volume was evaluated
according to [22] using 2,3,5-triphenyltetrazolium chloride (TTC) staining and
computerized image analysis 7 days after surgery.

Limb-placing test. Neurological functions were evaluated using the limb-placing
test [21], a modified version of the test described by De Ryck et al. [23]. This test
assessed the forelimb and hind limb responses to tactile and proprioceptive stimu-
lation and consisted of seven limb-placing tasks. The following scores were used to
detect impairment of the forelimb and hind limb: 2 points, the rat performed
normally; 1 point, the rat performed with a delay of more than 2 s and/or incom-
pletely; and 0 point, the rat did not perform the task. The maximum possible score
for the sham-operated rats for each side of the body was 14. Rats with experimental
stroke exhibited decreased neurological score on the side of the body which is
opposite to the ischemic lesion.

Evaluation of cerebral infarct volume. The cerebral infract volumes measured with
TTC staining were used to describe the severity of cerebral ischemia. The animals
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column (4.6 � 150 mm, 5 μm) was used with a flow rate of 0.5 ml/min. The sample
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25–29 g (analgesic activity), received from the Stolbovaya Branch of the Scientific
Center of Biomedical Technologies of the Federal Medical Biological Agency
(FMBA) of Russia, and in Wistar male rats weighing 200–250 g (neuroprotective
activity) received from the Andreevka Branch of the Scientific Center of Biomedical
Technologies of the FMBA of Russia. The animals were kept in vivarium under
natural circadian light/dark cycles with free access to standard granular feed and
water. The study complied with the requirements of Order of the Ministry of Health
of the Russian Federation No. 199 “On Approval of the Rules of Good Laboratory
Practice” and Decision of the Council of the Eurasian Economic Commission No. 81
“On Approval of the Rules of Good Laboratory Practice of the Eurasian Economic
Union in the Area of Circulation of Medicines.” All manipulations with animals
were approved by the Bioethical Commission of the Zakusov Research Institute of
Pharmacology. The experiments were carried out from 10 to 16 pm. The test
substances were dissolved in saline or in distilled water and administered, i.p. The
animals of the control groups were injected with saline or with distilled water,
respectively.
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into the internal carotid artery and then to the circle of Willis to occlude the origin
of the middle cerebral artery. After 1 h of MCAO, the suture was carefully removed
to induce reperfusion. Sham-operated rats (n = 6) underwent identical surgery
except that the suture was not inserted. During the surgery the body temperature
was maintained at 37.0 � 0.5°C using a heating pad. Three rats received MCAO
without any neurological deficits observed after awakening was excluded.

Design of the study. The rats with experimental ischemic stroke were randomly
divided into two groups: a “stroke” group with water treatment (n = 10) and
“stroke + GZK-111” group treated with GZK-111 (n = 7). Solution of GZK-111 in
distilled water was administered, i.p., at a dose 0.5 mg/kg 6 h after surgery and then
once a day for 6 days. Neurological functions were evaluated 3 and 6 days after
surgery using the limb-placing test [21]. The infarct volume was evaluated
according to [22] using 2,3,5-triphenyltetrazolium chloride (TTC) staining and
computerized image analysis 7 days after surgery.

Limb-placing test. Neurological functions were evaluated using the limb-placing
test [21], a modified version of the test described by De Ryck et al. [23]. This test
assessed the forelimb and hind limb responses to tactile and proprioceptive stimu-
lation and consisted of seven limb-placing tasks. The following scores were used to
detect impairment of the forelimb and hind limb: 2 points, the rat performed
normally; 1 point, the rat performed with a delay of more than 2 s and/or incom-
pletely; and 0 point, the rat did not perform the task. The maximum possible score
for the sham-operated rats for each side of the body was 14. Rats with experimental
stroke exhibited decreased neurological score on the side of the body which is
opposite to the ischemic lesion.

Evaluation of cerebral infarct volume. The cerebral infract volumes measured with
TTC staining were used to describe the severity of cerebral ischemia. The animals
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were deeply anesthetized with chloral hydrate (350 mg/kg, i.p.) and then decapi-
tated. The brains were removed rapidly, frozen in �20°C for 10 min and then
sectioned coronally into 2-mm-thick slices. The brain slices were incubated with 2%
TTC at 37°C for 30 min. Stained slices were fixed in 10% formalin solution. The
slices were digitalized on a flatbed scanner at 2400 dpi. The infarct volumes were
measured using the ImageJ (National Institutes of Health, Bethesda, MD, USA)
image analysis software program. The total infarct volume for each brain was
calculated by summation of unstained areas of the subsequent slices and
multiplying by the thickness (2 mm).

Nootropic antiamnesic activity. The antiamnesic effect of the substances was
evaluated by their ability to prevent impaired reproduction of the conditioned
passive avoidance reflex (passive avoidance reaction) caused by electroconvulsive
shock (ECS). Compounds GZK-111 and GZK-121 were administered once, i.p., at
the doses of 0.1, 0.5, and 1.0 mg/kg 40 min before training. Control animals were
injected with the same volume of physiological saline.

Passive avoidance reaction was developed in rats in a certified Lafayette Instru-
ment Co installation (USA) according to the method of [24] using a single training
procedure. The illuminated start platform (25 � 7 cm) was connected to a dark
40 � 40 � 40 cm chamber equipped with an electrified floor through a square
guillotine door. The animal was placed on the start platform with its tail to a dark
chamber. When governed by the hole exploratory behavior, the rat found the
entrance and passed into the dark compartment; the hole was closed. In the dark
chamber, eight unavoidable electric pain stimuli were applied through the floor to
the rat (the training current was 0.45 mA, the duration of each pulse was 1 s, and
the interval between consecutive pulses was 2 s). Immediately after this, the rat was
removed from the dark chamber and subjected to EKS (250 V, 120–122 mA, 0.1 s)
applied transcorneally using a certified Harvard apparatus (Germany). After 24 h,
the animal was again placed on the illuminated platform for learning test. The latent
period of the first animal entry into the dark chamber was recorded. Antiamnesic
activity (AA) was calculated as Eq. (1):

AA% ¼ LPtest� LPamn
LPcontrol� LPamn

� 100% (1)

where AA% is antiamnesic activity, LPtest is the average latent period of entry
into the chamber in the animals administered with the test compound and subjected
to amnesia, LPamn is the average period of entry into the chamber in the animals
administered with 0.9% NaCl and subjected to amnesia, and LPcontrol is the
average latent period of entry into the chamber in animals administered with 0.9%
NaCl without amnesia.

Antihypoxic activity was studied in a model of normobaric hypoxia with
hypercapnia (“canned” hypoxia), according to [25]. Tests were performed on ani-
mals of the same weight (scatter in groups of ≤2 g). Each group consisted of 10
animals. The substances were administered, i.p., in saline 1 h before the start of the
experiment. Antihypoxic activity of the compounds was studied at doses of 0.1, 0.5,
and 1.0 mg/kg. Control animals received an equivalent volume of saline. Animals
were placed singly into 200 cm3 containers that were hermetically sealed. Deaths of
animals were recorded as the final agonal gasp.

Anxiolytic activity was studied in an elevated plus maze test according to
Pellow [26]. Compounds were administered once, i.p., 15 min before the experi-
ment. GZK-111 was administered at doses of 0.75, 1.5, and 3.0 mg/kg and GZK-121
at a dose of 1.5 mg/kg. The control animals were administered with the saline. The
apparatus consisted of four arms elevated 60 cm above the floor, with each arm
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positioned at 90° relative to the adjacent arms. Two opposite arms were enclosed
with high opaque walls (50 � 15 � 30 cm), and the other arms were open
(50 � 15 � 1 cm) connected via a central area (14 � 14 cm) to form a plus sign. At
the beginning of the experiment, the rats were placed in the center of the maze,
randomly orientated relative to the arm entrance. The behavior of the animals was
evaluated within 5 min. The following indicators were recorded: the number of
visits to all arms, the number of visits to open arms, the time spent in all arms, and
the time spent in open arms. The anxiolytic effect of the compound was estimated
by the increase in the number of visits to the light arms and in the time spent in the
light arms and on the central platform.

Antidepressant-like activity was assessed in a forced swimming test [27]. Mice
were placed into cylinders (30 cm high and 10 cm in diameter), filled in two-thirds
with water at a temperature of 22°C for 5 min; the time of preservation of the
characteristic immobilization posture (rejection of active defensive and research
behavior) was estimated. The behavior of animals was recorded using a video camera.
Video recording of the experiment was processed in semiautomatic mode using the
RealTimer program (Open Joint-Stock Company Open Science LLC). A decrease in the
immobilization duration was regarded as a manifestation of antidepressant activity.

Analgesic activity. The hot plate test was used to evaluate the nociceptive
response. Latent reaction period (the time before the hind paw pulling and/or
jumping) was recorded with a Ugo Basile analgesimeter (Italy). 1–2 hours before the
experiment, animals were selected following the basic response in the experimental
model conditions and excluding mice that remained on a plate heated to 55 � 0.5°C
for longer than 10 s. A latent period of 20 s (cutoff value) was regarded as 100%
analgesia. Hot plate tests were performed before and 30, 60, 90, and 120 min after i.
p. drug injection. If no response occurred within 20 s, the mice were removed from
the hot plate to avoid tissue injury. The percentage of the maximum possible effect
(% MPE) was calculated as follows: postdrug latency� predrug latency

� ��
100= cutoff value� predrug latency

� �
.

Statistical analysis of the biological results was performed using the standard
software package “Statistica 10.0” (StatSoft, Inc., USA). To evaluate statistically
significant differences between the experimental and control groups of animals, the
following tests were used: nonparametric Mann-Whitney U test for nootropic,
anxiolytic, antihypoxic, and neuroprotective effects, the unpaired Student t-test for
antidepressant effect, and Duncan criterion for analgesic effect. The means and
standard errors of the mean (m � SEM) were calculated. Kruskal-Wallis ANOVA
followed by Dunn’s posttest was used to compare three or more samples in in vitro
experiments. The means and standard errors of the mean (m� SD) were calculated.
The results were evaluated as significant at p ≤ 0.05.

3. Results and discussions

3.1 Synthesis of GZK-111

N-Phenylacetyl-glycyl-L-proline ethyl ester was prepared according to Figure 1
by the mixed anhydride method under Anderson conditions [28] using isobutyl
chloroformate. N-phenylacetylglycine obtained from glycine and phenylacetic acid
chloride according to Schotten-Baumann procedure [29] was used as carboxylic
component, and proline ethyl ester obtained with thionyl chloride in absolute etha-
nol according to Brenner method [30] was used as amine component. The D-
enantiomer of GZK-111 (GZK-121) was prepared by the same procedure.
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were deeply anesthetized with chloral hydrate (350 mg/kg, i.p.) and then decapi-
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sectioned coronally into 2-mm-thick slices. The brain slices were incubated with 2%
TTC at 37°C for 30 min. Stained slices were fixed in 10% formalin solution. The
slices were digitalized on a flatbed scanner at 2400 dpi. The infarct volumes were
measured using the ImageJ (National Institutes of Health, Bethesda, MD, USA)
image analysis software program. The total infarct volume for each brain was
calculated by summation of unstained areas of the subsequent slices and
multiplying by the thickness (2 mm).

Nootropic antiamnesic activity. The antiamnesic effect of the substances was
evaluated by their ability to prevent impaired reproduction of the conditioned
passive avoidance reflex (passive avoidance reaction) caused by electroconvulsive
shock (ECS). Compounds GZK-111 and GZK-121 were administered once, i.p., at
the doses of 0.1, 0.5, and 1.0 mg/kg 40 min before training. Control animals were
injected with the same volume of physiological saline.

Passive avoidance reaction was developed in rats in a certified Lafayette Instru-
ment Co installation (USA) according to the method of [24] using a single training
procedure. The illuminated start platform (25 � 7 cm) was connected to a dark
40 � 40 � 40 cm chamber equipped with an electrified floor through a square
guillotine door. The animal was placed on the start platform with its tail to a dark
chamber. When governed by the hole exploratory behavior, the rat found the
entrance and passed into the dark compartment; the hole was closed. In the dark
chamber, eight unavoidable electric pain stimuli were applied through the floor to
the rat (the training current was 0.45 mA, the duration of each pulse was 1 s, and
the interval between consecutive pulses was 2 s). Immediately after this, the rat was
removed from the dark chamber and subjected to EKS (250 V, 120–122 mA, 0.1 s)
applied transcorneally using a certified Harvard apparatus (Germany). After 24 h,
the animal was again placed on the illuminated platform for learning test. The latent
period of the first animal entry into the dark chamber was recorded. Antiamnesic
activity (AA) was calculated as Eq. (1):

AA% ¼ LPtest� LPamn
LPcontrol� LPamn

� 100% (1)

where AA% is antiamnesic activity, LPtest is the average latent period of entry
into the chamber in the animals administered with the test compound and subjected
to amnesia, LPamn is the average period of entry into the chamber in the animals
administered with 0.9% NaCl and subjected to amnesia, and LPcontrol is the
average latent period of entry into the chamber in animals administered with 0.9%
NaCl without amnesia.

Antihypoxic activity was studied in a model of normobaric hypoxia with
hypercapnia (“canned” hypoxia), according to [25]. Tests were performed on ani-
mals of the same weight (scatter in groups of ≤2 g). Each group consisted of 10
animals. The substances were administered, i.p., in saline 1 h before the start of the
experiment. Antihypoxic activity of the compounds was studied at doses of 0.1, 0.5,
and 1.0 mg/kg. Control animals received an equivalent volume of saline. Animals
were placed singly into 200 cm3 containers that were hermetically sealed. Deaths of
animals were recorded as the final agonal gasp.

Anxiolytic activity was studied in an elevated plus maze test according to
Pellow [26]. Compounds were administered once, i.p., 15 min before the experi-
ment. GZK-111 was administered at doses of 0.75, 1.5, and 3.0 mg/kg and GZK-121
at a dose of 1.5 mg/kg. The control animals were administered with the saline. The
apparatus consisted of four arms elevated 60 cm above the floor, with each arm
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positioned at 90° relative to the adjacent arms. Two opposite arms were enclosed
with high opaque walls (50 � 15 � 30 cm), and the other arms were open
(50 � 15 � 1 cm) connected via a central area (14 � 14 cm) to form a plus sign. At
the beginning of the experiment, the rats were placed in the center of the maze,
randomly orientated relative to the arm entrance. The behavior of the animals was
evaluated within 5 min. The following indicators were recorded: the number of
visits to all arms, the number of visits to open arms, the time spent in all arms, and
the time spent in open arms. The anxiolytic effect of the compound was estimated
by the increase in the number of visits to the light arms and in the time spent in the
light arms and on the central platform.

Antidepressant-like activity was assessed in a forced swimming test [27]. Mice
were placed into cylinders (30 cm high and 10 cm in diameter), filled in two-thirds
with water at a temperature of 22°C for 5 min; the time of preservation of the
characteristic immobilization posture (rejection of active defensive and research
behavior) was estimated. The behavior of animals was recorded using a video camera.
Video recording of the experiment was processed in semiautomatic mode using the
RealTimer program (Open Joint-Stock Company Open Science LLC). A decrease in the
immobilization duration was regarded as a manifestation of antidepressant activity.

Analgesic activity. The hot plate test was used to evaluate the nociceptive
response. Latent reaction period (the time before the hind paw pulling and/or
jumping) was recorded with a Ugo Basile analgesimeter (Italy). 1–2 hours before the
experiment, animals were selected following the basic response in the experimental
model conditions and excluding mice that remained on a plate heated to 55 � 0.5°C
for longer than 10 s. A latent period of 20 s (cutoff value) was regarded as 100%
analgesia. Hot plate tests were performed before and 30, 60, 90, and 120 min after i.
p. drug injection. If no response occurred within 20 s, the mice were removed from
the hot plate to avoid tissue injury. The percentage of the maximum possible effect
(% MPE) was calculated as follows: postdrug latency� predrug latency

� ��
100= cutoff value� predrug latency

� �
.

Statistical analysis of the biological results was performed using the standard
software package “Statistica 10.0” (StatSoft, Inc., USA). To evaluate statistically
significant differences between the experimental and control groups of animals, the
following tests were used: nonparametric Mann-Whitney U test for nootropic,
anxiolytic, antihypoxic, and neuroprotective effects, the unpaired Student t-test for
antidepressant effect, and Duncan criterion for analgesic effect. The means and
standard errors of the mean (m � SEM) were calculated. Kruskal-Wallis ANOVA
followed by Dunn’s posttest was used to compare three or more samples in in vitro
experiments. The means and standard errors of the mean (m� SD) were calculated.
The results were evaluated as significant at p ≤ 0.05.

3. Results and discussions

3.1 Synthesis of GZK-111

N-Phenylacetyl-glycyl-L-proline ethyl ester was prepared according to Figure 1
by the mixed anhydride method under Anderson conditions [28] using isobutyl
chloroformate. N-phenylacetylglycine obtained from glycine and phenylacetic acid
chloride according to Schotten-Baumann procedure [29] was used as carboxylic
component, and proline ethyl ester obtained with thionyl chloride in absolute etha-
nol according to Brenner method [30] was used as amine component. The D-
enantiomer of GZK-111 (GZK-121) was prepared by the same procedure.
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3.2 Biotransformation of GZK-111 to CPG

Synthesized GZK-111 was subjected to biotransformation in the presence of
plasma enzymes to show the fundamental possibility of its conversion to CPG. The
initial plasma contained endogenous CPG at a concentration of 1 μM, according to RP
HPLC. Upon GZK-111 incubation with plasma at 37°C for 10 h, an increase of the
CPG peak and appearance of a peak corresponding to the retention time of the
compound with an open carboxyl group, N-phenylacetyl-glycyl-L-proline, were
observed (see Figure 2). Thus, CPG is actually formed from GZK-111 in the presence
of blood plasma enzymes. The scheme of GZK-111 metabolism is shown in Figure 3.

3.3 Pharmacological effects of GZK-111

Based on the previously established pharmacological effects of CPG, the phar-
macological activity of GZK-111 (viz., neuroprotective, antiamnesic, antihypoxic,
anxiolytic, antidepressant-like, and analgesic effects) was studied.

The neuroprotective effect of GZK-111 was studied in vitro in a 6-OHDA
toxicity model in SH-SY5Y cells (cellular model of Parkinson’s disease) [19, 31],
which demonstrated the neuroprotective effect of CPG previously [6]. GZK-111
was introduced 24 h before 6-OHDA, because pharmacological effects of its metab-
olite (CPG) were probably caused by BDNF synthesis [12], which took no less than
6 h [32]. When introduced 24 h before the injury, GZK-111 was revealed to have
neuroprotective activity at concentrations of 10�7 and 10�6 M (Figure 4). The
range of active concentrations of CPG was 10�8–10�5 M in this model [6].

The neuroprotective activity of GZK-111 was studied in vivo in a model of
ischemic stroke caused by transient occlusion of the middle cerebral artery in rats,
according to [20]. This model allows to simulate the most common cerebrovascular
accident—an extensive ischemic stroke in the middle cerebral artery basin—and
provides a reproducible volume of ischemic injury [33]. The compound was admin-
istered, i.p., at a dose of 0.5 mg/kg/day for 7 days; the first injection was given 6 h
after surgery. The GZK-111 dose was taken accordingly to the results of other phar-
macological studies (see Tables 1 and 2). The duration of substance introduction
corresponds to the period of poststroke treatment in a hospital with consideration to
differences in the metabolic rates of animals and humans [34]. The first administra-
tion of the compound 6 h after ischemia is explained by preservation of penumbra
zone during this period [35], which makes it possible to decrease the volume of
ischemic damage. Neurological functions were evaluated 3 and 6 days after surgery
using the limb-placing test [21]. The infarct volume was evaluated 7 days after
surgery according to [22] with 2,3,5-triphenyltetrazolium chloride staining and com-
puterized image analysis. GZK-111 was found to have pronounced neuroprotective
effects, reducing the volume of the infarct zone by 1.6 times (Figure 5) and improv-
ing the neurological status of animals by approximately 30% (Figure 6).

The neuroprotective activity of CPG (1.0 mg/kg, i.p., subchronic) was revealed
previously in a model of incomplete global cerebral ischemia induced by permanent
bilateral common carotid arteries occlusion in rats [7].

Figure 1.
The scheme of synthesis of N-phenylacetyl-glycyl-L-proline ethyl ester enantiomers.
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The nootropic antiamnesic effect of GZK-111 was evaluated by its ability to
prevent impaired reproduction of the conditioned passive avoidance reflex (passive
avoidance reaction) in rats caused by electroconvulsive shock (ECS) by the Ader
method [24]. The test is based on the inborn hole exploratory behavior of rodents.

Figure 2.
The investigation of GZK metabolism in blood plasma by HPLC method. (A) Standards: (1) cyclo-L-
prolylglycine, (2) N-phenylacetyl-glycyl-L-proline, and (3) N-phenylacetyl-glycyl-L-proline ethyl ester;
(B) control blood plasma; (C) blood plasma + GZK-111, 10-h incubation.
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3.2 Biotransformation of GZK-111 to CPG
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plasma enzymes to show the fundamental possibility of its conversion to CPG. The
initial plasma contained endogenous CPG at a concentration of 1 μM, according to RP
HPLC. Upon GZK-111 incubation with plasma at 37°C for 10 h, an increase of the
CPG peak and appearance of a peak corresponding to the retention time of the
compound with an open carboxyl group, N-phenylacetyl-glycyl-L-proline, were
observed (see Figure 2). Thus, CPG is actually formed from GZK-111 in the presence
of blood plasma enzymes. The scheme of GZK-111 metabolism is shown in Figure 3.

3.3 Pharmacological effects of GZK-111

Based on the previously established pharmacological effects of CPG, the phar-
macological activity of GZK-111 (viz., neuroprotective, antiamnesic, antihypoxic,
anxiolytic, antidepressant-like, and analgesic effects) was studied.

The neuroprotective effect of GZK-111 was studied in vitro in a 6-OHDA
toxicity model in SH-SY5Y cells (cellular model of Parkinson’s disease) [19, 31],
which demonstrated the neuroprotective effect of CPG previously [6]. GZK-111
was introduced 24 h before 6-OHDA, because pharmacological effects of its metab-
olite (CPG) were probably caused by BDNF synthesis [12], which took no less than
6 h [32]. When introduced 24 h before the injury, GZK-111 was revealed to have
neuroprotective activity at concentrations of 10�7 and 10�6 M (Figure 4). The
range of active concentrations of CPG was 10�8–10�5 M in this model [6].

The neuroprotective activity of GZK-111 was studied in vivo in a model of
ischemic stroke caused by transient occlusion of the middle cerebral artery in rats,
according to [20]. This model allows to simulate the most common cerebrovascular
accident—an extensive ischemic stroke in the middle cerebral artery basin—and
provides a reproducible volume of ischemic injury [33]. The compound was admin-
istered, i.p., at a dose of 0.5 mg/kg/day for 7 days; the first injection was given 6 h
after surgery. The GZK-111 dose was taken accordingly to the results of other phar-
macological studies (see Tables 1 and 2). The duration of substance introduction
corresponds to the period of poststroke treatment in a hospital with consideration to
differences in the metabolic rates of animals and humans [34]. The first administra-
tion of the compound 6 h after ischemia is explained by preservation of penumbra
zone during this period [35], which makes it possible to decrease the volume of
ischemic damage. Neurological functions were evaluated 3 and 6 days after surgery
using the limb-placing test [21]. The infarct volume was evaluated 7 days after
surgery according to [22] with 2,3,5-triphenyltetrazolium chloride staining and com-
puterized image analysis. GZK-111 was found to have pronounced neuroprotective
effects, reducing the volume of the infarct zone by 1.6 times (Figure 5) and improv-
ing the neurological status of animals by approximately 30% (Figure 6).

The neuroprotective activity of CPG (1.0 mg/kg, i.p., subchronic) was revealed
previously in a model of incomplete global cerebral ischemia induced by permanent
bilateral common carotid arteries occlusion in rats [7].

Figure 1.
The scheme of synthesis of N-phenylacetyl-glycyl-L-proline ethyl ester enantiomers.
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The nootropic antiamnesic effect of GZK-111 was evaluated by its ability to
prevent impaired reproduction of the conditioned passive avoidance reflex (passive
avoidance reaction) in rats caused by electroconvulsive shock (ECS) by the Ader
method [24]. The test is based on the inborn hole exploratory behavior of rodents.

Figure 2.
The investigation of GZK metabolism in blood plasma by HPLC method. (A) Standards: (1) cyclo-L-
prolylglycine, (2) N-phenylacetyl-glycyl-L-proline, and (3) N-phenylacetyl-glycyl-L-proline ethyl ester;
(B) control blood plasma; (C) blood plasma + GZK-111, 10-h incubation.
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An animal learns not to enter the dark compartment using electric pain stimulation.
Once the animal is subjected to EKS after training, the memorial trail is erased, and
the animal again enters the dark chamber. Nootropic activity is defined as the
ability to decrease the amnesic effect of ECS. GZK-111 was demonstrated to have
antiamnesic activity at doses of 0.1, 0.5, and 1.0 mg/kg, i.p. (see Table 1), i.e., at
least in the same dose range as CPG. Unlike the L-isomer, the D-stereoisomer of
GZK-111, ethyl ester of N-phenylacetyl-glycyl-D-proline (GZK-121), had no
antiamnesic activity.

Thus, GZK-111 possesses an antiamnesic activity similarly to CPG, and its effect
is stereospecific, like that of CPG. However, if the D-enantiomer of CPG exhibits a
pro-amnesic effect, the D-enantiomer of GZK-111 (GZK-121) has no activity. The
possible explanation is that D-CPG blocks the receptor, while GZK-121 is not
metabolized to CPG at all.

The antihypoxic activity of GZK-111 was studied in the normobaric hypoxia
test with hypercapnia (“canned” hypoxia) in mice, which is the simplest method to
assess antihypoxic activity [25]. GZK-111 was administered at doses of 0.1, 0.5, and
1.0 mg/kg, i.p., 60 min before test. Likewise CPG, the compound was found to

Figure 3.
The scheme of GZK-111 metabolism.

Figure 4.
The neuroprotective effect of GZK-111 in a 6-OHDA toxicity model, SH-SY5Y cells. Notes: *p < 0.05
comparison with the control, ^p < 0.05 comparison with the damage group (Kruskal-Wallis ANOVA test with
Dunn’s post hoc).
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exhibit an antihypoxic effect at a dose of 0.5 mg/kg, significantly increasing the life
expectancy of animals (see Table 2). The stereoisomer GZK-121 at doses of 0.1, 0.5,
and 1.0 mg/kg showed no antihypoxic activity in this test.

The anxiolytic activity of GZK-111 was studied in rats at doses of 0.75, 1.5, and
3.0 mg/kg, i.p., using the elevated plus maze test (EPM) according to Pellow [26].
This test is the primary model for anxiolytic activity detection; it is based on the
conflict between rodents’ inherent fear of open spaces and natural exploratory
behavior. A significant anxiolytic effect was observed at a dose of 1.5 mg/kg. GZK-
111 increased the time rats spent in the open arms by 12 times relative to the control,
which is comparable with the effect of CPG. The enantiomer, GZK-121, was
inactive at a dose of 1.5 mg/kg (see Table 3).

Compound Dose, mg/kg, i.p. (n = 10)

Control 0.1 0.5 1.0

Life expectancy, min

L-CPG [6] 20.9 � 0.6 20.2 � 0.8 24.0 � 0.7* 25.0 � 1.6**

D-CPG [37] 21.8 � 1.7 23.3 � 1.5 22.7 � 0.5 22.3 � 1.4

GZK-111 27.1 � 0.9 25.2 � 0.5 30.2 � 0.7* 26.2 � 0.3

GZK-121 25.8 � 0.8 23.9 � 0.7 26.0 � 0.7 23.5 � 0.8

Notes: The outbred white male mice were used in the experiments;
n, number of animals;
*p < 0.05;
**p < 0.01 comparison with the control (Mann-Whitney U test).

Table 2.
The effects of GZK-111 and GZK-121 in normobaric hypoxia test with hypercapnia in mice, compared to
CPG.

Compound Dose, mg/kg, i.p. (n = 10) Latent period, s Effect, %

Control Amnesia Amnesia + compound

L-CPG [3] 0.05 91 � 34 19 � 8° 25 � 7 +8

0.1 91 � 34 19 � 8° 73 � 26* +75*

1.0 91 � 34 19 � 8° 43 � 19* +33*

D-CPG [36] 0.1 113 � 12 48 � 11° 27 � 8* �32*

GZK-111 0.1 180 � 0 129 � 28° 169 � 10* +76*

0.5 180 � 0 100 � 25 176 � 6* +95*

1.0 180 � 0 129 � 28° 179 � 2* +98*

GZK-121 0.5 180 � 0 95 � 31° 133 � 23 +44

Notes: n, number of animals;
°р < 0.05 comparison with the control;
*р < 0.05 comparison with the amnesia group (Mann-Whitney U test with a Bonferroni correction).
Antiamnesic activity (AA) was calculated as follows: AA% ¼ LPtest�LPamn

LPcontrol�LPamn � 100%: where AA% is antiamnesic
activity, LPtest is the average latent period of entry into the chamber in the animals administered with the test
compound and subjected to amnesia, LPamn is the average period of entry into the chamber in the animals
administered with 0.9% NaCl and subjected to amnesia, and LPcontrol is the average latent period of entry into the
chamber in animals administered with 0.9% NaCl without amnesia.

Table 1.
The effects of GZK-111 and GZK-121 in passive avoidance reaction test, compared to CPG.
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exhibit an antihypoxic effect at a dose of 0.5 mg/kg, significantly increasing the life
expectancy of animals (see Table 2). The stereoisomer GZK-121 at doses of 0.1, 0.5,
and 1.0 mg/kg showed no antihypoxic activity in this test.

The anxiolytic activity of GZK-111 was studied in rats at doses of 0.75, 1.5, and
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behavior. A significant anxiolytic effect was observed at a dose of 1.5 mg/kg. GZK-
111 increased the time rats spent in the open arms by 12 times relative to the control,
which is comparable with the effect of CPG. The enantiomer, GZK-121, was
inactive at a dose of 1.5 mg/kg (see Table 3).

Compound Dose, mg/kg, i.p. (n = 10)

Control 0.1 0.5 1.0

Life expectancy, min

L-CPG [6] 20.9 � 0.6 20.2 � 0.8 24.0 � 0.7* 25.0 � 1.6**

D-CPG [37] 21.8 � 1.7 23.3 � 1.5 22.7 � 0.5 22.3 � 1.4

GZK-111 27.1 � 0.9 25.2 � 0.5 30.2 � 0.7* 26.2 � 0.3

GZK-121 25.8 � 0.8 23.9 � 0.7 26.0 � 0.7 23.5 � 0.8

Notes: The outbred white male mice were used in the experiments;
n, number of animals;
*p < 0.05;
**p < 0.01 comparison with the control (Mann-Whitney U test).

Table 2.
The effects of GZK-111 and GZK-121 in normobaric hypoxia test with hypercapnia in mice, compared to
CPG.

Compound Dose, mg/kg, i.p. (n = 10) Latent period, s Effect, %

Control Amnesia Amnesia + compound

L-CPG [3] 0.05 91 � 34 19 � 8° 25 � 7 +8

0.1 91 � 34 19 � 8° 73 � 26* +75*

1.0 91 � 34 19 � 8° 43 � 19* +33*

D-CPG [36] 0.1 113 � 12 48 � 11° 27 � 8* �32*

GZK-111 0.1 180 � 0 129 � 28° 169 � 10* +76*

0.5 180 � 0 100 � 25 176 � 6* +95*

1.0 180 � 0 129 � 28° 179 � 2* +98*

GZK-121 0.5 180 � 0 95 � 31° 133 � 23 +44

Notes: n, number of animals;
°р < 0.05 comparison with the control;
*р < 0.05 comparison with the amnesia group (Mann-Whitney U test with a Bonferroni correction).
Antiamnesic activity (AA) was calculated as follows: AA% ¼ LPtest�LPamn

LPcontrol�LPamn � 100%: where AA% is antiamnesic
activity, LPtest is the average latent period of entry into the chamber in the animals administered with the test
compound and subjected to amnesia, LPamn is the average period of entry into the chamber in the animals
administered with 0.9% NaCl and subjected to amnesia, and LPcontrol is the average latent period of entry into the
chamber in animals administered with 0.9% NaCl without amnesia.

Table 1.
The effects of GZK-111 and GZK-121 in passive avoidance reaction test, compared to CPG.

263

Glyproline Pro-Ampakine with Neuroprotective Activity
DOI: http://dx.doi.org/10.5772/intechopen.91192



The antidepressant-like effect of GZK-111 was studied in the forced swimming
test [27], one of the most widely used for this purpose [38]. The test is based on the
ability of antidepressants to reduce the time of immobility in case of unavoidable
swimming of the animal in a cylinder with water. The study was performed in mice
at daily i.p. administration at a dose range of 0.01–20.0 mg/kg within 7 or 14 days.

Figure 5.
GZK-111 reduces the cerebral infarct volumes in rats with experimental stroke. Notes: Morphometric
measurements of infarct volume were performed using TTC staining. The data are presented as mean � SEM.
*p = 0.05 compared to the “stroke” group (Mann-Whitney U test).

Figure 6.
GZK-111 improves neurological status in rats with experimental stroke. Notes: Neurological status is given for
the injured side of the body (which is the opposite to the ischemic lesion) in the limb-placing test. The data are
presented as mean � SEM. *p = 0.003 compared to the “sham” group, #p = 0.01 compared to the “stroke”
group (Mann-Whitney U test).
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The tricyclic antidepressant amitriptyline (10.0 mg/kg, i.p.) was used as a compar-
ison drug. GZK-111 administered at a dose of 10 mg/kg for 7 days was established to
statistically significantly reduce the immobility time by 11% (Table 4), which is
comparable to the effect of amitriptyline at a dose of 10 mg/kg.

With a 14-day administration, GZK-111 had a significant antidepressant effect at
a dose of 10 mg/kg, i.p., and showed a tendency to decrease immobility time at a
dose of 1.0 mg/kg, i.p. (p = 0.08) and 10 mg/kg p.o. (p = 0.06) (Table 5).

Recently, the antidepressant activity of started CPG was also discovered in the
forced swimming test in mice (Table 5) [9] and in an experimental model of
learned helplessness in rats [10] at i.p. administration for 14 days.

The analgesic properties of GZK-111 were determined in the hot plate test in
inbred male C57Bl/6 mice [39] at acute i.p. administration at doses of 0.5, 1.0, 2.0,
and 4.0 mg/kg. This test was widely used to study the pain sensitivity in rodents at
supraspinal level, and the effectiveness of analgesics evaluates the pain response on
paw pad contact with a hot surface; the time until the hind paw pulling and/or
jumping is measured. The average baseline nociceptive response for C67Bl/6 mice
was 8.2 � 0.2 s. GZK-111 showed no analgesic effect (F(4, 44) = 11,163,
p = 0,36,098) 30 min after administration at each of the doses studied. At a dose of
2.0 mg/kg, GZK-111 statistically significantly increased the latent period of the
nociceptive reaction (F(4, 44) = 3.1489, p = 0.02319) 60 min (p < 0.01) and
120 min (p < 0.05) after administration, compared with the control group. At a

Compound Dose, mg/kg, i.p. (n = 10) Number of entries into the
open arms

Time spent in the open
arms

m % s %

L-CPG [4] Control 1 0.20 100 2.15 100

0.1 1.79* 895* 13.8* 641*

1.0 0.25 125 1.46 68

Control 2 0.58 100 6.38 100

0.05 1.60** 276** 57.4** 900**

0.2 1.50 259 19.3 303

D-CPG [4] Control 0.20 100 2.15 100

0.05 0.34 170 3.87 180

0.1 0.26 132 2.58 120

GZK-111 Control 0.9 � 0.6 100 4.8 � 2.5 100

0.75 1.3 � 0.5 170 14.8 � 7.0 180

1.50 3.2 � 1.1 355 58.2 � 13.3** 1212**

3.0 1.0 � 0.5 132 6.4 � 2.9 120

GZK-121 Control 0.2 � 0.2 100 4.1 � 1.5 100

1.5 0.2 � 0.2 100 4.7 � 1.5 114

Notes: Number of entries into the open arms and time spent in the open arms were taken as 100% for control animals.
n, number of animals; m, number of entries into the open arms of the maze;
*p < 0.05;
**p < 0.001 comparison with the control (Mann-Whitney U test).

Table 3.
The effects of GZK-111 and GZK-121 in EPM test in rats, compared to CPG.
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dose of 4 mg/kg, an increase of the reaction thresholds induced by GZK-111 was
observed after 90 min (F(4, 44) = 3.8743, p = 0.00881) that persisted for up to 2 h
(F(4, 44) = 3.2141, p = 0.02124), compared with the control group (p < 0.05 and
p < 0.05, respectively) (Figure 7). The data obtained indicate that GZK-111
exhibits dose-dependent analgesic activity, like CPG in rats [40].

Experimental
groups

Dose, mg/kg, i.p.
(n = 10)

Immobilization
time, s

Immobilization time compared
to the control, %

Experiment 1

Control 0.0 235.8 � 11.8 100

GZK-111 0.1 240.2 � 19.8 101

GZK-111 0.5 235.3 � 17.7 100

GZK-111 1.0 240.0 � 22.1 101

GZK-111 5.0 253.9 � 9.2 108

Amitriptyline 10.0 218.5 � 17.9* 93

Experiment 2

Control 275.3 � 8.7 100

GZK-111 0.01 260.1 � 7.3 94

GZK-111 5.0 268.7 � 10.2 98

GZK-111 10.0 245.5 � 9.1* 89

GZK-111 20.0 259.9 � 9.2 94

Notes: Immobilization time was taken as 100% for control animals.
n, number of animals;
*р < 0.05, the statistical significance of the differences relative to control group by the unpaired t-Student criterion.

Table 4.
The effect of GZK-111 on immobilization time in the Porsolt forced swimming test in mice after 7-day
administration.

Compound Dose, mg/kg, i.p.
(n = 10)

Immobilization time,
s

Immobilization time compared
to the control, %

GZK-111 Control 180.1 � 10.7 100

0.1 188.4 � 9.3 105

1.0 163.2 � 11.2 (p = 0.08) 91

10.0 157.7 � 9.2* 88

10.0 (p.o.) 160.3 � 10.4
(p = 0.06)

89

CPG [9] Control 139 � 8 100

1.0 97 � 6# 70

2.0 101 � 8# 73

Fluoxetine [9] 10.0 87 � 9# 63

Notes: Immobilization time was taken as 100% for control animals.
n, number of animals;
*р < 0.05, the statistical significance of the differences relative to control group by the unpaired t-Student criterion;
#p < 0.05;

Table 5.
The effect of GZK-111 on immobilization time in the Porsolt forced swimming test in mice after 14-day
administration, compared to CPG.
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4. Conclusions

Thus, GZK-111 exhibits nootropic, anxiolytic, antihypoxic, antidepressant,
neuroprotective, and analgesic effects being characteristic to CPG. The compound
is similar to CPG both in the spectrum of activities and in the stereospecificity and
its nature. The ampakine CPG identical to endogenous one was proven to form
during the fermentolysis of GZK-111. Therefore, GZK-111 can be considered as a
“prodrug” of CPG and a pharmacologically active pro-ampakine with a BDNF-ergic
mechanism of action.
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Figure 7.
GZK-111 influences the pain response threshold during thermal stimulation in C57BL/6 mice. X-axis, time
of the effect development after substance administration (min); y-axis, maximum possible effect (MPE), %.
*p < 0.05; ** p < 0.01, statistically significant in relation to the corresponding control; according to Duncan
criterion, the number of animals in groups n = 10; data are presented as mean values.
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during the fermentolysis of GZK-111. Therefore, GZK-111 can be considered as a
“prodrug” of CPG and a pharmacologically active pro-ampakine with a BDNF-ergic
mechanism of action.

Conflict of interest

The authors declare no conflict of interest, financial or otherwise.

Funding

This work was supported by RFBR (project 20-015-00102).

Figure 7.
GZK-111 influences the pain response threshold during thermal stimulation in C57BL/6 mice. X-axis, time
of the effect development after substance administration (min); y-axis, maximum possible effect (MPE), %.
*p < 0.05; ** p < 0.01, statistically significant in relation to the corresponding control; according to Duncan
criterion, the number of animals in groups n = 10; data are presented as mean values.

267

Glyproline Pro-Ampakine with Neuroprotective Activity
DOI: http://dx.doi.org/10.5772/intechopen.91192



Author details

Ksenia N. Koliasnikova1, Polina Yu. Povarnina1, Anna V. Tallerova1,
Yulia N. Firsova1, Sergei V. Nikolaev2, Tatiana A. Antipova2, Anna V. Nadorova3,
Larisa G. Kolik3, Tatiana A. Gudasheva1* and Sergei B. Seredenin2

1 Department of Medicinal Chemistry, V.V. Zakusov Research Institute
of Pharmacology, Russia

2 Department of Pharmacogenetics, V.V. Zakusov Research Institute
of Pharmacology, Russia

3 Laboratory of Pharmacological Regulation of Alcohol and Drug Dependence,
V.V. Zakusov Research Institute of Pharmacology, Russia

*Address all correspondence to: tata-sosnovka@mail.ru

© 2020TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

268

Neuroprotection - New Approaches and Prospects

References

[1] Gudasheva TA, Vasilevich NI,
Zolotov NN, Lezina VP, Rozenberg SG,
Kravchenko EV, et al. Nootropic action
of proline-based topological analogs of
piracetam. Pharmaceutical Chemistry
Journal. 1991;25(6):363-367. DOI:
10.1007/BF00772132

[2] Gudasheva TA, Boyko SS,
Akparov VK, Ostrovskaya RU,
Skoldinov SP, Rozantsev GG, et al.
Identification of a novel endogenous
memory facilitating cyclic
dipeptide cyclo-prolylglycine in
rat brain. FEBS Letters. 1996;391:
149-152

[3] Gudasheva TA, Ostrovskaya RU,
Trofimov SS, Voronina TA,
Skoldinov AP, Seredenin SB. New
endogenous dipeptide cycloprolyl-
glycine is similar to piracetam by its
mnemotropic selectivity. Bulletin of
Experimental Biology and Medicine.
1999;128(4):1012-1014

[4] Gudasheva TA, Konstantinopol'skii
MA, Ostrovskaya RU, Seredenin SB.
Anxiolytic activity of endogenous
nootropic dipeptide cycloprolylglycine
in elevated plus-maze test. Bulletin of
Experimental Biology and Medicine.
2001;131(5):464-466. DOI: 10.1023/a:
1017928116025

[5] Seredenin SB, Gudasheva TA,
Boiko SS, Kovalev GI, Voronin MV,
Yarkova MA. Endogenous dipeptide
cycloprolylglycine shows selective
anxiolytic activity in animals with
manifest fear reaction. Bulletin of
Experimental Biology and Medicine.
2002;133(4):360-362. DOI: 10.1023/a:
1016293904149

[6] Kolyasnikova KN, Gudasheva TA,
Nazarova GA, Antipova TA,
Voronina TA, Seredenin SB. Similarity
of cycloprolylglycine to piracetam in
antihypoxic and neuroprotective
effects. Eksperimental’naia i

Klinicheskaia Farmakologiia. 2012;
75(9):3-6. (in Russ)

[7] Povarnina PY, Kolyasnikova KN,
Nikolaev SV, Antipova TA,
Gudasheva TA. Neuropeptide
cycloprolylglycine exhibits
neuroprotective activity after systemic
administration to rats with modeled
incomplete global ischemia and in vitro
modeled glutamate neurotoxicity.
Bulletin of Experimental Biology and
Medicine. 2016;160(5):653-655. DOI:
10.1007/s10517-016-3241-5

[8] Ferro JN, de Aquino FL, de Brito RG,
Dos Santos PL, Quintans Jde S, de
Souza LC, et al. Cyclo-Gly-Pro, a cyclic
dipeptide, attenuates nociceptive behavior
and inflammatory response inmice.
Clinical and Experimental Pharmacology
and Physiology. 2015;42(12):1287-1295.
DOI: 10.1111/1440-1681.12480

[9] Kovalev GI, Abdullina AA,
Vasil’eva EV, Gudasheva TA,
Seredenin SB. Antidepressant-like
properties of cycloprolylglycine.
Eksperimental’naia i Klinicheskaia
Farmakologiia. 2018;81(11):3-6. (in Russ).
DOI: 10.30906/0869-2092-2018-81-11-3-6

[10] Garibova TL, Gudasheva TA,
Seredenin SB. A new component in the
mechanism of regulation of
endogenous depressive-like states.
Doklady Biochemistry and Biophysics.
2019;488(1):324-326. DOI: 10.1134/
S1607672919050107

[11] Gudasheva TA, Grigoriev VV,
Koliasnikova KN, Zamoyski VL,
Seredenin SB. Neuropeptide
cycloprolylglycine is an endogenous
positivemodulator of AMPA
receptors. Doklady Biochemistry
andBiophysics. 2016;471(1):387-389.DOI:
10.1134/S160767291606003X

[12] Gudasheva TA, Koliasnikova KN,
Antipova TA, Seredenin SB.

269

Glyproline Pro-Ampakine with Neuroprotective Activity
DOI: http://dx.doi.org/10.5772/intechopen.91192



Author details

Ksenia N. Koliasnikova1, Polina Yu. Povarnina1, Anna V. Tallerova1,
Yulia N. Firsova1, Sergei V. Nikolaev2, Tatiana A. Antipova2, Anna V. Nadorova3,
Larisa G. Kolik3, Tatiana A. Gudasheva1* and Sergei B. Seredenin2

1 Department of Medicinal Chemistry, V.V. Zakusov Research Institute
of Pharmacology, Russia

2 Department of Pharmacogenetics, V.V. Zakusov Research Institute
of Pharmacology, Russia

3 Laboratory of Pharmacological Regulation of Alcohol and Drug Dependence,
V.V. Zakusov Research Institute of Pharmacology, Russia

*Address all correspondence to: tata-sosnovka@mail.ru

© 2020TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

268

Neuroprotection - New Approaches and Prospects

References

[1] Gudasheva TA, Vasilevich NI,
Zolotov NN, Lezina VP, Rozenberg SG,
Kravchenko EV, et al. Nootropic action
of proline-based topological analogs of
piracetam. Pharmaceutical Chemistry
Journal. 1991;25(6):363-367. DOI:
10.1007/BF00772132

[2] Gudasheva TA, Boyko SS,
Akparov VK, Ostrovskaya RU,
Skoldinov SP, Rozantsev GG, et al.
Identification of a novel endogenous
memory facilitating cyclic
dipeptide cyclo-prolylglycine in
rat brain. FEBS Letters. 1996;391:
149-152

[3] Gudasheva TA, Ostrovskaya RU,
Trofimov SS, Voronina TA,
Skoldinov AP, Seredenin SB. New
endogenous dipeptide cycloprolyl-
glycine is similar to piracetam by its
mnemotropic selectivity. Bulletin of
Experimental Biology and Medicine.
1999;128(4):1012-1014

[4] Gudasheva TA, Konstantinopol'skii
MA, Ostrovskaya RU, Seredenin SB.
Anxiolytic activity of endogenous
nootropic dipeptide cycloprolylglycine
in elevated plus-maze test. Bulletin of
Experimental Biology and Medicine.
2001;131(5):464-466. DOI: 10.1023/a:
1017928116025

[5] Seredenin SB, Gudasheva TA,
Boiko SS, Kovalev GI, Voronin MV,
Yarkova MA. Endogenous dipeptide
cycloprolylglycine shows selective
anxiolytic activity in animals with
manifest fear reaction. Bulletin of
Experimental Biology and Medicine.
2002;133(4):360-362. DOI: 10.1023/a:
1016293904149

[6] Kolyasnikova KN, Gudasheva TA,
Nazarova GA, Antipova TA,
Voronina TA, Seredenin SB. Similarity
of cycloprolylglycine to piracetam in
antihypoxic and neuroprotective
effects. Eksperimental’naia i

Klinicheskaia Farmakologiia. 2012;
75(9):3-6. (in Russ)

[7] Povarnina PY, Kolyasnikova KN,
Nikolaev SV, Antipova TA,
Gudasheva TA. Neuropeptide
cycloprolylglycine exhibits
neuroprotective activity after systemic
administration to rats with modeled
incomplete global ischemia and in vitro
modeled glutamate neurotoxicity.
Bulletin of Experimental Biology and
Medicine. 2016;160(5):653-655. DOI:
10.1007/s10517-016-3241-5

[8] Ferro JN, de Aquino FL, de Brito RG,
Dos Santos PL, Quintans Jde S, de
Souza LC, et al. Cyclo-Gly-Pro, a cyclic
dipeptide, attenuates nociceptive behavior
and inflammatory response inmice.
Clinical and Experimental Pharmacology
and Physiology. 2015;42(12):1287-1295.
DOI: 10.1111/1440-1681.12480

[9] Kovalev GI, Abdullina AA,
Vasil’eva EV, Gudasheva TA,
Seredenin SB. Antidepressant-like
properties of cycloprolylglycine.
Eksperimental’naia i Klinicheskaia
Farmakologiia. 2018;81(11):3-6. (in Russ).
DOI: 10.30906/0869-2092-2018-81-11-3-6

[10] Garibova TL, Gudasheva TA,
Seredenin SB. A new component in the
mechanism of regulation of
endogenous depressive-like states.
Doklady Biochemistry and Biophysics.
2019;488(1):324-326. DOI: 10.1134/
S1607672919050107

[11] Gudasheva TA, Grigoriev VV,
Koliasnikova KN, Zamoyski VL,
Seredenin SB. Neuropeptide
cycloprolylglycine is an endogenous
positivemodulator of AMPA
receptors. Doklady Biochemistry
andBiophysics. 2016;471(1):387-389.DOI:
10.1134/S160767291606003X

[12] Gudasheva TA, Koliasnikova KN,
Antipova TA, Seredenin SB.

269

Glyproline Pro-Ampakine with Neuroprotective Activity
DOI: http://dx.doi.org/10.5772/intechopen.91192



Neuropeptide cycloprolylglycine
increases the levels of brain-derived
neurotrophic factor in neuronal cells.
Doklady Biochemistry and Biophysics.
2016;469(1):273-276. DOI: 10.7868/
S0869565216220254

[13] Ovchinnikov YA, Ivanov VT.
Conformational states and biological
activity of cyclic peptides. Tetrahedron.
1975;31:2177-2209. DOI: 10.1016/
0040-4020(75)80216-X

[14] Baldoni HA, Zamarbide GN,
Enriz RD, Jauregui EA, Farkas Ö,
Perczel A, et al. Peptide models XXIX.
Cis–trans isomerism of peptide bonds:
Ab initio study on small peptide model
compound; the 3D-Ramachandran map
of formylglycinamide. Journal of
Molecular Structure: THEOCHEM.
2000;500:97-111. DOI: 10.1016/
S0166-1280(00)00372-9

[15] Rydon HN, Smith PWG.
Polypeptides. Part IV. The self-
condensation of the esters of some
peptides of glycine and proline.
Journal of the Chemical Society. 1956;
1956:3642-3650. DOI: 10.1039/
JR9560003642

[16] Manabe S, Machida H, Aihara Y,
Yasunaga M, Ito Y, Matsumura Y.
Development of a diketopiperazine-
forming dipeptidyl Gly-pro spacer for
preparation of an antibody–drug
conjugate. MedChemComm. 2013;4(5):
792-796. DOI: 10.1039/C3MD00075C

[17] Young DW, Morecombe DJ, Sen PK.
The stereochemistry of beta-lactam
formation in penicillin biosynthesis.
European Journal of Biochemistry. 1977;
75(1):133-147. DOI: 10.1111/
j.1432-1033.1977.tb11511.x

[18] Nazarova LS, Rozonov YB,
Likhosherstov AM, Morozova TV,
Skoldinov AP, Kaverina NV, et al.
Azacycloalkanes. XXVII. Synthesis and
antianginal activity of nonachlazine
stereoisomers. Pharmaceutical

Chemistry Journal. 1984;18(12):811-815.
DOI: 10.1007/BF00768332

[19] Riveles K, Huang LZ, Quik M.
Cigarette smoke, nicotine and cotinine
protect against 6-hydroxydopamine-
induced toxicity in SH-SY5Y cells.
Neurotoxicology. 2008;29(3):421-427

[20] Longa EZ, Weinstein PR, Carlson S,
Cummins R. Reversible middle cerebral
artery occlusion without craniectomy in
rats. Stroke. 1989;20(1):84-91. DOI:
10.1161/01.str.20.1.84

[21] Jolkkonen J, Puurunen K,
Rantakömi S, Harkonen A,
Haapalinna A, Sivenius J. Behavioral
effects of the alpha(2)-adrenoreceptor
antagonist, atipamezole, after focal
cerebral ischemia in rats. European
Journal of Pharmacology. 2000;400(2–
3):211-219. DOI: 10.1016/s0014-2999
(00)00409-x

[22] Bederson JB, Pitts LH, Germano SM,
Nishimura MC, Davis RL,
Bartkowski HM. Evaluation of 2,3,5-
triphenyltetrazolium chloride as a stain
for detection and quantification of
experimental cerebral infarction in rats.
Stroke. 1986;17(6):1304-1308. DOI:
10.1161/01.str.17.6.1304

[23] De Ryck M, Van Reempts J,
Borgers M, Wauquier A, Janssen PA.
Photochemical stroke model:
Flunarizine prevents sensorimotor
deficits after neocortical infarcts in rats.
Stroke. 1989;20(10):1383-1390. DOI:
10.1161/01.str.20.10.1383

[24] Ader R, Weinen JAWM,
Moleman P. Retention of a passive
avoidance response as a function of the
intensity and duration of electric shock.
Psychonomic Science. 1972;26(3):
125-128. DOI: 10.3758/BF03335453

[25] Roshchina LF, Ostrovskaia RU.
Effect of piracetam on the body’s
resistance to hypoxia. Farmakologiia i
Toksikologiia. 1981;44(2):210-213

270

Neuroprotection - New Approaches and Prospects

[26] Pellow S, Chopin P, File SE, Briley M.
Validation of open:closed arm entries in
an elevated plus-maze as a measure of
anxiety in the rat. Journal of Neuroscience
Methods. 1985;14(3):149-167

[27] Porsolt RD, Anton G, Blavet N,
Jalfre M. Behavioural despair in rats:
A newmodel sensitive to
antidepressant treatments. European
Journal of Pharmacology. 1978;47:379-391.
DOI: 10.1016/0014-2999(78)90118-8

[28] Anderson GW, Zimmerman JE,
Callahan FM. Reinvestigation of the
mixed carbonic anhydride method of
peptide synthesis. Journal of the
American Chemical Society. 1967;89:
5012-5017

[29] Baumann E. Ueber eine einfache
Methode der Darstellung von
Benzoësäureäthern. Berichte der
Deutschen Chemischen Gesellschaft.
1886;19:3218-3222. DOI: 10.1002/
cber.188601902348

[30] Brenner M, Huber W. Herstellung
von α-Aminosäureestern durch
Alkoholyse der Methylester. Helvetica
Chimica Acta. 1953;36:1109-1115. DOI:
10.1002/hlca.19530360522

[31] XicoyH,Wieringa B,Martens GJ. The
SH-SY5Y cell line in Parkinson’s disease
research: A systematic review. Molecular
Neurodegeneration. 2017;12(1):10. DOI:
10.1186/s13024-017-0149-0

[32] Welch WJ, Suhan JP. Cellular and
biochemical events in mammalian cells
during and after recovery from
physiological stress. Journal of Cell
Biology. 1986;103(5):2035-2052. DOI:
10.1083/jcb.103.5.2035

[33] Gusev EI, Skvortsova VI. Ishemiya
Golovnogo Mozga [Cerebral Ischemia]
[in Russian]. Moscow: Meditsina; 2001.
p. 248

[34] Lorenz J, Glatt HR, Fleischmann R,
Ferlinz R, Oesch F. Drug metabolism in

man and its relationship to that in three
rodent species: Monooxygenase,
epoxide hydrolase, and glutathione
S-transferase activities in subcellular
fractions of lung and liver. Biochemical
Medicine. 1984;32(1):43-56

[35] Huang H, Chen Y-M, Zhu F, Tang
S-T, Xiao J-D, Li L-L, et al. Down-
regulated Na+/K+-ATPase activity in
ischemic penumbra after focal cerebral
ischemia/reperfusion in rats.
International Journal of Clinical and
Experimental Pathology. 2015;8(10):
12708-12717

[36] Kolyasnikova KN, Vichuzhanin MV,
Konstantinopol’skii MA, Trofimov SS,
Gudasheva TA. Synthesis and
pharmacological activity of analogs of
the endogenous neuropeptide
cycloprolylglycine. Pharmaceutical
Chemistry Journal. 2012;46(2):96-102

[37] Kolyasnikova KN, Nazarova GA,
Gudasheva TA, Voronina TA,
Seredenin SB. Antihypoxic activity of
cycloprolylglycine analogs. Bulletin of
Experimental Biology and Medicine.
2015;158:458-460. DOI: 10.1007/
s10517-015-2784-1

[38] Can A, Dao DT, Arad M,
Terrillion CE, Piantadosi SC, Gould TD.
The mouse forced swim test. Journal of
Visualized Experiments. 2012;59:e3638.
DOI: 10.3791/3638

[39] Le Bars D, Gozariu M, Cadden SW.
Animal models of nociception.
Pharmacological Reviews. 2001;53(4):
597-652

[40] Konstantinopolsky MA,
Gudasheva TA, Kolik LG. Experimental
study of endogenous dipeptide cyclo-L-
prolylglycine in aspects of opioid
addiction and analgesia in rodents.
European Neuropsychopharmacology.
2019;29:S180-S181. DOI: 10.1016/j.
euroneuro.2018.11.305

271

Glyproline Pro-Ampakine with Neuroprotective Activity
DOI: http://dx.doi.org/10.5772/intechopen.91192



Neuropeptide cycloprolylglycine
increases the levels of brain-derived
neurotrophic factor in neuronal cells.
Doklady Biochemistry and Biophysics.
2016;469(1):273-276. DOI: 10.7868/
S0869565216220254

[13] Ovchinnikov YA, Ivanov VT.
Conformational states and biological
activity of cyclic peptides. Tetrahedron.
1975;31:2177-2209. DOI: 10.1016/
0040-4020(75)80216-X

[14] Baldoni HA, Zamarbide GN,
Enriz RD, Jauregui EA, Farkas Ö,
Perczel A, et al. Peptide models XXIX.
Cis–trans isomerism of peptide bonds:
Ab initio study on small peptide model
compound; the 3D-Ramachandran map
of formylglycinamide. Journal of
Molecular Structure: THEOCHEM.
2000;500:97-111. DOI: 10.1016/
S0166-1280(00)00372-9

[15] Rydon HN, Smith PWG.
Polypeptides. Part IV. The self-
condensation of the esters of some
peptides of glycine and proline.
Journal of the Chemical Society. 1956;
1956:3642-3650. DOI: 10.1039/
JR9560003642

[16] Manabe S, Machida H, Aihara Y,
Yasunaga M, Ito Y, Matsumura Y.
Development of a diketopiperazine-
forming dipeptidyl Gly-pro spacer for
preparation of an antibody–drug
conjugate. MedChemComm. 2013;4(5):
792-796. DOI: 10.1039/C3MD00075C

[17] Young DW, Morecombe DJ, Sen PK.
The stereochemistry of beta-lactam
formation in penicillin biosynthesis.
European Journal of Biochemistry. 1977;
75(1):133-147. DOI: 10.1111/
j.1432-1033.1977.tb11511.x

[18] Nazarova LS, Rozonov YB,
Likhosherstov AM, Morozova TV,
Skoldinov AP, Kaverina NV, et al.
Azacycloalkanes. XXVII. Synthesis and
antianginal activity of nonachlazine
stereoisomers. Pharmaceutical

Chemistry Journal. 1984;18(12):811-815.
DOI: 10.1007/BF00768332

[19] Riveles K, Huang LZ, Quik M.
Cigarette smoke, nicotine and cotinine
protect against 6-hydroxydopamine-
induced toxicity in SH-SY5Y cells.
Neurotoxicology. 2008;29(3):421-427

[20] Longa EZ, Weinstein PR, Carlson S,
Cummins R. Reversible middle cerebral
artery occlusion without craniectomy in
rats. Stroke. 1989;20(1):84-91. DOI:
10.1161/01.str.20.1.84

[21] Jolkkonen J, Puurunen K,
Rantakömi S, Harkonen A,
Haapalinna A, Sivenius J. Behavioral
effects of the alpha(2)-adrenoreceptor
antagonist, atipamezole, after focal
cerebral ischemia in rats. European
Journal of Pharmacology. 2000;400(2–
3):211-219. DOI: 10.1016/s0014-2999
(00)00409-x

[22] Bederson JB, Pitts LH, Germano SM,
Nishimura MC, Davis RL,
Bartkowski HM. Evaluation of 2,3,5-
triphenyltetrazolium chloride as a stain
for detection and quantification of
experimental cerebral infarction in rats.
Stroke. 1986;17(6):1304-1308. DOI:
10.1161/01.str.17.6.1304

[23] De Ryck M, Van Reempts J,
Borgers M, Wauquier A, Janssen PA.
Photochemical stroke model:
Flunarizine prevents sensorimotor
deficits after neocortical infarcts in rats.
Stroke. 1989;20(10):1383-1390. DOI:
10.1161/01.str.20.10.1383

[24] Ader R, Weinen JAWM,
Moleman P. Retention of a passive
avoidance response as a function of the
intensity and duration of electric shock.
Psychonomic Science. 1972;26(3):
125-128. DOI: 10.3758/BF03335453

[25] Roshchina LF, Ostrovskaia RU.
Effect of piracetam on the body’s
resistance to hypoxia. Farmakologiia i
Toksikologiia. 1981;44(2):210-213

270

Neuroprotection - New Approaches and Prospects

[26] Pellow S, Chopin P, File SE, Briley M.
Validation of open:closed arm entries in
an elevated plus-maze as a measure of
anxiety in the rat. Journal of Neuroscience
Methods. 1985;14(3):149-167

[27] Porsolt RD, Anton G, Blavet N,
Jalfre M. Behavioural despair in rats:
A newmodel sensitive to
antidepressant treatments. European
Journal of Pharmacology. 1978;47:379-391.
DOI: 10.1016/0014-2999(78)90118-8

[28] Anderson GW, Zimmerman JE,
Callahan FM. Reinvestigation of the
mixed carbonic anhydride method of
peptide synthesis. Journal of the
American Chemical Society. 1967;89:
5012-5017

[29] Baumann E. Ueber eine einfache
Methode der Darstellung von
Benzoësäureäthern. Berichte der
Deutschen Chemischen Gesellschaft.
1886;19:3218-3222. DOI: 10.1002/
cber.188601902348

[30] Brenner M, Huber W. Herstellung
von α-Aminosäureestern durch
Alkoholyse der Methylester. Helvetica
Chimica Acta. 1953;36:1109-1115. DOI:
10.1002/hlca.19530360522

[31] XicoyH,Wieringa B,Martens GJ. The
SH-SY5Y cell line in Parkinson’s disease
research: A systematic review. Molecular
Neurodegeneration. 2017;12(1):10. DOI:
10.1186/s13024-017-0149-0

[32] Welch WJ, Suhan JP. Cellular and
biochemical events in mammalian cells
during and after recovery from
physiological stress. Journal of Cell
Biology. 1986;103(5):2035-2052. DOI:
10.1083/jcb.103.5.2035

[33] Gusev EI, Skvortsova VI. Ishemiya
Golovnogo Mozga [Cerebral Ischemia]
[in Russian]. Moscow: Meditsina; 2001.
p. 248

[34] Lorenz J, Glatt HR, Fleischmann R,
Ferlinz R, Oesch F. Drug metabolism in

man and its relationship to that in three
rodent species: Monooxygenase,
epoxide hydrolase, and glutathione
S-transferase activities in subcellular
fractions of lung and liver. Biochemical
Medicine. 1984;32(1):43-56

[35] Huang H, Chen Y-M, Zhu F, Tang
S-T, Xiao J-D, Li L-L, et al. Down-
regulated Na+/K+-ATPase activity in
ischemic penumbra after focal cerebral
ischemia/reperfusion in rats.
International Journal of Clinical and
Experimental Pathology. 2015;8(10):
12708-12717

[36] Kolyasnikova KN, Vichuzhanin MV,
Konstantinopol’skii MA, Trofimov SS,
Gudasheva TA. Synthesis and
pharmacological activity of analogs of
the endogenous neuropeptide
cycloprolylglycine. Pharmaceutical
Chemistry Journal. 2012;46(2):96-102

[37] Kolyasnikova KN, Nazarova GA,
Gudasheva TA, Voronina TA,
Seredenin SB. Antihypoxic activity of
cycloprolylglycine analogs. Bulletin of
Experimental Biology and Medicine.
2015;158:458-460. DOI: 10.1007/
s10517-015-2784-1

[38] Can A, Dao DT, Arad M,
Terrillion CE, Piantadosi SC, Gould TD.
The mouse forced swim test. Journal of
Visualized Experiments. 2012;59:e3638.
DOI: 10.3791/3638

[39] Le Bars D, Gozariu M, Cadden SW.
Animal models of nociception.
Pharmacological Reviews. 2001;53(4):
597-652

[40] Konstantinopolsky MA,
Gudasheva TA, Kolik LG. Experimental
study of endogenous dipeptide cyclo-L-
prolylglycine in aspects of opioid
addiction and analgesia in rodents.
European Neuropsychopharmacology.
2019;29:S180-S181. DOI: 10.1016/j.
euroneuro.2018.11.305

271

Glyproline Pro-Ampakine with Neuroprotective Activity
DOI: http://dx.doi.org/10.5772/intechopen.91192



Chapter 13

Aptamers and Possible Effects
on Neurodegeneration
Fatma Söylemez and Çağatay Han Türkseven

Abstract

Aptamers are a new class of recognizing agents which are defined as short
biomolecules like oligonucleotides and peptides that are used in diagnostics and
therapeutics. They can bind to specific targets with extremely high affinity based on
their structural conformations. It is believed that in the near future, aptamers could
replace monoclonal antibody. The biggest advantage of using aptamers is that the
process is in vitro in nature and does not require the use of animals and they also
have unique properties, such as thermal stability, low cost, and unlimited applica-
tions. Aptamers have been studied as a biomaterial in numerous investigations
concerning their use as a diagnostic and therapeutic tool and biosensing probe. DNA
aptamers were also used for the diagnosis and treatment of neurodegeneration and
neurodegenerative diseases. For example, functional nucleic acid aptamers have
been developed to detect Aβ fragments in Alzheimer’s brain hippocampus tissue
samples. Aptamers are promising materials for diverse areas, not just as alternatives
to antibodies but as the core components of medical equipment. Although they are
in the preliminary stages of development, results are quite encouraging, and it
seems that aptamer research has a very bright future in neuroscience.
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1. Introduction

Aptamers, first introduced by Tuerk and Gold and Ellington and Szostak, are
short chains of DNA or RNA oligonucleotides that bind to small molecules, pep-
tides, and macromolecules, such as proteins of various sizes and conformations [1].
Aptamers are oligonucleotides that are possible of targeting specific molecules. The
name aptamer is derived from the Latin word aptus which means to fit. A very
interesting property of aptamers for therapeutic use is the ability of aptamers to
bind with high selectivity. They are small double- or single-stranded DNA or RNA
molecules. Aptamers have been extensively used in basic research, to ensure food
safety and to monitor the environment. Furthermore, aptamers have a promising
role in clinical diagnostics and as therapeutic agents [2].

1.1 Properties of aptamers

Aptamers are short single-chained oligonucleotides that fold into a defined 3D
structure with which they bind specifically and with high affinity to defined target
molecules (Figure 1) [3]. Aptamers usually consist of 15–50 nucleotides and have
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a molecular weight ranging from 5 to 15 kDa [4]. Multiple aptamers have been
generated so far, successfully binding to a wide variety of different objects such as
small molecules, proteins, and cells. Similar to the antibody-antigen interaction, the
recognition between aptamers and their target is very specific.

Recently aptamers are capable of binding different targets such as large protein
complexes, simple inorganic molecules, and total cells [5]. Thus, aptamers can be
regarded as nucleotide analogues of antibodies [6]. However, the production of
aptamers is easier and less expensive than antibodies.

Their binding properties are similar to those found for antibodies, being in the
nanomolar to the picomolar range [7], and aptamers have been identified to distin-
guish between members of a protein family, as they recognize target structures in
an epitope-specific manner [8]. Compared with antibodies, nucleic acid aptamers
have many advantages in their suitability for clinical application and industrializa-
tion, including almost no immunogenicity, efficient penetration, less batch
variation, easy modification, cost-effectiveness, and short production times [9]
(Table 1).

Figure 1.
Schematic representation of binding of an aptamer to a target protein. After binding, the aptamer interacts with
a target molecule such as protein to fold into a 3D structure, which forms a stable target aptamer complex [3].

Table 1.
Comparison between aptamer and antibody.
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1.2 Types of aptamers

Nucleic acid aptamers are short single-stranded DNA or RNA molecules and can
be selected from complex libraries by a technique called “systematic evolution of
ligands by exponential enrichment” (SELEX). These aptamers are capable of bind-
ing to the target molecule with high affinity and specificity. Nucleic acid aptamers
are functionally similar but have some differences in their stability and accessibility
(Table 2). DNA aptamers are less reactive and relatively stable because of the C▬H
bonds at the 21st position of the deoxyribose sugar of DNA nucleotides. This
chemical difference gives DNA aptamers an inherent advantage in stability over
RNA aptamers [10].

RNA aptamers are defined as RNA oligonucleotides that bind to a specific target
with high affinity and specificity, similar to how an antibody binds to an antigen
[11]. RNA aptamers are less stable than DNA aptamers due to the presence of a
reactive hydroxyl group (▬OH) in the 21st position of the ribose sugar in the RNA
nucleotides. This ▬OH group is especially deprotonated, particularly in alkali solu-
tions. The resulting anionic 21-O can be nucleophilically attached to the phosphorus
atom of the phosphodiester bond, leading to hydrolysis of RNA molecules. It was
found that the nuclease resistance of RNA aptamers increased when the 21-
hydroxyl group was removed from RNA sugars [10, 12]. Because of the C▬H bonds
of the DNA nucleotides at position 21 of the deoxyribose sugar, DNA aptamers are
less reactive and relatively stable. Due to this chemical difference, DNA aptamers
are more stable than RNA aptamers.

Another type of aptamer developed around 1996 was peptide aptamers. The
concept, originally introduced by Roger Brent, proposed a short amino acid
sequence embedded (“double constrained”) within the context of a small and very
stable protein backbone (“scaffold”) [13, 14]. Peptide aptamers are conjugated
protein molecules with specific binding affinity to target proteins formed under
intracellular conditions. The typical structure of peptide aptamers is a short peptide
region inserted within a scaffold protein. The short peptide region is responsible for
binding with the target protein. The scaffold protein helps to increase binding
affinity and specificity by a restriction on the conformation of the binding peptide
[15]. Thus, peptide aptamer applications range from in vitro detection of various
proteins in a complex mixture to in vivo modulation. In addition, peptide aptamers

Table 2.
Comparison of RNA, DNA, and peptide aptamers.
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have been recognized as therapeutic molecules due to their anticancer and
antivirus activities.

1.3 Aptamer production: selection and identification of aptamers

Aptamers are a new class of recognizing agents that came into light in 1990 [16].
Tuerk and Gold developed a method known as systematic evolution of ligands by
exponential enrichment or popularly called as SELEX method for selection of
aptamers against target [17]. The method is in vitro in nature and does not require
the use of animals. Aptamers are chemically synthesized and selected for their high
affinity and specificity for a certain target through the SELEX process (Figure 2).

The process starts with synthesizing a random DNA oligonucleotide library
(Figure 2). This library consists of a diverse pool of ssDNA fragments (1015). When
selecting RNA aptamers, the library needs to be converted into an RNA library.
Subsequently, the target is introduced in the pool, non-binding fragments are
removed by several washing steps, and the remaining fragments are amplified by
PCR or RT-PCR. A new pool of oligonucleotides is created using the selected
fragments and another round is performed. Usually 8–15 rounds are performed in
order to obtain a high-affinity aptamer.

Figure 2.
Schematic illustration of an in vitro selection cycle.
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Since the early 1990s, systematic evolution of ligands by exponential enrichment
and similar methods have been reported to efficiently select RNA and DNA
aptamers [10]. Thereafter, nucleic acid aptamers have been extensively researched
and applied. The identification of aptamers is achieved by an in vitro selection
process, also termed SELEX. In this method, a synthetic nucleic acid library that
contains up to 1015 different sequences and structures is incubated with the desired
target molecule, unbound sequences are removed, and target-linked sequences are
recovered and amplified using PCR or RT-PCR [3, 18]. This cyclic process is
repeated several times (5–16) until the nucleic acid population has been substan-
tially enriched for target-specific sequences. Nucleic acid libraries offer the largest
collection of compounds available so far for screening and selection purposes. The
monoclonal aptamer sequences are accessible by cloning and sequencing these
libraries. But the latest generation sequencing approaches allow in-depth evaluation
of the selection process [19, 20]. A wide range of selection methods and strategies
have been described since the first reports in 1990. The basis of these variations is
based on the separation method used or chemical modifications added to the nucleic
acid libraries.

2. The application of aptamers as molecular tools in neurosciences

Aptamers have a number of diagnostic and therapeutic applications, such as
biosensors and target inhibitors. Due to simple preparation, easy modification, and
stability, aptamers have been used in the diverse areas within molecular biology,
biotechnology, and biomedicine [2]. In general, aptamers are used in diagnostics,
pathogen recognition, cancer recognition, stem cell recognition, monitoring envi-
ronmental contamination, biosensors, and therapeutics. Aptamers are being used in
versatile applications. However, their use as a molecular research tool in neurosci-
ence is limited. There are very few studies on the production of aptamers targeting
neuroscience-related target proteins such as ion channels or application for neuro-
nal cell behavior by inhibiting specific proteins.

Neurodegenerative diseases are defined as hereditary and sporadic conditions
which are characterized by progressive nervous system dysfunction. These disor-
ders are often associated with atrophy of the affected central or peripheral struc-
tures of the nervous system. Alzheimer’s disease (AD) is the most common cause of
dementia and is characterized by progressive loss of memory and other cognitive
functions. It is considered a major epidemic worldwide, where currently more than
35 million people live with this disease. By 2050 it is estimated this figure will reach
115 million [21]. AD is characterized by two major abnormalities; abnormal extra-
cellular amyloid β-protein (Aβ) disposition and intracellular neurofibrillary tangle
(NFT) formation, both leading to neuronal degeneration. The generation of Aβ is
triggered by B-site amyloid precursor protein cleaving enzyme 1 (BACE1). Thus,
BACE1 is a prospective target for interfering with Aβ production and the treatment
of AD [22]. A DNA aptamer selected by Liang et al. has been shown to bind to
BACE1 with high affinity and good specificity, exhibiting a distinct inhibitory effect
on BACE1 activity in an AD cell model [23].

Autoimmunity and autoantibodies play a role in the pathogenesis of many dis-
eases. Recently, a research team in Germany demonstrated the presence of func-
tional autoantibodies against G-protein bound receptors in the serum of Alzheimer’s
and vascular dementia patients [24]. And the aptamer BC007, which is selective for
the GPCR-AAB FAB fragment as a “broad-spectrum neutralizer,” has been devel-
oped based on binding and epitope mapping studies [24]. The fact that BC007
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aptamer was successful in neutralization in an in vitro study revealed the possibility
of being a potential therapeutic tool for dementia patients.

Parkinson’s disease (PD), the second most common neurodegenerative disease
after AD, affects over 7 million people worldwide. The pathology is characterized
by loss of dopaminergic neurons, leading to decreased production of dopamine, a
neurotransmitter that regulates movement and cognition. In the previous immuno-
therapy, targeting the α-syn in PD models with monoclonal antibodies has
established α-syn protein as an effective target for neuronal cell death. The patho-
genesis of Parkinson’s disease involves the accumulation of α-synuclein protein in
neurons. Anti-α-synuclein antibody treatment has achieved some success. How-
ever, this antibody-based immunotherapy is limited by the inherent immunogenic-
ity of antibodies and the inability of antibodies to reach intracellular targets.

To date, there is no recognized cure for Parkinson’s disease. Aptamer-based
immunotherapy is an attractive alternative. Researchers in China have reported
preliminary results for a selective aptamer to α-synuclein. The purified human α-
syn was used as the target for in vitro selection of aptamers using systematic
evolution by exponential enrichment in Zheng et al.’s study [25]. This resulted in
the identification of two 58-base DNA aptamers with a high binding affinity and
good specificity to the α-syn. Both aptamers could effectively reduce α-syn aggre-
gation in vitro and in cells and target the α-syn to intracellular degradation through
the lysosomal pathway. In vitro, the aptamer inhibited the accumulation of α-
synuclein and its association with the mitochondria [26]. It also induced intracellu-
lar α-synuclein degradation, and the neuron maintained viability despite
overexpression of α-synuclein. In vivo, the a-synuclein aptamer can potentially
inhibit the accumulation of a-synuclein in the cell while at the same time promoting
the destruction of existing aggregates and reducing the toxic effects of α-synuclein
aggregates on neurons. These effects consequently rescued the mitochondrial dys-
function and cellular defects caused by α-syn overexpression [26].

Numerous examples in the literature have shown the efficacy of aptamers
against several important targets. Aptamers have been developed to bind to α-
synuclein monomers or its oligomer. These aptamers recognized β-sheet structure,
the moiety though which they can bind not only to α-synuclein oligomer but also Aβ
oligomer. This indicates that these aptamers could also potentially be deployed as
drugs treat Parkinson’s and Alzheimer’s diseases (Figure 3).

Multiple sclerosis (MS) is a chronic inflammatory and demyelinating disorder of
the nervous system. Currently, there is no cure for MS, and the available medica-
tions only shorten the duration of attacks to slow the progression of the disease.
Remyelination is a naturally occurring process in the body to restore damaged
myelin sheaths after an MS attack. Rozenblum et al. identified a 40-nucleotide DNA
aptamer which exhibits affinity towards murine myelin and binds to multiple
myelin components in vitro [27]. In mice, it has been shown that aptamer is intro-
duced into CNS tissue by intraperitoneal (IP) injection and dispersed in the tissue
[28]. In addition, the aptamer allowed remyelination of CNS lesions in mice
infected with Theiler virus [29]. Therefore, this aptamer can be used for recovery
following an episode of MS and may alleviate the symptoms of MS.

The toll-like receptor 4 (TLR4) plays a crucial role in the adaptive immune
response. It plays a role in many pathologies including stroke, myocardial infarc-
tion, atherosclerosis, sepsis, multiple sclerosis, and chronic pain. A research group
from Spain investigated TLR4 blocking DNA aptamers, especially for the treatment
of stroke. In an in vivo study involving mice and rats exposed to permanent middle
cerebral artery occlusion (pMCAO), the TLR4-blocking aptamer reduced ischemic
brain injury 4–6 h after injury [30]. The presence of aptamer in the blood and brain
has been demonstrated by imaging studies [30]. Although tissue plasminogen
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activator, tPA, is a viable option in only 5% of stroke treatment cases, TLR4
blocking aptamers have been shown to be a promising and nontoxic alternative.

Signal cascades play an important role in various aspects of cellular homeostasis
and are also connected to several diseases [3, 31]. AMPA receptors are involved in
excitatory synaptic transmission in the CNS and contribute to synaptic plasticity, as it
is known in learning and memory processes [32]. They are hetero-oligomeric pro-
teins, constituted of different combinations of four subunits GluR1-R4. The phos-
phorylation of GluR1 at the amino acid residues Ser831, Ser845, and Ser818 located at
the receptor’s intracellular domain has been found to have a strong impact on AMPA-
mediated neurotransmission. Liu et al. identified an RNA aptamer, termed A2, which
modulates the phosphorylation of the serine residue Ser845 of the GluR1, whereas the
phosphorylation of the Ser831 and Ser818 has been found to be unaffected [33].
Another work identified an RNA aptamer, named C5, which specifically binds and
inhibits the mitogen-activated protein kinase (MAPK) Erk1/2 [34].

Aptamers may be of therapeutic use in treating neurological diseases. One of its
biggest advantages is that aptamers are better able to penetrate tissues, cells, and
blood-brain barrier (BBB) because they are small. They are essentially non-
immunogenic and chemically synthesized. Therefore, they eliminate concerns
about biological contamination or long-term reagent formation that is often
encountered in antibody treatments. Although new drug therapies are a risk to
follow, there is a great potential in terms of increasing survival rates, decreasing
healthcare costs, and high quality of life in aptamers.

Figure 3.
Aptamers targeting α-Syn oligomers for diagnosing and preventing onset of PD and dopamine for diagnosing
dopamine concentrations [26].
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3. Limitations and opportunities of aptamers

Around 50 million people worldwide have Alzheimer’s disease, and more than
10 million people have Parkinson’s disease. The most common type of cancer in
children younger than 19 years is brain tumors and central nervous system tumors
and is the leading cause of cancer-related deaths in children under 14 years of age in
the United States. Although antibody drugs have taken major steps in cancer ther-
apies, the passage of these drugs through the blood-brain barrier and proper
cleansing of the brain limit the use of antibody drugs for the treatment of neuro-
logical diseases.

Aptamers have a number of advantages, such as their high specificity and affin-
ity, their enzymatic or chemical production, and their high reliability and their
renewability in simple ways. Furthermore, they have a higher inhibitory potential
than monoclonal antibodies and have the possibility of wider chemical modification
as they can be synthesized enzymatically or chemically. Aptamers can also remain
stable in a wide variety of buffer environments without loss of activity and are more
resistant to harsh processes such as physical or chemical denaturation. Since
aptamers are developed completely in vitro without the need for cells or animal
immune systems, aptamer production offers a wide variety of binding options.
Aptamers can be produced against a large number of targets, such as molecules that
are toxic to the cell, targets where an immune response does not occur, and com-
pounds that are soluble only in solvents other than water [35]. Given the chemical
and physical properties of aptamers, it is unlikely that they will enter the brain via
paracellular aqueous pathways or transcellular lipophilic pathways. However, the
aptamer may enter the brain by any of the pathways of adsorptive-mediated
transcytosis and channels and/or receptors for absorption or liquid-phase pinocyto-
sis. A recent study has shown that a quadruplex DNA aptamer binds to nucleotide
by micropinocytosis [36]. Cheng et al. identified an aptamer that can enter brain
endothelial cells under physiological conditions, and in vivo, into the brain paren-
chyma [36]. This development has shed light on the use of aptamers in the investi-
gation of neurological diseases.

As all technologies and classes of substances, the use of aptamers has certain
limitations as well as advantages. In vitro selection experiments are the major
obstacle to success, which means whether a specific combination of the target
protein and the nucleic acid library will produce an aptamer. Essentially, this limi-
tation binds to a limited number of nucleotide groups and building blocks from
which a nucleic acid library is made. The four canonical nucleotides, together with
ribose (in the case of RNA) or deoxyribose (in the case of DNA) and phosphate
backbone, are highly limited chemical diversity in comparison to 21 proteinogenic
amino acids that are capable of forming a large number of molecular interactions
and properties such as polar, charged, basic, acidic, aromatic, and aliphatic. There-
fore, the success rate of in vitro selection experiments for protein targets was found
to be 30% [37].

The inability of aptamers to cross cell membranes autonomously (e.g., passive
diffusion represents a further limitation in their applicability and is mainly attributed
to their macromolecules and polyanionic nature). Nevertheless, several options are
available to overcome this restraint (e.g., transfection with liposomes, through plas-
mid or viral delivery or using nanoparticles). In experiments with isolated cells and
cell culture, intracellular distribution of aptamers can be achieved, but this is more
complicated in vivo, especially when the targeted tissue is CNS. The barrier (blood-
brain barrier) cannot passively pass aptamers and other macromolecules. However,
by performing in vivo experiments, aptamers that cross the blood-brain barrier in
mice and penetrate into the brain parenchyma could be identified [36].
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Aptamer technology has emerged into almost every field in the life sciences
since its inauguration 25 years ago. To date, a wide variety of aptamers have been
selected and characterized and also allowed to bind to a wide variety of target
molecules. Aptamers are suitable for diagnostic and therapeutic applications
because of their unique properties. In this chapter, we explained that because of the
specific properties of aptamers, it can be a valuable tool for basic research in the
field of neuroscience. In the future, neurobiology approaches will reveal a number
of interesting target proteins in which specific and potent inhibitors are required.
Analysis of target proteins in neurons and neuronal systems requires identification
and availability of specific inhibitory compounds. Thus, the identification of new
aptamers may be crucial for the timely acquisition of new inhibitors for the treat-
ment of disorders in the neurological system. Together, we believe that aptamers
will be a valuable research tool for neurological studies and that data from new
studies in the field of aptamer and neuroscience will reveal the full potential of
aptamers.
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Chapter 14

Lifestyle Factors, Mitochondrial 
Dynamics, and Neuroprotection
Katheryn Broman, Abigail U. Davis, Jordan May  
and Han-A Park

Abstract

The brain requires vast amounts of energy to carry out neurotransmission; 
indeed, it is responsible for approximately one-fifth of the body’s energy consump-
tion. Therefore, in order to understand functions of brain cells under both normal 
and pathological conditions, it is critical to elucidate dynamics of intracellular 
energy. The mitochondrion is the key intercellular organelle that controls neuronal 
energy and survival. Numerous studies have reported a correlation between altered 
mitochondrial function and brain-associated diseases; thus mitochondria may 
serve as a promising target for treating these conditions. In this chapter, we will 
discuss the mechanisms of mitochondrial production, movement, and degradation 
in order to understand accessibility of energy during physiological and pathological 
conditions of the brain. While research targeting molecular dynamics is promis-
ing, translation into clinical relevance based on bench research is challenging. For 
these reasons, we will also summarize lifestyle factors, including interventions 
and chronic comorbidities that disrupt mitochondrial dynamics. By determining 
lifestyle factors that are readily accessible, we can propose a new viewpoint for a 
synergistic and translational approach for neuroprotection.

Keywords: mitochondria, neuroprotection, Bcl-2, exercise, diet

1. Introduction

Frequently referred to as the “the powerhouse of the cell,” the mitochondrion 
is the key organelle that contributes to neuronal energy and viability through 
the production of adenosine triphosphate (ATP) via oxidative phosphorylation. 
During oxidative phosphorylation, electrons from FADH2 or NADH travel across 
the electron transport chain (ETC) creating an electrical gradient along the inner 
mitochondrial membrane allowing protons to diffuse through the ATP synthase. 
This allows the ATP synthase to bind a phosphate group to adenosine diphosphate 
(ADP) creating ATP. Compared to other metabolic pathways such as fermentation 
and anaerobic respiration, oxidative phosphorylation is the most efficient process 
to generate ATP. Energy in the brain is used for overall maintenance of cellular 
processes, neuronal growth, and axonal branching [1]. However, a majority of the 
ATP produced is utilized to support one of the neuron’s most essential functions, 
synaptic transmission [2]. For example, the Na+, K+ -ATPase or the Na+, K+-pump is 
responsible for approximately half of the energy consumed by the brain, through its 
use of active transport to pump out sodium ions while taking in potassium ions [3]. 
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This pump is essential in neurotransmission through its regulation of membrane 
potential, cell volume, and intracellular Ca2+ homeostasis [4, 5]. Likewise, exocy-
tosis requires sufficient energy to release neurotransmitters from presynaptic to 
postsynaptic vesicles [5].

Beyond the mitochondria’s role in energy production, it is also a key regulator 
of apoptotic cell death [6]. Various proteins, such as cytochrome c, reside in the 
mitochondria and participate in apoptotic pathways. In normal physiological condi-
tions, cytochrome c plays a role as an electron carrier in the ETC. However, during 
neurotoxic conditions, permeabilization of the mitochondrial membrane occurs, 
and cytochrome c is released into the cytoplasm. Upon release, cytochrome c binds 
to apoptotic protease activating factor 1 (Apaf-1) which, in turn, activates cas-
pase-9, forming the apoptosome that then activates downstream caspases leading 
to cell death [7]. Second mitochondria-derived activator of caspase (Smac)/direct 
IAP-binding protein with low PI (DIABLO) is also a mitochondrial protein released 
during apoptosis. The N-terminus of Smac/DIABLO directly interacts with inhibi-
tor of apoptosis proteins (IAPs), a family of proteins that inhibit caspase 3, 7, and 9 
activities; thus Smac/ DIABLO exhibits pro-apoptotic roles [8].

It has been well studied that Bcl-2 family of proteins controls neuronal survival 
or death via regulating apoptotic pathways, i.e., pro-apoptotic proteins versus 
anti-apoptotic proteins [9]. The presence of at least one of the four Bcl-2 homology 
(BH) domains influences a Bcl-2 family member’s role in apoptosis. Pro-apoptotic 
Bcl-2 family members include the multidomain homology proteins such as Bax 
and Bak as well as the BH3-only homology proteins such as Bid, Bim, Bad, PUMA, 
and NOXA. These pro-apoptotic Bcl-2 proteins enhance mitochondrial membrane 
permeabilization resulting in subsequent release of cytochrome c [10–14].

Anti-apoptotic proteins of the Bcl-2 family include Bcl-2, Bcl-xL, Bcl-w, Mcl-1, 
and Bfl-1. These proteins contain the BH4 homology, which is essential for anti-
apoptotic functionality. Both Bcl-2 and Bcl-xL antagonize pro-apoptotic members 
to prevent apoptosis [15, 16]; for instance, Bcl-xL targets Bak, preventing its oligo-
merization and inhibiting it from damaging the mitochondrial outer membrane 
[17]. Similarly, the C-terminal of Bcl-xL binds to the BH3 domain of Bax, resulting 
in retro-translocation-activated Bax. [18]. Protein-protein binding is further dem-
onstrated with additional members of Bcl-2 family. These observations suggest that 
the Bcl-2 family’s role in mediating apoptosis and mitochondrial permeabilization is 
largely influenced by dynamic protein-protein interactions with each other [19–21].

The mitochondrion is also responsible for the production of reactive oxygen 
species (ROS), namely, superoxide and hydrogen peroxide, at Complex I and III 
of the ETC [22]. This occurs as a result of electron leakage from the complexes, 
which then allows oxygen to react [23]. Due to the high energy demands required 
by neuronal mitochondria, this results in increased ROS generation. Increased ROS 
activity contributes to lipid peroxidation, causing disruption of the hydrophobic 
interaction between cytochrome c and cardiolipin, thus releasing cytochrome c 
[24]. Furthermore, the brain is particularly susceptible to oxidative damage due 
to its composition of high lipid content. Indeed, ROS play a significant role in the 
regulation of cell death; however, ROS have recently been reported to induce DNA 
demethylation via 8-oxoguanine DNA glycosylase-1 (OGG1) [25]. As a result, 
DNA demethylation induces activation of the reelin gene [26], which has been 
implicated in enhancing synaptic plasticity by inducing long-term potentiation 
(LTP) [27], thus indicating that normal levels of ROS may play a role in supporting 
LTP. Additionally, elimination of ROS negatively impacted neural stem cell prolif-
eration in hippocampal cells indicating that homeostatic levels of ROS may possibly 
be involved in cell proliferation during growth and development [28]; however 
additional information is needed in order to elucidate the mechanism behind this.
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2. Mitochondrial dynamics

Mitochondria were previously thought of as static organelles. Due to advances in 
molecular biotechnologies, it has been revealed that mitochondria are indeed very 
dynamic; mitochondria undergo fission and fusion, can vary in morphology, and 
achieve intracellular movement. Precise execution of these processes is especially 
vital for proper ATP production, apoptosis, and ROS homeostasis in neurons to 
properly execute neurotransmission.

2.1 Fission and fusion

Fission and fusion are integral processes of cellular homeostasis that maintain 
proper mitochondrial morphology and turnover. Both are mediated by GTPases in 
the dynamin family, with rates of occurrence depending on changes in metabolic 
demands. Undoubtedly, fission is essential for dividing cells in order to maintain 
an adequate number of mitochondria; however, even in nonproliferating neurons, 
fission is necessary for cell survival [29]. Dynamin-related protein 1 (Drp1) is the 
primary GTPase that mediates fission, with its activity controlled by phosphoryla-
tion via kinases, primarily on two serine residues. Specifically, phosphorylation 
at Ser616 promotes fission, while phosphorylation at Ser637 inhibits fission, so 
balance of Drp1 phosphorylation is crucial for proper fission functionality [30]. 
Impairment in Drp1 leads to alterations in mitochondrial distribution, with mito-
chondria accumulation occurring at the soma and reduced density in the dendrites. 
Conversely, Drp1 overexpression yields an increase in dendritic mitochondria 
[31]. Hippocampal neurons lacking Drp1 display compromised function of axonal 
mitochondria due to the inability to maintain ATP levels, recycling at synapses 
[32]. Prominent regulators of fusion include mitofusion 1 and 2 (Mfn1 and Mfn2, 
respectively) and optic protein atrophy 1 (Opa1). Mitofusion proteins mediate the 
outer membrane, while Opa1 regulates the inner membrane; however, both work in 
coordination in a two-step process to carry out fusion [33, 34].

Both fission and fusion are enhanced by Bcl-xL, with fission being induced in a 
Drp1-dependent manner [35]. This is conclusive with a previous study demonstrat-
ing the direct interaction of Bcl-xL with Drp1, initiating Drp1-dependent synapse 
formation in hippocampal cells [36]. When investigated further, this Bcl-xL-Drp1 
complex was found to be necessary for presynaptic plasticity by regulating endo-
cytic vesicles [37].

2.2 Mitochondrial trafficking

Trafficking, mobility, and docking are intertwining processes that are vital 
to ensure neurons are equipped with the proper distribution and recycling of 
mitochondria at axons and synapses throughout the cell’s life span. Figure 1 
demonstrates how mitochondria are motile and change morphology in primary 
hippocampal cells. Mitochondrial trafficking is mediated by intracellular signal-
ing, physiological events, and alterations in metabolic demands. Approximately 
70% of mitochondria are stationary, with the remaining 30% motile [38]. 
Furthermore, five distinct mitochondria motility patterns have been described by 
Sun’s research group: stationary outside of synapses, docking at synapses, passing 
though synapses, pausing at synapses for a short amount of time, and pausing for 
a longer time [39].

Mechanisms of mitochondrial movement and transport are overall influenced 
by the polarity of axons, with the positive end directed toward the soma and the 
negative at the tips. Utilizing this consistent axonal polarity is how microtubule 
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This pump is essential in neurotransmission through its regulation of membrane 
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demethylation via 8-oxoguanine DNA glycosylase-1 (OGG1) [25]. As a result, 
DNA demethylation induces activation of the reelin gene [26], which has been 
implicated in enhancing synaptic plasticity by inducing long-term potentiation 
(LTP) [27], thus indicating that normal levels of ROS may play a role in supporting 
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eration in hippocampal cells indicating that homeostatic levels of ROS may possibly 
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motors drive transport in two directions. Movement away from the soma or antero-
grade movement is conducted by the ATPase family of kinesins, with kinesin-1 
being responsible for mitochondrial transport, specifically in neurons [38, 40]. 
Kinesin-1 consists of heavy chains (KHC) and light chains, with the heavy chains 
being the driving force that allows kinesin-1 to function as a motor protein [41]. 
Retrograde movement or movement toward the soma is driven by dynein. However, 
it is likely that these movements are coordinated rather than competitive toward 
each other, as it has been demonstrated that inhibiting kinesin-1 in Drosophila 
reduces retrograde movement [42].

Mitochondrial Rho-GTPase, or Miro, is an outer membrane receptor, Ca2+ 
sensor, and another pertinent regulator of mitochondrial motility due to its ability 
to anchor kinesin and dynein to the mitochondrial outer membrane [43]. Miro’s 
anchoring role has been extensively studied in anterograde movement in the motor/
adaptor complex formed between KHC and Miro, connected by the protein adaptor 
milton [44, 45].

Another important component of mitochondria trafficking is stationary dock-
ing. Mitochondrial docking is largely mediated by the axonal outer membrane pro-
tein syntaphilin (SNPH) and its interaction with microtubules in the cytoskeleton. 
This is demonstrated in rodent models in which deletion of the SNPH gene results 
in an increase in mitochondria motility and reduced density, while overexpression 
of endogenous or exogenous SNPH abolished mobility [46]. Along with decreasing 
the percentage of immobile mitochondria, loss of SNPH decreases axonal branch-
ing in cortical neurons [47]. This effect is comparable to neurons lacking LKB-1 and 
NUAK1, which is necessary for axonal specification [48]. The removal of either of 
these kinases leads to a decrease in the number of stationary mitochondria along 
with decreased branching. However, overexpression of SNPH in the LKB-1 and 
NUAK1-null neurons rescued these effects. Collectively, this implies that docking 
of mitochondria is required for axonal branching and growth [47]. Since Bcl-xL is 
required for neurite outgrowth [49], it is possible that Bcl-xL exerts this effect by 
interacting with docking proteins such as syntaphilin. However, the exact role of 
Bcl-xL in docking mechanisms must be further elucidated.

3. Alteration of mitochondrial function in brain-associated diseases

While various brain-associated diseases have different pathophysiologies, there 
is an underlying similarity that consistently occurs: mitochondrial dysfunction. 
Throughout these conditions, neurodegeneration is correlated with an energy deficit 
caused by inefficient operation of the ETC, activation of mitochondria-dependent 
apoptosis, and accumulation of ROS. In addition, excitotoxicity, which commonly 

Figure 1. 
Mitochondrial movement in primary hippocampal neurons. Primary hippocampal neurons were labeled with 
mitoRFP, a red fluorescent tag that labels mitochondria. Micrographs were taken at 3 and 4 weeks after seeding. 
Morphology and location of mitochondria change over time.
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occurs during cerebral ischemia and traumatic brain injury, impairs homeostasis of 
excitatory neurotransmitter glutamate [50–53]. Overstimulation of glutamate recep-
tors further leads to Ca2+ release; because mitochondria are one of the key regulators 
of Ca2+, excessive influx can consequently lead to mitochondrial dysfunction, altered 
membrane permeabilization, and subsequent cell death [50, 54–56]. Pathways 
such as these have been extensively explored in neurological conditions. However, 
research in the past decade has begun to determine the relationship between brain-
associated conditions and mitochondrial dynamics.

3.1 Parkinson’s disease

Parkinson’s disease (PD) is a common neurodegenerative disease that has detri-
mental clinical effects including tremors, impaired gait, and stiffness of limbs [57]. 
These symptoms are often due to PD’s hallmark characterization of degeneration of 
the dopaminergic neurons in the substantia nigra. Individuals with PD are vulner-
able to increased ROS production due to reduced complex 1 activity, increased lipid 
oxidation, and altered antioxidant systems [58].

As several PD-specific proteins impact mitochondrial dynamics, it is possible 
that the neurodegeneration that occurs with PD is linked to alterations in fis-
sion and fusion [59, 60]. Dopaminergic neurons depleted of Drp1 demonstrated 
decreased mitochondrial mass, impaired motility, and overall neuron loss. Neurons 
depleted with Drp1 had less mitochondria in the soma and were almost completely 
depleted from the axons; by not having mitochondria at axons, this can lead to the 
neurodegeneration due to energy deficits, as synaptic transmission requires a high 
demand of ATP [61].

The PINK1/Parkin pathway has been traditionally studied with its roles in 
mitophagy. Under normal physiological conditions, PINK1 accumulates on the 
surface of dysfunctional mitochondria to signal Parkin translocation to initiate 
ubiquitination [62]. However, mutations in PINK1 and Parkin, which have been 
linked to early onset familial forms of PD, lead to loss of mitochondrial membrane 
potential, leading to impairment of Parkin’s translocation and thus accumulation 
of dysfunctional mitochondria [63]. Research in recent years has begun to uncover 
the role of the PINK1/Parkin pathway in mitochondrial transport. Overexpression 
of PINK1 phosphorylates Miro, targeting it for ubiquitination and subsequent 
degradation. This results in the dismantling of the motor/adaptor complex, releas-
ing kinesin and milton from the mitochondrial surface, and leads to halting of 
mitochondrial motility [64]. It is possible that this system may promote neuropro-
tection by preventing anterograde transport of mitochondria and allowing PINK1 
to accumulate on damaged mitochondria to initiate mitophagy [65]. Furthermore, 
PINK1 may exert neuroprotection due to its interaction with Bcl-xL [66]. It has 
been shown that PINK1 phosphorylates Bcl-xL at its Ser62; as a result, this prevents 
N-terminal cleavage of Bcl-xL or formation of ΔN-Bcl-xL, which has been associ-
ated with neuronal death [67–69]. However, if altered PINK1 expression occurs as 
a result of genetic mutation, this may lead to dysregulated mitochondrial transport 
and promotion of apoptosis.

The presynaptic protein α-synuclein is a major constituent of Lewy bodies, 
with mutations in its encoding gene, SNCA, being linked to familial PD [70]. Some 
amount of α-synuclein can localize to the mitochondria, inducing mitochondrial 
fragmentation, dysfunction, and downregulation of complex 1 activity, potentially 
contributing to ROS production [71]. Overexpression of α-synuclein results in 
cytotoxicity due to decreased Bcl-xL expression and increased Bax expression 
[72]. Shaltouki’s research group recently investigated the role of α-synuclein on 
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Morphology and location of mitochondria change over time.
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occurs during cerebral ischemia and traumatic brain injury, impairs homeostasis of 
excitatory neurotransmitter glutamate [50–53]. Overstimulation of glutamate recep-
tors further leads to Ca2+ release; because mitochondria are one of the key regulators 
of Ca2+, excessive influx can consequently lead to mitochondrial dysfunction, altered 
membrane permeabilization, and subsequent cell death [50, 54–56]. Pathways 
such as these have been extensively explored in neurological conditions. However, 
research in the past decade has begun to determine the relationship between brain-
associated conditions and mitochondrial dynamics.

3.1 Parkinson’s disease

Parkinson’s disease (PD) is a common neurodegenerative disease that has detri-
mental clinical effects including tremors, impaired gait, and stiffness of limbs [57]. 
These symptoms are often due to PD’s hallmark characterization of degeneration of 
the dopaminergic neurons in the substantia nigra. Individuals with PD are vulner-
able to increased ROS production due to reduced complex 1 activity, increased lipid 
oxidation, and altered antioxidant systems [58].

As several PD-specific proteins impact mitochondrial dynamics, it is possible 
that the neurodegeneration that occurs with PD is linked to alterations in fis-
sion and fusion [59, 60]. Dopaminergic neurons depleted of Drp1 demonstrated 
decreased mitochondrial mass, impaired motility, and overall neuron loss. Neurons 
depleted with Drp1 had less mitochondria in the soma and were almost completely 
depleted from the axons; by not having mitochondria at axons, this can lead to the 
neurodegeneration due to energy deficits, as synaptic transmission requires a high 
demand of ATP [61].

The PINK1/Parkin pathway has been traditionally studied with its roles in 
mitophagy. Under normal physiological conditions, PINK1 accumulates on the 
surface of dysfunctional mitochondria to signal Parkin translocation to initiate 
ubiquitination [62]. However, mutations in PINK1 and Parkin, which have been 
linked to early onset familial forms of PD, lead to loss of mitochondrial membrane 
potential, leading to impairment of Parkin’s translocation and thus accumulation 
of dysfunctional mitochondria [63]. Research in recent years has begun to uncover 
the role of the PINK1/Parkin pathway in mitochondrial transport. Overexpression 
of PINK1 phosphorylates Miro, targeting it for ubiquitination and subsequent 
degradation. This results in the dismantling of the motor/adaptor complex, releas-
ing kinesin and milton from the mitochondrial surface, and leads to halting of 
mitochondrial motility [64]. It is possible that this system may promote neuropro-
tection by preventing anterograde transport of mitochondria and allowing PINK1 
to accumulate on damaged mitochondria to initiate mitophagy [65]. Furthermore, 
PINK1 may exert neuroprotection due to its interaction with Bcl-xL [66]. It has 
been shown that PINK1 phosphorylates Bcl-xL at its Ser62; as a result, this prevents 
N-terminal cleavage of Bcl-xL or formation of ΔN-Bcl-xL, which has been associ-
ated with neuronal death [67–69]. However, if altered PINK1 expression occurs as 
a result of genetic mutation, this may lead to dysregulated mitochondrial transport 
and promotion of apoptosis.

The presynaptic protein α-synuclein is a major constituent of Lewy bodies, 
with mutations in its encoding gene, SNCA, being linked to familial PD [70]. Some 
amount of α-synuclein can localize to the mitochondria, inducing mitochondrial 
fragmentation, dysfunction, and downregulation of complex 1 activity, potentially 
contributing to ROS production [71]. Overexpression of α-synuclein results in 
cytotoxicity due to decreased Bcl-xL expression and increased Bax expression 
[72]. Shaltouki’s research group recently investigated the role of α-synuclein on 
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mitochondrial dynamics by using multiple PD models. In the postmortem brains of 
humans with PD, it was observed that protein levels of α-synuclein and Miro were 
highly upregulated compared to the control brains, while KHC, VDAC, and Mfn2 
remained unchanged. Additionally, the β-subunit of ATP synthase was upregu-
lated in the PD brains. When this was further explored in human cell lines and in 
Drosophila bearing SNCA mutations, neurodegeneration and locomotion defects 
occurred as a result of the upregulated α-synuclein and subsequent upregulation 
of Miro. These effects were rescued with a partial reduction of Miro. Interestingly, 
upregulation of Miro led to delayed mitophagy implying that α-synuclein’s impact 
on Miro is probably independent of the PINK1/Parkin pathways [73].

Recently, it was shown that the β-subunit of ATP synthase binds to DJ-1 suggest-
ing that DJ-1 plays a role in increasing ATP efficiency [74]. Mutations in DJ-1 also 
demonstrate inefficient ATP production, alterations in mitochondrial morphology, 
and enhanced membrane permeability [74–76]. Although its functions are not com-
pletely understood, DJ-1 has been noted to prevent the aggregation of α-synuclein 
[77]. As Lewy bodies in PD are primarily a result of α-synuclein aggregation, 
inhibiting this aggregation may consequently delay Lewy body formation. Thus, 
therapies targeting DJ-1 may serve as a multi-faceted mechanism for PD treatment.

3.2 Alzheimer’s disease

Alzheimer’s disease (AD) is the most common neurodegenerative disease and 
the leading cause of dementia worldwide [78]. Two hallmark characteristics of AD 
are the presence of amyloid-beta peptide (Aβ) plaques and tau protein tangles. The 
formation of Aβ occurs as a consequence of cleavage of amyloid precursor protein 
(APP), where Aβ peptides can then aggregate into oligomers or fibrils [79]. In the 
brain, the typical role of tau proteins is to stabilize microtubules; however, in AD, it 
is suspected that hyperphosphorylation of tau leads to the formation of neurofibril 
tangles [80]. Both Aβ and tau tangles can cause impairments or interruptions in 
pathways essential for neuronal survival.

Reduced transport of axonal mitochondria has been documented in subjects with 
AD, but there may be multiple mechanisms to cause this disruption [81]. The presence 
of Aβ reduces bidirectional axonal mitochondrial motility but has a more significant 
impact on anterograde movement versus retrograde [82, 83]. This may be because Aβ 
activates GSK-3β, which is a negative regulator of kinesin-1. Phosphorylation of kine-
sin-1 by GSK-3β can lead to a reduction in mitochondria density [84]. Furthermore, 
mutations in presenilin-1 (PS1), which is linked to familial AD, promote GSK-3β-
mediated kinesin-1 phosphorylation and reductions of anterograde mitochondria 
transport [84]. Overexpression of tau also has the ability to redirect mitochondrial 
transport; kinesin-1 encounters tau and is detracted from microtubule tracks, slowing 
down anterograde movement and increasing the favorability of dynein-mediated ret-
rograde movement [85, 86]. Abnormal fission mechanics have also been observed in 
AD as a result of alteration in Drp1 function. Neurotoxicity via tau interrupts fission, 
causing elongated mitochondria and mislocalization of Drp1. This occurs because 
hyperphosphorylation of tau causes disruptions in actin, preventing actin-based 
translocation of Drp1 to the mitochondria [87].

3.3 Stroke

Cerebral ischemia, or more commonly stroke, is characterized by the decrease or 
cessation of blood flow to the brain. Consequently, the loss of oxygen and nutrients 
to neurons causes ATP deficits, apoptosis, and Ca2+ influx. It is not surprising 
then that mitochondrial dynamics are influenced after ischemic events. This is 
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demonstrated by Zou’s research group as they sought to elucidate how mechanisms 
of fission and mitophagy are impacted after ischemia [88]. Using a model of middle 
cerebral artery occlusion (MCAO), Drp1 initially increased but then decreased, 
implying that ischemia induced fission, but the process was disrupted due to abnor-
malities in translocation of Drp1 caused by MCAO. Mitophagy is also selectively 
induced by mild ischemia in a Drp1-dependent manner; this is evident by increased 
expressions of LC3B and Beclin-1 and decreased p62. Moreover, inhibition of Drp1 
led to early onset of apoptotic pathways [88]. This may be supported by transient 
ischemia models, in which p-Drp1 is upregulated [89, 90]. Interestingly, evidence 
shows that p-Drp1 at Ser616 may be regulated by PINK1, establishing a link between 
fission and mitophagy [90]. Like fission, mechanisms of fusion are also impacted 
by ischemic insult. Mfn2 expression is decreased after MCAO and leads to apopto-
sis, but when overexpressed, Mfn2 shows an anti-apoptotic effect by modulating 
Bcl-2 and Bax [91]; these results are conclusive with a similar study, showing that 
Mfn2 expression is decreased after excitotoxic insult with a subsequent increase in 
Bax translocation to the mitochondria [92].

Excitotoxicity via overactivation of glutamate receptors, namely, N-methyl-D-
aspartate (NMDA) receptors (NMDARs), is a key player of neuronal death after 
cerebral ischemia [93]. Thus, uncovering mechanisms effecting NMDARs is an 
attractive idea for therapeutic agents. While mechanisms of mitochondrial motility 
are less investigated in models of cerebral ischemia, a recent study has elucidated a 
novel role of kinesin-1 transport. The heavy chain of kinesin-1 has been shown to 
bind directly to NMDARs, mediating their transport. By either disassociating this 
bond or suppressing kinesin-1 expression, this can improve Ca2+ influx and NMDA 
excitotoxicity resulting from ischemia [94].

3.4 Traumatic brain injury (TBI)

Reducing excessive fission that occurs post-TBI is a potential target of neu-
roprotection to prevent neuronal impairments and death. In rodent models, TBI 
causes an increase in translocation of Drp1 to the mitochondria, increasing rates 
of fission. Consequently, this led to neuronal apoptosis, decreased neurogenesis, 
impaired cognition, and memory defects. When administered with Mdivi-1, a 
pharmacological inhibitor of Drp1, these negative effects were attenuated, confirm-
ing the role of increased Drp1 activity [95, 96]. Interestingly, Pietro’s research group 
suggest that many molecular responses after severe TBI are opposite from that of 
mild TBI. Rodents with severe TBI presented with activation of fission as shown 
by overexpression of Drp1 and FIS1, a protein that binds to Drp1 for anchoring to 
the mitochondrial outer membrane. Furthermore, expressions of Mfn1 and Mfn2 
were downregulated, and there were no changes in Opa1 gene and protein expres-
sions, demonstrating an inhibition of fusion as a result of severe TBI. Additionally, 
the increase of dysfunctional mitochondria led to a subsequent overexpression 
of PINK1 and PARK2, triggering mitophagy. Conversely, mild TBI demonstrated 
activation of fusion with inhibition of fission; together, this did not change PINK1 
or PARK2 gene expressions, thus showing no difference in mitophagy [97].

4. The effect of lifestyle factors on mitochondria function and dynamics

4.1 Exercise and mitochondria

Traditionally observed at a large, systemic level, research in recent years has 
begun to investigate the effect of exercise on mitochondrial function and dynamic 
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mitochondrial dynamics by using multiple PD models. In the postmortem brains of 
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remained unchanged. Additionally, the β-subunit of ATP synthase was upregu-
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Drosophila bearing SNCA mutations, neurodegeneration and locomotion defects 
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Recently, it was shown that the β-subunit of ATP synthase binds to DJ-1 suggest-
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cessation of blood flow to the brain. Consequently, the loss of oxygen and nutrients 
to neurons causes ATP deficits, apoptosis, and Ca2+ influx. It is not surprising 
then that mitochondrial dynamics are influenced after ischemic events. This is 
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of fission. Consequently, this led to neuronal apoptosis, decreased neurogenesis, 
impaired cognition, and memory defects. When administered with Mdivi-1, a 
pharmacological inhibitor of Drp1, these negative effects were attenuated, confirm-
ing the role of increased Drp1 activity [95, 96]. Interestingly, Pietro’s research group 
suggest that many molecular responses after severe TBI are opposite from that of 
mild TBI. Rodents with severe TBI presented with activation of fission as shown 
by overexpression of Drp1 and FIS1, a protein that binds to Drp1 for anchoring to 
the mitochondrial outer membrane. Furthermore, expressions of Mfn1 and Mfn2 
were downregulated, and there were no changes in Opa1 gene and protein expres-
sions, demonstrating an inhibition of fusion as a result of severe TBI. Additionally, 
the increase of dysfunctional mitochondria led to a subsequent overexpression 
of PINK1 and PARK2, triggering mitophagy. Conversely, mild TBI demonstrated 
activation of fusion with inhibition of fission; together, this did not change PINK1 
or PARK2 gene expressions, thus showing no difference in mitophagy [97].

4. The effect of lifestyle factors on mitochondria function and dynamics

4.1 Exercise and mitochondria

Traditionally observed at a large, systemic level, research in recent years has 
begun to investigate the effect of exercise on mitochondrial function and dynamic 
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processes. Furthermore, encouraging results have been observed by analyzing these 
effects in physiological processes in the brain and pathological conditions such as 
Alzheimer’s disease and Parkinson’s disease [98–101]. After old and young mice 
were subjected to 6 weeks of treadmill exercise, old mice were found to respond 
positively, showing attenuated activity of coupled complexes I–III of the ETC [99].

Exercise regulates mitochondrial fission and fusion proteins such as Opa1, Mfn2, 
and Drp1 and enhances mitochondrial biogenesis via upregulation of mitochondrial 
DNA. This suggests a role for exercise in maintaining a healthy population of mito-
chondria [98, 101]. In addition, rodents that undergo physical exercise demonstrate 
improved cognitive and exploratory behaviors along with improved mitochondrial 
redox homeostasis and mitochondria-mediated brain energy metabolism [102–104].

Exercise has been shown to regulate apoptosis through the regulation of the 
Bcl-2 family in various models and tissues. As previously discussed, age can have 
a significant role in mitochondrial dysfunction. A study conducted by Kim et al. 
investigated how hippocampal neurogenesis and apoptosis were affected by tread-
mill exercise in young and old-aged rats [105]. Expressions of caspase-3, Bax, Bid, 
and Bcl-2 were all increased in old mice. After being subjected to treadmill exercise 
for 30 minutes, once per day for 6 weeks, old rats exhibited further enhancement 
of Bcl-2 expression, along with decreased expressions of caspase-3, Bax, and Bid. 
Interestingly, exercise did not impact expressions of Bcl-2, Bax, or caspase-3 in 
young mice. These results implicate that aerobic exercise may be especially impor-
tant during aging to exert neuroprotective properties. Aboutaleb et al. examined 
the effect exercise had on the ratio of Bax/Bcl-2 proteins in hippocampal CA3 cells 
after ischemia. Ischemic insult led to an increase in caspase-3 and decrease in Bcl-2, 
thus an increase in Bax/Bcl-2 ratio. However, rats pre-subjected to exercise showed 
reduced levels of caspase-3 and attenuation of Bax/Bcl-2 ratio [106]. Similar results 
have been seen in a rodent TBI model, in which treadmill exercise lowered the Bax/
Bcl-2 ratio and decreased the levels of active caspase-3 [107]. Likewise, endurance 
exercise exerted neuroprotection in PD models by modulation of Mcl-1, Bcl-2, and 
apoptosis-inducing factor [108]. Although Bcl-2 has primarily been investigated in 
rodent exercise models, exercise results in a negative regulatory effect on caspase-3 
[105–107] which may reduce post-translational cleavage of Bcl-xL supporting 
neuronal survival [67, 69].

Since the Bcl-2 family proteins are present in the mitochondria throughout 
all tissue types, it is plausible that protective effects observed in non-neuronal 
mitochondria are indeed simultaneously occurring in neuronal mitochondria. For 
example, due to the correlation between diabetes and cardiovascular disease, Cheng 
et al. examined the relationship between apoptosis, cardiomyocytes, and aerobic 
exercise in streptozotocin (STZ)-induced diabetic rats. The STZ rats had signifi-
cantly lower amounts of Bcl-2, Bcl-xL, and p-Bad and higher levels of caspase-3 
than controls. However, these levels were all rescued when subjected to aerobic 
exercise [109]. These results implicate the ability of aerobic exercise to regulate 
apoptosis and exert cellular protection, even during chronic conditions.

4.2 Non-neurological conditions and mitochondrial consequences

As chronic diseases such as diabetes and obesity become more prevalent world-
wide, research is uncovering the relationship between traditional non-neurological 
and brain-associated diseases. However, many interventions in studies concerning 
chronic diseases observe outcomes on a macrolevel and may not consider molecular 
effects. For these reasons, it is important to uncover how these non-neurological 
chronic conditions are impacting the mitochondria. By elucidating these 
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mechanisms, this can serve as an additional, albeit perhaps overlooked, means of 
prevention against brain pathology.

Besides disrupting the uptake of glucose, diabetes can also damage the function, 
population, and morphology of mitochondria in neurons, potentially contribut-
ing to impaired cognition later in life [110–113]. Metabolic pathways that can lead 
to energy failure in mitochondria as well as prevent antioxidant interception are 
affected by diabetes. In the diabetic brain, mitochondrial perturbation can result in 
a lack of neuronal energy that will alter synaptic function and eventually cause the 
neurons to degenerate [114]. The effect of energy impairments is demonstrated in a 
cross-sectional study in which adolescents with type 2 diabetes had slower conver-
sion rates of ADP to ATP than obese and lean controls. The explanation for this 
effect was suspected to be due to decreased blood flow, thus causing alterations in 
oxygen delivery [115]. Studies have shown that diabetes can modify fission mecha-
nisms in rodent models. Although amounts of Mfn1 and Opa1 remain unchanged 
during diabetes, Drp1 mRNA is increased. Furthermore, there is an increase of 
translocation of Drp1 to the mitochondria in diabetes [110, 113]. This increase in 
translocation is due to GSK3β-mediated phosphorylation at Ser616 of Drp1. The 
combination of unchanged Mfn1 and Opa1 with increased Drp1 proposes that the 
disproportion between fission and fusion proteins contributes to mitochondrial 
dysfunction in rats with diabetes. This was further evident by altered mitochon-
drial morphology and density. Elevated levels of Drp1 can lead to mitochondrial 
fragmentation that is conducive to damage in the synapses of neurons, contributing 
to impairments in learning and memory [116]. Beyond alterations in fission and 
fusion, decreased ATP production and activity of complex I were observed in the 
diabetic hippocampus. Moreover, glutathione and ascorbate levels were decreased, 
suggesting that diabetes impairs mitochondrial antioxidant systems [110]. These 
results are supported by a study that found decreased coenzyme Q9 and ATPase 
activity in the mitochondria of diabetic rats [117].

Obesity is known to increase the risk of developing diabetes, cardiovascular 
disease, and neurological conditions. Indeed, obese animal models are often utilized 
to study insulin resistance. A characteristic of obesity is chronic inflammation 
and oxidative stress, so it is not surprising that mitochondrial dysfunction occurs 
throughout the body, including the brain [114]. Specifically, brain mitochondria 
of obese rats induced via a high-fat diet have repeatedly demonstrated a shift to 
pro-apoptotic pathways, as shown by elevated Bax expressions, lowered Bcl-2, and 
a higher Bax/Bcl-2 ratio [118, 119]. The detrimental effects of obesity continue to 
be demonstrated in the brain by upregulating production of ROS and alteration of 
mitochondrial membrane potential [120–122].

4.3 Diet and mitochondria

Diet, including intake of specific nutrients and overall encompassing dietary 
patterns, is a driver of maintaining cellular processes throughout the body. 
Treatment of diseases via diet is appealing due to the ability of nutrients to cross the 
blood brain barriers and ease of accessibility. Specifically, it is important to consider 
how an individual’s overall dietary pattern impacts cellular processes. Dietary 
patterns, including composition of macronutrients and caloric provision, have been 
studied regarding efficacy in neuroprotection [123–125].

Caloric restriction has been implicated in the protection against several patho-
logical brain conditions in various animal models such as AD and PD and under 
conditions of excitotoxicity [126–130]. Caloric restriction has been shown to con-
fer protection from neurodegeneration by improving mitochondrial redox status 
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processes. Furthermore, encouraging results have been observed by analyzing these 
effects in physiological processes in the brain and pathological conditions such as 
Alzheimer’s disease and Parkinson’s disease [98–101]. After old and young mice 
were subjected to 6 weeks of treadmill exercise, old mice were found to respond 
positively, showing attenuated activity of coupled complexes I–III of the ETC [99].

Exercise regulates mitochondrial fission and fusion proteins such as Opa1, Mfn2, 
and Drp1 and enhances mitochondrial biogenesis via upregulation of mitochondrial 
DNA. This suggests a role for exercise in maintaining a healthy population of mito-
chondria [98, 101]. In addition, rodents that undergo physical exercise demonstrate 
improved cognitive and exploratory behaviors along with improved mitochondrial 
redox homeostasis and mitochondria-mediated brain energy metabolism [102–104].

Exercise has been shown to regulate apoptosis through the regulation of the 
Bcl-2 family in various models and tissues. As previously discussed, age can have 
a significant role in mitochondrial dysfunction. A study conducted by Kim et al. 
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mill exercise in young and old-aged rats [105]. Expressions of caspase-3, Bax, Bid, 
and Bcl-2 were all increased in old mice. After being subjected to treadmill exercise 
for 30 minutes, once per day for 6 weeks, old rats exhibited further enhancement 
of Bcl-2 expression, along with decreased expressions of caspase-3, Bax, and Bid. 
Interestingly, exercise did not impact expressions of Bcl-2, Bax, or caspase-3 in 
young mice. These results implicate that aerobic exercise may be especially impor-
tant during aging to exert neuroprotective properties. Aboutaleb et al. examined 
the effect exercise had on the ratio of Bax/Bcl-2 proteins in hippocampal CA3 cells 
after ischemia. Ischemic insult led to an increase in caspase-3 and decrease in Bcl-2, 
thus an increase in Bax/Bcl-2 ratio. However, rats pre-subjected to exercise showed 
reduced levels of caspase-3 and attenuation of Bax/Bcl-2 ratio [106]. Similar results 
have been seen in a rodent TBI model, in which treadmill exercise lowered the Bax/
Bcl-2 ratio and decreased the levels of active caspase-3 [107]. Likewise, endurance 
exercise exerted neuroprotection in PD models by modulation of Mcl-1, Bcl-2, and 
apoptosis-inducing factor [108]. Although Bcl-2 has primarily been investigated in 
rodent exercise models, exercise results in a negative regulatory effect on caspase-3 
[105–107] which may reduce post-translational cleavage of Bcl-xL supporting 
neuronal survival [67, 69].

Since the Bcl-2 family proteins are present in the mitochondria throughout 
all tissue types, it is plausible that protective effects observed in non-neuronal 
mitochondria are indeed simultaneously occurring in neuronal mitochondria. For 
example, due to the correlation between diabetes and cardiovascular disease, Cheng 
et al. examined the relationship between apoptosis, cardiomyocytes, and aerobic 
exercise in streptozotocin (STZ)-induced diabetic rats. The STZ rats had signifi-
cantly lower amounts of Bcl-2, Bcl-xL, and p-Bad and higher levels of caspase-3 
than controls. However, these levels were all rescued when subjected to aerobic 
exercise [109]. These results implicate the ability of aerobic exercise to regulate 
apoptosis and exert cellular protection, even during chronic conditions.

4.2 Non-neurological conditions and mitochondrial consequences

As chronic diseases such as diabetes and obesity become more prevalent world-
wide, research is uncovering the relationship between traditional non-neurological 
and brain-associated diseases. However, many interventions in studies concerning 
chronic diseases observe outcomes on a macrolevel and may not consider molecular 
effects. For these reasons, it is important to uncover how these non-neurological 
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mechanisms, this can serve as an additional, albeit perhaps overlooked, means of 
prevention against brain pathology.

Besides disrupting the uptake of glucose, diabetes can also damage the function, 
population, and morphology of mitochondria in neurons, potentially contribut-
ing to impaired cognition later in life [110–113]. Metabolic pathways that can lead 
to energy failure in mitochondria as well as prevent antioxidant interception are 
affected by diabetes. In the diabetic brain, mitochondrial perturbation can result in 
a lack of neuronal energy that will alter synaptic function and eventually cause the 
neurons to degenerate [114]. The effect of energy impairments is demonstrated in a 
cross-sectional study in which adolescents with type 2 diabetes had slower conver-
sion rates of ADP to ATP than obese and lean controls. The explanation for this 
effect was suspected to be due to decreased blood flow, thus causing alterations in 
oxygen delivery [115]. Studies have shown that diabetes can modify fission mecha-
nisms in rodent models. Although amounts of Mfn1 and Opa1 remain unchanged 
during diabetes, Drp1 mRNA is increased. Furthermore, there is an increase of 
translocation of Drp1 to the mitochondria in diabetes [110, 113]. This increase in 
translocation is due to GSK3β-mediated phosphorylation at Ser616 of Drp1. The 
combination of unchanged Mfn1 and Opa1 with increased Drp1 proposes that the 
disproportion between fission and fusion proteins contributes to mitochondrial 
dysfunction in rats with diabetes. This was further evident by altered mitochon-
drial morphology and density. Elevated levels of Drp1 can lead to mitochondrial 
fragmentation that is conducive to damage in the synapses of neurons, contributing 
to impairments in learning and memory [116]. Beyond alterations in fission and 
fusion, decreased ATP production and activity of complex I were observed in the 
diabetic hippocampus. Moreover, glutathione and ascorbate levels were decreased, 
suggesting that diabetes impairs mitochondrial antioxidant systems [110]. These 
results are supported by a study that found decreased coenzyme Q9 and ATPase 
activity in the mitochondria of diabetic rats [117].

Obesity is known to increase the risk of developing diabetes, cardiovascular 
disease, and neurological conditions. Indeed, obese animal models are often utilized 
to study insulin resistance. A characteristic of obesity is chronic inflammation 
and oxidative stress, so it is not surprising that mitochondrial dysfunction occurs 
throughout the body, including the brain [114]. Specifically, brain mitochondria 
of obese rats induced via a high-fat diet have repeatedly demonstrated a shift to 
pro-apoptotic pathways, as shown by elevated Bax expressions, lowered Bcl-2, and 
a higher Bax/Bcl-2 ratio [118, 119]. The detrimental effects of obesity continue to 
be demonstrated in the brain by upregulating production of ROS and alteration of 
mitochondrial membrane potential [120–122].

4.3 Diet and mitochondria

Diet, including intake of specific nutrients and overall encompassing dietary 
patterns, is a driver of maintaining cellular processes throughout the body. 
Treatment of diseases via diet is appealing due to the ability of nutrients to cross the 
blood brain barriers and ease of accessibility. Specifically, it is important to consider 
how an individual’s overall dietary pattern impacts cellular processes. Dietary 
patterns, including composition of macronutrients and caloric provision, have been 
studied regarding efficacy in neuroprotection [123–125].

Caloric restriction has been implicated in the protection against several patho-
logical brain conditions in various animal models such as AD and PD and under 
conditions of excitotoxicity [126–130]. Caloric restriction has been shown to con-
fer protection from neurodegeneration by improving mitochondrial redox status 
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by reducing ROS production localized to complex I of the ETC [131]. Recent evi-
dence suggests that caloric restriction may prevent formation of ROS via upregu-
lation of antioxidants such as mitochondrial superoxide dismutase 2 (SOD2) and 
glutathione [132]. Caloric restriction has also been reported to upregulate antioxi-
dants localized to the plasma membrane such as coenzyme Q10 and α-tocopherol 
via an increase in redox enzymes that are capable of reducing these molecules 
back to their antioxidant form [133]. Due to coenzyme Q10’s pivotal role as an 
electron carrier in the ETC, we speculate that caloric restriction may be benefi-
cial to maintain redox balance in the mitochondrial membrane. Additionally, 
mRNA expressions of Bcl-2 and Bcl-xL were also reported to be upregulated 
in the ipsilateral cortex region of mice placed on caloric restriction against TBI 
[134], indicating that caloric restriction may prevent TBI-induced neuronal loss. 
Furthermore, caloric restriction improves mitochondrial function by enhancing 
ATP levels in aging mice [135]. Mice placed on caloric restriction for 6 months 
had increased mitochondrial biogenesis and increased levels of cytochrome c 
oxidase and citrate synthase activity, enhancing mitochondrial respiration [136]. 
Caloric restriction may enhance mitochondrial metabolism by also upregulating 
the activity of complexes I, III, and IV [128]. Interestingly, recent evidence shows 
that caloric restriction enhances expression of brain-derived neurotrophic factor 
(BDNF) [137, 138], which has been reported to regulate mitochondrial mobility 
and enhance presynaptic docking [139]. However, the mechanisms of how caloric 
restriction mediates BDNF expression are still unclear. Clinical trials in which 
older adults are placed on caloric restriction consistently yield positive results, 
such as improved memory and enhanced gray matter [140, 141]. Additionally, 
caloric restriction attenuated behavioral dysfunction in a model of PD in adult 
rhesus monkeys [130]. Taken together, these studies point toward caloric restric-
tion mediating biological markers of chronic disease such as oxidative stress and 
supporting mitochondrial function by enhancing ATP metabolism and possibly 
lessening clinical symptoms associated with neurodegeneration.

The ketogenic diet, popular for its high-fat and very low carbohydrate pattern, 
has recently been implicated in protection of the brain through apoptotic path-
ways. Various mammalian animals placed on the ketogenic diet show decreased 
rates of apoptotic stimuli in neuronal cells via downregulation of mitochondrial 
cytochrome c release and active caspase-3 both in seizures [142, 143] and TBI 
models [144], respectively. The decrease in translocation of cytochrome c from 
the mitochondria to the cytosol may be through the regulation of Bcl-2. One study 
found that both a high carbohydrate and a high ketogenic diet upregulate Bcl-2 in 
cortical neurons after focal cerebral ischemia; however, the ketogenic diet displayed 
higher upregulation [145], indicating that the ketogenic diet may be more efficient 
in regulating apoptosis than a high carbohydrate diet. The ketogenic diet may 
play an additional role in cell death and survival pathways, as it has been noted to 
protect hippocampal cells from death by preventing the interaction between Bad 
and Bcl-xL [146]. The ketogenic diet further supports neuronal energy metabolism 
by maintaining mitochondrial morphology, enhancing biogenesis of mitochondria, 
and improving mitochondrial respiration [147–151]. After neurotoxic insult, the 
ketogenic diet enhanced complex I-driven oxygen consumption and prevented loss 
of complex II–III function, implicating the ketogenic diet’s ability to improve the 
activity of the ETC [147, 149]. Likewise, the ketogenic diet attenuates mitochondrial 
oxidative stress levels in both in vitro and in vivo model, which prevents energy 
deficit associated with brain cell damage [147, 149, 151]. Interestingly, the ketogenic 
diet has also been shown to upregulate Beclin-1 [142] and Drp1 [148], suggesting 
that the ketogenic diet may be able to control mitochondrial population by regulat-
ing autophagy and mitochondrial fission, respectively.
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5. Conclusions

Mitochondria are well established in their role with ATP production, apoptosis, 
ROS homeostasis, and intracellular ion signaling. Research in recent years has 
recognized that proper execution of these processes is reliant on the mitochondria’s 
dynamic capabilities. In this chapter we have discussed mechanisms of mitochon-
drial morphology, degradation, and trafficking, as well as the relationship between 
these processes and pathological brain conditions. Utilizing lifestyle factors, such 
as exercise and diet, can serve as a neuroprotective strategy by targeting neuronal 
mitochondrial dynamics. Implementing lifestyle changes serves as an accessible 
treatment that is easily translated from bench to bedside.
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by reducing ROS production localized to complex I of the ETC [131]. Recent evi-
dence suggests that caloric restriction may prevent formation of ROS via upregu-
lation of antioxidants such as mitochondrial superoxide dismutase 2 (SOD2) and 
glutathione [132]. Caloric restriction has also been reported to upregulate antioxi-
dants localized to the plasma membrane such as coenzyme Q10 and α-tocopherol 
via an increase in redox enzymes that are capable of reducing these molecules 
back to their antioxidant form [133]. Due to coenzyme Q10’s pivotal role as an 
electron carrier in the ETC, we speculate that caloric restriction may be benefi-
cial to maintain redox balance in the mitochondrial membrane. Additionally, 
mRNA expressions of Bcl-2 and Bcl-xL were also reported to be upregulated 
in the ipsilateral cortex region of mice placed on caloric restriction against TBI 
[134], indicating that caloric restriction may prevent TBI-induced neuronal loss. 
Furthermore, caloric restriction improves mitochondrial function by enhancing 
ATP levels in aging mice [135]. Mice placed on caloric restriction for 6 months 
had increased mitochondrial biogenesis and increased levels of cytochrome c 
oxidase and citrate synthase activity, enhancing mitochondrial respiration [136]. 
Caloric restriction may enhance mitochondrial metabolism by also upregulating 
the activity of complexes I, III, and IV [128]. Interestingly, recent evidence shows 
that caloric restriction enhances expression of brain-derived neurotrophic factor 
(BDNF) [137, 138], which has been reported to regulate mitochondrial mobility 
and enhance presynaptic docking [139]. However, the mechanisms of how caloric 
restriction mediates BDNF expression are still unclear. Clinical trials in which 
older adults are placed on caloric restriction consistently yield positive results, 
such as improved memory and enhanced gray matter [140, 141]. Additionally, 
caloric restriction attenuated behavioral dysfunction in a model of PD in adult 
rhesus monkeys [130]. Taken together, these studies point toward caloric restric-
tion mediating biological markers of chronic disease such as oxidative stress and 
supporting mitochondrial function by enhancing ATP metabolism and possibly 
lessening clinical symptoms associated with neurodegeneration.

The ketogenic diet, popular for its high-fat and very low carbohydrate pattern, 
has recently been implicated in protection of the brain through apoptotic path-
ways. Various mammalian animals placed on the ketogenic diet show decreased 
rates of apoptotic stimuli in neuronal cells via downregulation of mitochondrial 
cytochrome c release and active caspase-3 both in seizures [142, 143] and TBI 
models [144], respectively. The decrease in translocation of cytochrome c from 
the mitochondria to the cytosol may be through the regulation of Bcl-2. One study 
found that both a high carbohydrate and a high ketogenic diet upregulate Bcl-2 in 
cortical neurons after focal cerebral ischemia; however, the ketogenic diet displayed 
higher upregulation [145], indicating that the ketogenic diet may be more efficient 
in regulating apoptosis than a high carbohydrate diet. The ketogenic diet may 
play an additional role in cell death and survival pathways, as it has been noted to 
protect hippocampal cells from death by preventing the interaction between Bad 
and Bcl-xL [146]. The ketogenic diet further supports neuronal energy metabolism 
by maintaining mitochondrial morphology, enhancing biogenesis of mitochondria, 
and improving mitochondrial respiration [147–151]. After neurotoxic insult, the 
ketogenic diet enhanced complex I-driven oxygen consumption and prevented loss 
of complex II–III function, implicating the ketogenic diet’s ability to improve the 
activity of the ETC [147, 149]. Likewise, the ketogenic diet attenuates mitochondrial 
oxidative stress levels in both in vitro and in vivo model, which prevents energy 
deficit associated with brain cell damage [147, 149, 151]. Interestingly, the ketogenic 
diet has also been shown to upregulate Beclin-1 [142] and Drp1 [148], suggesting 
that the ketogenic diet may be able to control mitochondrial population by regulat-
ing autophagy and mitochondrial fission, respectively.
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5. Conclusions

Mitochondria are well established in their role with ATP production, apoptosis, 
ROS homeostasis, and intracellular ion signaling. Research in recent years has 
recognized that proper execution of these processes is reliant on the mitochondria’s 
dynamic capabilities. In this chapter we have discussed mechanisms of mitochon-
drial morphology, degradation, and trafficking, as well as the relationship between 
these processes and pathological brain conditions. Utilizing lifestyle factors, such 
as exercise and diet, can serve as a neuroprotective strategy by targeting neuronal 
mitochondrial dynamics. Implementing lifestyle changes serves as an accessible 
treatment that is easily translated from bench to bedside.
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Chapter 15

Hydrogen Sulfide as a Factor 
of Neuroprotection during the 
Constitutive and Reparative 
Neurogenesis in Fish Brain
Evgeniya V. Pushchina, Anatoly A. Varaksin  
and Dmitry K. Obukhov

Abstract

The H2S-producing systems were studied in trout telencephalon, tectum, and 
cerebellum at 1 week after eye injury. The results of ELISA analysis have shown a 
1.7-fold increase in the CBS expression at 1 week post-injury, as compared to the 
intact trout. In the ventricular and subventricular regions of trout telencephalon, 
CBS+ cells, as well as neuroepithelial and glial types, were detected. As a result 
of injury, the number of CBS+ neuroepithelial cells in the pallial and subpallial 
periventricular regions of the telencephalon increases. In the tectum, a traumatic 
damage leads to an increase in the CBS expression in radial glia with a simultaneous 
decrease in the number of CBS immunopositive neuroepithelial cells detected in 
intact animals. In the cerebellum, we revealed neuroglial interrelations, in which 
H2S is probably released from the astrocyte-like cells with subsequent activation 
of the neuronal NMDA receptors. The organization of the H2S-producing cell 
complexes suggests that the amount of glutamate produced in the trout cerebellum 
and its reuptake is controlled with the involvement of astrocyte-like cells, reducing 
its excitotoxicity. We believe that the increase in the number of H2S-producing cells 
constitutes a response to oxidative stress, and the overproduction of H2S neutralizes 
the reactive oxygen species.

Keywords: hydrogen sulfide, traumatic eye injury, oxidative stress, radial glia, 
excitotoxicity, reparative neurogenesis, adult neuronal stem cells,  
neuroepithelial cells, astrocyte-like cells, teleost fishes, CBS expression

1. Introduction

Hydrogen sulfide (H2S) was initially considered as a gasotransmitter with 
antioxidant properties [1]. To date, the vasodilating, neuromodulating, and 
anti-inflammatory properties of H2S have also been identified [2, 3]. In stud-
ies of the cardiovascular system, H2S was assumed to act as a protective fac-
tor [4]; nevertheless, the effects of H2S in the central nervous system (CNS) 
during stress or injury remain poorly understood. The involvement of H2S, as 
well as other gaseous intermediaries such as NO, CO, and H2, in the traumatic 
brain injury is now intensively investigated [5], but this question has not been 
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CBS+ cells, as well as neuroepithelial and glial types, were detected. As a result 
of injury, the number of CBS+ neuroepithelial cells in the pallial and subpallial 
periventricular regions of the telencephalon increases. In the tectum, a traumatic 
damage leads to an increase in the CBS expression in radial glia with a simultaneous 
decrease in the number of CBS immunopositive neuroepithelial cells detected in 
intact animals. In the cerebellum, we revealed neuroglial interrelations, in which 
H2S is probably released from the astrocyte-like cells with subsequent activation 
of the neuronal NMDA receptors. The organization of the H2S-producing cell 
complexes suggests that the amount of glutamate produced in the trout cerebellum 
and its reuptake is controlled with the involvement of astrocyte-like cells, reducing 
its excitotoxicity. We believe that the increase in the number of H2S-producing cells 
constitutes a response to oxidative stress, and the overproduction of H2S neutralizes 
the reactive oxygen species.
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1. Introduction

Hydrogen sulfide (H2S) was initially considered as a gasotransmitter with 
antioxidant properties [1]. To date, the vasodilating, neuromodulating, and 
anti-inflammatory properties of H2S have also been identified [2, 3]. In stud-
ies of the cardiovascular system, H2S was assumed to act as a protective fac-
tor [4]; nevertheless, the effects of H2S in the central nervous system (CNS) 
during stress or injury remain poorly understood. The involvement of H2S, as 
well as other gaseous intermediaries such as NO, CO, and H2, in the traumatic 
brain injury is now intensively investigated [5], but this question has not been 
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completely clarified thus far. H2S, like nitric oxide (NO), is known to medi-
ate posttranslational modification of proteins by adding additional sulfur to 
reactive cysteine residues. This modification, referred to as S-sulfhydration, 
is required to activate or inactivate many classes of proteins, including the ion 
channels, such as the ATP-dependent potassium channels, TRPV3, TRPV6, 
TRPM [6], enzymes, and the transcription factors NF-kB and Nrf2 [7]. 
Modulation of ion channels, as well as the inflammatory and the antioxidant 
transcription factors, using H2S after traumatic brain injury, can play a signifi-
cant role in reducing edema and inflammation [8].

Recently, the involvement of H2S in cerebral ischemia, traumatic brain injury 
(TBI), and decrease in reactive oxygen species in the H2S-dependent mechanisms 
has been studied using different models [8–10]. The use of monoclonal antibod-
ies against cystathionine β-synthase (CBS) in immunohistochemical (IHC) 
detection of the H2S-producing complexes in the brain of juvenile trout showed 
an increase in hydrogen sulfide production in different parts of the brain and 
CBS induction in the radial glia cells after the damage of the optic nerve [11]. 
It was shown that the toxic and/or neuroprotective effects of hydrogen sulfide 
depended on concentration: lower concentrations play a physiological role, while 
very high concentrations cause cell death [12, 13]. Although hydrogen sulfide is 
considered a gasotransmitter, there is uncertainty about the total concentration 
of this volatile gas or highly active anionic particles (SH-) in both plasma and 
central nervous system tissues [14].

The progress in studies of the hydrogen sulfide biology has led to a conclusion 
that polysulfides are more significant sources of intermediate sulfhydration of 
proteins than H2S [3]. The H2S reactions with many signal mediators, transcription 
factors, and channel proteins in neurons and glial cells are known both in vivo and 
in vitro [7, 10]. However, still little is known about interaction of the H2S intercel-
lular communication and its consequences in the case of a traumatic cerebral injury. 
Such information is necessary to determine the cytoprotective or cytotoxic effects 
of H2S in the brain injury and/or cerebral ischemia.

The study of biology of the neural stem cells, based on animal models, is becom-
ing increasingly important, since the processes of constitutive neurogenesis occur 
in many areas of the animal brain [15], providing a high reparative potential of 
CNS. One of such models is fish, which is characterized by a high rate of reparative 
processes [16]. The results of preliminary studies showed an increase in prolifera-
tive activity of cells of the trout brain after damage to optic nerve [17]. To further 
characterize the cellular response in the trout brain after eye injury, the hydrogen 
sulfide-producing enzyme, cystathionine β-synthase (CBS), was analyzed using 
western immunoblotting, enzyme-linked immunosorbent assay (ELISA), and 
immunohistochemical labeling of CBS in various sections of the trout brain at 
1 week after the traumatic eye injury.

2.  Evaluation of CBS expression in the intact trout brain and after eye 
injury by the western blot analysis and ELISA immunosorbent assay

The cystathionine β-synthase enzyme has a tetramer binding with two sub-
strates (homocysteine and serine) and three additional ligands (the coenzyme 
pyrodoxal 5′-phosphate, the allosteric activator S-adenosylmethionine, and heme). 
An assessment of CBS content by Western blot analysis showed the presence of 
protein with a molecular weight of 63 kDa in all the divisions of the trout brain. 
The quantitative CBS content in different divisions of the intact trout brain and 
after the mechanical eye injury is shown in Figure 1A. The maximum level of CBS 
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expression in the intact animals was found in the brain stem, while the minimum 
was in the telencephalon. The cerebellum and tectum showed a medium level of 
CBS expression. A significant increase in the level of CBS expression was observed 
in all the brain divisions after the mechanical eye injury (Figure 1A). According to 
the enzyme immunosorbent assay, it was 1.86 ± 0.03 pg./mL and 3.12 ± 0.26 pg./
mL after unilateral eye injury (UEI) (P < 0.001). Thus, within a week after the eye 
injury, the concentration of CBS increased 1.7 times compared with the control 
animals (Figure 1B).

3. Telencephalon

Results of the IHC CBS-labeling in the trout telencephalon showed the pres-
ence of intensely and moderately labeled cells in the pallial and subpallial regions. 
CBS-labeled cells were located in the superficial periventricular and subventricular 
pallial layers. In deep pallial areas, the number of intensively labeled cells was 
elevated. The presence of a H2S-producing enzyme in the brain cells is associated 
with the process of neurochemical signaling and, in particular, with the activa-
tion of NMDA receptors. Activation of neurons in the brain of vertebrates leads to 
release of neurotransmitters, including glutamate, activating the NMDA receptors, 
which, in turn, leads to an increase in the astrocytic intracellular calcium and long-
term potentiation [3, 18]. Thus, the presence of two levels of CBS activity in the 
trout telencephalon indicates the mediator/modulatory intercellular interactions, 
which agrees with the previously obtained data on fish [11].

In intact trout, when labeled with polyclonal antibodies against CBS, the CBS-
labeled radial glia was detected particularly in the pallial and subpallial regions 

Figure 1. 
Representation of western blots of cystathionine β-synthase content in the brain of the trout Oncorhynchus 
mykiss. (A) the single protein band corresponding to a molecular weight of 63 kDa was present in the trout 
cerebellum, optic tectum, telencephalon, and brainstem in the control (intact) animals and at 1 week after 
the optic nerve damage. (B) ELISA assay of CBS in the rainbow trout brain at 1 week after UEI vs. control 
(intact) rainbow trout. Student’s t-test was used to determine significant differences between the trout at 1 week 
after UEI vs. control (intact) fish (## P < 0.01); n = 20 in each group.
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completely clarified thus far. H2S, like nitric oxide (NO), is known to medi-
ate posttranslational modification of proteins by adding additional sulfur to 
reactive cysteine residues. This modification, referred to as S-sulfhydration, 
is required to activate or inactivate many classes of proteins, including the ion 
channels, such as the ATP-dependent potassium channels, TRPV3, TRPV6, 
TRPM [6], enzymes, and the transcription factors NF-kB and Nrf2 [7]. 
Modulation of ion channels, as well as the inflammatory and the antioxidant 
transcription factors, using H2S after traumatic brain injury, can play a signifi-
cant role in reducing edema and inflammation [8].
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(TBI), and decrease in reactive oxygen species in the H2S-dependent mechanisms 
has been studied using different models [8–10]. The use of monoclonal antibod-
ies against cystathionine β-synthase (CBS) in immunohistochemical (IHC) 
detection of the H2S-producing complexes in the brain of juvenile trout showed 
an increase in hydrogen sulfide production in different parts of the brain and 
CBS induction in the radial glia cells after the damage of the optic nerve [11]. 
It was shown that the toxic and/or neuroprotective effects of hydrogen sulfide 
depended on concentration: lower concentrations play a physiological role, while 
very high concentrations cause cell death [12, 13]. Although hydrogen sulfide is 
considered a gasotransmitter, there is uncertainty about the total concentration 
of this volatile gas or highly active anionic particles (SH-) in both plasma and 
central nervous system tissues [14].

The progress in studies of the hydrogen sulfide biology has led to a conclusion 
that polysulfides are more significant sources of intermediate sulfhydration of 
proteins than H2S [3]. The H2S reactions with many signal mediators, transcription 
factors, and channel proteins in neurons and glial cells are known both in vivo and 
in vitro [7, 10]. However, still little is known about interaction of the H2S intercel-
lular communication and its consequences in the case of a traumatic cerebral injury. 
Such information is necessary to determine the cytoprotective or cytotoxic effects 
of H2S in the brain injury and/or cerebral ischemia.

The study of biology of the neural stem cells, based on animal models, is becom-
ing increasingly important, since the processes of constitutive neurogenesis occur 
in many areas of the animal brain [15], providing a high reparative potential of 
CNS. One of such models is fish, which is characterized by a high rate of reparative 
processes [16]. The results of preliminary studies showed an increase in prolifera-
tive activity of cells of the trout brain after damage to optic nerve [17]. To further 
characterize the cellular response in the trout brain after eye injury, the hydrogen 
sulfide-producing enzyme, cystathionine β-synthase (CBS), was analyzed using 
western immunoblotting, enzyme-linked immunosorbent assay (ELISA), and 
immunohistochemical labeling of CBS in various sections of the trout brain at 
1 week after the traumatic eye injury.

2.  Evaluation of CBS expression in the intact trout brain and after eye 
injury by the western blot analysis and ELISA immunosorbent assay

The cystathionine β-synthase enzyme has a tetramer binding with two sub-
strates (homocysteine and serine) and three additional ligands (the coenzyme 
pyrodoxal 5′-phosphate, the allosteric activator S-adenosylmethionine, and heme). 
An assessment of CBS content by Western blot analysis showed the presence of 
protein with a molecular weight of 63 kDa in all the divisions of the trout brain. 
The quantitative CBS content in different divisions of the intact trout brain and 
after the mechanical eye injury is shown in Figure 1A. The maximum level of CBS 
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expression in the intact animals was found in the brain stem, while the minimum 
was in the telencephalon. The cerebellum and tectum showed a medium level of 
CBS expression. A significant increase in the level of CBS expression was observed 
in all the brain divisions after the mechanical eye injury (Figure 1A). According to 
the enzyme immunosorbent assay, it was 1.86 ± 0.03 pg./mL and 3.12 ± 0.26 pg./
mL after unilateral eye injury (UEI) (P < 0.001). Thus, within a week after the eye 
injury, the concentration of CBS increased 1.7 times compared with the control 
animals (Figure 1B).

3. Telencephalon

Results of the IHC CBS-labeling in the trout telencephalon showed the pres-
ence of intensely and moderately labeled cells in the pallial and subpallial regions. 
CBS-labeled cells were located in the superficial periventricular and subventricular 
pallial layers. In deep pallial areas, the number of intensively labeled cells was 
elevated. The presence of a H2S-producing enzyme in the brain cells is associated 
with the process of neurochemical signaling and, in particular, with the activa-
tion of NMDA receptors. Activation of neurons in the brain of vertebrates leads to 
release of neurotransmitters, including glutamate, activating the NMDA receptors, 
which, in turn, leads to an increase in the astrocytic intracellular calcium and long-
term potentiation [3, 18]. Thus, the presence of two levels of CBS activity in the 
trout telencephalon indicates the mediator/modulatory intercellular interactions, 
which agrees with the previously obtained data on fish [11].

In intact trout, when labeled with polyclonal antibodies against CBS, the CBS-
labeled radial glia was detected particularly in the pallial and subpallial regions 

Figure 1. 
Representation of western blots of cystathionine β-synthase content in the brain of the trout Oncorhynchus 
mykiss. (A) the single protein band corresponding to a molecular weight of 63 kDa was present in the trout 
cerebellum, optic tectum, telencephalon, and brainstem in the control (intact) animals and at 1 week after 
the optic nerve damage. (B) ELISA assay of CBS in the rainbow trout brain at 1 week after UEI vs. control 
(intact) rainbow trout. Student’s t-test was used to determine significant differences between the trout at 1 week 
after UEI vs. control (intact) fish (## P < 0.01); n = 20 in each group.
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of the telencephalon, while labeling with monoclonal antibodies did not reveal 
similar structures [11]. The present data suggests that in the trout telencephalon 
CBS may label aNSCs with a glial phenotype (radial glia). Our assumption is 
consistent with the results of studies of the pallial neurogenic niche in adult 
zebrafish containing radial glia-like aNSCs with cellular bodies lining the walls 
of the ventricle [19]. Studies of the hydrogen sulfide biology in the mammalian 
brain have shown that astrocytes and glial cells constitute the main repositories 
of CBS in the brain [3]. In in vitro experiments, it was found that astrocytes 
produce 7.57 times more H2S than the microglial cells [20]. However, in the fish 
brain, the detection of typical astrocytic glia gives controversial results [21, 22], 
and radial glia is detected frequently during attempts to identify the brain glial 
architectonics [23].

In the surface layer of different zones of the trout telencephalon, CBS+ cells 
and RG and cells of neuroepithelial type, representing a part of the constitutive 
matrix zones of the telencephalon, were also identified. Thus, CBS+ cells were 
detected in the zones of constitutive neurogenesis in the telencephalon of intact 
animals, which is consistent with the previously obtained data on the masu salmon 
and carp [24]. Studies on D. rerio have shown that aNSCs are associated with the 
ventricular system. In the fish telencephalon, aNSCs have a typical morphology of 
radial glial and/or neuroepithelium, which can be identified with several molecu-
lar markers of aNSCs [25, 26]. Thus, it is obvious that the CBS+ cells of the pallial 
and subpallial regions of the trout telencephalon are the aNSCs of the neuroepi-
thelial and glial types. Earlier studies on trout have shown that after injury in the 
dorsal, medial, and lateral pallial zones, the number of the PCNA+ and HuCD+ 
cells significantly increases, indicating growth of proliferative and neurogenic 
activity in the telencephalon [17]. After the traumatic eye injury, the number 
of CBS+ cells increased in all areas of the telencephalon, with the exception of 
dorso-central zone (Figure 2). The number of H2S-producing cells increases in 
the periventricular and subventricular regions of the telencephalon, which are 
characterized by intensification of proliferative processes that occur after the eye 
injury.

Figure 2. 
Density of CBS+ cells in the telencephalon of the intact trout Oncorhynchus mykiss and at 1 week post-injury. 
The one-way analysis of variance (ANOVA) followed by the student–Newman–Keuls post hoc test was used to 
determine significant differences between the control trout and fish after UEI (n = 5 in each group; * P < 0.01, 
** P < 0.05 significant differences vs. the control group). Dm, Dd, Dl, and Dc are the medial, dorsal, lateral, 
and central parts of the dorsal telencephalic area; Vl and Vm are the lateral and medial parts of the ventral 
nucleus of telencephalon.
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4. CBS in the telencephalon parenchyma

An increase in another type of CBS+ cells, which are intensively labeled, having 
no processes, and adjacent to large moderately labeled neurons, in the telencepha-
lon parenchyma suggests intercellular neuron/glial or neuron/microglial interac-
tions associated with release of H2S from intensively labeled astrocyte-like cells 
and/or microglia [18, 27]. In addition, after the injury, the patterns of distribution 
of the CBS+ radial glia cells in the telencephalon are retained, which indicates an 
additional production of H2S in aNSCs of the glial phenotype. Studies showed 
that after ischemic brain damage, the additional production of H2S is provided by 
sulfhydration [2]. In more recent studies, it has been shown that polysulfides are 
300 times more active than H2S in the TRPA1 receptor activation [3]. Polysulfides 
activate NMDA receptors, which is accompanied by the H2S-dependent reduction 
of cysteine disulfide in extracellular domain of the receptor [3]. In this context, 
activation of the NMDA channels by H2S is probably a detrimental condition arising 
from the excitotoxicity of glutamate causing calcium influx, which, in turn, leads to 
neuronal toxicity and cell death [1, 28].

The results of experimental in vitro studies have shown that the glutamate 
toxicity during a traumatic injury (ischemia) is attenuated by the effect of H2S on 
ATP/K+ and CFTR/Cl− channels [29] and activation of the GLT1 transporters [30]. 
However, there is currently no consensus on the dual role of H2S in the glutamate 
toxicity. Neurons that are formed in the matrix periventricular zones of the trout 
telencephalon represent the immature cell forms that migrate from the periven-
tricular to subventricular layers of the brain. Such undifferentiated cells can express 
an incomplete set of glutamate NMDA receptors, and, therefore, those cascade 
processes that trigger apoptosis in mature neurons in immature cells cannot cause 
death. On the other hand, it is known that H2S is metabolized by mitochondria 
through participation in the oxidation process of the H2S-producing enzymes 
[13, 31]. The stress-induced H2S production in mitochondria and a subsequent 
increase in the ATP production were demonstrated [32].

Changes in the mitochondrial membrane potential activate caspase-3 and 
then become attenuated with NaHS in the neuronal cell culture, which protects 
neurons from apoptosis [33]. Thus, the controversial role of H2S in the mammalian 
brain neurons raises some questions about whether the excessive production of 
H2S causes death of mature neurons in the trout brain as a result of eye injury. It is 
likely that H2S has a protective effect on the immature telencephalic cells after the 
injury. What phenotype (glial or neuronal) does correspond to cells that produce 
H2S after UEI in the trout brain? Considering our previous evidence that the cells 
of these zones in the trout telencephalon are HuCD+ [17], it is fair to assume that 
the H2S-producing cells in the trout telencephalon can represent immature neurons. 
However, the detection of CBS expression in the radial glia cells indicates a glial 
phenotype. Thus, it can be concluded that as a result of UEI in the trout telencepha-
lon, CBS expression is activated in both the neuronal and glial cell population.

5. Optic tectum

As a result of UEI in the trout tectum, the number of the CBS+ cells increases 
dramatically, the appearance of the dense CBS+ cell groups in different layers 
of the tectum is diagnosed, and the CBS expression is induced in the RG cells 
(Figure 3A). The present results of CBS labeling with polyclonal antibodies in 
the tectum of older trout confirm the IHC labeling data for a younger age group 
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of the telencephalon, while labeling with monoclonal antibodies did not reveal 
similar structures [11]. The present data suggests that in the trout telencephalon 
CBS may label aNSCs with a glial phenotype (radial glia). Our assumption is 
consistent with the results of studies of the pallial neurogenic niche in adult 
zebrafish containing radial glia-like aNSCs with cellular bodies lining the walls 
of the ventricle [19]. Studies of the hydrogen sulfide biology in the mammalian 
brain have shown that astrocytes and glial cells constitute the main repositories 
of CBS in the brain [3]. In in vitro experiments, it was found that astrocytes 
produce 7.57 times more H2S than the microglial cells [20]. However, in the fish 
brain, the detection of typical astrocytic glia gives controversial results [21, 22], 
and radial glia is detected frequently during attempts to identify the brain glial 
architectonics [23].

In the surface layer of different zones of the trout telencephalon, CBS+ cells 
and RG and cells of neuroepithelial type, representing a part of the constitutive 
matrix zones of the telencephalon, were also identified. Thus, CBS+ cells were 
detected in the zones of constitutive neurogenesis in the telencephalon of intact 
animals, which is consistent with the previously obtained data on the masu salmon 
and carp [24]. Studies on D. rerio have shown that aNSCs are associated with the 
ventricular system. In the fish telencephalon, aNSCs have a typical morphology of 
radial glial and/or neuroepithelium, which can be identified with several molecu-
lar markers of aNSCs [25, 26]. Thus, it is obvious that the CBS+ cells of the pallial 
and subpallial regions of the trout telencephalon are the aNSCs of the neuroepi-
thelial and glial types. Earlier studies on trout have shown that after injury in the 
dorsal, medial, and lateral pallial zones, the number of the PCNA+ and HuCD+ 
cells significantly increases, indicating growth of proliferative and neurogenic 
activity in the telencephalon [17]. After the traumatic eye injury, the number 
of CBS+ cells increased in all areas of the telencephalon, with the exception of 
dorso-central zone (Figure 2). The number of H2S-producing cells increases in 
the periventricular and subventricular regions of the telencephalon, which are 
characterized by intensification of proliferative processes that occur after the eye 
injury.

Figure 2. 
Density of CBS+ cells in the telencephalon of the intact trout Oncorhynchus mykiss and at 1 week post-injury. 
The one-way analysis of variance (ANOVA) followed by the student–Newman–Keuls post hoc test was used to 
determine significant differences between the control trout and fish after UEI (n = 5 in each group; * P < 0.01, 
** P < 0.05 significant differences vs. the control group). Dm, Dd, Dl, and Dc are the medial, dorsal, lateral, 
and central parts of the dorsal telencephalic area; Vl and Vm are the lateral and medial parts of the ventral 
nucleus of telencephalon.
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lon parenchyma suggests intercellular neuron/glial or neuron/microglial interac-
tions associated with release of H2S from intensively labeled astrocyte-like cells 
and/or microglia [18, 27]. In addition, after the injury, the patterns of distribution 
of the CBS+ radial glia cells in the telencephalon are retained, which indicates an 
additional production of H2S in aNSCs of the glial phenotype. Studies showed 
that after ischemic brain damage, the additional production of H2S is provided by 
sulfhydration [2]. In more recent studies, it has been shown that polysulfides are 
300 times more active than H2S in the TRPA1 receptor activation [3]. Polysulfides 
activate NMDA receptors, which is accompanied by the H2S-dependent reduction 
of cysteine disulfide in extracellular domain of the receptor [3]. In this context, 
activation of the NMDA channels by H2S is probably a detrimental condition arising 
from the excitotoxicity of glutamate causing calcium influx, which, in turn, leads to 
neuronal toxicity and cell death [1, 28].

The results of experimental in vitro studies have shown that the glutamate 
toxicity during a traumatic injury (ischemia) is attenuated by the effect of H2S on 
ATP/K+ and CFTR/Cl− channels [29] and activation of the GLT1 transporters [30]. 
However, there is currently no consensus on the dual role of H2S in the glutamate 
toxicity. Neurons that are formed in the matrix periventricular zones of the trout 
telencephalon represent the immature cell forms that migrate from the periven-
tricular to subventricular layers of the brain. Such undifferentiated cells can express 
an incomplete set of glutamate NMDA receptors, and, therefore, those cascade 
processes that trigger apoptosis in mature neurons in immature cells cannot cause 
death. On the other hand, it is known that H2S is metabolized by mitochondria 
through participation in the oxidation process of the H2S-producing enzymes 
[13, 31]. The stress-induced H2S production in mitochondria and a subsequent 
increase in the ATP production were demonstrated [32].

Changes in the mitochondrial membrane potential activate caspase-3 and 
then become attenuated with NaHS in the neuronal cell culture, which protects 
neurons from apoptosis [33]. Thus, the controversial role of H2S in the mammalian 
brain neurons raises some questions about whether the excessive production of 
H2S causes death of mature neurons in the trout brain as a result of eye injury. It is 
likely that H2S has a protective effect on the immature telencephalic cells after the 
injury. What phenotype (glial or neuronal) does correspond to cells that produce 
H2S after UEI in the trout brain? Considering our previous evidence that the cells 
of these zones in the trout telencephalon are HuCD+ [17], it is fair to assume that 
the H2S-producing cells in the trout telencephalon can represent immature neurons. 
However, the detection of CBS expression in the radial glia cells indicates a glial 
phenotype. Thus, it can be concluded that as a result of UEI in the trout telencepha-
lon, CBS expression is activated in both the neuronal and glial cell population.

5. Optic tectum

As a result of UEI in the trout tectum, the number of the CBS+ cells increases 
dramatically, the appearance of the dense CBS+ cell groups in different layers 
of the tectum is diagnosed, and the CBS expression is induced in the RG cells 
(Figure 3A). The present results of CBS labeling with polyclonal antibodies in 
the tectum of older trout confirm the IHC labeling data for a younger age group 
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of trout using monoclonal antibodies [11]. This indicates that at different periods 
of the trout constitutive ontogenesis, UEI leads to activation of expression in the 
aNSC radial glia cells against the background of a general decrease in the number 
of CBS immunopositive neuroepithelial cells, detected in the intact animals. Data 
of the quantitative analysis showed that in the lateral part of the tectum, the RG 
distribution density is greater than in the dorsal and medial parts, while the average 
number of reactive neurogenic niches in these areas remains approximately the 
same (Figure 3B). After UEI, an increase in the number of CBS+ cells is observed 
in all the tectum layers, reaching a maximum value in SGP (Figure 3A). In SGC and 
SGAP, a significant increase in the number of CBS+ cells (P < 0.05) was detected as 
compared with the control (Figure 3A).

Post-traumatic disorders of energy metabolism that occur in the trout tectum 
after UEI cause a number of changes resulting from the depletion of ATP. One of 
the main metabolic changes is glycolysis, which serves as the main factor of reduc-
tion in ATP-generating oxidative phosphorylation [4]. The loss of ATP leads to an 
imbalance in ionic homeostasis in the tectum cells due to the breakdown of ATPases 
or ATP-dependent ion transporters [9], which regulate the influx of calcium and 
sodium. These changes lead to an outflow of potassium due to the subsequent ATP 
depletion and calcium accumulation [28, 34]. The increase in intracellular calcium 
leads to growth of glutamate level, which increases calcium overload and activates 
calcium-dependent lipases and proteases [28]. Such shifts in ionic homeostasis lead to 
an increased production of reactive oxygen species (ROS), the opening of transitional 
pores of mitochondrial permeability, inflammation, and neuronal death [9, 35]. In 
intact animals, the astrocytes surrounding the neurons absorb extracellular glutamate 
and protect neurons from excitotoxicity [1, 4]. However, during the brain injury, the 
damaged astrocytes may exacerbate ischemic reperfusion injury due to the inhibition 
of the main glutamate transporter (GLT1) [1, 12].

Thus, as a result of UEI, a number of pathophysiological changes develop in the 
trout tectum, causing the oxidative stress. In vivo experiments indicate the impor-
tant role of H2S involved in many ways to control oxidative stress, including the glu-
tathione cycle, activation of enzymes, and transcription factors related to the redox 
balance [3]. One of the pathophysiological effects in trout after UEI is assumed to 
be microglial polarization with appearance of clusters of activated microglia with 
a pro-inflammatory phenotype (Figure 4). Similar effects were also identified in a 
cell culture with exogenous administration of sodium hydrosulfide [36]. Thus, an 

Figure 3. 
Density of CBS+ cells in the optic tectum of the intact trout Oncorhynchus mykiss and at 1 week post-injury. 
(A) Number of cells in the intact tectal layers and after UEI; the one-way analysis of variance followed by the 
student–Newman–Keuls post hoc test was used to determine significant differences between the control trout 
and fish after UEI (n = 5 in each group; (mean ± SD), * P < 0.05, vs. control group). SM, stratum marginale; 
SGC, stratum griseum centrale; SGAP, stratum griseum at album periventriculare; SGP, stratum griseum 
periventriculare. (B) Number of radial glia cells (RG) and reactive neurogenic niches (NNr) in different part 
of tectum after UEI (mean ± SD).
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increase in the H2S production in the trout brain after UEI should be considered in 
terms of maintaining cerebrovascular homeostasis, implying anti-apoptotic, anti-
inflammatory, and antioxidant effects, and reducing the level of secondary neuronal 
damage that results from oxidative stress.

6. Cerebellum

The CBS localization was studied in the cerebellar body and granular eminences 
of trout. Earlier studies on juvenile trout using monoclonal antibodies against 
CBS showed the presence of H2S-producing complexes in the granular layer and 
valvula cerebelli [11]. The data from this study allows a suggestion that the hydro-
gen sulfide production differs significantly between different neuroanatomical 
regions of corpus cerebelli (CCb), in particular, among granular cells. The highest 
number of CBS+ cells was found in the dorsolateral (DLP) and dorsomedial parts 
(DMP) of CCb, while in the basal part, the number of immunopositive cells was 
lower. In DLP, CBS+ Purkinje cells prevailed over negative cells; in the basolateral 
part (BLP), vice versa (Figure 5). In the medial zones of the trout CCb, dorsal and 
basal, typical CBS+ eurydendroid neurons (EDC) were revealed. The proportions 
of the CBS-positive and CBS-negative Purkinje cells (PC) in the basomedial part 
(BMP) and DMP were almost the same, and the number of CBS+ EDCs was higher 
in BMP (Figure 5). Thus, in the intact trout CCb, a heterogeneous population of 
PC was identified, some of which are CBS-positive and others are CBS-negative. 
The distribution of the CBS+ and CBS− Purkinje cells in CCb is characterized by a 
certain spatial specificity: most of the CBS+ PCs are localized in DLP. In the basal 
and dorsal parts of CCb, CBS+ eurydendroid neurons were found forming extracer-
ebellar projections.

An essential feature of CBS-immunopositivity of projection cells in the trout 
ganglionic layer (GL) is their relationship with the CBS+ glial-like cells. Similar 
patterns of colocalization of the moderately labeled PCs and EDCs with small, 
intensely labeled cells were characteristic for all CCb areas and were also found in 
the adjacent areas of the granular layer (GrL) and molecular layer (ML). In most 
cases, we identified small, intensely labeled astrocyte-like cells and/or microglia 

Figure 4. 
CBS in the optical tectum of the trout Oncorhynchus mykiss at 1 week after UEI. Clusters of tangentially 
located CBS+ reactive astrocytes (in black rectangle), radial glia (black arrows), and CBS- cells 
(white arrows). SGC, stratum griseum centrale; SGAP, stratum griseum at album periventriculare. 
Immunoperoxidase labeling of CBS in combination with methyl green staining. Scale bar: 20 μm.
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of trout using monoclonal antibodies [11]. This indicates that at different periods 
of the trout constitutive ontogenesis, UEI leads to activation of expression in the 
aNSC radial glia cells against the background of a general decrease in the number 
of CBS immunopositive neuroepithelial cells, detected in the intact animals. Data 
of the quantitative analysis showed that in the lateral part of the tectum, the RG 
distribution density is greater than in the dorsal and medial parts, while the average 
number of reactive neurogenic niches in these areas remains approximately the 
same (Figure 3B). After UEI, an increase in the number of CBS+ cells is observed 
in all the tectum layers, reaching a maximum value in SGP (Figure 3A). In SGC and 
SGAP, a significant increase in the number of CBS+ cells (P < 0.05) was detected as 
compared with the control (Figure 3A).

Post-traumatic disorders of energy metabolism that occur in the trout tectum 
after UEI cause a number of changes resulting from the depletion of ATP. One of 
the main metabolic changes is glycolysis, which serves as the main factor of reduc-
tion in ATP-generating oxidative phosphorylation [4]. The loss of ATP leads to an 
imbalance in ionic homeostasis in the tectum cells due to the breakdown of ATPases 
or ATP-dependent ion transporters [9], which regulate the influx of calcium and 
sodium. These changes lead to an outflow of potassium due to the subsequent ATP 
depletion and calcium accumulation [28, 34]. The increase in intracellular calcium 
leads to growth of glutamate level, which increases calcium overload and activates 
calcium-dependent lipases and proteases [28]. Such shifts in ionic homeostasis lead to 
an increased production of reactive oxygen species (ROS), the opening of transitional 
pores of mitochondrial permeability, inflammation, and neuronal death [9, 35]. In 
intact animals, the astrocytes surrounding the neurons absorb extracellular glutamate 
and protect neurons from excitotoxicity [1, 4]. However, during the brain injury, the 
damaged astrocytes may exacerbate ischemic reperfusion injury due to the inhibition 
of the main glutamate transporter (GLT1) [1, 12].

Thus, as a result of UEI, a number of pathophysiological changes develop in the 
trout tectum, causing the oxidative stress. In vivo experiments indicate the impor-
tant role of H2S involved in many ways to control oxidative stress, including the glu-
tathione cycle, activation of enzymes, and transcription factors related to the redox 
balance [3]. One of the pathophysiological effects in trout after UEI is assumed to 
be microglial polarization with appearance of clusters of activated microglia with 
a pro-inflammatory phenotype (Figure 4). Similar effects were also identified in a 
cell culture with exogenous administration of sodium hydrosulfide [36]. Thus, an 

Figure 3. 
Density of CBS+ cells in the optic tectum of the intact trout Oncorhynchus mykiss and at 1 week post-injury. 
(A) Number of cells in the intact tectal layers and after UEI; the one-way analysis of variance followed by the 
student–Newman–Keuls post hoc test was used to determine significant differences between the control trout 
and fish after UEI (n = 5 in each group; (mean ± SD), * P < 0.05, vs. control group). SM, stratum marginale; 
SGC, stratum griseum centrale; SGAP, stratum griseum at album periventriculare; SGP, stratum griseum 
periventriculare. (B) Number of radial glia cells (RG) and reactive neurogenic niches (NNr) in different part 
of tectum after UEI (mean ± SD).
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increase in the H2S production in the trout brain after UEI should be considered in 
terms of maintaining cerebrovascular homeostasis, implying anti-apoptotic, anti-
inflammatory, and antioxidant effects, and reducing the level of secondary neuronal 
damage that results from oxidative stress.

6. Cerebellum

The CBS localization was studied in the cerebellar body and granular eminences 
of trout. Earlier studies on juvenile trout using monoclonal antibodies against 
CBS showed the presence of H2S-producing complexes in the granular layer and 
valvula cerebelli [11]. The data from this study allows a suggestion that the hydro-
gen sulfide production differs significantly between different neuroanatomical 
regions of corpus cerebelli (CCb), in particular, among granular cells. The highest 
number of CBS+ cells was found in the dorsolateral (DLP) and dorsomedial parts 
(DMP) of CCb, while in the basal part, the number of immunopositive cells was 
lower. In DLP, CBS+ Purkinje cells prevailed over negative cells; in the basolateral 
part (BLP), vice versa (Figure 5). In the medial zones of the trout CCb, dorsal and 
basal, typical CBS+ eurydendroid neurons (EDC) were revealed. The proportions 
of the CBS-positive and CBS-negative Purkinje cells (PC) in the basomedial part 
(BMP) and DMP were almost the same, and the number of CBS+ EDCs was higher 
in BMP (Figure 5). Thus, in the intact trout CCb, a heterogeneous population of 
PC was identified, some of which are CBS-positive and others are CBS-negative. 
The distribution of the CBS+ and CBS− Purkinje cells in CCb is characterized by a 
certain spatial specificity: most of the CBS+ PCs are localized in DLP. In the basal 
and dorsal parts of CCb, CBS+ eurydendroid neurons were found forming extracer-
ebellar projections.

An essential feature of CBS-immunopositivity of projection cells in the trout 
ganglionic layer (GL) is their relationship with the CBS+ glial-like cells. Similar 
patterns of colocalization of the moderately labeled PCs and EDCs with small, 
intensely labeled cells were characteristic for all CCb areas and were also found in 
the adjacent areas of the granular layer (GrL) and molecular layer (ML). In most 
cases, we identified small, intensely labeled astrocyte-like cells and/or microglia 

Figure 4. 
CBS in the optical tectum of the trout Oncorhynchus mykiss at 1 week after UEI. Clusters of tangentially 
located CBS+ reactive astrocytes (in black rectangle), radial glia (black arrows), and CBS- cells 
(white arrows). SGC, stratum griseum centrale; SGAP, stratum griseum at album periventriculare. 
Immunoperoxidase labeling of CBS in combination with methyl green staining. Scale bar: 20 μm.
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attached to large EDCs or weakly or moderately labeled PC cells. Such a neuroglial/
microglial construction corresponds to the established model of the intercellular 
relationships, in which glial cells are the main source of hydrogen sulfide for 
neurons [20, 27]. The relationship with neurons is a prerequisite for the release of 
H2S from astrocytes and the increase in intracellular calcium in astrocytes [18]. H2S 
activates the transition potential A1 channels (TRPA1) of the transition receptor, 
leading to an influx of calcium and activation of astrocytes by transmitting calcium 
waves after neuronal activation [37]. Further, D-serine is released from astrocytes, 
which subsequently activates the NMDA receptors [3]. Thus, the neuron-glial 
relationships were identified in CCb and granular eminences of the intact trout, in 
which H2S is very likely to be released from the astrocyte-like cells with subsequent 
activation of the NMDA receptors in neurons. Such features of organization of the 
H2S-producing cell complexes in trout correspond to physiological principles estab-
lished in a mammalian model, according to which the astrocyte-like cells in the fish 
cerebellum regulate the amount of glutamate produced and its reuptake, preventing 
the excitotoxicity effects and providing the effective conditions for neurotransmis-
sion [2, 3].

After UEI in the trout cerebellum, the number of the CBS+ cells in ML increases 
dramatically, indicating a sharp activation of the ATP-dependent processes in this 
area. Along with the increase in the number of immunopositive cells, the number 
of the cellular CBS+ clusters also increases, both in the surface and deeper parts 
of ML. There is a reactivation of numerous neurogenic niches, with patterns of 
the neuron/glial/microglial colocation detected not only in GrL but also in ML. In 
ML, we found CBS+ fibers, which are absent in intact animals. In the neuron-glial 
complexes, glial cells are very intensely labeled, which indicates an increase in 
the CBS activity. We believe that this increase in the number of the CBS+ cells is 
due to the oxidative stress and the accumulation of ROS, which are neutralized 
by hydrogen sulfide. The sources of ROS generation in cell include mitochondria, 
superoxide-producing enzymes, such as xanthine oxide, NADPH oxidase, and 
hydrogen peroxide-producing enzymes, such as superoxide dismutase [12, 13]. ROS 
acceptors include antioxidants, such as glutathione, as well as enzymes superoxide 
dismutase and catalase. The modulation of ion channels and inflammatory and 
antioxidant transcription factors using H2S after UEI may play a protective role in 
reducing edema and inflammation [20, 29, 30]. Similar effects have been reported 

Figure 5. 
Density of CBS+ cells in the cerebellum of the intact trout Oncorhynchus mykiss. Ratio of Purkinje cells (PC) 
and eurydendroid cells (EDC) in different parts of the cerebellum (mean ± SD). BMP, basomedial part; BLP, 
basolateral part; DLP, dorsolateral part; DMP, dorsomedial part.
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in the culture of endothelial cells and hippocampal neurons with the addition 
of donors of hydrogen sulfide, Na2S (50 μM) or NaHS (50 and 250 μM), which 
increase the activity of antioxidant enzymes such as superoxide dismutase, catalase, 
and glutathione peroxidase [27]. In vivo experiments indicate that the role of H2S 
to control oxidative stress is expressed in many ways, including the glutathione 
cycle, enzyme activation, and transcription factors related to the redox balance 
[38]. Astrocytes provide cysteine as an important source of production in the 
GSH neurons [39]. In experiments on mammalian brain, the incorporation of the 
hydrogen sulfide donors, NaSH (100 μM), attenuated excitotoxicity and increased 
intracellular GSH levels in a dose-dependent manner in a primary culture of neu-
rons [40]. Experiments with the inclusion of a metabolic radiolabel have confirmed 
the incorporation of L-cysteine generated by transulfuration of CBS and CSE into 
glutathione in astrocytes and neurons [41]. These studies suggest that H2S may be 
useful to enhance the mechanism of cellular antioxidant protection in the brain.
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microglial construction corresponds to the established model of the intercellular 
relationships, in which glial cells are the main source of hydrogen sulfide for 
neurons [20, 27]. The relationship with neurons is a prerequisite for the release of 
H2S from astrocytes and the increase in intracellular calcium in astrocytes [18]. H2S 
activates the transition potential A1 channels (TRPA1) of the transition receptor, 
leading to an influx of calcium and activation of astrocytes by transmitting calcium 
waves after neuronal activation [37]. Further, D-serine is released from astrocytes, 
which subsequently activates the NMDA receptors [3]. Thus, the neuron-glial 
relationships were identified in CCb and granular eminences of the intact trout, in 
which H2S is very likely to be released from the astrocyte-like cells with subsequent 
activation of the NMDA receptors in neurons. Such features of organization of the 
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lished in a mammalian model, according to which the astrocyte-like cells in the fish 
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and glutathione peroxidase [27]. In vivo experiments indicate that the role of H2S 
to control oxidative stress is expressed in many ways, including the glutathione 
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Abstract

Neurons are basic structural and functional units of the nervous system with 
major function being that of integration and interpretation of neuronal input or 
information. The lifespan of a nerve cell generally last throughout the individual 
lifetime. However, some physiologic or pathologic processes may affect the neuron 
causing premature death of this cell or tissue. This premature neurological death 
caused by pathologic circumstances is what we call neurotoxicity. The biochemical 
mechanisms put forward to explain neurotoxicity are not fully known. Nonetheless, 
whatever the mechanism involved, the outcome usually results in apoptosis, pyro-
poptosis, or necrosis. Examples of these mechanisms include excitotoxicity, oxida-
tive stress, glial cell destruction, vascular interruptions, and inflammation. The idea 
about possibly protecting neurons against insults using pharmacologic means leads 
to the birth of the neuroprotection concept. This new concept has emerged based 
on ongoing research, suggesting it is possible through physical and pharmacological 
means to prevent or avoid neurotoxicity by the abovementioned mechanisms but 
with the exception of vascular interruption mechanisms. We will present in this 
chapter a synoptic view of the inflammatory mechanisms implicated in neurotoxic-
ity and bring out the possible implications in neuroprotection.

Keywords: neuroprotection, neurotoxicity, inflammation, inflammasome, NLRP3, 
metabolic syndrome

1. Introduction

Neurons represent the main component of the nervous system, and they are 
indispensable for integration and transcription of nerve impulses [1]. The central 
nervous system (CNS) is made up of about 100 billion neurons and approximately 
10–50 times more glial cells [1]. Unlike glial cells, which maintain the ability to 
undergo cell division even after adult age, neurons are no more capable of mitosis 
at the adult age. Nevertheless, they are supposed to live all the life of an individual 
[1]. Unluckily, there are some pathologic and physiologic circumstances during 
which we observe a premature neuronal death [2]. These include stroke, head 
trauma, neurodegenerative disease, psychiatric disease, multiple sclerosis, aging, 
etc. This premature neurological death caused by pathologic circumstances is what 
we call neurotoxicity. The biochemical mechanisms of neurotoxicity are not all 
described yet. Nevertheless, no matter the mechanism, the result will be either 
apoptosis, pyroptosis, or necrosis [3]. Reviewing the literature, we found several 
biochemical pathways described as being implicated in the process of neurotoxicity. 
These include excitotoxicity, oxidative stress, glial cell destruction, vascularization 
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etc. This premature neurological death caused by pathologic circumstances is what 
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described yet. Nevertheless, no matter the mechanism, the result will be either 
apoptosis, pyroptosis, or necrosis [3]. Reviewing the literature, we found several 
biochemical pathways described as being implicated in the process of neurotoxicity. 
These include excitotoxicity, oxidative stress, glial cell destruction, vascularization 
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interruption, and inflammation [3]. Being confronted with neurotoxicity, an idea 
emerged about possibly protecting neurons against insults using pharmacologic 
means. This was the birth of the neuroprotection concept.

The neuroprotection concept regroups all pharmacologic and/or physical 
resources capable of preventing or avoiding neurotoxicity by affecting one or 
more biochemical mechanisms of neurotoxicity [4, 5]. This definition excludes all 
therapeutics that lead to an improvement of the vascularization of the brain [4, 5]. 
The neuroprotection targets could therefore be avoidance of excitotoxicity, glial 
cell protection, oxidative stress reduction, and/or inhibition of inflammation. On 
the theoretical, logic and experimental fields, neuroprotection is evident; however, 
it remains a concept difficult to prove on the clinical field. Indeed, although many 
animal experimental researches on neuroprotection have been conclusive, this 
could not be confirmed in clinical trials. This could be explained by the difficulty to 
establish clinical criteria for the evaluation of neuroprotection in clinical researches. 
Despite this methodologic difficulty which tends to discredit the neuroprotection 
concept in clinical field, we propose to make an analysis of neuroprotection on 
the prism of inflammation. We will present a synoptic view of the inflammatory 
mechanisms implicated in neurotoxicity and bring out the possible implications in 
neuroprotection.

2.  Inflammatory reaction and particularities in the central nervous 
system

Inflammation is the first step in the defense mechanism of the organism by 
which the actions of different components of the nonspecific immunity are put 
together in order to fight against an exogenous or endogenous aggression [6]. By 
definition, inflammation is a local process which takes place in the connective tissue 
of the organ affected. Nevertheless, according to the amplitude and duration of 
the local inflammation, it can be secondarily generalized through production of a 
systemic response such as the synthesis of acute-phase reactants or the endocrine 
effect of cytokines [6, 7].

2.1 Inflammation response mechanism

The first step of an inflammation reaction is the adhesion of leukocytes on 
the endothelial membrane. This step takes place essentially in the postcapillary 
venule. Activated endothelial cells are required for this step as they need to express 
adhesion molecules on their surfaces. These molecules serve as receptor for their 
complementary adhesive molecules present on the surface membrane of circulat-
ing leukocytes. Leukocyte adhesion to the vascular endothelium occurs in two 
phases which implicate both adhesion molecules. The first phase is the leukocytes 
rolling on the vascular endothelium. It involves the E-selectin (CD62E) and the 
P-selectin (CD62P) expressed on the vascular endothelium transiently interacting 
the P-selectin glycoprotein ligand-1 (PSGL-1), E-selectin ligand-1 (ESL-1), and 
L-selectin (CD62L) which are ligands expressed on leukocytes’ surface. The second 
phase is the leukocyte-endothelium firm adhesion. It is realized by the interac-
tion between the vascular endothelium adhesion molecules named vascular cell 
adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) 
and leukocyte integrins known as VLA-4 and LFA-1 (Figure 1). The leukocyte 
adhesion is preceded by a certain number of steps which aid the adhesion phase. 
These steps are endothelial activation, induced by interleukin-1β (IL-1β) and tumor 
necrotic factor α (TNFα); the activated endothelium secretes some agents such as 

321

Neuroprotection: The Way of Anti-Inflammatory Agents
DOI: http://dx.doi.org/10.5772/intechopen.90509

platelet-activating factor (PAF), prostaglandin E2 (PGE2), and azote monoxide 
(NO) which lead to a vasodilatation with reduction of blood flow aiding leukocyte 
rolling. Interleukin-1β and TNFα are also responsible for the adhesion molecules 
expressed on the endothelial surface and the liberation of chemotactic agents.

The second step of inflammation is diapedesis; it follows the leukocyte adhesion 
and refers to the passage of leukocytes from blood circulation to the connective 
tissue where the inflammation process has begun. This leukocyte migration is done 
across the intercellular endothelial junctions and is affected by chemotactic peptide 
concentration gradient at the inflammatory focal point. At the inflammatory focal 
point, leukocytes become activated and start to secrete oxygen-reactive substances, 
pro-inflammatory cytokines, and lipid inflammatory mediators. They also excrete 
the contents of their granules. All these actions lead to a systemic inflammatory 
response by endocrine effects of pro-inflammatory cytokines and also cessation of 
the cause of the inflammation. However, in certain cases the amplification of the 
inflammation by pro-inflammatory cytokines is responsible of destruction of the 
tissue where it takes place [7]. The endocrine effects of pro-inflammatory cytokines 
are multiple; the principal effects are observed on the liver and the brain [8]. In the 
liver, they induce the synthesis of acute-phase proteins; on the brain, they result in 
fever, asthenia, anorexia, and somnolence (Figure 2).

2.2 Inflammatory cytokines

The term cytokine regroups the low-molecular-weight glycoproteins implicated 
in cellular communication. They are active in the control of proliferation, matura-
tion, and differentiation of hematopoietic cells and also in the regulation of inflam-
matory and immunologic responses. They exercise their regulatory activity through 
an autocrine, paracrine, juxtacrine, and endocrine mechanism via the membrane 
receptors present on focus cells. In the field of immunology, there exist two groups 
of cytokines: pro-inflammatory cytokines such as interleukins 1, 6, 8, and 18 (IL-1, 
IL-6, IL-8, IL-18), TNFα and anti-inflammatory cytokines such as interleukins 10, 
4, and 13 (IL-10, IL-4, IL-13) transforming growth factor β (TGFβ). The balance 
between pro-inflammatory and anti-inflammatory cytokines regulates the local 
intensity of an inflammatory reaction and its duration. Among pro-inflammatory 
cytokines, IL-1β and TNFα have the central role in the initiation and chronicity 

Figure 1. 
Mechanism of inflammation reaction.
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interruption, and inflammation [3]. Being confronted with neurotoxicity, an idea 
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of inflammation. These cytokines are synthetized in an inactive precursor form: 
pro-IL-1β and pro-TNFα. Activation of pro-IL-1β is done by a cysteine/aspartate-
type membrane protease named caspase-1 or IL-1β converting enzyme (ICE). 
Concerning TNFα, its liberation and activation require an adamalysine family 
enzyme called TNFα- converting enzyme (TACE). Interleukin-1β and TNFα have a 
synergetic action at the inflammation focal point; they are implicated in the expres-
sion of cyclooxygenase 2 (COX2); production of PGE2, NO, and PAF; expression of 
adhesion molecules at the endothelium level membrane; production of other pro-
inflammatory cytokines; liberation of chemotactic peptides and metalloproteases; 
etc. The activities of these major pro-inflammatory cytokines are under the control 
of many natural inhibitors. These inhibitors can be classified regarding their mode 
of action into three categories:

• The pro-inflammatory cytokine receptor antagonists: they compete with pro-
inflammatory cytokines on their receptors.

• The pro-inflammatory cytokine soluble receptors: they inhibit pro-inflamma-
tory cytokine activities binding them; this family is represented by truncated 
receptors of IL-1β (IL-1 R1 and R2) and TNFα (TNF R55 and R75).

• The anti-inflammatory cytokines: they act by inhibition of pro-inflammatory 
cytokine biosynthesis; this family is represented by IL-4, IL-10, IL-11, IL-13, 
and TGFβ.

Chemokines constitute another group of pro-inflammatory cytokines; they have 
chemotactic properties for the leukocytes. They are produced by all leukocytes, 
platelet, and connective tissue cells following stimulation by bacterial or viral 
products, IL-1β, TNFα, fragment C5a of complement, and leukotriene. Chemokine 
release leads to the degranulation and activation of leukocytes which provoke a 
massive release in the inflammatory focal point of lysosomal enzymes, oxidant, and 
lipid mediators [7].

Figure 2. 
Role of sentinel cells in the inflammatory response (modified from [8]). Sentinel cells (macrophage in this 
case) detects in its environment a potential danger by the pattern recognition receptors (PRR). This recognition 
active the inflammation signalization ways with the liberation of pro-inflammatory cytokines. PRRs considered 
in this example are toll like receptor 4 (TLR4) which recognize the lipo-poly-saccharide (LPS) of Gram 
negative bacteria and RAGE which recognize the ends products of glycation (AGEs).
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2.3 Particularities of inflammation in the central nervous system

In the central nervous system (CNS), the same inflammatory mechanism 
previously described remains valid. However, because of the blood–brain barrier, 
the actors and kinetic of inflammation in the CNS are particular [9]. Furthermore, 
in the CNS, the immune reactions are molded by the presence of cellular and 
molecular factors slowing the immune response [9]. In the physiologic conditions, 
the blood–brain barrier is not permeable to blood constitutes including immune 
cells. This immune isolation of the CNS brings up the question about the actors 
implicated in an inflammatory reaction in this particular organ. Many studies prove 
that the microglial cells located in the periventricular spaces express the class II 
molecules of the major histocompatibility complex (class II MHC) and can play 
the role of macrophages in the initiation and amplification of inflammation [9, 10]. 
Hence, microglial cells can be activated in CNS by three ways: pathogen-associated 
molecular patterns (PAMPs), missing self, or danger-associated molecular patterns 
(DAMPs) [11, 12]. This microglial cell activation leads to phagocytosis, antigen 
presentation, and production of pro-inflammatory cytokines [13]. Furthermore, 
the active microglial cells express the co-stimulant molecules including CD45, B7–1, 
B7–2, LFA-1, CD40, ICAM-1, and VCAM-1 which increase the permeability of the 
blood–brain barrier resulting in the penetration of immune cells in the CNS [9, 13]. 
It is possible for the active T lymphocytes to cross the blood–brain barrier and pen-
etrate into the brain parenchyma [14]. If these infiltrated T lymphocytes recognize 
their specific antigen, they will produce pro-inflammatory cytokines that further 
increase the permeability of the blood–brain barrier [9]. However, this inflam-
matory activity caused by activated microglial cells or activated T lymphocyte in 
the CNS remains strongly modulated and inhibited by many cells and molecular 
immunosuppressing factors present in the CNS.

In the CNS, they are unappropriated conditions for the development and amplifi-
cation of an inflammatory reaction. Indeed, we observe in the CNS a reduction of the 
expression of class I and class II molecules of the major histocompatibility complex 
on the cells, a local production of anti-inflammatory cytokines and a continuous 
elimination, by apoptosis, of the active T lymphocytes that have crossed the blood–
brain barrier [9]. This apoptotic elimination of infiltrated T lymphocyte is the result 
of an interaction between receptors Fas/Apo-1 (CD95) on the active T lymphocytes 
and ligands FasL (CD95L) on the CNS cells [15, 16]. This “inflammo-resistance” 
state of the CNS is not necessarily an advantage. Indeed, low expression of class I 
molecules of the major histocompatibility complex on the CNS cells leads to two 
potential consequences. Firstly, it may be possible for the active immune cells if they 
cross the blood–brain barrier to attack the self CNS cells following the “missing self” 
principle [11]. Secondly, it may be difficult for active cytotoxic T lymphocyte when 
they cross the blood–brain barrier to destroy infected CNS cells in the case of CNS 
viral infection [17]. These consequences make the CNS particularly susceptible to 
persistent inflammatory states once the pathogen or other cause of inflammation has 
circumvented all the anti-inflammatory processes present in CNS [17]. Furthermore, 
even if apoptotic elimination of infiltrated active T lymphocytes leads to a modu-
lation of inflammation in the CNS, it also delays the elimination of the cause of 
inflammation and therefore prolongs the inflammatory state in the CNS. Apoptosis 
of infiltrated active T lymphocytes also leads to the release, in the CNS parenchyma, 
of anti-inflammatory cytokines notably IL-10 and TGFβ which inhibit the cytotoxic 
activity of active T lymphocytes and thus might perpetuate an eventual CNS viral 
infection [18, 19]. It appears that it is difficult for an inflammatory process to begin 
in the CNS, but if for one reason or the other an inflammatory process does begin in 
the CNS, it becomes very difficult to avert it completely and rapidly.
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of inflammation. These cytokines are synthetized in an inactive precursor form: 
pro-IL-1β and pro-TNFα. Activation of pro-IL-1β is done by a cysteine/aspartate-
type membrane protease named caspase-1 or IL-1β converting enzyme (ICE). 
Concerning TNFα, its liberation and activation require an adamalysine family 
enzyme called TNFα- converting enzyme (TACE). Interleukin-1β and TNFα have a 
synergetic action at the inflammation focal point; they are implicated in the expres-
sion of cyclooxygenase 2 (COX2); production of PGE2, NO, and PAF; expression of 
adhesion molecules at the endothelium level membrane; production of other pro-
inflammatory cytokines; liberation of chemotactic peptides and metalloproteases; 
etc. The activities of these major pro-inflammatory cytokines are under the control 
of many natural inhibitors. These inhibitors can be classified regarding their mode 
of action into three categories:

• The pro-inflammatory cytokine receptor antagonists: they compete with pro-
inflammatory cytokines on their receptors.

• The pro-inflammatory cytokine soluble receptors: they inhibit pro-inflamma-
tory cytokine activities binding them; this family is represented by truncated 
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Figure 2. 
Role of sentinel cells in the inflammatory response (modified from [8]). Sentinel cells (macrophage in this 
case) detects in its environment a potential danger by the pattern recognition receptors (PRR). This recognition 
active the inflammation signalization ways with the liberation of pro-inflammatory cytokines. PRRs considered 
in this example are toll like receptor 4 (TLR4) which recognize the lipo-poly-saccharide (LPS) of Gram 
negative bacteria and RAGE which recognize the ends products of glycation (AGEs).

323

Neuroprotection: The Way of Anti-Inflammatory Agents
DOI: http://dx.doi.org/10.5772/intechopen.90509

2.3 Particularities of inflammation in the central nervous system

In the central nervous system (CNS), the same inflammatory mechanism 
previously described remains valid. However, because of the blood–brain barrier, 
the actors and kinetic of inflammation in the CNS are particular [9]. Furthermore, 
in the CNS, the immune reactions are molded by the presence of cellular and 
molecular factors slowing the immune response [9]. In the physiologic conditions, 
the blood–brain barrier is not permeable to blood constitutes including immune 
cells. This immune isolation of the CNS brings up the question about the actors 
implicated in an inflammatory reaction in this particular organ. Many studies prove 
that the microglial cells located in the periventricular spaces express the class II 
molecules of the major histocompatibility complex (class II MHC) and can play 
the role of macrophages in the initiation and amplification of inflammation [9, 10]. 
Hence, microglial cells can be activated in CNS by three ways: pathogen-associated 
molecular patterns (PAMPs), missing self, or danger-associated molecular patterns 
(DAMPs) [11, 12]. This microglial cell activation leads to phagocytosis, antigen 
presentation, and production of pro-inflammatory cytokines [13]. Furthermore, 
the active microglial cells express the co-stimulant molecules including CD45, B7–1, 
B7–2, LFA-1, CD40, ICAM-1, and VCAM-1 which increase the permeability of the 
blood–brain barrier resulting in the penetration of immune cells in the CNS [9, 13]. 
It is possible for the active T lymphocytes to cross the blood–brain barrier and pen-
etrate into the brain parenchyma [14]. If these infiltrated T lymphocytes recognize 
their specific antigen, they will produce pro-inflammatory cytokines that further 
increase the permeability of the blood–brain barrier [9]. However, this inflam-
matory activity caused by activated microglial cells or activated T lymphocyte in 
the CNS remains strongly modulated and inhibited by many cells and molecular 
immunosuppressing factors present in the CNS.

In the CNS, they are unappropriated conditions for the development and amplifi-
cation of an inflammatory reaction. Indeed, we observe in the CNS a reduction of the 
expression of class I and class II molecules of the major histocompatibility complex 
on the cells, a local production of anti-inflammatory cytokines and a continuous 
elimination, by apoptosis, of the active T lymphocytes that have crossed the blood–
brain barrier [9]. This apoptotic elimination of infiltrated T lymphocyte is the result 
of an interaction between receptors Fas/Apo-1 (CD95) on the active T lymphocytes 
and ligands FasL (CD95L) on the CNS cells [15, 16]. This “inflammo-resistance” 
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3. Inflammasome molecular platform

3.1 Description of an inflammasome

Inflammation is amplified and maintained by the activities of pro-inflammatory 
cytokines principally IL-1β and IL-18. However, the previously described inflam-
matory mechanism leads to the formation of these cytokines in an inactive form. 
In this part, we focus on the analysis of the molecular platform implicated in the 
activation of these cytokines called inflammasome. An inflammasome is an innate 
immune complex that recognizes pathogen-associated molecular patterns (PAMPs) 
and danger-associated molecular patterns (DAMPs) and leads to the activation of 
an inflammatory caspase: caspase-1 [20]. It is a macromolecule complex formed by 
oligomerization of a specific type pattern recognition receptor, an adaptor protein 
and caspase-1. This association results from the interaction between homotypic 
domains [20]. Pattern recognition receptors (PRRs) implicated in the inflamma-
some’s structure are particular. Their activation leads specifically to the activation of 
caspase-1 rather than the activation of transcription factors such as nuclear factor 
kappa-B (NF-κB) or IFN regulatory factor 3/7 (IRF3/7) as well as protein synthesis 
[20]. Three receptors’ families are actually descripted as principal activators of the 
inflammasome: nucleotide-binding domain and leucine-rich repeats containing 
receptors (NLR), AIM2 {absent in melanoma 2}-like receptors (ALR), and RIG 
{retinoic acid inducible gene}-I-like receptor (RLR) [20]. The implication of the 
RLR in the activation of inflammasome is still debated.

Twenty-two NLR types have been identified in humans. They have a structural 
organization with a leucine-rich repeat (LRR) domain, which interacts with the 
ligand; a nucleotide-binding domain (NBD), which permits the ATP depending 
oligomerization of NLR into an hexameric form that activates the inflammasome; 
and an effector domain, which permits the transduction of signals (Figure 3) [21]. 
The effector domain is different for each NLR receptors and aids in their distinc-
tion. The NLRP have as effector domain the pyrin domain (PYD); the NLRC have as 

Figure 3. 
Inflammasome structure (modified from [20]) (A) structure of Inflammasome domains (B) NLRP3 
Inflammasome. *Apoptosis-associated speck-like protein containing a CARD plays the role of adaptor protein.
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effector domain the caspase activation and recruitment domain (CARD); and the 
NLRB or NAIP (NLR family apoptosis inhibitory protein) have as effector domain 
the baculoviral inhibitor of apoptosis protein repeat (BIR) [21]. AIM2-like receptors 
(ALR) are formed by four receptors: the AIM2, interferon-γ- inducible antigen 16 
(IFI16), myeloid cell nuclear differentiation antigen (MNDA), and interferon-
inducible protein X (IFIX). The end carboxyl extremity of these receptors is formed 
by an HIN200 domain which reacts with double-stranded DNA, and the end amino 
extremity is formed by a pyrin domain [20].

3.2 Activation of the inflammasome

Activation of inflammasome requires the interaction between its receptors 
and the specific ligands grouped in the name of pathogen-associated molecular 
patterns (PAMPs) and danger-associated molecular patterns (DAMPs) [11, 12]. 
A large number of inflammasome ligands have been identified; the major ones 
are presented in Table 1. Receptors implicated in the inflammasome structure are 
located on the intracellular site of cell membrane. This localization means that 
the inflammasome’s receptors are activated by ligands present on the inner aspect 
of the cell [20]. In other words, an inflammasome is activated in a cell only if the 
considered cell is infected, mutated, or damaged. The most studied inflammasome 
platform is the NLRP3 or cryopirine; its activation can be mediated by a double 
stimulus. The first is the stimulation of a toll-like receptor (TLR) which leads to 
the activation of the transcription pathway of pro-IL-1β that raises the transcrip-
tion of the genes of NLRP3 and its deubiquitination [22]. The second stimulus is 

Receptors Stimuli DAMPs/PAMPs

NLRP1 Anthrax toxin PAMP

Myramyl dipeptide of peptidoglycan bacterial wall PAMP

NLRP3 Extracellular ATP DAMP

Reactive oxygen species DAMP

Asbestos fiber DAMP

Potassium ions efflux DAMP

Urate crystal DAMP

Silica crystal DAMP

Aluminum salt DAMP

Cholesterol crystal DAMP

β-amyloid protein DAMP

Pore forming bacteria toxin PAMP

NLRP6 Unknown Unknown

NLRP7 Bacteria lipopeptide PAMP

NLRP12 Yersinia pestis unknown pattern PAMP

NLRC4 Flagellin PAMP

Type 3 and 4 secretion system PAMP

AIM2 Bacterial and viral DNA PAMP

IFI16 Viral nuclear DNA PAMP

Table 1. 
Major Inflammasome activators (modified from [20]).
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effector domain the caspase activation and recruitment domain (CARD); and the 
NLRB or NAIP (NLR family apoptosis inhibitory protein) have as effector domain 
the baculoviral inhibitor of apoptosis protein repeat (BIR) [21]. AIM2-like receptors 
(ALR) are formed by four receptors: the AIM2, interferon-γ- inducible antigen 16 
(IFI16), myeloid cell nuclear differentiation antigen (MNDA), and interferon-
inducible protein X (IFIX). The end carboxyl extremity of these receptors is formed 
by an HIN200 domain which reacts with double-stranded DNA, and the end amino 
extremity is formed by a pyrin domain [20].

3.2 Activation of the inflammasome

Activation of inflammasome requires the interaction between its receptors 
and the specific ligands grouped in the name of pathogen-associated molecular 
patterns (PAMPs) and danger-associated molecular patterns (DAMPs) [11, 12]. 
A large number of inflammasome ligands have been identified; the major ones 
are presented in Table 1. Receptors implicated in the inflammasome structure are 
located on the intracellular site of cell membrane. This localization means that 
the inflammasome’s receptors are activated by ligands present on the inner aspect 
of the cell [20]. In other words, an inflammasome is activated in a cell only if the 
considered cell is infected, mutated, or damaged. The most studied inflammasome 
platform is the NLRP3 or cryopirine; its activation can be mediated by a double 
stimulus. The first is the stimulation of a toll-like receptor (TLR) which leads to 
the activation of the transcription pathway of pro-IL-1β that raises the transcrip-
tion of the genes of NLRP3 and its deubiquitination [22]. The second stimulus is 
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done directly on the NLRP3 through its receptors by a DAMP expressed by the cell 
secondary to the first stimulus and linked to a cell membrane damage, trouble of 
cell ionic or metabolic homeostasis, etc. Another activation mechanism of NLRP3 is 
described in Alzheimer’s disease and implicates the β-amyloid protein [23]. Beta-
amyloid proteins activate the inflammasome pathway in the microglial cells and 
thus provoke the liberation of IL-1β and its pyropoptosis which lead to neural cell 
death. Inflammasomes are also activated by reactive oxygen species resulting from 
mitochondrial malfunctioning or destruction [20].

Regardless of the inflammasome receptor activating stimulus, it causes a 
conformational modification of the receptor with liberation of the NBD domain. 
This liberation of the NBD domain permits the oligomerization of the inflamma-
some receptor into a hexamer or heptamer and recruitment of an adaptor protein 
by homotypic PYD-PYD interaction in the case of NLRP3. The recruited adaptor 
protein also recruits the procaspase-1 by homotypic CARD-CARD interaction. The 
obtained conformational two-by-two rapprochement of procaspase-1 leads to their 
autoproteolytic cleavage and their autoactivation [20]. On active form, caspase-1 
is a tetramer formed by two pairs P10 and P20 subunits. Active caspase-1 produces 
activation of IL-1β and IL-18 and the outbreak of pyropoptosis by induction of 
cell membrane pore formation, which leads to water influx into the cell, swelling, 
and then osmotic lysis. Interleukin-1β and IL-18 amplify inflammation reaction 
and activities of all types of lymphocyte. Pyropoptosis, defined as inflammatory 
programmed cell death, has been found in macrophages, dendritic cells, and 
neurons [24]. So, in the CNS, inflammation through inflammasome and caspase-1 
activation leads to pyroptosis of neurons and microglial cells that play the role of 
macrophages. This cellular death occurs indirectly in the case of microglial cell 
death or directly in the case of neuronal death resulting in significant neurotoxicity 
observed in many diseases.

4. Inflammation in neurotoxicity and neuroprotection

4.1 Inflammation in neurotoxicity

At the level of the central nervous system (CNS) as we have shown previously, 
the inflammasome effects are much more detrimental than beneficial for its homeo-
stasis. This detrimental effect has been observed in many neurological disorders 
where inflammasomes seem to provoke neurotoxicity, both directly or indirectly 
[2]. Among these disorders we have Alzheimer’s disease, bacterial meningitis, 
mouse’s equivalent multiple sclerosis, depression, etc. [2, 23, 25]. This evidence, 
built from clinical and experimental researches, is more often based on the obser-
vation of a rise in the expression of inflammasome NLRP3 in the CNS or in the 
peripheral blood or on the discovery of an anti-inflammasome activity of the drugs 
used in the treatment of these disorders. Table 2 summarizes for each neurological 
disorder the role played by inflammasome and inflammation in its pathogenesis. 
Another fact is that a unique neuron culture treatment with IL-1β does not produce 
deleterious effect; however, when the administration is prolonged for several days, 
it leads to neurotoxicity [34]. The negative impact of pro-inflammatory cytokines 
on the CNS is also seen on glial cells. Indeed, glial cells are the targets of pro-inflam-
matory cytokines and are activated by an inflammatory stimulus (PAMPs  
or DAMPs). This glial cell activation leads to the production of cytokines  
responsible of a local inflammatory response. Astrocytes activated by  
inflammation produce neurotrophins and growth factors like nerve growth  
factor (NGF), brain-derived neurotrophic factor (BDNF), and glial cell 
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line-derived neurotrophic factor (GDNF) [34]. These trophic factors have a neu-
roprotective effect. In contrast, microglial cell activation leads to the release of 
neurotoxic factors such as pro-inflammatory cytokines, chemokines, free radicals, 
nitric oxide, and metalloproteases [34]. For example, in the case of stroke, vascular 
interruption provokes an ischemia with neural lysis. This neural lysis is associated 
with a massive release of intracellular contents into the extracellular compartment, 
among which is glutamate. At this stage two neurotoxicity pathways are triggered: 
the excitotoxicity pathway by massive glutamate release and the inflammation path-
way by activation of microglial cells. Microglial cells are activated by the ischemic 
danger signal or through N-Methyl-D-aspartate (NMDA) receptors on their surface 
membrane that are sensible to glutamate [34]. This microglial cell activation leads 
to the production and release of pro-inflammatory cytokines and other molecules as 
specified previously. The consequences are neurotoxicity and in stroke an increase 
of the core ischemia at the expense of ischemic penumbra.

4.2 Metabolic syndrome as a cause of inflammation in neurotoxicity

Neurotoxicity as we aforementioned results from multiple biochemical processes 
including inflammation. Whether it is initiated and amplified at the level of the 
CNS or at the periphery, inflammation remains harmful to the CNS. As a matter of 
fact, when it comes to inflammation, there is a communication between the periph-
ery and the CNS [34]. Before addressing, at the end of this section, this connection 
between CNS and periphery, we would first of all want to present the metabolic 
syndrome as a cause of peripheral inflammation that could have an impact on the 
CNS. The metabolic syndrome is in fact a metabolic disorder characterized by a 
group of conditions that increase the risk of developing cardiovascular diseases and 
type 2 diabetes mellitus. Two mechanisms are suggested in an attempt to explain 

Neurological 
pathologies

Inflammasome 
actors

Experimental justifications References

Alzheimer’s 
disease

NLRP3, IL-1β Activation of inflammasome NLRP3 by 
β-amyloid protein and production IL-1β by 
microglial cell leading to neuro-inflammation 
and neurons death.

[23, 25]

Multiple 
sclerosis

NLRP3, ASC, 
IL-1β

Presence of SEP-like lesions in Muckle-Wells 
syndrome. Rise of gene’s expression and 
concentrations of caspase-1, IL-18 in peripheral 
mononuclear cells. Gene’s polymorphisms of 
caspase-1 is associated with SEP.

[26–28]

Amyotrophic 
lateral sclerosis

Caspase-1, IL-1β Activation of caspase-1 and IL-1β by a mutant 
of superoxide dismutase in microglial mouse cell 
provokes neuro-inflammation.

[29]

Parkinson’s 
disease

NLRP3, IL-1 Activation of inflammasome NLRP3 by 
α-synuclein protein. Neuro-degenerescence is 
accelerated by excess IL-1.

[30, 31]

Pneumococci 
meningitis

NLRP1, NLRP3, 
CARD8, ASC, 
IL-1β, IL-18

Gene’s polymorphisms of NLRP1 and CARD8 
and spinal fluid concentration of IL-1β and 
IL-18 are associated to clinical prognostic 
of meningitis. Low severity of meningitis in 
mouse’s models deficient to NLRP3and ASC or 
after inhibition of IL-1 or IL-18.

[32, 33]

Table 2. 
Implication of inflammasome in neurological pathologies (modified from [2]).
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done directly on the NLRP3 through its receptors by a DAMP expressed by the cell 
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and then osmotic lysis. Interleukin-1β and IL-18 amplify inflammation reaction 
and activities of all types of lymphocyte. Pyropoptosis, defined as inflammatory 
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Neurological 
pathologies

Inflammasome 
actors

Experimental justifications References

Alzheimer’s 
disease

NLRP3, IL-1β Activation of inflammasome NLRP3 by 
β-amyloid protein and production IL-1β by 
microglial cell leading to neuro-inflammation 
and neurons death.

[23, 25]

Multiple 
sclerosis

NLRP3, ASC, 
IL-1β

Presence of SEP-like lesions in Muckle-Wells 
syndrome. Rise of gene’s expression and 
concentrations of caspase-1, IL-18 in peripheral 
mononuclear cells. Gene’s polymorphisms of 
caspase-1 is associated with SEP.

[26–28]

Amyotrophic 
lateral sclerosis

Caspase-1, IL-1β Activation of caspase-1 and IL-1β by a mutant 
of superoxide dismutase in microglial mouse cell 
provokes neuro-inflammation.

[29]

Parkinson’s 
disease

NLRP3, IL-1 Activation of inflammasome NLRP3 by 
α-synuclein protein. Neuro-degenerescence is 
accelerated by excess IL-1.

[30, 31]

Pneumococci 
meningitis

NLRP1, NLRP3, 
CARD8, ASC, 
IL-1β, IL-18

Gene’s polymorphisms of NLRP1 and CARD8 
and spinal fluid concentration of IL-1β and 
IL-18 are associated to clinical prognostic 
of meningitis. Low severity of meningitis in 
mouse’s models deficient to NLRP3and ASC or 
after inhibition of IL-1 or IL-18.

[32, 33]

Table 2. 
Implication of inflammasome in neurological pathologies (modified from [2]).
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the genesis of inflammation in metabolic syndrome. The first is a dysfunction of the 
organelles of adipocytes, observed in obesity; the second is adipose tissue hypoxia 
also observed in obesity [35]. The first mechanism suggests that hypertrophic 
adipose tissue found in obesity undergoes excessive lipolysis resulting in hyperlip-
idemia and an increase in circulating fatty acid levels. This increase in circulating 
levels of fatty acids, coupled with an abundance of carbohydrates, results in an 
increase in the oxidative activity of mitochondria that produce excess energy. As 
time goes by, this state results in a dysfunction of the mitochondria freeing a large 
quantity of electrons responsible for an increased production of reactive oxygen-
ated compounds. This oxidative stress can subsequently activate the innate immune 
system and thus cause inflammation. Furthermore, the excess of nutrients overruns 
the endoplasmic reticulum, resulting in a faulty plication of proteins which acti-
vates the response to faulty plication of proteins. This response stimulates the acti-
vation of three membranous proteins: PKR-like eukaryotic initiation factor 2-alpha 
kinase (PERK), inositol requiring enzyme-1 (IRE-1), and activating transcription 
factor-6 (AFT-6). PERK, IRE-1, and AFT-6 significantly enhance inflammation by 
activating the signaling pathway NF-kB [35].

Concerning the second mechanism, it is suggested that a localized hypoxia could 
initiate a dysregulation of adipokines in obesity. As a matter of fact, adipose tissue is 
mainly made up of adipocytes, but also preadipocytes, resident macrophages, fibro-
blasts, and endothelial cells. With the increase in adipose tissue observed in obesity, 
there is a need for a significant angiogenesis. The hypoxic signal present during 
this expansion results in the activation of transcription factors like the hypoxia-
inducible factors which are required in the activation of genes associated with 
angiogenesis, glucose metabolism, stress, and inflammation. Moreover, in vitro data 
reveal that human preadipocytes, when exposed to hypoxia, increase their expres-
sion of leptin and reduce their expression of the peroxisome proliferator-activated 
receptor gamma (PPARγ). Yet, agonists of the PPARγ stimulate insulinosensitivity 
and reduce inflammation. Furthermore, exposed to hypoxia, resident macrophages 
produce pro-inflammatory cytokines [35]. In type 2 diabetes, coupled with the 
mechanisms mentioned above, chronic hyperglycemia maintains a vicious circle. In 
fact, chronic hyperglycemia is responsible for an increase in glycation end products 
(AGEs) whose receptors belong to the family of PRRs. So, glycated plasma proteins, 
glycated lipids, or nucleic acids bind to AGE receptors present at the surface of 
macrophages and provoke a pro-inflammatory and pro-oxidative response [35].

Therefore, the metabolic syndrome induces a state of peripheral inflammation 
that becomes chronic because it is maintained by its causative process. This periph-
eral inflammation can directly affect the CNS through produced and circulating 
inflammatory mediators. These mediators penetrate the CNS via areas without a 
blood–brain barrier like the periventricular choroid plexuses following which they 
cause the aforementioned neurotoxic effects [34]. Furthermore, the blood–brain 
barrier is capable of transmitting an inflammatory message from the vascular endo-
thelium to the CNS via active mechanisms involving cyclooxygenases [34]. Through 
these mechanisms, an inflammation at the periphery, if it lasts long enough, can 
extend to the CNS and result in neurotoxicity and subsequent neurologic disorders.

4.3 Inflammation and neuroprotection

Actually, even if some anti-inflammatory strategies have proven their efficacy 
in animal models, none have demonstrated efficacy in humans in the prevention 
or treatment of neurological diseases associated with neurotoxicity. However, with 
conclusive experimental results on the use of anti-inflammatory drugs in neuro-
protection, this therapeutic approach presents encouraging prospects for clinical 
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research. In doing so, after bringing out the negative impact of inflammation on 
the central nervous system (CNS), it seems appropriate to present some strate-
gies explored or still to be explored in an attempt to inhibit neuro-inflammation 
and prevent or treat neurotoxicity associated with many neurological disorders. 
Glucocorticoid and general anesthesia products have stimulated a strong interest in 
neuroprotection in the cases of stroke on experimental animal models; this has not 
been demonstrated yet in humans [34]. Indeed, glucocorticoids have been found 
to be ineffective in stroke, head trauma, and meningeal hemorrhage [34]. And 
classic hypnotic agents like thiopental, midazolam, or propofol have peripheral 
immune-modulatory effects and are capable of inhibiting inflammatory response. 
They inhibit chemotaxis, adherence of neutrophils, phagocytosis, and liberation of 
free radicals and pro-inflammatory cytokines like IL-1β and TNFα in experimental 
mouse model; however, these activities have not been demonstrated in humans yet 
[34]. In general, having in mind previously described inflammation and inflamma-
tory neurotoxicity mechanisms, we can conclude that neuroprotection strategies 
based on modulation of inflammation have to maintain the beneficial roles of 
immunological defense and healing of inflammation while neutralizing its neuro-
toxic consequences. Thus, three anti-inflammatory strategies for neuroprotection 
axis can be developed: the modulation of the communication between peripheral 
inflammation and CNS, the modulation of interaction between pro-inflammatory 
cytokines and their intracerebral targets, and the modulation of inflammasome 
expression in CNS cells.

In relation to the first axis, namely, the modulation of the communication 
between peripheral inflammation and CNS and the COX inhibitors (nimesulide 
and indomethacin) has shown a neuroprotective activity in baby mice with brain 
lesions. This neuroprotective activity is made possible by inhibition of the com-
munication through the blood–brain barrier between activated peripheral inflam-
matory cells and the CNS [34]. With the same idea, the COX inhibitors have been 
presented as potentially beneficial in the treatment of major depression and other 
psychiatric disorders. Indeed, celecoxib has presented a beneficial effect in the 
treatment of major depression and schizophrenia especially in early stages [36]. 
Acetyl salicylic acid in particular seems to have both a preventive and therapeutic 
effect on schizophrenia [36]. Communication between peripheral inflammation 
and the CNS does not occur solely via the blood–brain barrier as it can also be done 
through the parasympathetic and sympathetic systems. Indeed, immune cells pres-
ent at their surfaces nicotinic receptors for acetylcholine and β-adrenergic receptors 
for catecholamine [34]. These receptors link immune cells to parasympathetic and 
sympathetic systems respectively. Thus, a pharmacologic vagal or noradrenergic 
stimulation could represent a potential target for neuroprotection. For this pur-
pose, vagal stimulation potentially passing through the modulation of lipocalin 
prostaglandin D2 synthase (L-PGDS) has shown in rat models with ischemic stroke 
a neuroprotective effect against ischemia reperfusion [37]. Also, a noradrenergic 
stimulation has shown, in Parkinson’s disease, a neuroprotective effect by inhibition 
of inflammation [38].

Concerning the modulation of interaction between pro-inflammatory cytokines 
and their intracerebral target strategy, specific receptor antagonist of IL-1 appears 
to be the most conclusive therapeutic approach. This antagonist is produced endog-
enously following brain injury, and its administration by systemic or intracerebral 
route leads to a reduction in the size of lesions in mouse models [34]. Furthermore, 
Veltkamp et al. report the use, via general route of anakinra, of an antagonist of 
IL-1 receptors in a clinical trial on a patient having stroke [39]. This clinical trial has 
shown a great reduction of national institute of health stroke scale (NIHSS), and it 
also shows more patient with modified Rankin score (mRS) of 0–1 in 3 months [39].  
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Also based on this axis, sitagliptin, a molecule used in the treatment of type 2 
diabetes since the discovery of incretin effect, has shown a great anti-inflammatory 
capacity. This anti-inflammatory activity of sitagliptin is linked to the inhibition of 
synthesis of pro-inflammatory cytokine and a raise in anti-inflammatory cytokine 
synthesis [40]. This property has been exploited in the treatment of Alzheimer’s 
disease in mouse models, and the results were conclusive [40]. In humans, the 
administration of sitagliptin was associated with an amelioration of the mini-
mental state examination (MMSE) score used to evaluate dementia [40]. All these 
axes remain focused on more or less advanced stages of inflammation. For this 
reason, they carry the risk of possibly altering the beneficial effects of inflamma-
tion. Thus, to reduce this intrinsic risk, it seems necessary to develop more specific 
methods to modulate the inflammation. One method could be the inhibition of 
inflammasomes. However, because of the lack or incomplete knowledge on inflam-
masome structure and activation, this approach remains difficult. Nevertheless, the 
inhibition of NLRP3, the most studied inflammasome, has been subjected to several 
studies in psychiatric disorders [41]. A specific inhibitor of NLRP3 has been devel-
oped which lays the foundation for further exploration of this axis [42].

5. Conclusion

Neuroprotection is both a topical problem and a realistic dream for the 
researchers and clinicians. By this analysis, the immune system no more seems to 
only be a tool useful in the protection against endogenous and exogenous offend-
ers. As a matter of fact, its role could be understood as defense against all sorts 
of disorders, including infectious, metabolic, degenerative, etc. and even aging. 
Indeed, the role of the immune system and inflammation in disease-associated 
neurotoxicity is more and more highlighted in present literature. This evidence 
justifies the outbreak of an inflammatory approach to develop a neuroprotection 
strategy in the fight against neurotoxicity. All this evidence does not only provide 
hope for the future development of neuroprotective strategies, but also invite us 
to reflect on the possibility that failure of the immune system may be implicated 
as primary cause of any human pathology. In experimental research, this is in the 
process of being demonstrated for neurologic and psychiatric disorders. Even 
though clinically the results of the researches are not yet irrevocable, the inflamma-
tory pathway in neuroprotection remains a good approach in the fight against these 
main neurological ailments.
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