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Chapter

The Relationship of Some
Neurodegenerative Diseases with
Endoplasmic Reticulum Stress and
Histopathological Changes in These
Diseases: An Overview

Adem Kara, Volkan Gelen and Hiilya Kara

Abstract

The endoplasmic reticulum (ER) is an organelle responsible for protein
production in the cell and provides hemostasis in the cell. ER stress is stimulated by
folded proteins, while the unfolded protein response (UPR) creates a response to ER
stress and provides the cell survival. UPR modulation in mammals is provided with
three major ER stress sensors, including transmembrane kinase 1, protein kinase-like
ER kinase, and activating transcription factor 6. Because neurons are susceptible to
misfolded proteins, severe or prolonged ER stress activates apoptotic cell death signals
in the cell. Neurodegenerative diseases characterized by this condition are Alzheimer’s
disease, Parkinson’s disease, amyotrophic lateral sclerosis, and Huntington’s disease,
characterized by the accumulation and aggregation of misfolded proteins. In addi-
tion, ER stress can lead to depression, schizophrenia, sleep disruption, and post-
traumatic stress disorders. Neurons are highly susceptible to protein misfolding and
apoptotic cell death. For this reason, UPR modulation contributes to preventing the
neurodegenerative process in cells with misfolded protein folding. The relationship
between ER stress, UPR, and neuropathology is significant for understanding this
process. This section will discuss the effects of ER stress between UPR modulation
and neurodegenerative disorders, and the histopathological changes in the mentioned
neurodegenerative diseases will be mentioned.

Keywords: ER stress, neurodegenerative disease, apoptosis, histopathology,
neuropathology

1. Introduction

The endoplasmic reticulum (ER) is an organelle consisting of various structures
in the form of interconnected channels and sacs in the cell [1]. The ER has various
functions in the cell, such as being responsible for lipid synthesis, carbohydrate
metabolism, calcium storage, and protein trafficking. Since it performs these
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tasks, it is of great importance that the ER function is normal [2]. Excess nutri-

ent intake or exceeding the working capacity of the ER for various reasons causes
the accumulation of misfolded proteins in the ER, and thus the deterioration of

ER homeostasis due to difficulties in meeting the demand [3]. As a result of this
situation, a situation called ER stress occurs. Recently, the number of studies on this
subject has been increasing due to the prevalence of ER stress. If ER stress is exces-
sive, apoptosis occurs because the cell cannot adapt [4]. It has been determined that
ER stress triggers many diseases in the organism. These diseases include obesity,
diabetes, ischemia-reperfusion diseases, and neurodegenerative diseases [5].
Neurodegenerative diseases are very diverse and affect human health negatively [6].
In addition, the first is an attractive topic because the treatment of neurodegenera-
tive diseases is limited [7]. Parkinson’, Alzheimer’s, and Huntington’s are among
these harvests [8, 9]. In the diseases mentioned, some histopathological changes
occur in various parts of the brain. Our aim in this study is to describe the definition
of ER stress, the mechanisms of ER stress, the relationship of ER stress with neuro-
degenerative diseases, and the specific histopathological changes that occur in these
diseases.

2. Endoplasmic reticulum stress

As we mentioned earlier, increased metabolic demand, infection, hypoxia, excessive
lipid accumulation, genetic disorders, and various toxins can disrupt ER homeostasis
and cause ER stress due to misfolded or unfolded protein accumulation [6]. To reduce
ER stress, a signaling pathway called the unfolded protein response (UPR) is activated,
which slows protein synthesis and increases protein degradation [7, 8]. Activated UPR
creates a stress response via protein kinase R (PKR)-like endoplasmic reticulum kinase
(PERK) [9, 10], inositol-requiring enzyme 1 (IRE-1) [10-12], and activating transcrip-
tion factor 6 (ATF-6) [13, 14]. IRE1 acts by activating Jun N-terminal kinase (JNK) [15].
ATF-6 increases the expression of the X-box binding protein 1 (XBP-1s) factor in the
nucleus [16]. XBP-1s binds to some genes containing DNA regions, and in ER expan-
sion, folding capacity is increased. It stimulates the transcription of genes involved in
the ER-related degradation pathway and the activation of the ER-related degradation
pathway, and the demand load on the ER is alleviated. With this mechanism, unfolded
proteins are degraded. When this function fails, the ER activates the nuclear factor kappa
B (NF-kB) to produce a signal in the cell [15]. After this signal, some apoptotic genes are
stimulated and apoptosis is triggered by the stimulated genes.

2.1 Activation of PERK (protein kinase R (PKR)-like endoplasmic reticulum
kinase)

PERK activation plays an important role in ER stress [17]. PERK has a specific bind-
ing site for GRP78, a chaperone involved in protein folding known as 78-kDa glucose-
regulated protein (GRP78/BIP) [18]. After unfolded or misfolded proteins accumulate
in the lumen, GRP78 separates from PERK and causes PERK to oligomerize [19]. Then,
PERK activates itself. Then, PERK phosphorylates eukaryotic initiation factor 2 (eIF2x)
[20]. While elF2a is phosphorylated, it remains bound to eIF2B, which acts as GEF, thus
preventing the formation of the translation initiation complex elF2a/GTP/Met-tRNAi
[21]. Phosphorylation of elF2a under ER stress stimulates the translation of the tran-
scription factor ATF-4, which plays a role in the ER stress response [18].
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2.2 Activation of ATF-6 (activating transcription factor-6)

ATF-6 is a trans-membrane protein involved in ER stress [22]. After protein fold-
ing in the ER is inhibited, ATF-6 migrates to the Golgi apparatus. GRP78 is involved
in this event [23]. There are GLS1 and GLS2 structures on ATF-6, which are involved
in adhesion to the Golgi [24]. When GRP78 is bound to GLS1, it retains ATF-6 in the
ER membrane [25]. If there is unfolded protein in the lumen, GRP78 dissociates from
GLS1, and thus GLS2 is activated and migrates to ATF-6 Golgi [13]. In the Golgi,
the transmembrane region of ATF-6 is cut, and eventually, the systolic bZIP region
of ATF-6 travels to the nucleus and stimulates the transcription of XBP-1 [14]. The
XBP-1s form of XBP-1 stimulates the transcriptional responses of the UPR. Thus, it
reduces long-term ER stress [25].

2.3 Activation of IRE-1 (inositol-requiring enzyme 1)

IRE-1is an ER transmembrane protein. In the ER stress state, IRE-1 is activated
due to the cleavage of GRP78 and stimulates XBP-1 activation [26]. This stimulates
the activation of XBP-1s. XBP-1 s play a role in the differentiation of cells by increas-
ing the transcription of genes responsible for ER expansion so that cells can respond
to the increased demands of protein synthesis and modification [15]. XBP-1s travels
to the nucleus and upregulates the transcription of genes involved in phospholipid
synthesis, which drives ER-related degradation and expansion [27]. It also plays a role
in the activation of IRE-1 and the activation of the JNK signaling pathway [28]. IRE-1
interacts with TNF receptor-associated factor 2 (TRAF2), activating its downstream
signaling. TRAF?2 then binds to ASK1, and ASK1 phosphorylates and activates JNK
[26]. This effect of IRE-1 provides a bridge between ER stress, growth factors, and
mitogens [15] (Figure1).

2.4 ER functions and relations with organelles

The endoplasmic reticulum (ER) is a cytoplasmic organelle responsible for cyto-
plasmic protein synthesis [30]. The ER has many vital cellular functions, such as lipid
and steroid synthesis, Ca2+ homeostasis and storage, carbohydrate metabolism, and
protein synthesis [31]. With these features, the ER provides internal connection and
coordination with other organelles and many proteins and physical structures in the
cell. Therefore, they are in multiple contacts with all membrane-bound organelles,
including the ER, plasma membrane (PM), mitochondria, Golgi, endosomes, and
peroxisomes [30].

2.5ER and plasma membrane (PM)

The ER acts as a Ca2+ store in the cell and has dynamic communication with
the PM. Contact sites between ER and PM play a role in Ca2+ exchange. At ER-PM
junctions, stromal interacting molecule (STIM) proteins sense a decrease in ER Ca2+
levels, undergo a conformational change along the ER that repositions tubular struc-
tures to ER-PM, and directly activate Orai, the pore-forming component of Ca2 + —.
The release-activated Ca2 + (CRAC) channel triggers channel opening and Ca2+
influx [32]. In addition, ER-PM contact sites are important for phosphatidylinositol
metabolism, particularly for the regulation of the lipid signaling molecule phosphati-
dylinositol 4-phosphate (PI4P) [30].
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Figure 1.
Effective pathways in the ER stress vesponse [29].

2.6 ER and mitochondria

Considering the relationship between the endoplasmic reticulum and mitochon-
dria, there is a membrane that provides the connection between the ER and the
mitochondria [30]. This membrane has been named the mitochondria-associated
ER membrane (MAM). Communication between the ER and the mitochondria is
provided by this membrane. This communication is very important for the survival of
the cell. Many functions such as lipid transfer, autophagosome formation, mitochon-
drial fission, Ca2+ homeostasis, and apoptosis are regulated by this communication
[33]. In this contact zone, calcium influx occurs into the intermembrane space and
the mitochondrial matrix. It has been stated that changes in Ca2+ levels occur in case
of disturbance in the regulation of this flow, thus affecting apoptosis, mitochondrial
division, and motility, and altering the activity of mitochondrial Ca2+ binding
proteins [34]. As a result, ER and mitochondrial communication disorders lead to a
number of problems such as mitochondrial damage, Ca2+ dyshomeostasis, ER stress,
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defects in lipid metabolism, autophagy, decreased respiratory chain activity, and oxi-
dative phosphorylation [35]. It has been determined that the communication disorder
between these two organelles plays an important role in the regulation of neurological
activity. It has been determined that the relationship between these organs is impaired
in Alzheimer’, Parkinson’s, and Huntington’s disease [36].

3. ER stress and the unfolded protein response (UPR)

The ER is the main region in the cell where protein synthesis and post-synthesis
changes take place, where newly synthesized proteins are folded and combined.
The ER is extremely sensitive to many factors that will affect this function [37].
In case of any problem, misfolded or unfolded proteins begin to accumulate in the
cytoplasm. When the protein concentration accumulated in the cytoplasm increases,
the ER cannot cope with this load, and this causes the functioning to be worse [38].
Eukaryotic cells can adapt by reducing the rate of protein synthesis, upregulating the
expression of genes encoding chaperones and other proteins that prevent polypeptide
aggregation, and disrupting accumulated misfolded proteins. This set of cellular
responses is obtained after activation of an integrated intracellular signaling cascade:
the “Unfolded Protein Response” (UPR) [39]. The UPR is regulated by three sensor
proteins known as PERK (PKR-like ER kinase), IRE1_ (inositol-requiring transmem-
brane kinase/endoribonuclease 1), and ATF6 (activating transcription factor 6).
These proteins are associated with BiP or GRP78 (78 KDa glucose-regulated protein)
and therefore remain inactive [29]. BiP is released under ER stress, and the response is
shaped by further dimerization and autophosphorylation of PERK and IRE1 [40, 41].
The UPR cascade is activated after regulated intramembrane proteolysis of another
regulatory sensor protein, ATF6, against the UPR [42] (Figure 2).
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The UPR. UPR is controlled by three sensor proteins [43].
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4. Endoplasmic reticulum (ER) stress response and histopathological
changes in Parkinson’s disease

Parkinson’s disease is a neuropathological disease involving the degeneration of
dopaminergic neurons in the substantia nigra followed by loss of their terminals
in the striatum [44]. The main clinical manifestations are resting tremor, bradyki-
nesia, rigidity, and postural reflex dysfunction [44]. Currently, the cause of nigral
degeneration, which is responsible for the development of the symptoms of this
disease, is unknown. However, considering the studies, it is thought that hereditary
predisposition, environmental toxins, and aging play an important role in this process
and multifactorial causes come to the fore in etiopathogenesis. Various studies have
shown that ER stress plays an essential role in the pathophysiology of Parkinson’s
[45]. ER stress occurs when protein aggregates and fibril accumulation in the Parkin
cell with increased ROS in Parkinson’s disease. In a study, it was reported that ER
stress occurred in the cell culture medium. In another study, UPR components such
as transcriptional factors and CHOP and ER chaperones in neurons cause damage
to cells [45, 46]. It has also been stated that IRE, PERK, and ER stress kinase phos-
phorylation, which are involved in ER stress, play a role in Parkinson’s and cause the
degeneration of dopaminergic neurons [47]. Again, as a result of some studies, it has
been reported that 6-OHDA and MPP+ applied to create experimental Parkinson’s
show their effects by triggering the UPR increase in neurons.

Characteristic features of Parkinson’s disease include loss of neurons in certain
areas of the brain region called the substantia nigra and extensive accumulation of
intracellular protein (alpha-synuclein) [48]. While the loss of pigmented dopaminer-
gic neurons in the substantia nigra and accumulation of a-synuclein in neurons are
not specific for Parkinson’s disease, these two major neuropathologies, when observed
together, are specific for definitive diagnosis of idiopathic Parkinson’s disease [49, 50].

5. Endoplasmic reticulum (ER) stress response and histopathological
changes in Alzheimer’s disease

Alzheimer’ disease is the most common type of dementia. It is a progressive
disease that begins with mild memory loss, possibly leading to loss of the ability to
maintain speech and react to the environment [51]. Alzheimer’s disease involves
parts of the brain that control thought, memory, and language. As a result of stud-
ies on Alzheimer’, he stated that ER stress plays a vital role in the pathogenesis of
Alzheimer’s [52, 53]. Some studies determined that Ca homeostasis and accumula-
tion of phosphorylated tau protein and intracellular amyloid-p play an important
role in this disease. Again, some studies have shown that pPERK, pIRE1, and elF2a,
which are the kinases of the UPR, are increased in the hippocampus and brain tissue
neurons of Alzheimer’s patients [54]. Again, PERK, elF2a, and p38 MAPK activation
associated with the presence of tau protein were observed in Alzheimer’ patients.
These findings clearly demonstrated the relationship between tau proteins in neurons
and ER stress. In some studies, it has been stated that Alzheimer’s disease increases
as a result of cerebral ischemia or stroke. This is a clear indication that aging impairs
the folded protein response by disrupting ER homeostasis due to oxidative stress and
plays a role in the pathogenesis of the disease. Some studies on the UPR have reported
increased levels of BIP/GRP78, protein kinase, and PERK in the brain of Alzheimer’s
patients [55].
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The ER stress-mediated inflammatory response has an important role in
Alzheimer’s disease pathogenesis. The inflammatory response is normally triggered
by the activation of inflammatory receptors, including TLRs (toll-like receptors)
and NLRs (NOD-like receptors). These pattern recognition receptors transduce
the signaling mostly via the NF-«xB pathway and trigger the inflammatory response
[56]. Additionally, the ER stress-mediated inflammatory response has a role in the
pathogenesis of some diseases [57]. In obesity, ER stress can induce an inflammatory
response and cause peripheral insulin resistance [58], and in the liver, ER stress can
trigger the systemic inflammatory response and cause damage [59]. In neurodegen-
erative diseases, inflammatory processes are initiated by the maturation of the IL-1
cytokines called as inflammasomes [60].

Histopathologically senile amyloid in Alzheimer’s disease plaques (SAP), neu-
rofibrillary flock (NF) formation, loss of synapsneurons, and marked atrophy in
the brain are detected [51]. The formation of senile plaques is the most important
histopathological finding of the disease. It is a symptom of the disease and is seen
especially in the amygdala, hippocampus, and neocortex. On the other hand, NF is
required for the definitive diagnosis of AD [52]. And the detection of SPs is necessary
but not sufficient. Both lesions occur both in normal aging and in some and can be
seen in other neurodegenerative diseases. AD for the definitive diagnosis of NFY and
SAP is a certain neuroanatomical. They must be shown to be in the distribution and in
certain quantities [53].

6. Endoplasmic reticulum (ER) stress response and histopathological
changes in Huntington’s disease

Huntington’s disease is a progressive and fatal neurodegenerative disease, and the
mechanism that causes neuronal apoptosis has not been fully elucidated [61]. Studies
have shown that ER stress, which occurs as a result of misfolded protein accumula-
tion, which may contribute to neuronal loss, may play a role [62]. Although differ-
ent studies have shown a role for the UPR in HD, the evidence is inconclusive [63].

In a study, RAB5A, HMGB1, CTNNB1, DNM1, TUBB, TSG101, EEF2, DYNC1H]I,
SLC12A5, ATG5, AKT1, CASP7, and SYVN1 genes were identified, which would
suggest a potential link between UPR and Huntington’s disease [64, 65]. A significant
association was found in the length of the polyglutamine pathway of Huntington,
which is a critical determinant of disease onset in human HD patients and points to
the UPR as a promising target for therapeutic intervention [66].

The most affected region in terms of histopathological changes in HD is the
striatal region. However, it was determined that gray and white matter were affected
in cortical and noncortical areas. In addition, aggregates/inclusions are characteristic
histopathological markers of HD.

7. Conclusion

As aresult, the accumulation of unfolded or misfolded proteins in the cytosol
under ER stress is an important mechanism in the occurrence of cell damage. PERK
IRE1, and ATF6, which sense this protein folding response, play an important role
in shaping the cellular pathway. In addition, the relationship between ER stress and
mitochondria is important in the maintenance of cellular response. ER stress plays
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an important role in the pathogenesis of many neurodegenerative diseases such as
Parkinson’s, Alzheimer’s, and Huntington’s. Knowing the histopathological changes
seen in these diseases is very important in the diagnosis of the disease. The role of
misfolded or unfolded protein response in ER stress in neurodegenerative diseases,
and the histopathological changes in these diseases will help to develop therapeutics
for neurodegenerative diseases.
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