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Abstract

As a large and heterogeneous group of disorders, neurodegenerative diseases are characterized by the progressive loss of structure or
function in neurons, finally leading to neuronal death. Neurodegenerative diseases cause serious threat to a patient’s quality of life and
the most common are Alzheimer’s disease and Parkinson’s disease. Currently, little is known of the detailed etiology of these disorders;
as such, there are no effective treatments available. Furthermore, the lack of targeted, effective, and resolvable therapy for neurodegen-
erative diseases, represents an expanding research field for the discovery of new therapeutic strategies. Investigations of the potential
pathogenesis of neurodegenerative diseases will become the basis of preventing the occurrence and development of neurodegenerative
diseases and finding effective therapies. Existing theories and mechanisms, such as genetic and environmental factors, abnormal protein
accumulation, and oxidative stress, are intricately associated with each other. However, there is no molecular theory that can entirely
explain the pathological processes underlying neurodegenerative diseases. Due to the development of experimental technology and the
support of multidisciplinary integration, it has been possible to perform more in-depth research on potential targets for neurodegenerative
diseases and there have been many exciting discoveries in terms of original theories and underlying mechanisms. With this review, we
intend to review the existing literature and provide new insights into the molecular mechanisms underlying neurodegenerative diseases.

Keywords: neurodegenerative diseases; molecular mechanism; Alzheimer’s disease; Parkinson’s disease; Huntington’s disease; amy-
otrophic lateral sclerosis

1. Introduction

Neurodegenerative diseases (NDDs) are typically
adult-onset processive disorders that affect the function and
plasticity of neuron that arise through a host of one or more
genetic and environmental factors [1]. Typical NDDs are
Alzheimer’s disease (AD), Parkinson’s disease (PD), amy-
otrophic lateral sclerosis (ALS), and Huntington’s disease
(HD).The number of patients under NDDs is increasing an-
nually. Besides, the lack of effective therapies for NDDs
causes considerable burden and economic impact for soci-
ety [2].

Thus far, many NDD biomarkers have been discov-
ered around the world; these are being used to investi-
gate the mechanisms responsible for the occurrence and de-
velopment of NDDs [3,4]. This research has generated a
number of advanced theories for the factors responsible for
NDDS, including genetic factors [5,6], oxidative stress [7],
accumulation of abnormal protein [8], mitochondrial dys-
function [9] etc. Besides, the association between NDDs

and immunology, microbiology and other disciplines has
become a new research focus [10,11]. These factors are
involved in the physiological and pathological process of
NDDs and promote their occurrence and development. Fur-
thermore, the mechanisms responsible for the transmission
of NDDs are under intense investigation [12]. In this re-
view, we provide new insight in our understanding of the
pathological mechanism underlying NDDs.

2. Molecular Mechanisms
2.1 Genetic Factor

Genetic Factors are important risk factors to the com-
mon NDDs. Genes, formed by nucleotides (DNA, RNA),
are the fundamental unit of all biological process. DNA
shows differences in terms of base pairs among individuals,
thus leading to genetic variation and individual differences
in specific trait [13]. The cell types of the nervous system
are highly complex, with astrocytes, microglia, and oligo-
dendrocytes present in various neuronal subtypes. The gene
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Fig. 1. Features of AD, ALS, HD and PD in genetic factor. AD is divided into early-onset (EOAD) and late-onset (LOAD). 10% of
AD cases are early-onset caused by autosomal dominant mutations in APP, PS1, or PS2. The mutations increase Aβ production and
thus amyloid plaques. Besides, UBR5, FAN1, RRM2B,MTRM10 andMLH1 genes and CAG trinucleotide repeat amplification in mutant
Huntington (Htt) genes can be detected in HD. PD is characterized by the presence of TMEM175, CTSB, LRRK2 mutation. The main
genetic cause of ALS is mutations in the C9orf72 gene. And a new breakthrough focuses on mutations in several malfunctional proteins,
such as TAR DNA-binding protein 43 (TDP-43), fusion sarcoma and SOD1.

expression profiles of these different types of cells play an
important role in neurodegenerative diseases and form com-
plex gene expression networks. The survival and function
of neurons are coordinated by these intricate gene expres-
sion networks.

AD is the most familiar disease of all neurodegener-
ative diseases and is characterized by the impairment of
executive function and memory followed by progressive,
global cognitive decline. In developed countries, AD is
responsible for the sixth highest death rate [14]. Early-
onset AD occurs before the age of 65 years and less than
10% of AD cases represent early-onset (EOAD), a con-
dition that is caused by autosomal dominant mutations in
APP, PS1, or PS2, each of which increases Aβ produc-
tion and thus the extent of amyloid plaques. Of these, less
than 13% of EOAD cause demonstrate a fully penetrant
autosomal dominant inheritance. The remaining 90% of
AD cases were late-onset (LOAD) or sporadic cases. Ex-
tensive research efforts have led to the identification of
many genes that increase the risk of AD [15]. Human

apolipoprotein E (APOE) apolipoproteins have three iso-
forms (APOEε2, APOEε3, and APOEε4) that differ by
only two residues; these stimulated APP transcription and
amyloid beta (Aβ) secretion to different degrees. The
strongest genetic risk factor of sporadic late onset AD is
the ε4 allele of apolipoprotein E [16]. The APOEε4 allele
is present in 60–80% of AD cases and increases the risk of
AD in a dose-dependent manner. APOE is the most abun-
dant apolipoprotein in the brain where it plays a fundamen-
tal role in transport and metabolism of cholesterol and lipid
[17]. Over recent years, researchers have performed meta-
analyses and genome-wide association studies (GWAS) and
identified 29 risk loci related to AD. Apolipoprotein E is
one of these 29 risk loci [18].

PD is characterized by the presence of Lewy bod-
ies and Lewy neurons featuring the accumulation of α-
synuclein; familial PD is a single mutation and α-synuclein
variants are more common in idiopathic cases of PD [19].
Parkinson’s disease only has an effect on 2% of the people
over the age of sixty. Over 30 variants approximate genes,
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Fig. 2. Factors of Oxidative stress involve in AD. Levels of ROS and oxidative stress are improved, and levels of antioxygen and anti-
oxidase are decreased in AD patients that lead to function of impaired protein folding in the endoplasmic reticulum, reduced autophagy-
mediated clearance and protease of damaged proteins, and increased accumulation of tau proteins and Aβ.

like TMEM175, CTSB, LRRK2 (leucine-rich repeat kinase
2), have been reported in meta-analyses from GWAS stud-
ies including patients with PD [20]. In addition, family-
based genetic studies have identified 23 genes that are asso-
ciated with the development of PD; these genes exert differ-
ing functionalities, including deficiency of synaptic trans-
mission, lysosomal dysfunction vesicular recycling, and
mitophagy. Some of the genes involved include PARKIN,
autosomal recessive juvenile parkinsonism, α-synuclein,
inherited in an autosomal dominant, and PTEN-induced ki-
nase (PINK1), and recessive early onset [21].

HD is an autosomal dominant disorder and is caused
by a cytosine-adenine-guanine (CAG) trinucleotide repeat
amplification in mutant Huntington genes [22]. Some gene
variants, which are related to HD, are similar to the UBR5,
FAN1, RRM2B,MTRM10 andMLH1 genes, and are associ-
ated with structure-specific DNA handling, DNAmismatch
repair, oxidative stress and mitochondrial energetics [23].
Studies have shown that Brain-derived neurotrophic factor
(BDNF) plays a role in the development of HD degenera-
tion. A mutant gene product known as huntingtin expresses
an extended polyglutamine chain and results in the suppres-
sion of BDNF synthesis via dysregulation of translation.

Transgenic mice expressing mutant huntingtin have very
similar expression impairments to those observed in BDNF
knockout mice [24].

ALS can attack the motor neurons in the brain and
spinal cord cells; this can lead to paralysis in patients.
More than 90% of ALS cases are sporadic. The loss of
C9orf72 function may affect the communication between
motor neurons and muscles in patients. Mutations in the
C9orf72 gene represent the main genetic cause of ALS. A
hexanucleotide repeat expansion in the C9orf72 gene is the
most common genetic alteration associated with ALS [25].
Mutations in the C9orf72 gene usually include six DNA
base (GGGGCC) expansions, typically ranging from a few
copies to more than 1000 copies; this compares to less than
20 copies in healthy individuals. Mutations in this gene
cause a gain of toxicity including RNA aggregates and toxic
dipeptides and are responsible for part of inherited ALS
cases without a family history [26]. In the past few years,
new breakthroughs in the genetics of ALS have focused on
mutations in several malfunctional proteins, such as TAR
DNA-binding protein 43 (TDP-43), fusion sarcoma, and
SOD1. Family-superoxide dismutase 1 (SOD1) is the main
enzyme that scavenges reactive oxygen species (ROS). In

3

https://www.imrpress.com


fact, SOD1 mutations were identified as the first genetic
factor associated with ALS and are observed in 15–30% of
families and 1.2–1.5% of sporadic ALS cases. Under nor-
mal circumstances, SOD1 can protect cells; however, when
a gene mutation is thought to make SOD1 toxic, this form
of toxic protein may be directly related to the genetic form
of ALS pathogenesis. Abnormal mutations in SOD1 only in
neuronal cell death was found in the spinal cord area, which
means that the abnormal protein may be related to cell death
[27]. TAR DNA binding protein 43 (TDP-43) and fusion
sarcoma are related to ALS and frontotemporal dementia,
indicating a new pathological mechanism associated with
RNAmetabolism [28–30]. Gene-TE pairs have been found
to be associated with several cell biological processes that
might contribute directly to ALS. Of these, mutations in the
TDP-43 can cause transposable elements (TEs) and DNA
sequences capable of transposing within the genome to be-
come dysregulated and transcribed. Genes in the extracellu-
lar matrix and RNA processing are closely related to TEs.
Thus, all the regulatory pathways can be affected in ALS
[31].

In summary, GWAS analysis of evidence-based
medicine has clearly shown that the expression of neurode-
generative diseases is regulated by similar functional genes,
including oxidative stress, immune regulation, mitochon-
drial abnormalities, and metal ion damage (Fig. 1).

2.2 Oxidative Stress

Oxidative stress is mostly a reactive process in neu-
rodegenerative diseases. Oxidative stress is caused by
the accumulation of free radicals because of environmen-
tal changes, including chronic inflammation and mitochon-
drial dysfunction [32]. A crucial pathogenesis of neurode-
generative diseases is the dysfunction of specific regions of
nerve cells due to oxidative stress, the main clinical mani-
festation of which is the dysfunction of memory and learn-
ing [33]. It has been demonstrated that oxidative damage
to neuronal DNA is closely related to cognitive deficits and
occurs early in the pathological changes of various diseases
[34]. Reactive oxygen species (ROS) are fundamental free
radicals that can aggravate tissue dysfunction and exacer-
bate oxidative stress. Under normal circumstances, the gen-
eration and scavenging of ROS presents a dynamic bal-
ance in the body. Appropriate ROS levels are considered
to activate certain signaling pathways (such as AMPK/Ras
pathway, epidermal growth factor receptor (EGFR) path-
way and protein kinase C (PKC) pathway), adjust cell
metabolism, and can also stimulate cell proliferation. How-
ever, when ROS scavenging is inferior to production capac-
ity, ROS can accumulate and affect cells, thus resulting in
DNA [nuclear and mitochondrial DNA (mtDNA)] damage,
chromosomal instability, and protein misfolding [32].

Oxidative stress is an important factor in the pathogen-
esis of AD. The pathophysiology of AD is primarily related
to the formation of extracellular amyloid beta (Aβ) plaques

and intracellular tau neurofibrillary tangles (NFT). ROS-
induced over-production is believed to play a critical role
in the aggregation and secretion of Aβ in AD [35]. ROS
and oxidative stress levels are elevated in AD patients while
the levels of antioxidants and antioxidant enzymes are re-
duced. These changes may lead to abnormal functionality
due to impaired protein folding in the endoplasmic retic-
ulum, reduced autophagy-mediated clearance and protease
activity in damaged proteins, and the increased accumula-
tion of tau proteins and Aβ (Fig. 2) [36]. In a mouse model
of AD, peroxidase was shown to significantly improve cog-
nitive performance and spatial learning memory, while also
reducing the deposition of Aβ plaques in the cerebral cortex
and hippocampus [37].

Several lines of evidence suggest that oxidative stress
and ROS may be one of the major factors responsible
for the progression of neurodegeneration. The neurotoxin
metabolite 1-methyl-4-phenylpyridine ion is transported
via dopamine transporters to neuronal mitochondria where
they accumulate and inhibit complex I activity in the mi-
tochondrial respiratory chain. This leads to a reduction in
ATP production and an increase in ROS release, thus result-
ing in the degeneration of nigrostriatal and striatal dopamin-
ergic neurons (Fig. 3).

This leads to degenerative necrosis of dopaminergic
neurons in the striatum and substantia nigra, and ultimately
to the development of PD [38]. In addition, metal-mediated
toxicity in PD patients also plays a key role in the neuronal
damage, the enhancement of oxidative stress in the cellular
environment, and elevation of ROS [39]. Like other neu-
rodegenerative diseases, oxidative stress and ROS play a
substantial part in the progression of HD. ROS generated
during DNA damage, lipid peroxidation and especially pro-
tein carbonylation are particularly active in HD. Free rad-
icals cause the peroxidation of intracellular DNA, proteins
and membrane lipids. Oxidative DNA damage induces
DNA repair pathways, and the behavior leads to restora-
tion of normal DNA function and structure and removal of
oxidized bases. Repairment of damaged DNA may cause
instability and expansion of CAG trinucleotide repeats in
Huntington mutants (Fig. 4) [40]. Furthermore, the levels
of iron increase; this can cause an increase in the production
of very harmful hydroxyl radicals, thus facilitating interac-
tions with the ferrous iron with H2O2 [35].

The key biomarker for ALS is oxidative stress; it is
widely considered that oxidative stress may contribute to
neuronal death and the progression of ALS. SOD1 is a
member of the superoxide dismutase family and is the main
enzyme for scavenging reactive oxygen species. The sec-
ond most commonly known genetic cause of ALS is mu-
tations in the SOD1 gene; these account for approximately
12% of familial cases and 1% of sporadic cases [41]. How-
ever, these mutations result in increased misfolding or toxic
function of the SOD1 protein. In a previous study, Garg
et al. [42] found that the direct interaction between mutant
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Fig. 3. Mechanism of metabolite 1-methyl-4-phenylpyridine ion (MPP+) in PD.MPP+ is transported via dopamine transporters to
neuronal mitochondria. Then, they accumulate and inhibit the complex I activity in the chain of mitochondrial respiratory. This leads to
a decrease in ATP production and an increase in ROS release.

misfolded SOD1 and TRAF6 could lead to increased SOD1
functional toxicity.

2.3 Accumulation of Abnormal Protein

Proteins are responsible to the most of organismal and
cellular functions. The synthesis of protein involves mul-
tiple procedures; information held by a gene is transcribed
into mRNAwhich is then translated by the ribosomes into a
protein. Most proteins need to fold appropriately into a spe-
cific three-dimensional structure in order to function. Er-
rors may occur at any time during this process. When er-
rors occur, we can use chaperones and degradation machin-
ery to help prevent their aggregation and folding [43]. Nu-
merous studies have shown that protein misfolding and ag-
gregation occur in many neurodegenerative diseases [44].
The misfolding of proteins can exert detrimental effects on
their normal biological function and can generate harmful
oligomers. These processes are associated with the bind-
ing of proteases and molecular chaperones during trans-
lation in cells [45]. The appearance of aggregated nuclei
is the beginning of aggregation of protein [46]. Once nu-
cleated, intracellular protein monomers with a tendency to
aggregate undergo random folding to produce misfolded,

non-functional protein oligomers, which further aggregate
to form fibrils (also known as aggregates) [47]. Oligomers
and multimers can be degraded by protein molecular chap-
erones, either by the ubiquitin-proteasome or by autophagy;
damaged oligomers and multimers produce cytotoxicity,
thus causing cell death and inflammation [47,48].

AD, PD, and HD are closely related to the deposition
and aggregation of proteins that are misfolded, for example
Aβ and neurofibrillary tangle in the brain of AD patients;
α-synuclein aggregation forming Lewy bodies in the brain
of PD; and Huntington protein in HD. Furthermore, GSK3-
b is considered as a key regulator in AD because its dys-
regulation might cause the production of amyloid-b, dys-
functional neurogenesis, and Tau phosphorylation. Studies
have shown that the overexpression of lncRNA-ZBTB20-
AS1 can inhibit ZBTB20 expression and promote GSK-3b
expression and Tau phosphorylation, thus contributing to
the development of AD. These findings identified poten-
tial molecular mechanisms and provided reference guide-
lines for the treatment of AD [49]. However, drugs that
are developed by major international pharmaceuticals com-
panies on the basis of removing protein polymers or amy-
loid plaques cannot significantly improve cognitive decline
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Fig. 4. Factors of Oxidative stress involve in HD. Free radicals lead to peroxidation of DNA, proteins and membrane lipids. Oxidative
DNA damage induces DNA repair pathways, and the behavior leads to restoration of normal DNA function and structure. And oxidized
bases are removed. Repairment of damaged DNA may cause instability and expansion of CAG trinucleotide repeats in Huntington
mutant.

and the progression of disease. Therefore, it is important
to investigate how the aggregation and abnormal folding of
Huntington proteins leads to neurological death or the on-
set of neurodegeneration results in protein aggregation. We
also need to investigate whether the earliest pathological
changes originate in the nucleus accumbens of the brain-
stem or in the peripheral input pathway intestine [34].

2.4 Immunology

The link between neurodegeneration and immunity
was established some time ago. However, little is known
about neurodegeneration [50]. The immune cells in central
nervous system are mainly microglia, oligodendrocyte and
astrocytes [51]. These three types of cells undergo differ-
ent physiological changes during neurodegeneration. Acute
Neurodegeneration is associated with a relatively supernal
rate of disease and a relatively low rate of immune-related
development. However, chronic neurodegeneration is more
persistent than immune-related development.

AD is characterized by progressive memory loss and
cognitive impairment. Astrocyte also secretes and ingests

Aβ and α-synuclein. Extracellular Aβ plaques in the brain,
intracellular neurofibrillary tangle, and neuronal loss in the
central nervous system (CNS) gray matter with hyperphos-
phorylated tau protein are all known to be key features of
AD. Microglia, a major player in the immune system of the
central nervous system, has a strong phagocytic effect on
Aβ peptide. To this end, Hettmann et al. [52] designed an
antibody that targets the pyroglutamic acid modified end of
the Aβ protein. This antibody only binds to this protein in
the center and has no binding effects with non-pathological
proteins in other regions. Synaptic plasticity, synaptic prun-
ing, apoptosis, and neurogenesis, are associated with the
complement system and other functions of microglia, espe-
cially C1q complement, which mediates the phagocytosis
of microglia [53]. Specific antibodies can inhibit a signifi-
cant portion of activation in complement, which in turn in-
hibits activation of the microglia in the CNS. Hickman et al.
[54] showed that the microglial expression of chemokine
receptor CX3CR1 which allows more microglia to be re-
cruited to the site of neuroinflammation. During the late
stages of mouse development, a lack of CX3CR1 led to
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poorer mental function and plaque accumulation in this part
of the brain [54]. A reduction in Aβ levels in the brain is
associated with improvements in cognitive function. Thus,
it is possible that this pathway could act as a regulator of
gene expression to increase the rate of Aβ clearance in neu-
rons. Today, the most promising AD trials are based on the
Aβ cascade hypothesis, and uses a monoclonal antibody to
target a β peptide. Most monoclonal antibodies clear Aβ
peptide, but do not prevent cognitive decline. Most mon-
oclonal antibodies are already in phase III, and some may
reduce the level of the marker protein tau [55].

In the case of PD, there is evidence that Parkinson
is associated with Specific HLA variants (HLA-DRA and
HLA-DRB1) [56], thus suggesting an association with the
autoimmune system. As a special case, idiopathic Parkin-
son’s syndrome is diagnosed when the body detects the
inflammation induced by T cells that target α-synuclein
[57]. α-synuclein is present in normal body fluids, al-
though there are indications that it is involved in immu-
nity, especially in spontaneous immunity. In addition, the
activation of microglia and the expression of related anti-
inflammatory factors (IFN-γ and doludinD1), were also de-
tected in mice expressing human α-synuclein [58]. LRRK2
affects the normal morphology of endogenous α-synuclein
physiological tetramer, thus affecting the process of disease
[59]. The expression of LRRK2 involves immune signals in
macrophages and microglia from human-induced pluripo-
tent stem cells, especially IFN-γ, which are induced in a
highly significant manner [60]. In addition, the patients’
B cells and T cells express higher levels of LRRK2 in pa-
tients than in a control group. The key difference between
LRRK2-deficient and non-LRRK2-deficient mice was that
LRRK2-G2019S transgenic mice injected withα-synuclein
preformed fibrils in the striatum showed different func-
tional effects when compared with control mice [61]. Some
microstructural changes of demyelination were observed in
PD patients. Studies in transgenic mice have shown that
oligodendrocyte dysfunction exacerbates neuronal degen-
eration [34,50].

Although astrocytes secrete and ingest α-synuclein
and β-synuclein, they are clearly associated with AD. How-
ever, there is also a strong similarity to the ALS (amy-
otrophic lateral sclerosis) model. The neurotoxic effects
of astrocytes are attributed to impaired neuronal responses
to the release of Ephb1 [50]. Astrocytes are important
players in the pathogenesis of ALS. Astrocytes take ef-
fect through multiple gain-of-toxicity and loss-of-support
mechanisms. Furthermore, astrocytes attempt to counteract
toxicity through upregulation of the WNT/β-catenin path-
way in motor neurons [62]. In a previous study, Chen et al.
[63] analyzed differentially expressed proteins (DEPs) in
the spinal cord and validated 48 proteins from immunity and
inflammation-related pathways by parallel reaction moni-
toring (PRM) analysis. Most of these were involved in the
following pathways: antigen processing and presentation,

complement and coagulation cascades, NF-kappa B signal-
ing pathway, extracellular matrix-receptor (ECM- receptor)
interactions, retinoic acid-inducible gene I (RIG)-I-like re-
ceptor signaling pathway, phagosome focal adhesion, and
lysosomes. These results expand our understanding of im-
munity and inflammation with regards to ALS [63].

2.5 DNA Damage Repair
In a previous study, Ross et al. [64] reported that

DNA damage was a common pathway responsible for neu-
rodegenerative diseases. Furthermore, recent studies have
shown that DNA damage can be divided into nuclear DNA
damage and mitochondrial DNA damage [65]. Although
relevant pathological data and the underlying reasons are
open to question, Heather et al. [66] stated that dying or
damaged cells released damage-related molecular proteins
that can cause specific inflammatory cascades. Both have
similar outcomes for neurodegenerative diseases.

There are now two main options, one is to increase
free radical scavenging, such as with superoxide dismutase
1 (SOD1), which protects neurons from Aβ-mediated neu-
rotoxicity in Alzheimer’s disease [67]. The other is to repair
DNA.

In a previous study, Cai et al. [68] found that mito-
chondrial DNA may be a key factor associated with aging
in neurodegenerative diseases. Tau tangles and Aβ in AD
patients cannot be cleaned-up; furthermore, excess free rad-
icals can lead to mitochondrial damage [69]. Fang et al.
[70] reported that the incidence of AD and the level of in-
flammation in a mouse model of mitophagy were reduced.

In addition to key proteins, related abnormalities have
also been detected in exosomes. A recent study reported
that extracellular vesicles contain misfolded SOD1 en-
zymes that are delivered to other normal cells, where they
can spread to other normal cells [71]. Furthermore, exo-
somes have also been found in AD and PD. SOD1 has also
been associated with mitochondrial DNA damage. There-
fore, exosomes may represent a newmechanism to improve
mitochondrial DNA damage.

2.6 Mitochondrial Dysfunction
The regulation of the body’s energy metabolism is es-

sential to ensure the functioning of the organism. Mito-
chondria, as active controllers, play a central role in whole-
body energy homeostasis [72]; neurons are one of the most
energy-consuming cell types in the body and have a highly
complex morphology. The normal functionality of neu-
rons depends on mitochondrial morphology and functional
integrity. Apart from the fact that mitochondria serve as
primary energy providers, there are many other important
functions in mediating some other activities of cells, such
as calcium homeostasis, oxidative stress, amino and lipids
acids metabolism and proliferation of cells [73]. In fact,
mitochondrial dysfunction andmitochondrial abnormalities
have been recognized as key and co-factors in the pathol-
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Fig. 5. Features of AD in Mitochondrial dysfunction factor. Disruption of mitochondrial import pathways and downregulation of
oxidative phosphorylation (OXPHOS) are prevalent in AD. These changes resulted in marked changes in the activities of enzymes that
are involved in the TCA cycle of AD.

ogy of neurodegenerative diseases, which can disrupt the
normal activity of cells and ultimately lead to neuronal loss
[74].

Compared with glucose utilization, by means of
positron emission tomography, we detected a reduction in
brain metabolism and an increase of oxidative utilization in
the temporoparietal cortex of AD. The proportion of normal
mitochondria was significantly lower, and the proportion of
cristae-fractured mitochondria was significantly higher in
AD neurons when compared with controls of the same age.
In addition, mitochondrial size, number, and distribution,
were significantly altered in AD-vulnerable neurons [75].
Furthermore, 15 out of 51 members of pathways related to
glycolysis, oxidative phosphorylation, and the TCA cycle,
were significantly downregulated in AD, as determined by
microarray analysis and quantitative RT-PCR studies. Gene
set enrichment analysis showed that disruption of mito-
chondrial import pathways and the downregulation of mito-
chondrial oxidative phosphorylation were prevalent in AD
patients. These changes resulted in marked changes in the
activities of enzymes that are involved in the TCA cycle in
AD: dehydrogenases (including SDH and MDH) were in-
creased, while dehydrogenases/decarboxylases (including
PDHC, ICDH, and KGDHC) were decreased; these phe-
nomena are associated with the clinical status of AD pa-

tients [76] (Fig. 5).
Furthermore, other studies have suggested that dam-

aged mitochondria played a key role in the pathophysiol-
ogy of AD. Mitochondria regularly encounter endogenous
stress such as DNA damage, oxidative toxicants and envi-
ronmental stresses, thus generating structural or functional
damage to these vital organelles. Neuronal activity is ex-
tremely energy-dependent and sensitive to disturbances in
mitochondrial function [35].

Several studies have highlighted the crucial role of
proteins and miRNAs in regulating genes that are in-
volved in mitochondrial integrity under different patho-
logical conditions of neurodegenerative diseases [77–79].
The mtDNA levels in body tissues and fluids, and the ra-
tio of mitochondrial genome to nuclear genome, are usu-
ally the evaluative criteria for variations in mtDNA lev-
els, these represent biomarkers of mitochondrial aberra-
tions [80]. Zhou et al. [81] previously described the ef-
fects of microRNA-330, which targets the proto-oncogene
vav (VAV), on oxidative stress, mitochondrial dysfunction,
and Aβ production in AD mice via the MAPK signaling
pathway. The multifunctional DNA and RNA-binding pro-
tein TDP-43 was found to activate the mitochondrial un-
folded protein response, inhibit mitochondrial complex I
activity, and reduce mitochondrial ATP synthesis in cellu-
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lar and animal models [82]. Mitophagy mediated by the
PINK1/Parkin pathway has a significant impact on the un-
wanted proteins deposited in mitochondria, the mitochon-
drial quality control system, and elimination of misfolded
protein [83]. In addition to this, recent studies suggest that
mitochondrial damage may affect neurodegenerative dis-
eases by regulating many aspects of ferroptosis, including
cellular metabolism, iron homeostasis, and lipid peroxida-
tion [84].

2.7 Metal ion Disorders

The maintenance of metal ion homeostasis is very im-
portant for the normal biological functions of the brain, such
as the synthesis and metabolism of neurotransmitters and
oxygen transport. Na+ and K+ are essential for the conduc-
tion of nerve impulses. In addition to acting as the second
messenger of cells, Ca2+ also triggers the structural trans-
formation of related proteins to form protein conformations
with specific functions. Furthermore, specific metal ions,
such as Zn2+, Cu2+ and Fe2+, can perform crucial physio-
logical functions in the physiology in the brain, such as the
cerebral cortex, forebrain basal, and hippocampus. Once
the levels of metal ions in the brain are disturbed, many
biological processes can become abnormal; this eventually
leads to the occurrence of neurodegenerative diseases.

Imbalanced intracellular metal homeostasis and toxic
metal exposure may play a contributing role in pathology
and may represent a cause of neurodegenerative diseases.
Karolina et al. [85] reported that an excessive level of trace
metal ions could contribute to oxidative stress, endoplasmic
reticulum stress, the activation of apoptosis, mitochondrial
dysfunction, and the dysregulation of autophagy.

With regards to AD, there is evidence that it is asso-
ciated with iron homeostasis. And there are potential links
with oxidative stress and glutathione [86]; these associa-
tions may involve high levels of ACSL4 [87]. Researchers
previously demonstrated that the upregulation of xCT per-
turbed glutathionemetabolism and lipid peroxidation in fer-
roptosis in AD patients. Metal ions, such as Zn2+ and Fe2+,
can bind to Aβ and impact on amyloid aggregation in AD
patients [86]. These metal ions such as Zn2+ and Fe2+ can
bind to Aβ and impact on amyloid aggregation in AD pa-
tients. The ability of Aβ to reduce Fe (III) to Fe (II) has been
repeatedly confirmed in extensive studies. This process
leads to the generation of superoxide anions, thus leading
to oxidative damages [88]. Song et al. [89] has shown that
Iron can be involved in propagation of lipid peroxidation
and free radical formation. An abnormal increase in labile
iron pools through dysregulation of transferrin and trans-
ferrin receptors (iron from the extracellular environment)
or autophagy of ferritin (namely, ferritinophagy) mediated
by nuclear receptor coactivator 4 releases iron bounds to
ferritin when iron homeostasis in the body is out of bal-
ance. Then through peroxy radicals and the Fenton reac-
tion produces hydroxyl, then extracts oxygen atoms from

PUFA diallyl carbon and induces PUFA-PLs peroxidation,
finally induced ferroptosis. Patients with PD are character-
ized by nigrostriatal damage and dopamine depletion [39].
Typically, the dopamine released is taken-up by presynaptic
neurons, or taken up by adjacent astrocytes andmetabolized
by mitochondria to HoMovanillic acid (HVA). Dopamine
can be temporarily oxidized in a spontaneous manner. This
process can be facilitated by highly reactive metals to facil-
itate the depletion of dopamine [90]. Similarly, metal ions
can also disrupt mitochondrial function and structure, and
can produce pathological features in cascades.

HD is another neurodegenerative disorder that is
closely related to oxidative reactions catalyzed by transition
metals. A growing number of studies have highlighted ox-
idative stress and the dysregulation of metals in the patho-
genesis of HD. Studies of the effects of free radicals on HD
have revealed a considerable increase in carbonylation in
the striatum of the brain after HD. Similarly, changes in cat-
alytic activity or the protein levels of antioxidant enzymes
have been observed [91].

3. Conclusions and Perspectives
Neurodegenerative diseases are the most common dis-

eases of the elderly. The mechanisms underlying such dis-
ease are both intricate and complex. Different theories
have arisen that have their own advantages and disadvan-
tages; however, precise mechanisms have yet to be eluci-
dated. Furthermore, genetic factors, oxidative stress, and
immunology all play roles in the pathogenesis process to a
greater or lesser extent, and may complement each other.
The current research focuses in neurodegenerative disease
is mainly Parkinson’s disease, Alzheimer’s disease, and
amyotrophic lateral sclerosis. Due to recent in-depth stud-
ies of the enteric nervous system, we are now beginning
to explore gut-related microbes, starting from the enteric
neural network, to regulate disease and act as a target to
improve regulation of disease as a target to improve dis-
ease. A current research hotspot relates to autophagy and
mitochondria/lysosomes. These various theories may pave
the way for a better understanding of the etiology or mech-
anisms of neurodegenerative diseases. With the advance-
ment of global research, and increasing collaboration across
different research topics, the mechanisms underlying neu-
rodegenerative diseases will become increasingly clear and
contribute to the development of clinical treatment plans.
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