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ABSTRACT

Motor neuron diseases (MND) are a group of rare neurodegenerative
diseases that significantly affect the survival of patients. The
disease progresses rapidly, and currently, there is no cure for
MND. Therefore, delays in MND progression and improvements
in the patient’s quality of life have become crucial aspects of
clinical work. Stress—a response to environmental or psychological
changes—significantly affects body metabolism. In particular,
excessive stress can harm the human body. Here, we review recent
literature exploring the impact of stress on the progression of
MND. This review also discusses the potential mechanisms of
stress-induced MND deterioration, including activation of the
hypothalamic—pituitary—-adrenal axis, abnormal microglial activation,
oxidative stress, and the accumulation of stress granules. The role
of stress in the pathological changes of MND and the importance
of stress management in the treatment of MND have been
emphasized. Here, we highlight that the attention of clinicians
to this crucial aspect can significantly influence the course and
outcome of the disease.

1 Introduction

sclerosis, progressive muscular atrophy, spinal

muscular atrophy, Kennedy’s disease, and

Motor Neuron Diseases (MNDs) represent a
group of rare neurodegenerative diseases that
result from degeneration of the upper and lower
motor neurons in the central nervous system
(CNS). Their degeneration leads to the dysfunction
of controlled skeletal muscles, affecting activities
such as walking, breathing, speaking, and
swallowing [1]. MNDs encompass several types
of diseases, including amyotrophic lateral sclerosis
(ALS), progressive bulbar palsy, primary lateral
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postpolio syndrome. Among these, ALS is the
most prevalent form of MND [2]. Typically,
individuals with MND experience a gradual onset
of muscle weakness, which eventually leads to
disability. However, it is important to note that
a subset of MND patients may exhibit a rapidly
progressive course. The underlying reasons for
this accelerated progression in some patients
remain unknown [3]. Accumulating evidence
indicates that environmental stress may contribute
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to the accelerated progression of MND [4].
Several mechanisms, including genetic factors,
blood-brain barrier (BBB) disruption, mitochondrial
dysfunction, excessive (oxidative and nitric
oxide) free radical production, and tau protein
accumulation, have been proposed to contribute
to the progression of MND [5-7].

Stress responses in humans help them adapt
to new environments by triggering the “fight or
flight” response and regulating various metabolic
and immune processes [8, 9]. However, excessive
environmental stress stimuli can often lead to
psychological symptoms such as anxiety, fear,
and depression. Additionally, it can result in
physiological fatigue and various forms of
discomfort [10]. Thus, long-term chronic stress
or short-term intense stress can aggravate factors
contributing to the development of certain
diseases or exacerbate the progression of existing
conditions [10]. Chronic and uncontrolled
stress is usually associated with the occurrence
and development of cardiovascular, mental,
and neurodegenerative diseases, especially in
individuals who are susceptible to stress [11, 12].
The current treatment options for MND are
limited. There is an urgent need for further research
and understanding of the pathophysiological
mechanisms underlying disease progression.
This knowledge will be crucial for identifying and
developing more effective therapeutic strategies
for MND. This review explores the role of
stress in the progression of MND and discusses
the potential mechanisms and implications for
treatment.

2 The epidemiology of MND

MND is a rare condition, with an incidence rate
of 1-2 per 100,000 individuals and a prevalence
of 4-6 per 1 million people in most parts of the
world, excluding the Western Pacific region [13, 14].
MND occurrence increases with age, reaching a
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maximum between the ages of 40 and 70 years,
and is more prevalent in men than in women
[4, 15]. For instance, a study conducted on the UK
population revealed that the prevalence of MND
was about 2.6 per 100,000 women and 3.9 per
100,000 men per year [16]. The limited number
of studies and statistics available for nonEuropean
populations indicate that the prevalence of MND
in Asian populations is <1/100,000 [17]. The factors
contributing to the regional disparities in MND
prevalence remain inadequately understood.

The etiology of MND encompasses a range of
genetic and environmental factors. In the past
three decades, there have been many studies on
the genetic correlation with MND. Mutations in
several genes (SOD1, TARDBP, FUS, OPTN, and
C9orf72) are closely associated with MND, with
20% of familial cases carrying SOD1 mutations
[18]. C9orf72 mutations were found in 30-50%
of familial cases [19, 20]. TARDBP and FUS
mutations were found in approximately 10% of
familial cases [21-23]. However, for sporadic
cases, except for C9orf72 and SOD1 mutations
found in 10% and 2% of cases, other related genes
account for <1% of the cases [24]. Therefore,
environmental factors play a significant role in
the majority of sporadic cases.

2.1 The epidemiology study of the relationship
between stress and MND

Numerous studies have demonstrated that
professional athletes who participate in adversarial
ball games have an increased risk of MND
[25-27]. Compared to the general population,
athletes tend to experience trauma and stress
at a higher rate, suggesting that stress has a
significant impact on the prevalence of MND.
However, these studies did not elucidate the
history of trauma or stress [25-27]. Several
meta-analyses have underscored the correlation
between MND and stress caused by trauma,
particularly head trauma. However, a clear causal
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relationship between the two has not been
definitively established [28, 29]. Thus far, it can
be confirmed that stress significantly affects
the prevalence of MND. The exact nature of
this relationship, particularly in the context of
trauma history, remains unclear.

3 Symptoms and signs of MND

MND is a group of neurodegenerative diseases,
including ALS, progressive muscular atrophy,
primary lateral sclerosis, and progressive medulla
palsy. The most common type of MND is ALS [2].
Its pathological features include progressive
weakening of the medulla oblongata, limbs,
and respiratory muscles caused by progressive
degeneration of the upper motor neurons and
lower motor neurons, as well as relative weakening
of the ocular muscle and sphincter function [30].
MND typically starts with mild, localized muscle
spasms or weakness, which gradually progresses
to the paralysis of nearly all skeletal muscles
without any sensory impairment. Approximately
60% of the initial symptoms manifest as local limb
weakness, while 30% present with dysarthria,
which is caused by abnormal functioning of the
medulla oblongata. Frontotemporal dementia
(FID) and respiratory myasthenia each account for
approximately 5% of the onset symptoms [15].

4 Pathogenesis of MND

In patients with MND, degeneration of motor
neurons occurs in the motor cortex of the brain,
the motor nucleus of the brain stem, and the
anterior horn of the spinal cord. This deterioration
of motor neurons leads to atrophy of the target
muscles. As MND progresses, inclusion bodies can
be detected in affected spinal motor neurons [31].
The ubiquitinated protein TDP-43, encoded by
the gene TARDBP, is an inclusion body marker
in the majority of MND cases. A limited number
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of C9orf72 mutant cases were TDP-43 positive;
their
abnormally translated dipeptide repeats derived

however, inclusion bodies contained
from unusual hexanucleotide repeats [19]. In
SOD-1/FUS-associated MND cases, TDP-43
was replaced by abnormal aggregation and
ubiquitination of SOD-1 and FUS. These gene
mutations commonly cause RNA metabolism
dysregulation, which is strongly associated with
tau protein aggregation [19, 32-34]. Although
it is not clear whether the immune system plays
a major role in the pathogenesis, patients with
autoimmune diseases are certainly more likely
to suffer from MND [35]. Other significant
causing MND include BBB
destruction, mitochondrial dysfunction, excessive

mechanisms

production of oxidation and nitric oxide free
radicals, and tau protein accumulation [5-7].

5 Stress impacts the progress of MND

The origin and manifestation of stress can differ
significantly. The level of oxidative stress in
people with mental illness is generally higher
than that in normal people [36]. Unhealthy
lifestyle habits, such as smoking, drinking, and
high BMI, can exacerbate the body’s stress level
[37-39]. Furthermore, apart from the persistent
environmental factors discussed above, the history
of toxic exposure, trauma, and other harmful
adverse events inevitably puts the body in a
state of acute stress. Trauma, particularly brain
trauma, exacerbates the progression of MND in
animal models [40]. Adverse events, such as
prior exposure to heavy metals (including lead),
pesticides, physical trauma/injury, electric shock
history, and prior exposure to organic solvents,
are significantly associated with the progression
of MND and serve as risk factors for MND [3]. A
study of the New Zealand population revealed
that cranial trauma, prolonged strenuous exercise,
and emotional trauma (particularly in patients



162

with chronic mental stimulation) can cause MND
to progress faster compared with the general
population, which experienced none of the
above [41]. Interestingly, certain psychological
interventions can significantly improve the
quality of life for MND patients [42, 43]. Extreme
high-temperature weather (including that caused
by global warming) also affects the disease course
of MND patients through heat stress [44].

Evidence that stress, whatever its form, affects
MND progression is solid. Therefore, it is necessary
to review the available literature on the relevant
stress-mediated mechanisms involved in the
progression of MND. It is crucial to improve
stress response interventions and the prognosis
for MND patients.

6 Possible mechanisms related to stress
in MND

6.1 Stress-induced hypothalamic—pituitary—
adrenal (HPA) axis activation in MND

A key physiological system closely related to
stress is the hypothalamic—pituitary—adrenal
axis (HPA). Under
HPA axis releases glucocorticoids (GC) and
mineralocorticoids (MC) [45]. GCs traverse the
BBB to activate the glucocorticoid receptor (GR)

stress, the activated

and mineralocorticoid receptor (MR). Activation
of these two receptors is an important means of
coping with stress in the brain. Within the CNS,
GR is widely expressed in neurons, microglia,
monocytes, astrocytes, and oligodendrocytes,
whereas MR is selectively expressed only in
microglia and astrocytes [46]. During an acute
stress response, GC signals ensure strict regulation
of the HPA axis through MR and GR, which
enables the body to adapt physiologically and
behaviorally to environmental factors by integrating
and coordinating central nervous endocrine
pathways [47]. However, under uncontrolled or

Stress and Brain

long-term psychological stress, these adaptive
changes prove insufficient to cope with changes
in environmental factors. Failure of negative
feedback may result in GC signal dysregulation,
leading to overactivation of the HPA [48-50].
Chronic HPA axis activation affects microglial
function, consequently elevating the susceptibility
to neurodegeneration and increasing the risk
of neuronal degeneration in the brain [51]. The
abnormal activation of microglia has been observed
in various psychiatric disorders, including anxiety,
depression, schizophrenia, and autism spectrum
disorders. Patients with related diseases are
trapped in a state of chronic stress for extended
periods [52-55]. Overactivation of the HPA
axis activates microglia, resulting in the release
of inflammatory cytokines and autoimmune
and BBB disorders, among other mechanisms,
which affect the function of neurons and the
homeostasis of the internal environment. In
stressed mouse models, HPA axis overactivation
causes neuroinflammation, which in turn promotes
motor neuron injury [56]. Long-term elevated
GC also marks the onset of pathological tau
protein accumulation [57].

The increase in GC levels during stress causes
an increase in blood glucose levels. However,
the relationship between hyperglycemia and
MND remains unclear. Studies on diabetes and
MND may provide insights into the impact of
hyperglycemia on MND. The available research
on diabetes and MND is conflicting [58]. A
study conducted in the Caucasian population
showed that individuals with diabetes had a
lower risk of MND and a delayed onset time
compared with those without diabetes [59].
Subsequent studies also suggested that diabetes
serves as a protective factor against the onset of
MND [60, 61]. Two studies conducted in Asian
populations also yielded similar results [62, 63].
They found that the average onset time of MND
was delayed in patients with type 2 diabetes,
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especially in patients over 55 years of age [63].
However, two case-control studies conducted
in the Nordic population revealed that patients
diagnosed with diabetes before the age of
40 years had an increased risk of MND, whereas
those diagnosed with diabetes after the age of
40 years had a decreased risk of MND [60, 64].
Another study highlighted that patients with
diabetes are at a significantly increased risk of
developing ALS, with an overall hazard ratio
(HR) of 1.35 as compared to nondiabetic patients
[65]. A Mendelian randomization study revealed
that while the HR of young men with diabetes
(<65 years old) increased, the trend for the risk
of ALS among elderly men with diabetes and
women (>65 years old) remained constant, albeit
not significant [66]. In conclusion, diabetes or
hyperglycemia may be risk factors for MND
in young patients. Diabetes may protect
against MND in elderly Caucasians, whereas it
increases the risk in Asians. The population and
regional differences in clinical characteristics,
potential molecular mechanisms, and genetics
may potentially explain these contradictory
findings [66, 67].

6.2 Stress-mediated microglia activation and
inflammatory response injurious to neurons

Neuroinflammatory responses have been observed
in patients with both familial and sporadic
MND. The occurrence of neuroinflammation
is closely related to microglia activation [68].
Brain tissues exposed to psychological stress
exhibit
cytokines, abnormal activation of microglia,

elevated levels of inflammatory
and aggregation of peripheral macrophages
and monocytes [69]. Studies on schizophrenia,
depression, suicidal tendencies, and posttraumatic
stress disorder have revealed that these patients
exhibit dysregulation of major inflammatory
cytokines, particularly IL-6, IL-1B, IL-18, and
C-reactive protein [70-74]. In conclusion, the
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relationship between stress and neuroinflammation
remains indisputable.

As previously stated, microglia are controlled
by the HPA axis because they express GC
receptors. Under acute stress, the innate immune
system of the CNS releases high mobility group
box-1 (HMGB-1), a danger signal that interacts
with the NLRP3 inflammasome to stimulate
microglia [75]. In addition to HMGB-1, heat
shock protein 72 (Hsp72) and ATP, released
during stress, trigger an inflammatory-immune
response [75, 76]. Microglia activation recruits
peripheral immune cells to enter the CNS
[77].
Inflammasome activation is frequently observed

and produce inflammatory cytokines

following stress [78]. Danger signals (HMGB-1,
Hsp72, ATP, etc.) activate inflammasomes via
toll-like receptors (TLRs) and induce the release
of inflammatory cytokines from inflammatory
cells. Among them, HMGB1 and Hsp72 are
endogenous ligands of TLR and are related
to the NF-kB signaling pathway. NF-xB is a
significant inflammatory signaling pathway that
facilitates the transcription and translation of
inflammatory mediators, including IL-1B, IL-18,
IL-6, and TNF-a [76]. Figure 1 illustrates the
mechanism by which stress causes the elevation
of related inflammatory mediators.

As the number of macrophages and peripheral
monocytes in the CNS increases, the levels of
inflammatory factors (IL-1f3, IL-18, TNFa, and IL-6)
in the brain continue to rise, ultimately resulting
in the inflammatory damage of neuronal cells [79].

MND progression is amplified by the
inflammatory response of activated CNS microglia,
peripheral lymphocytes, and macrophages [80].
Therefore, the inflammatory-immune cascade
induced by stress intensifies the progression
of MND. As mentioned above, danger signals
(being endogenous ligands of TLR) activate
NF-kp-related signaling pathways, which not
only mediate the transcription and translation of
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Figure1 Stress-induced the activation of neuroimmune cells and the release of inflammatory mediators

Stress upregulates the HPA axis and stimulates microglia to secrete danger signals (such as HMGB1 and HSP72), thus acting on TLR to activate the

NK-kB pathway. In addition, TDP-43 also participates in the activation of NK-«B in combination with CD14. NK-«B pathway activation upregulates
TNEF-a secretion, and consequently, inactive NLRP3, pro-IL-18, pro-IL-1@, and pro-IL-6 are produced. NLRP3 is activated by ROS and ATP derived

from activated astrocytes. Active NLRP3 trims ASC pro-caspase-1 into active caspase-1. Active caspase-1 transforms pro-inflammatory cytokines into

inflammatory cytokines. In addition, the activation of the cAMP\ERK pathway by b-ARs also induces the production of related inflammatory

cytokines after HPA axis activation.

inflammatory mediators IL-1f3, IL-18, IL-6, and
TNF-a but also induce the secretion of reactive
oxygen species (ROS), thus causing oxidative
damage. The relevant mechanisms will be
detailed in the following section on oxidative
stress damage [81].

6.3 Stress Granules (SGs) assembly during
chronic stress could damage neurons

SGs are assemblies of untranslated messenger
ribonucleoproteins (mRNPs) formed from mRNA
that have stalled at the initiation stage of
translation [82]. Formed under stress conditions,
SGs can act as signal centers that regulate the
adaptive physiological responses of cells to stress
[83]. SGs enhance cell survival during adverse
stress by regulating protein translation and
material transport and sometimes by regulating

apoptosis [83-85]. RACK1 (receptor for activated
C kinase 1), a regulator of apoptosis, is recruited
and chelated by SGs during stress. SGs block
the interaction between RACK1 and mitogen-
activated protein 3 kinase 4 (MAP3K4), thus
inhibiting the Rackl-mediated apoptosis pathway
[86]. Moreover, SGs can inhibit apoptosis by
recruiting the regulatory protein mTOR to block
overactivation of the mTOR complex 1 (mTORC1)
signaling pathway [83]. In addition to regulating
RACK1 and mTOR, SGs regulate cell signaling
pathways by isolating proteins such as tumor
necrosis factor (TNF) receptor-associated factor
2 (TRAF2) [87]. Under stress, SGs can segregate
proteins associated with mRNA physiology and
metabolism, resulting in the temporary inhibition
of translation and the prevention of misfolded
protein accumulation [88].
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Normally, SG components exist as “free form”
molecules or oligomers in their original state.
The biophysical process known as liquid-liquid
phase separation (LLPS) drives the formation of
droplet-like cell structures from the free form
SGs components [89]. Interactions that contribute
include traditional LLPS
protein-protein and protein internally disordered
regions(IDRs) interactions [90]. The Ras-GAP
Sh3-binding protein (G3BP) family plays a crucial

to SG formation

role in the initiation of SG assembly. Two
members of the G3BP family, G3BP1 and G3BP2,
are indispensable starter components for SG. The
expression of G3BP1 and G3BP2 is essential for
the assembly of SG, and they drive the assembly
of SGs by employing the LLPS mechanism [91].
G3BP1 and G3BP2 have similar sequences and
biophysical properties. Furthermore, G3BP1 is a
central node of the LLPS mechanism. Thus, our
attention was primarily drawn to G3BP1. G3BP1
regulates LLPS through dimerization and the
net charge distribution in distinct domains [92].
G3BP1 contains three internally disordered regions
(IDRs): IDR1 carries a net negative charge, and
IDR2 and IDR3 carry a net positive charge.
RNA-binding domains (RBD) and NTF2-like
domains are also present in G3BP1. The NTF2-like
domain mediates G3BP1 dimerization, which
supports the LLPS mediating role of G3BP1 and
thus helps SG assembly [92, 93]. G3BP1 5149
phosphorylation crucially regulates SG assembly.
It ultimately negatively regulates LLPS and the
formation of SG by increasing the negative
charge density of IDR1, enhancing the interaction
between IDR1 and (positively charged) IDRS3,
shielding RBD, and reducing the G3BP1-RNA-
[92]. Thus, G3BP1 S149
dephosphorylation is necessary to initiate SG

binding strength

formation, whereas IDR1 acts as a conformational

switch that controls RNA binding and the
subsequent assembly of SGs in cells. Cellular
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stress causes G3BP1 S149 phosphorylation and
leads to the release of free mRNA from
polyribosomes [94]. The addition TDP-43/FUS/
hnRNPA1, a classic SG member, can be recruited
by GBP condensates. Genetic mutations lead to
structural and functional abnormalities in SGs [93].
Interestingly, G3BP1 (the main trigger initiating
SG assembly) also plays an important role in SG
clearance. The K-63-linked ubiquitination in the
N-terminal NTF2-like domain of G3BP1 promotes
G3BP1-VCP interaction, targeting G3BP1 to the
endoplasmic reticulum Vcp-FAF2 complex for
degradation [95].

In addition to G3BP, ubiquitin-associated
protein-2-like (UBAP2L) also plays a pivotal role
in regulating SG formation [96]. When cells are
stressed, UBAP2L-positive droplets are the first
to appear in the cytoplasm, followed by G3BP1
recruitment and clocalization [97]. Furthermore,
in most cases, the knockout of UBAP2L severely
reduced the assembly efficiency of SGs [97]. The
Arg-Gly-Gly (RGG) motif of UBAP2L is necessary
for recruiting other SG components; RGG and
G3BP physically interact. Acute stress reduces
UBAP2L methylation, which is controlled by
the arginine methyltransferase PRMT1 on RGG.
Reduced methylation enhances the strength of
UBAP2L interactions with SG components (such
as G3BP) [98].

The reduction in the antiinterference ability
of SG assembly is likely modulated by various
factors that regulate the assembly dynamics
of SGs. Cellular dysfunction and cell death are
associated with impaired assembly dynamics of
SGs under chronic stress [99]. SG dysfunction
is turning out to be an important pathological
mechanism in several neurodegenerative diseases.
To date, studies have shown that SGs are closely
associated with many neurodegenerative diseases,
including MND, AD, and MS [100]. In these
diseases, misassembled or unbroken SGs are
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associated with disrupted RNA metabolism
and the accumulation of aggregates that lead to
neuronal death [99].

In conclusion, chronic stress damages neurons
by affecting the assembly and function of SGs, a
crucial factor in the emergence and progression
of MND. Moreover, autophagy dysfunction leads
to a lack of SG degradation, which assumes
a crucial function, particularly during chronic
oxidative stress [101]. p62 is an autophagic cargo
receptor. Chronic oxidative stress leads to a
significant accumulation of p62 in the cytoplasm,
which is largely colocalized with SGs. Autophagy
disorders caused by oxidative stress affect SG
clearance, leading to its pathological accumulation
in the cytoplasm [101]. The VCP complex plays
an extensive role in SG clearance [95]. In animal
models, dysfunctional VCP complexes significantly
hindered the breakdown of SG, resulting in
elevated levels of cellular oxidative stress [102].
As discussed later, oxidative stress has an array
of adverse effects on cells.

Chronic stress can perpetuate pathological
SGs, giving rise to a range of abnormal
pathological activities such as long-term inhibition
of protein biogenesis and abnormal cytoplasmic
protein fibrosis [103, 104]. This results in
various neuropathological symptoms, including
MND [105-107]. In MND, chronic or intense
stress-mediated SG dysfunction may also cause
the inclusion bodies to contain tau protein [108].
However, the exact mechanism by which SG
affects MND requires further investigation.

6.4 Chronic stress-mediated abnormal
cytoplasmic accumulation of TDP-43 is
neurotoxic

Abnormal accumulation of TDP-43 in the
cytoplasm is observed in most cases of MND. As
a member of the SG family, TDP-43 is a classical
RNA-binding protein associated with MND.

It can shuttle between the cytoplasm and the
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nucleus. TDP-43 is a key component of neuronal
ubiquitin-positive inclusions, a pathological
marker of MND [109]. TDP-43 regulates RNA
metabolism, protein translation, mitochondrial
autophagy, axon transport, vesicular transport,
and stress response. Its structure consists of an
N-terminal domain (NTD, 1-102aa), two RNA-
recognition motifs (RRM1, 106-177aa, and RRM2,
192259aa), and a C-terminal domain (CTD/PrLD,
274-414aa) [110]. Under normal stress, TDP-43 is
physically and chemically separated from the
cellular environment by LLPS through PrLD
regulation. It aggregates and fuses into gelatinous
membrane-less organelles and then uses active
transport and passive diffusion to enter the
cytoplasm[111, 112]. In the cytoplasm, the RRM
structure of TDP-43 binds to RNA and other SG
components to form SGs. These SGs regulate
mitochondrial function to prevent cellular damage
inflicted by stress-induced inflammatory factors.
This process suppresses cellular damage caused
by inflammatory stress [110, 111, 113]. At the
end of the stress stimulus, nuclear localization
signals (NLS, 82-98aa) bind to nuclear input
receptors and guide TDP-43 back into the nucleus,
coassisted by the Ras-associated nuclear (RAN)
GTPase activation protein [114].

The nuclear absence of TDP-43 and cytoplasmic
accumulation of hyperphosphorylated, ubiqui-
tinated, and cleaved TDP-43 are pathological
hallmarks of MND [115]. Under conditions
TDP-43 is
phosphorylated to pTDP-43 in the cytoplasm,

of chronic or oxidative stress,

where it aggregates abnormally. Chronic oxidative
stress can lead to mitochondrial autophagy
dysfunction, and the abnormal accumulation of
pTDP-43/SGs products cannot help mitochondria
cope with oxidative damage. Therefore, pTDP-
43/SGs inclusion bodies cannot be eliminated
[101, 113]. Abnormal accumulation of pTDP-43/5Gs
in the cytoplasm results in the production of
many dysfunctional gene products, most of which
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are mitochondrial proteins encoded by the
nuclear genome. They also cause mitochondrial
dysfunction, which exacerbates oxidative
stress in cells. This stress-aggregation cycle is
one of the foundations of the occurrence and
development of MND [116].

cytoplasmic pTDP-43 liquid droplets slowly

In addition,

recruit Importin-a (a nuclear import transporter)
and Nup62 (a nuclear pore component)
under chronic stress, inducing mislocalization
of RanGapl, Ran, and Nup107 (a nuclear pore
component). RanGapl is required for RAN-
dependent nuclear input and output. Therefore,
TDP-43 is inhibited from translocating into the
nucleus [101, 117].

MND is characterized by the formation of
cytoplasmic TDP-43 inclusion bodies, accompanied
by the absence of normal TDP-43 in the nucleus
[118]. Abnormal intracellular aggregation of
TDP-43 can induce toxicity, leading to neural
and axonal damage [119]. TDP-43 becomes
dysfunctional, and as a result, the nucleus
gradually loses TDP-43, ultimately resulting
in cell death [101, 117]. The nuclear transport of
TDP-43 under three different conditions is
highlighted in Figure 2.

In addition, TDP-43 exists not only in neurons,
but also in peripheral glial cells. They activate the
NF-kB pathway, leading to cellular inflammatory

responses and neuronal damage [120, 121].

6.5 Chronic stress disrupts cellular defense
mechanisms to oxidative stress

Oxidative crucial role in

neurodegenerative

stress plays a
diseases, including
Alzheimer’s disease (AD), Parkinson’s disease
(PD), amyotrophic lateral sclerosis (ALS), and
Huntington’s Disease (HD)[122]. The redox
balance of the body is destroyed with increasing
age, genetic, and environmental risk factors.
Stress caused by various external environmental

factors can lead to an increase in ROS in the
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Figure2 TDP-43 nuclear-cytoplasmic translocation in neurons
under three different stress conditions

A. TDP-43, under normal stress, translocates from the nucleus to
cytoplasm and signals pathways to combat the stress response. After
cessation of stress, cells clear SGs through autophagy, and TDP-43
translocates to the nucleus by homing on Nup107/Nup62 (the nucleopore
component) assisted by the transporter Importin-a/RanGap1. B. Under
chronic stress, TDP-43 is phosphorylated into pTDP-43 in the cytoplasm,
and Nup62/Importin-a soldiers and SGs are recruited to form pTDP-43
/SGs droplets. This causes mislocalization of Nup107 and RanGapl in
the cytoplasm and ultimately prevents TDP-43 from returning to the
nucleus. Loss of TDP-43 leads to cell death. C. Long-term/chronic
oxidative stress can lead to mitochondrial autophagy dysfunction,
causing the accumulation of pTDP-43/SGs aggregates that cannot
be cleared properly. Abnormal accumulation of pTDP-43/SGs in the
cytoplasm leads to many abnormally functioning gene products (most
of which are mitochondrial proteins encoded by the nuclear genome),
which cause mitochondrial dysfunction and oxidative mitochondrial
damage. Thus, causing autophagy dysfunction and the failure to clear
pTDP-43/SGs aggregates.

body [123-125]. Neurons are more susceptible to
oxidative stress than other cells in the body [116].
Studies have found increased oxidative stress in
the brains of ALS patients [126], similar to that
in cultured neurons [127]. An experiment based
on mouse cells treated with H-O> demonstrated
the transfer of TDP-43 from the nucleus to the
cytoplasm under oxidative stress. Moreover,
cytoplasmic aggregation of TDP-43 may be related
to mitochondrial dysfunction [116].
Mitochondria utilize oxygen to generate
energy, and this process is the primary source
of endogenous ROS. During periods of stress,
cellular metabolism intensifies, leading to the
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excessive production of endogenous ROS [128].
ROS refers to a group of free radicals that are
centered on oxygen molecules. Low levels of ROS
play a crucial role in the physiological processes
of cells. However, excessive ROS production
can result in oxidative stress, leading to cellular
damage [129]. Cells possess a range of defense
mechanisms to counteract oxidative stress
damage. Among these, the phase II antioxidant
response is considered the most significant
cellular pathway. This response is regulated by
the transcription factor Nrf2, which plays a
crucial role in cellular antioxidant defense [130].
Nrf2, a transcription factor, crucially regulates
numerous enzymes and proteins involved in
the body’s REDOX reactions. It achieves this by
modulating the composition and induction of the
EpRE regulatory genes. The Nrf2-EpRE pathway
is of significant importance in maintaining
cellular oxidative balance [131]. Under stress,
motor neurons release fibroblast factor 1 (FGF-1),
which activates astrocytes and promotes the
expression of nerve growth factor. This, in
turn, modulates Nrf2 expression and function.
However, during chronic stress, long-term
oxidative stress and the long-term activation of
FGF-1 in astrocytes lead to Nrf2-EpRE pathway
dysfunction; the interaction between normal
neurons and glial cells is destroyed, causing
neuronal degeneration [132].

Oxidative
aggregation of TDP-43, a consequence of which

stress induces cytoplasmic
is mitochondrial dysfunction and ROS elevation
(increased oxidative stress). Such stress further
enhances the accumulation of TDP-43, thus
forming a vicious feedforward cycle and driving

the occurrence and development of MND [116].

6.6 Mitochondrial dysfunction causes neural
death via disruption of calcium homeostasis

Abnormalities in oxidative phosphorylation,
calcium buffering, and mitochondrial transport
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within the CNS have been identified in previous
studies on individuals with MND, suggesting
that mitochondrial dysfunction may play a
significant role in the development of MND
[133]. Mitochondrial function is important in the
CNS, and although the brain represents only 2%
of the body’s weight, it consumes 20% of the
body’s ATP. In neurons, the mitochondrial buffer
Ca? plays an important role in Ca?* homeostasis,
phospholipid biogenesis, and apoptosis regulation
[133]. It is worth noting that the physiological
functions of mitochondria are interrelated in
normal and diseased conditions. Oxidative stress
in the CNS leads to reduced mitochondrial ATP
output and dysfunction of Ca?-ion channels in
the mitochondrial membrane, leading to Ca?
overload. High Ca? levels cause neuronal cell
death through the formation of osmotic transition
pores and disrupted transmembrane potentials
[134]. Excess Ca?* also degrades organelle
structures and proteins by activating conjugated
proteinases and accelerating neuronal cell
death [135].

6.7 Stress-mediated gut dysbiosis associated
with MND

The gut and brain are highly interconnected,
and there is a strong association between
disruption of the gut microbiota and various
neurodegenerative diseases. The vagus nerve,
the longest nerve in the human body, crucially
connects the digestive system and the CNS
[136]. Indeed, both preclinical and clinical data
have established a connection between gut
dysbiosis and various neurodegenerative diseases,
including MND [137].

Stress affects the composition of the gut
microbiome [138]. SOD1G93A mice, a typical
experimental model of MND, spontaneously
exhibit motor symptoms by about 4 months of
age and reach the terminal stage of the disease
by about 6 months of age. Using this model, Wu
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et al. observed that before the onset of MND
symptoms, intestinal intercellular connections
were disrupted, the expression of adhesion and
compact junction proteins was significantly
reduced, and intestinal permeability was increased
(manifesting as clinical intestinal fistula). The
abundance of butyrate Butyrivibrio Fibrisolvens,
Escherichia coli, and Firmicutes was reduced in
the guts of these mice. Subsequent experiments
demonstrated that feeding sodium butyrate to
SOD1G93A mice enhanced intestinal epithelial
function, improved intestinal integrity, and
extended their lifespans [139, 140]. In addition,
MND progressed faster in SOD1G93A mice
treated with broad-spectrum antibiotics or in
sterile SOD1G93A mice [141]. Germ-free mice are
more stress-responsive [142]. Furthermore, serum
niacinamide (NAM) levels were significantly
reduced in MND patients. Colonizing mice with
Akkermansia muciniphila(AM) bacteria increased
NAM levels, mitigating the progression of MND;
however, their survival was not significantly
affected [141]. Thus, microbial-derived metabolites,
including butyrate and niacinamide, may improve
disease progression in MND patients.

The above animal experiments provide evidence
confirming that MND and gut microbiome health
are associated. Further experiments are required
to establish whether gut dysbiosis induced by
stress affects the progression of MND.

6.8 Stress destroys BBB integrity leading to
neurodegeneration

The BBB and the blood-spinal cord barrier
These
barriers form the basis of all neurophysiological

stabilize the CNS microenvironment.

processes and guarantee immunity in the CNS
[143]. In the pathogenesis of MND and other
neurodegenerative diseases, the permeability
of these barriers is affected by the abnormal
activation of microglia, inflammatory responses,
oxidative stress, intestinal microbial disorders,
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and physical injury, leading to the occurrence
and development of diseases [144].

Almost all neurological diseases are closely
related to the BBB. Destruction of the BBB may
predate neurological disease [145-147]. Various
forms of stress play important roles in triggering
the destruction of BBB [148-151].

Different forms of stress, such as acute, chronic,
and drug-induced, downregulate connexins
on the BBB, which leads to a leaky BBB. This
subsequently promotes brain inflammation,
neurodegeneration, cognitive, emotional, and
behavioral disorders [149]. In some cases of
MND, destruction of the BBB and consequent
leakage of blood-derived proteins into the CNS
occur [152]. For instance, leaked hemoglobin
intensifies oxidative stress in the CNS and causes
neurotoxicity [153].

7 Stress management in patients with
MND benefits prognosis

Sometimes exercising or being physically active
can effectively alleviate stress. Appropriate
physical exercise can have antianxiety and
antidepressant effects, thereby reducing stress
levels and helping to maintain a positive mood
[152]. Patients who suffer from sleep deprivation
or poor-quality sleep often experience heightened
stress levels. Therefore, psychological interventions
and the judicious use of psychotropic drugs are
sometimes necessary [153]. Furthermore, adopting
a healthy diet and lifestyle can contribute to
stress reduction in patients. For instance, a
well-balanced diet and probiotic therapy can help
maintain the equilibrium of the gut microbiota,
thereby reducing the impact of the gut-brain axis
on the CNS [135]. Hence, healthcare professionals
should emphasize stress management strategies
for patients, as this approach may help slow
down the progression of MND and improve the
quality of life for MND patients.
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Oxidative stress plays a crucial role in the
pathogenesis of MND. Although the use of
antioxidants in MND treatment is a relatively
new approach, edaravone has been clinically used
as an antioxidant. However, conclusive results
regarding the effectiveness of edaravone have
not yet been achieved [154].

8 Conclusions

Numerous studies have consistently established
a strong association between psychological and
physiological stress and the incidence, progression,
and prognosis of MND. The detrimental effects
of chronic or severe stress on motor neurons are
well documented, encompassing mechanisms
such as HPA axis dysregulation, microglial
activation, disruption of the BBB, mitochondrial
dysfunction, excessive production of ROS, tau
protein accumulation, and gut dysbiosis.
These mechanisms collectively contribute to
the worsening of MND and ultimately lead to
unfavorable outcomes. Therefore, in clinical
practice, it is crucial for physicians to thoroughly
evaluate patients’ medical histories to ascertain the
presence of various stressors. When addressing
adverse stress reactions in MND patients,
healthcare professionals should prioritize stress
management in addition to relying on conventional
treatment methods. Effective communication,
the provision of practical recommendations, and
the judicious use of psychotropic drugs (in
accordance with established protocols) can help
alleviate the psychological and physiological
thereby

burdens experienced by patients,

minimizing or eliminating stress.

Funding information

None.

Acknowledgments

We thank Songyue Chen for the comments on

Stress and Brain

the content of the article, and we would like to
thank all participants who participated in the
study for their time and involvement.

Author contribution

Chenyang Lu analyzed the data and prepared
the first draft of the manuscript. Chenyang
Lu and Xingshun Xu participated in the
conception and design of the study, Xingshun Xu
constructively revised the manuscript; Chenyang
Lu participated in data collection and organization;
Xingshun Xu participated in and supervised the
study throughout, and they share corresponding
authorship. All authors commented on previous
versions of the manuscript and approved the

final version.

Declaration of conflicting interests

The authors declare no conflict of interest.

Data availability statement

There is no data for this review.

Data sharing is not applicable to this article as
no data sets were generated or analyzed during
the current study.

Ethics approval

Not applicable

Consent to participate

Not applicable

References
[1] Dharmadasa, T., Matamala, J. M., Huynh, W., Zoing,

M. C., Kiernan, M. C. Motor neurone disease.
Handbook of Clinical Neurology, 2018, 159: 345-357.

https://mc03.manuscriptcentral.com/sab | Stress and Brain



Stress and Brain

(2]

[3]

[4]

[3]

(6]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

Foster, L. A., Salajegheh, M. K. Motor neuron disease:
Pathophysiology, diagnosis, and management. Am J
Med, 2019, 132(1): 32-37.

Wang, M. D., Little, J., Gomes, J., Cashman, N. R,
Krewski, D. Identification of risk factors associated
with onset and progression of amyotrophic lateral
sclerosis using systematic review and meta-analysis.
NeuroToxicology, 2017, 61: 101-130.

Al-Chalabi, A., Hardiman, O. The epidemiology of
ALS: A conspiracy of genes, environment and time.
Nat Rev Neurol, 2013, 9(11): 617-628.

Szczygielski, J., Mautes, A., Steudel, W. 1., Falkai, P.,
Bayer, T. A., Wirths, O. Traumatic brain injury:
Cause or risk of Alzheimer’s disease? A review of
experimental studies. J Neural Transm, 2005, 112(11):
1547-1564.

Goldman, S. M., Tanner, C. M., Oakes, D.,
Bhudhikanok, G. S., Gupta, A., Langston, J. W. Head
injury and Parkinson’s disease risk in twins. Annals
of Neurology, 2006, 60(1): 65-72.

Chen, H., Richard, M., Sandler, D. P., Umbach, D. M.,
Kamel, F. Head injury and amyotrophic lateral sclerosis.
American Journal of Epidemiology, 2007, 166(7):
810-816.

Kyrou, 1., Tsigos, C. Stress hormones: Physiological
stress and regulation of metabolism. Current Opinion
in Pharmacology, 2009, 9(6): 787-793.

Chrousos, G. P., Gold, P. W. The concepts of stress
and stress system disorders. Overview of physical
and behavioral homeostasis. JAMA, 1992, 267(9):
1244-1252.

Yaribeygi, H., Panahi, Y., Sahraei, H., Johnston, T. P.,
Sahebkar, A. The impact of stress on body function:
A review. EXCLI Journal, 2017, 16: 1057-1072.
Leonard, B. E. The concept of depression as a
dysfunction of the immune system. Current Immunology
Reviews, 2010, 6(3): 205-212.

Liu, Y. Z., Wang, Y. X., Jiang, C. L. Inflammation: The
common pathway of stress-related diseases. Frontiers
in Human Neuroscience, 2017, 11: 316.

Hardiman, O. Global burden of motor neuron diseases:
Mind the gaps. The Lancet Neurology, 2018, 17(12):
1030-1031.

Chancellor, A. M., Warlow, C. P. Adult onset motor
neuron disease: Worldwide mortality, incidence
and distribution since 1950. Journal of Neurology,
Neurosurgery & Psychiatry, 1992, 55(12): 1106-1115.

https://mc03.manuscriptcentral.com/sab | Stress and Brain

[15]

[16]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

171

Baumer, D., Talbot, K., Turner, M. R. Advances in motor
neurone disease. J R Soc Med, 2014, 107(1): 14-21.
Alonso, A., Logroscino, G., Jick, S. S., Hernan, M. A.
Incidence and lifetime risk of motor neuron disease
in the United Kingdom: A population-based study.
Eur J Neurol, 2009, 16(6): 745-751.

Chio, A., Logroscino, G., Traynor, B. J., Collins, J.,
Simeone, J. C., Goldstein, L. A., White, L. A. Global
epidemiology of amyotrophic lateral sclerosis: A
systematic review of the published literature.
Neuroepidemiology, 2013, 41(2): 118-130.

Rosen, D. R., Siddique, T., Patterson, D., Figlewicz,
D. A., Sapp, P., Hentati, A., Donaldson, D., Goto, J.,
O'Regan, J. P., Deng, H. X. et al. Mutations in Cu/Zn
superoxide dismutase gene are associated with familial
amyotrophic lateral sclerosis. Nature, 1993, 362(6415):
59-62.

Delesus-Hernandez, M., Mackenzie, 1. R., Boeve, B. F.,
Boxer, A. L., Baker, M., Rutherford, N. J., Nicholson,
A. M,, Finch, N. A., Flynn, H., Adamson, J. et al.
Expanded GGGGCC hexanucleotide repeat in
noncoding region of CO9ORF72 causes chromosome
9p-linked FTD and ALS. Neuron, 2011, 72(2):
245-256.

Alan, E., Renton, A. hexanucleotide repeat expansion
in C9ORF72 is the cause of chromosome 9p21-linked
ALS-FTD. Neuron, 2011, 72(2): 257-268.
Sreedharan, J., Blair, I. P., Tripathi, V. B., Hu, X.,
Vance, C., Rogelj, B., Ackerley, S., Durnall, J. C.,
Williams, K. L., Buratti, E. et al. TDP-43 mutations
in familial and sporadic amyotrophic lateral sclerosis.
Science, 2008, 319(5870): 1668—1672.

Kabashi, E., Valdmanis, P. N., Dion, P., Spiegelman,
D., McConkey, B. J., Velde, C. V., Bouchard, J. P.,
Lacomblez, L., Pochigaeva, K., Salachas, F. et al.
TARDBP mutations in individuals with sporadic and
familial amyotrophic lateral sclerosis. Nat Genet,
2008, 40(5): 572-574.

Kwiatkowski, T. J. Jr, Bosco, D. A., LeClerc, A. L.,
Tamrazian, E., Vanderburg, C. R., Russ, C., Davis, A.,
Gilchrist, J., Kasarskis, E. J., Munsat, T. et al.
Mutations in the FUS/TLS gene on chromosome 16
cause familial amyotrophic lateral sclerosis. Science,
2009, 323(5918): 1205-1208.

Taylor, J. P., Brown, R. H. Jr, Cleveland, D. W.
Decoding ALS: From genes to mechanism. Nature,
2016, 539(7628): 197-206.



172

[25] Chio, A., Benzi, G., Dossena, M., Mutani, R., Mora,
G. Severely increased risk of amyotrophic lateral
sclerosis among Italian professional football players.
Brain, 2005, 128(3): 472-476.

[26] Lehman, E. J., Hein, M. J., Baron, S. L., Gersic, C. M.
Neurodegenerative causes of death among retired
National Football League players. Neurology, 2012,
79(19): 1970-1974.

[27] Russell, E. R., Mackay, D. F., Lyall, D., Stewart, K.,
MacLean, J. A., Robson, J., Pell, J. P., Stewart, W.
Neurodegenerative disease risk among former
international rugby union players. J Neurol Neurosurg
Psychiatry, 2022, 93(12): 1262-1268.

[28] Gu, D. Q., Ou, S., Tang, M. S., Yin, Z. Y., Wang,
Z. G.,, Liu, G. D. Trauma and amyotrophic lateral
sclerosis: A systematic review and meta-analysis.
Amyotrophic Lateral Sclerosis and Frontotemporal
Degeneration, 2021, 22(3—4): 170-185.

[29] Liu, G. D., Ou, S., Cui, H. J., Li, X,, Yin, Z. Y., Gu,
D. Q., Wang, Z. G. Head injury and amyotrophic
lateral sclerosis: A meta-analysis. Neuroepidemiology,
2021, 55(1): 11-19.

[30] Kiernan, M. C., Vucic, S., Cheah, B. C., Turner, M.
R., Eisen, A., Hardiman, O., Burrell, J. R., Zoing, M.
C. Amyotrophic lateral sclerosis. The Lancet, 2011,
377(9769): 942-955.

[31] Blokhuis, A. M., Groen, E. J., Koppers, M., van den
Berg, L. H., Pasterkamp, R. J. Protein aggregation in
amyotrophic lateral sclerosis. Acta Neuropathologica,
2013, 125(6): 777-794.

[32] Turner, M. R., Bowser, R., Bruijn, L., Dupuis, L.,
Ludolph, A., McGrath, M., Manfredi, G., Maragakis, N.,
Miller, R. G., Pullman, S. L. et al. Mechanisms,
models and biomarkers in amyotrophic lateral sclerosis.
Amyotrophic Lateral Sclerosis and Frontotemporal
Degeneration, 2013, 14(supl): 19-32.

[33] Baumer, D., Ansorge, O., Almeida, M., Talbot, K.
The role of RNA processing in the pathogenesis
of motor neuron degeneration. Expert Reviews in
Molecular Medicine, 2010, 12: €21.

[34] Polymenidou, M., Lagier-Tourenne, C., Hutt, K. R.,
Huelga, S. C., Moran, J., Liang, T. Y., Ling, S. C.,
Sun, E., Wancewicz, E., Mazur, C. et al. Long
pre-mRNA depletion and RNA missplicing contribute
to neuronal vulnerability from loss of TDP-43.
Nature Neuroscience, 2011, 14(4): 459—468.

[35]

[39]

[40]

[41]

[42]

Stress and Brain

Turner, M. R., Goldacre, R., Ramagopalan, S., Talbot,
K., Goldacre, M. J. Autoimmune disease preceding
amyotrophic lateral sclerosis: An epidemiologic study.
Neurology, 2013, 81(14): 1222-1225.

Goh, X. X., Tang, P. Y., Tee, S. F. 8-hydroxy-2’-
deoxyguanosine and reactive oxygen species as
biomarkers of oxidative stress in mental illnesses: A
meta-analysis. Psychiatry Investigation, 2021, 18(7):
603-618.

Weera, M. Biobehavioral interactions between stress
and alcohol. Alcohol Research: Current Reviews,
2019, 40(1), arcr.v40.1.04.

Carnevale, R., Sciarretta, S., Violi, F., Nocella, C.,
Loffredo, L., Perri, L., Peruzzi, M., Marullo, A. G.
M., De Falco, E., Chimenti, I. et al. Acute impact of
tobacco vs electronic cigarette smoking on oxidative
stress and vascular function. Chest, 2016, 150(3):
606-612.

Westeneng, H. J., van Veenhuijzen, K., van der Spek,
R. A., Peters, S., Visser, A. E., van Rheenen, W.,
Veldink, J. H., van den Berg, L. H. Associations
between lifestyle and amyotrophic lateral sclerosis
stratified by CO9orf72 genotype: A longitudinal,
population-based, case-control study. The Lancet
Neurology, 2021, 20(5): 373-384.

Anderson, E. N., Gochenaur, L., Singh, A., Grant, R.,
Patel, K., Watkins, S., Wu, J. Y., Pandey, U. B.
Traumatic injury induces stress granule formation and
enhances motor dysfunctions in ALS/FTD models.
Human Molecular Genetics, 2018, 27(8): 1366—1381.
Chen, G. X., Douwes, J., den Berg, L. H., Glass, B.,
McLean, D., ’t Mannetje, A. M. Sports and trauma as
risk factors for Motor Neurone Disease: New Zealand
case—control study. Acta Neurologica Scandinavica,
2022, 145(6): 770-785.

Averill, A. J., Kasarskis, E. J., Segerstrom, S. C.
Expressive disclosure to improve well-being in patients
with amyotrophic lateral sclerosis: A randomised,
controlled trial. Psychology & Health, 2013, 28(6):
701-713.

Marconi, A., Gragnano, G., Lunetta, C., Gatto, R.,
Fabiani, V., Tagliaferri, A., Rossi, G., Sansone, V.,
Pagnini, F. The experience of meditation for people
with amyotrophic lateral sclerosis and their caregivers -
a qualitative analysis. Psychology, Health & Medicine,
2016, 21(6): 762-768.

https://mc03.manuscriptcentral.com/sab | Stress and Brain



Stress and Brain

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Bongioanni, P., Del Carratore, R., Corbianco, S.,
Diana, A., Cavallini, G., Masciandaro, S. M., Dini, M.,
Buizza, R. Climate change and neurodegenerative
diseases. Environmental Research, 2021, 201: 111511.
Smith, S. M., Vale, W. W. The role of the
hypothalamic-pituitary-adrenal axis in neuroendocrine
responses to stress. Dialogues in Clinical Neuroscience,
2006, 8(4): 383-395.

Madalena, K. M., Lerch, J. K. The effect of
glucocorticoid and glucocorticoid receptor interactions
on brain, spinal cord, and glial cell plasticity. Neural
Plasticity, 2017, 2017: 8640970.

B., McKlveen, J. M., Herman, J. P.
Glucocorticoid actions on synapses, circuits, and

Mpyers,

behavior: Implications for the energetics of stress.
Frontiers in Neuroendocrinology, 2014, 35(2):
180-196.

Nicolaides, N. C., Kyratzi, E., Lamprokostopoulou, A.,
Chrousos, G. P., Charmandari, E. Stress, the stress
system and the role of glucocorticoids. Neuro-
immunomodulation, 2015, 22(1-2): 6-19.

O'Connor, D. B., Green, J. A., Ferguson, E., O'Carroll,
R. E., O'Connor, R. C. Cortisol reactivity and suicidal
behavior: Investigating the role of hypothalamic-
pituitary-adrenal axis responses to stress in suicide
attempters and ideators. Psychoneuroendocrinology,
2017, 75: 183-191.

Vyas, S., Rodrigues, A. J., Silva, J. M., Tronche, F.,
Almeida, O. F., Sousa, N., Sotiropoulos, I. Chronic
stress and glucocorticoids: From neuronal plasticity
to neurodegeneration. Neural Plasticity, 2016, 2016:
6391686.

Bisht, K., Sharma, K., Tremblay, M. E. Chronic stress
as a risk factor for Alzheimer’s disease: Roles of
microglia-mediated synaptic remodeling, inflammation,
and oxidative stress. Neurobiology of Stress, 2018, 9:
9-21.

Frick, L. R., Williams, K., Pittenger, C. Microglial
dysregulation in psychiatric disease. Clinical &
Developmental Immunology, 2013, 2013: 608654.
Steiner, J., Bielau, H., Brisch, R., Danos, P.,
Ullrich, O., Mawrin, C., Bernstein, H. G., Bogerts, B.
Immunological aspects in the neurobiology of
suicide: Elevated microglial density in schizophrenia
and depression is associated with suicide. J Psychiatr
Res, 2008, 42(2): 151-157.

Réus, G. Z., Fries, G. R., Stertz, L., Badawy, M.,

https://mc03.manuscriptcentral.com/sab | Stress and Brain

[55]

[56]

[57]

[58]

[59]

[61]

[62]

[63]

[64]

173

Passos, 1. C., Barichello, T., Kapczinski, F., Quevedo,
J. The role of inflammation and microglial activation
in the pathophysiology of psychiatric disorders.
Neuroscience, 2015, 300: 141-154.

Suzuki, K., Sugihara, G., Ouchi, Y., Nakamura, K.,
Futatsubashi, M., Takebayashi, K., Yoshihara, Y.,
Omata, K., Matsumoto, K., Tsuchiya, K. J. et al.
Microglial activation in young adults with autism
spectrum disorder. JAMA Psychiatry, 2013, 70(1):
49-58.

Minagawa, K., Yamada, S. 1., Suzuki, A., Ta, S,
Kumai, T., Lambein, F., Kusama-Eguchi, K. Stress-
related over-enhancement of the hypothalamic-
pituitary-adrenal axis causes experimental neurolathyrism
in rats. Environmental Toxicology and Pharmacology,
2019, 72: 103245.

Dong, H. X., Csernansky, J. G. Effects of stress and
stress hormones on amyloid-beta protein and plaque
deposition. J Alzheimers Dis, 2009, 18(2): 459-469.
Ferri, L., Ajdinaj, P., Rispoli, M. G., Carrarini, C.,
Barbone, F., D’Ardes, D., Capasso, M., Muzio, A. D.,
Cipollone, F., Onoftj, M. et al. Diabetes mellitus and
amyotrophic lateral sclerosis: A systematic review.
Biomolecules, 2021, 11(6): 867.

Jawaid, A., Salamone, A. R., Strutt, A. M., Murthy,
S. B., Wheaton, M., McDowell, E. J., Simpson, E.,
Appel, S. H,, York, M. K., Schulz, P. E. ALS disease
onset may occur later in patients with pre-morbid
diabetes mellitus. Eur J Neurol, 2010, 17(5): 733-739.
Kioumourtzoglou, M. A., Rotem, R. S., Seals, R. M.,
Gredal, O., Hansen, J., Weisskopf, M. G. Diabetes
mellitus, obesity, and diagnosis of amyotrophic lateral
sclerosis. JAMA Neurology, 2015, 72(8): 905.
Mariosa, D., Kamel, F., Bellocco, R., Ronnevi L-, O.,
Almgqvist, C., Larsson, H., Ye, W., Fang, F.
Antidiabetics, statins and the risk of amyotrophic
lateral sclerosis. Eur J Neurol, 2020, 27(6): 1010-1016.
Zhang, L. J., Chen, L., Fan, D. S. The protective role
of pre-morbid type 2 diabetes in patients with
amyotrophic lateral sclerosis: A center-based survey
in China. Amyotroph Lateral Scler Frontotemporal
Degener, 2020, 21(3—4): 209-215.

Tsai, C. P., Lee, J. K. W, Lee, C. T. C. Type II
diabetes mellitus and the incidence of amyotrophic
lateral sclerosis. J Neurol, 2019, 266(9): 2233-2243.
Mariosa, D., Kamel, F., Bellocco, R., Ye, W., Fang, F.
Association between diabetes and amyotrophic lateral



174

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

sclerosis in Sweden. Eur J Neurol, 2015, 22(11):
1436-1442.

Sun, Y., Lu, C. J., Chen, R. C., Hou, W.H., Li, C. Y.
Risk of amyotrophic lateral sclerosis in patients with
diabetes: A nationwide population-based cohort study.
J Epidemiol, 2015, 25(6): 445-451.

Zeng, P., Wang, T., Zheng, J. N., Zhou, X. Causal
association of type 2 diabetes with amyotrophic lateral
sclerosis: New evidence from Mendelian randomization
using GWAS summary statistics. BMC Medicine,
2019, 17(1): 225.

Logroscino, G. Are diabetes and amyotrophic lateral
sclerosis related? Nat Rev Neurol, 2015, 11(9): 488—490.
Beers, D. R., Appel, S. H. Immune dysregulation
in amyotrophic lateral sclerosis: Mechanisms and
emerging therapies. The Lancet Neurology, 2019,
18(2): 211-220.

Johnson, J. D., Campisi, J., Sharkey, C. M., Kennedy,
S. L., Nickerson, M., Greenwood, B. N., Fleshner, M.
Catecholamines mediate stress-induced increases
in peripheral and central inflammatory cytokines.
Neuroscience, 2005, 135(4): 1295-1307.

Dahan, S. N., Bragazzi, N. L., Yogev, A., Bar-Gad, M.,
Barak, V., Amital, H., Amital, D. The relationship
between serum cytokine levels and degree of psychosis
in patients with schizophrenia. Psychiatry Research,
2018, 268: 467-472.

Haapakoski, R., Mathieu, J., Ebmeier, K. P.,
Alenius, H., Kiviméki, M. Cumulative meta-analysis
of interleukins 6 and 1f, tumour necrosis factor o and
C-reactive protein in patients with major depressive
disorder. Brain, Behavior, and Immunity, 2015, 49:
206-215.

Black, C., Miller, B. J. Meta-analysis of cytokines and
chemokines in suicidality: Distinguishing suicidal
versus nonsuicidal patients. Biological Psychiatry,
2015, 78(1): 28-37.

Passos, 1. C., Vasconcelos-Moreno, M. P., Costa, L. G.,
Kunz, M., Brietzke, E., Quevedo, J., Salum, G.,
Magalhaes, P. V., Kapczinski, F., Kauer-Sant'Anna,
M. Inflammatory markers in post-traumatic stress
disorder: A systematic review, meta-analysis, and
meta-regression. The Lancet Psychiatry, 2015, 2(11):
1002-1012.

AL-Ayadhi, L. Y., Mostafa, G. A. Elevated serum
levels of interleukin-17A in children with autism. J
Neuroinflammation, 2012, 9(1): 1-6.

[75]

[79]

[80]

[81]

[82]

[83]

[84]

Stress and Brain

Weber, M. D., Frank, M. G., Tracey, K. J., Watkins,
L. R., Maier, S. F. Stress induces the danger-associated
molecular pattern HMGB-1 in the hippocampus of
male Sprague Dawley rats: A priming stimulus of
microglia and the NLRP3 inflammasome. J Neurosci,
2015, 35(1): 316-324.

Fleshner, M., Crane, C. R. Exosomes, DAMPs and
miRNA: Features of stress physiology and immune
homeostasis. Trends in Immunology, 2017, 38(10):
768-776.

Bogie, J. F. J., Stinissen, P., Hendriks, J. J. A.
Macrophage subsets and microglia in multiple sclerosis.
Acta Neuropathologica, 2014, 128(2): 191-213.
Kaufmann, F. N., Costa, A. P., Ghisleni, G., Diaz,
A. P., Rodrigues, A. L. S., Peluffo, H., Kaster, M. P.
NLRP3 inflammasome-driven pathways in depression:
Clinical and preclinical findings. Brain, Behavior,
and Immunity, 2017, 64: 367-383.

Wohleb, E. S., Delpech, J. C. Dynamic cross-talk
between microglia and peripheral monocytes underlies
stress-induced neuroinflammation and behavioral
consequences. Prog Neuropsychopharmacol Biol
Psychiatry, 2017, 79: 40—48.

Zhao, W. H., Beers, D. R., Hooten, K. G., Sieglaff,
D. H., Zhang, A. J., Kalyana-Sundaram, S., Traini,
C. M., Halsey, W. S., Hughes, A. M., Sathe, G. M.
et al. Characterization of gene expression phenotype
in amyotrophic lateral sclerosis monocytes. JAMA
Neurology, 2017, 74(6): 677.

Frakes, A., Ferraiuolo, L., Haidet-Phillips, A,
Schmelzer, L., Braun, L., Miranda, C., Ladner, K.,
Bevan, A., Foust, K., Godbout, J. et al. Microglia
induce motor neuron death via the classical NF-«xB
pathway in amyotrophic lateral sclerosis. Neuron,
2014, 81(5): 1009-1023.

Protter, D. S. W., Parker, R. Principles and properties
of stress granules. Trends in Cell Biology, 2016,
26(9): 668—679.

Kedersha, N., Ivanov, P., Anderson, P. Stress Granules
and cell signaling: More than just a passing phase?
Trends in Biochemical Sciences, 2013, 38(10):
494-506.

Grimaldi, G., Catara, G., Palazzo, L., Corteggio, A.,
Valente, C., Corda, D. PARPs and PAR as novel
pharmacological targets for the treatment of stress
granule-associated disorders. Biochemical Pharmacology,
2019, 167: 64-75.

https://mc03.manuscriptcentral.com/sab | Stress and Brain



Stress and Brain

[85]

[86]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

Catara, G., Grimaldi, G., Schembri, L., Spano, D.,
Turacchio, G., Lo Monte, M., Beccari, A. R., Valente, C.,
Corda, D. PARP1-produced poly-ADP-ribose causes
the PARPI12 translocation to stress granules and
impairment of Golgi complex functions. Sci Rep,
2017, 7: 14035.

Arimoto, K., Fukuda, H., Imajoh-Ohmi, S., Saito, H.,
Takekawa, M. Formation of stress granules inhibits
apoptosis by suppressing stress-responsive MAPK
pathways. Nat Cell Biol, 2008, 10(11): 1324-1332.
Takahara, T., Maeda, T. Transient sequestration of
TORCI1 into stress granules during heat stress.
Molecular Cell, 2012, 47(2): 242-252.

Wang, J. H., Gan, Y. X., Cao, J., Dong, X. F,
Ouyang, W. Pathophysiology of stress granules: An
emerging link to diseases (Review). Int J Mol Med,
2022, 49(4): 44.

Hofmann, S., Kedersha, N., Anderson, P., Ivanov, P.
Molecular mechanisms of stress granule assembly
and disassembly. Biochim Biophys Acta Mol Cell Res,
2021, 1868(1): 118876.

Shin, Y., Brangwynne, C. P. Liquid phase condensation
in cell physiology and disease. Science, 2017,
357(6357): eaafd382.

Matsuki, H., Takahashi, M., Higuchi, M., Makokha,
G. N, Oie, M., Fuyjii, M. Both G3BP1 and G3BP2
contribute to stress granule formation. Genes to Cells,
2013, 18(2): 135-146.

Yang, P. G., Mathieu, C., Kolaitis, R. M., Zhang, P. P.,
Messing, J., Yurtsever, U., Yang, Z. M., Wu, J. ],
Li, Y. X,, Pan, Q. F. et al. G3BP1 is a tunable switch
that triggers phase separation to assemble stress
granules. Cell, 2020, 181(2): 325-345.e28.
Guillén-Boixet, J., Kopach, A., Holehouse, A. S.,
Wittmann, S., Jahnel, M., Schliiller, R., Kim, K.,
Trussina, I. R. E. A., Wang, J., Mateju, D. et al.
RNA-induced conformational switching and clustering
of G3BP drive stress granule assembly by
condensation. Cell, 2020, 181(2): 346-361.e17.
Panas, M. D., Kedersha, N., Schulte, T., Branca, R. M.,
P.,
G3BP1-S149 does not influence stress granule
assembly. The J Cell Biol, 2019, 218(7): 2425-2432.
Gwon, Y., Maxwell, B. A., Kolaitis, R. M., Zhang, P. P.,
Kim, H. J., Taylor, J. P. Ubiquitination of G3BP1
mediates stress granule disassembly in a context-
specific manner. Science, 2021, 372(6549): eabf6548.

Ivanov, Anderson, P. Phosphorylation of

https://mc03.manuscriptcentral.com/sab | Stress and Brain

[96]

[97]

[98]

[99]

175

Youn, J. Y., Dunham, W. H., Hong, S. J., Knight,
J. D. R, Bashkurov, M., Chen, G. 1., Bagci, H., Rathod,
B., MacLeod, G., Eng, S. W. M. et al. High-density
proximity mapping reveals the subcellular organization
of mRNA-associated granules and bodies. Molecular
Cell, 2018, 69(3): 517-532.el1.

Cirillo, L., Cieren, A., Barbieri, S., Khong, A.,
Schwager, F., Parker, R., Gotta, M. UBAP2L forms
distinct cores that act in nucleating stress granules
upstream of G3BP1. Current Biology, 2020, 30(4):
698-707.¢6.

Huang, C. Y., Chen, Y., Dai, H. Q., Zhang, H., Xie,
M. Y., Zhang, H. B., Chen, F. L., Kang, X. J., Bai, X. C.,
Chen, Z. G. UBAP2L arginine methylation by PRMT1
modulates stress granule assembly. Cell Death &
Differentiation, 2020, 27(1): 227-241.

Zhang, P. P., Fan, B. C., Yang, P. G., Temirov, J.,
Messing, J., Kim, H. J.,, Taylor, J. P. Chronic
optogenetic induction of stress granules is cytotoxic
and reveals the evolution of ALS-FTD pathology.
eLife, 2019, 8: €39578.

[100] Baron, D. M., Kaushansky, L. J., Ward, C. L.,

Sama, R. R., Chian, Boggio, K. J., Quaresma, A. J.,
Nickerson, J. A., Bosco, D. A. Amyotrophic lateral
sclerosis-linked FUS/TLS alters stress granule
assembly and dynamics. Molecular Neurodegeneration,

2013, 8: 30.

[101] Ratti, A., Gumina, V., Lenzi, P., Bossolasco, P.,

Fulceri, F., Volpe, C., Bardelli, D., Pregnolato, F.,
Maraschi, A., Fornai, F. et al. Chronic stress induces
formation of stress granules and pathological
TDP-43 aggregates in human ALS fibroblasts and
iPSC-motoneurons. Neurobiology of Disease, 2020,
145: 105051.

[102] Rodriguez-Ortiz, C. J., Flores, J. C., Valenzuela, J. A.,

Rodriguez, G. J., Zumkehr, J., Tran, D. N., Kimonis, V.
E., Kitazawa, M. The myoblast C2C12 transfected
with mutant valosin-containing protein exhibits
delayed stress granule resolution on oxidative
stress. Am J Pathol, 2016, 186(6): 1623—-1634.

[103] Mediani, L., Antoniani, F., Galli, V., Vinet, J., Carra,

A. D., Bigi, L., Tripathy, V., Tiago, T., Cimino, M.,
Leo, G. et al. Hsp90-mediated regulation of DYRK3
couples stress granule disassembly and growth via
mTORCI1 signaling. EMBO Reports, 2021, 22(5):
e51740.

[104] Guo, L., Kim, H. J.,, Wang, H. J., Monaghan, J.,



176

Freyermuth, F., Sung, J. C., O’Donovan, K., Fare,
C. M., Diaz, Z., Singh, N. et al. Nuclear-import
receptors reverse aberrant phase transitions of
RNA-binding proteins with prion-like domains.
Cell, 2018, 173(3): 677-692.€20.

[105] Brown, D. G., Shorter, J., Wobst, H. J. Emerging
small-molecule therapeutic approaches for amyotrophic
lateral sclerosis and frontotemporal dementia.
Bioorganic & Medicinal Chemistry Letters, 2020,
30(4): 126942.

[106] Chitiprolu, M., Jagow, C., Tremblay, V., Bondy-
Chorney, E., Paris, G., Savard, A., Palidwor, G.,
Barry, F. A., Zinman, L., Keith, J. et al. A complex
of C90RF72 and p62 uses arginine methylation to
eliminate stress granules by autophagy. Nat Commu,
2018, 9: 2794.

[107] Asadi, M. R., Sadat Moslehian, M., Sabaie, H., Jalaiei,
A., Ghafouri-Fard, S., Taheri, M., Rezazadeh, M.
Stress Granules and neurodegenerative disorders: A
scoping review. Frontiers in Aging Neuroscience,
2021, 13: 650740.

[108] Zhang, X., Wang, F. C., Hu, Y., Chen, R. Z,
Meng, D. W., Guo, L., Lv, H. L., Guan, J. S., Jia, Y.
C. In vivo stress granule misprocessing evidenced
in a FUS knock-in ALS mouse model. Brain, 2020,
143(5): 1350-1367.

[109] Ratti, A., Buratti, E. Physiological functions and
pathobiology of TDP-43 and FUS/TLS proteins.
Journal of Neurochemistry, 2016, 138(Suppl 1):
95-111.

[110] Liao, Y. Z., Ma, J., Dou, J. Z. The role of TDP-43 in
neurodegenerative disease. Molecular Neurobiology,
2022, 59(7): 4223-4241.

[111] Tziortzouda, P., Van Den Bosch, L., Hirth, F.
Triad of TDP43 control in neurodegeneration:
Autoregulation, localization and aggregation. Nat
Rev Neurosci, 2021, 22(4): 197-208.

[112] Portz, B., Lee, B. L., Shorter, J. FUS and TDP-43
phases in health and disease. Trends in Biochemical
Sciences, 2021, 46(7): 550-563.

[113] Huang, C. H., Yan, S., Zhang, Z. J. Maintaining the
balance of TDP-43, mitochondria, and autophagy:
A promising therapeutic strategy for neurodegenerative
diseases. Translational Neurodegeneration, 2020,
9(1): 40.

[114] de Boer, E. M. J., Orie, V. K., Williams, T., Baker,
M. R., De Oliveira, H. M., Polvikoski, T., Silsby,

Stress and Brain

M., Menon, P., van den Bos, M., Halliday, G. M.
et al. TDP-43 proteinopathies: A new wave of
neurodegenerative diseases. J Neurol, Neurosurgery
& Psychiatry, 2021, 92(1): 86-95.

[115] Layalle, S., They, L., Ourghani, S., Raoul, C,
Soustelle, L. Amyotrophic lateral sclerosis genes
in drosophila melanogaster. Int J Mol Sci, 2021,
22(2): 904.

[116] Zuo, X. X., Zhou, J., Li, Y. M., Wu, K., Chen, Z. G.,
Luo, Z. W., Zhang, X. R., Liang, Y., Esteban, M. A,
Zhou, Y. et al. TDP-43 aggregation induced by
oxidative stress causes global mitochondrial imbalance
in ALS. Nature Structural & Molecular Biology,
2021, 28(2): 132-142.

[117] Gasset-Rosa, F., Lu, S., Yu, H. Y., Chen, C,,
Melamed, Z., Guo, L., Shorter, J., da Cruz, S.,
Cleveland, D. W. Cytoplasmic TDP-43 de-mixing
independent of stress granules drives inhibition of
nuclear import, loss of nuclear TDP-43, and cell
death. Neuron, 2019, 102(2): 339-357.e7.

[118] Miguel, L., Frébourg, T., Campion, D., Lecourtois,
M. Both cytoplasmic and nuclear accumulations of
the protein are neurotoxic in Drosophila models of
TDP-43 proteinopathies. Neurobiology of Disease,
2011, 41(2): 398—406.

[119] McAlary, L., Chew, Y. L., Lum, J. S., Geraghty, N. J.,
Yerbury, J. J., Cashman, N. R. Amyotrophic lateral
sclerosis: Proteins, proteostasis, prions, and promises.
Frontiers in Cellular Neuroscience, 2020, 14:
581907.

[120] Bright, F., Chan, G., van Hummel, A., Ittner, L. M.,
Ke, Y. D. TDP-43 and inflammation: Implications
for amyotrophic lateral sclerosis and frontotemporal
dementia. Int J Mol Sci, 2021, 22(15): 7781.

[121] Correia, A. S., Patel, P., Dutta, K., Julien, J. P.
Inflammation induces TDP-43 mislocalization and
aggregation. PLoS One, 2015, 10(10): e0140248.

[122] Lin, M. T., Beal, M. F. Mitochondrial dysfunction
and oxidative stress in neurodegenerative diseases.
Nature, 2006, 443(7113): 787-795.

[123] Mao, H. Y., Fang, X., Floyd, K. M., Polcz, J. E.,
Zhang, P., Liu, B. Induction of microglial reactive
oxygen species production by the organochlorinated
pesticide dieldrin. Brain Research, 2007, 1186:
267-274.

[124] Baltazar, M. T., Dinis-Oliveira, R. J., de Lourdes
Bastos, M., Tsatsakis, A. M., Duarte, J. A., Carvalho,

https://mc03.manuscriptcentral.com/sab | Stress and Brain



Stress and Brain

F. Pesticides exposure as etiological factors of
Parkinson’s disease and other neurodegenerative
diseases—a mechanistic approach. Toxicology Letters,
2014, 230(2): 85-103.

[125] Andrew, Churg,. Interactions of exogenous or evoked
agents and particles: The role of reactive oxygen
species. Free Radical Biology and Medicine, 2003,
34(10): 1230-1235.

[126] Barber, S. C., Shaw, P. J. Oxidative stress in ALS:
Key role in motor neuron injury and therapeutic
target. Free Radical Biology and Medicine, 2010,
48(5): 629-641.

[127] Iguchi, Y., Katsuno, M., Takagi, S., Ishigaki, S.,
Niwa, J. 1., Hasegawa, M., Tanaka, F., Sobue, G.
Oxidative stress induced by glutathione depletion
reproduces pathological modifications of TDP-43
linked to TDP-43 proteinopathies. Neurobiology of
Disease, 2012, 45(3): 862-870.

[128] Annesley, S. J., Fisher, P. R. Mitochondria in health
and disease. Cells, 2019, 8(7): 680.

[129] Hajam, Y. A., Rani, R., Ganie, S. Y., Sheikh, T. A.,
Javaid, D., Qadri, S. S., Pramodh, S., Alsulimani, A.,
Alkhanani, M. F., Harakeh, S. et al. Oxidative
stress in human pathology and aging: Molecular
mechanisms and perspectives. Cells, 2022, 11(3): 552.

[130] Bellezza, 1., Giambanco, 1., Minelli, A., Donato, R.
Nrf2-Keapl signaling in oxidative and reductive
stress. Biochimica et Biophysica Acta (BBA) -
Molecular Cell Research, 2018, 1865(5): 721-733.

[131] Thimmulappa, R. K., Mai, K. H., Srisuma, S.,

M., Biswal, S.

Identification of Nrf2-regulated genes induced

Kensler, T. W., Yamamoto,
by the chemopreventive agent sulforaphane by
oligonucleotide microarray. Cancer Research,
2002, 62(18): 5196-5203.

[132] Pehar, M., Vargas, M. R., Cassina, P., Barbeito,
A. G., Beckman, J. S., Barbeito, L. Complexity of
astrocyte-motor neuron interactions in amyotrophic
lateral sclerosis. Neurodegenerative Diseases, 2005,
2(3-4): 139-14e.

[133] Kodavati, M., Wang, H. B., Hegde, M. L. Altered
mitochondrial dynamics in motor neuron disease:
An emerging perspective. Cells, 2020, 9(4): 1065.

[134] Takuma, K., Yan, S. S., Stern, D. M., Yamada, K.
Mitochondrial dysfunction, endoplasmic reticulum
stress, and apoptosis in alzheimer’s disease. J
Pharmacol Sci, 2005, 97(3): 312-316.

https://mc03.manuscriptcentral.com/sab | Stress and Brain

177

[135] Bano, D., Nicotera, P. Ca*" signals and neuronal death
in brain ischemia. Stroke, 2007, 38(2): 674—676.

[136] Hoyles, L., Snelling, T., Umlai, U. K., Nicholson,
J. K., Carding, S. R., Glen, R. C., McArthur, S.
Microbiome-host systems interactions: Protective
effects of propionate upon the blood-brain barrier.
Microbiome, 2018, 6(1): 55.

[137] Wright, M. L., Fournier, C., Houser, M. C., Tansey,
M., Glass, J., Hertzberg, V. S. Potential role of the
gut microbiome in ALS: A systematic review. Biol
Res Nurs, 2018, 20(5): 513-521.

[138] Foster, J. A., McVey Neufeld, K. A. Gut—brain axis:
How the microbiome influences anxiety and
depression. Trends in Neurosciences, 2013, 36(5):
305-312.

[139] Wu, S. P., Yi, J. X, Zhang, Y. G., Zhou, J. S., Sun,
J. Leaky intestine and impaired microbiome in
an amyotrophic lateral sclerosis mouse model.
Physiological Reports, 2015, 3(4): e12356.

[140] Zhang, Y. G., Wu, S. P., Yi, J. X, Xia, Y. L., Jin, D.
P., Zhou, J. S., Sun, J. Target intestinal microbiota
to alleviate disease progression in amyotrophic
lateral sclerosis. Clinical Therapeutics, 2017, 39(2):
322-336.

[141] Blacher, E., Bashiardes, S., Shapiro, H., Rothschild, D.,
Mor, U., Dori-Bachash, M., Kleimeyer, C., Moresi, C.,
Harnik, Y., Zur, M. et al. Potential roles of gut
microbiome and metabolites in modulating ALS in
mice. Nature, 2019, 572(7770): 474-480.

[142] Clarke, G., Grenham, S., Scully, P., Fitzgerald, P.,
Moloney, R. D., Shanahan, F., Dinan, T. G., Cryan,
J. F. The microbiome-gut-brain axis during early
life regulates the hippocampal serotonergic system
in a sex-dependent manner. Molecular Psychiatry,
2013, 18(6): 666—673.

[143] Bartanusz, V., Jezova, D., Alajajian, B., Digicaylioglu,
M. The blood—spinal cord barrier: Morphology and
Clinical Implications. Annals of Neurology, 2011,
70(2): 194-206.

[144] Kakaroubas, N., Brennan, S., Keon, M., Saksena, N. K.
Pathomechanisms of blood-brain barrier disruption
in ALS. Neuroscience Journal, 2019, 2019: 2537698.

[145] Chen, X. S., Gawryluk, J. W., Wagener, J. F.,
Ghribi, O., Geiger, J. D. Caffeine blocks disruption
of blood brain barrier in a rabbit model of
Alzheimer’s disease. J Neuroinflammation, 2008,
5:12.



178

[146] Bouchat, J., Couturier, B., Marneffe, C., Gankam-

Kengne, F., Balau, B., De Swert, K., Brion, J. P.,
Poncelet, L., Gilloteaux, J., Nicaise, C. Regional
oligodendrocytopathy and astrocytopathy precede
myelin loss and blood-brain barrier disruption in a
murine model of osmotic demyelination syndrome.
Glia, 2018, 66(3): 606-622.

[147] Obermeier, B., Daneman, R., Ransohoff, R. M.

Development, maintenance and disruption of the
blood-brain barrier. Nat Med, 2013, 19(12): 1584—
1596.

[148] Lee, S., Kang, B. M., Kim, J. H., Min, J., Kim, H. S,

Ryu, H., Park, H., Bae, S., Oh, D., Choi, M. et al.
Real-time in vivo two-photon imaging study reveals
decreased cerebro-vascular volume and increased
blood-brain barrier permeability in chronically
stressed mice. Sci Rep, 2018, 8: 13064.

[149] Santha, P., Veszelka, S., Hoyk, Z., Mészaros, M.,

Walter, F. R., Téth, A. E., Kiss, L., Kincses, A.,
Olah, Z., Seprényi, G. et al. Restraint stress-induced
morphological changes at the blood-brain barrier in
adult rats. Frontiers in Molecular Neuroscience,

2016, 8: 88.

[150] Menard, C., Pfau, M. L., Hodes, G. E., Kana, V.,

Stress and Brain

Wang, V. X., Bouchard, S., Takahashi, A., Flanigan,
M. E., Aleyasin, H., LeClair, K. B. et al. Social
stress induces neurovascular pathology promoting
depression. Nat Neurosci, 2017, 20(12): 1752—-1760.

[151] Van den Broeck, K., Pieters, G., Claes, L., Berens,

A., Raes, F. Overgeneral autobiographical memory
predicts higher prospective levels of depressive
symptoms and intrusions in borderline patients.
Memory, 2016, 24(10): 1302-1310.

[152] Waters, S., Swanson, M. E. V., Dieriks, B. V.,

Zhang, Y. B., Grimsey, N. L., Murray, H. C., Turner,
C., Waldvogel, H. J., Faull, R. L. M., An, J. Y. et al.
Blood-spinal cord barrier leakage is independent of
motor neuron pathology in ALS.Acta Neuropathologica
Communications, 2021, 9(1): 1-17.

[153] Regan, R. F., Guo, Y. P. Toxic effect of hemoglobin

on spinal cord neurons in culture. J Neurotrauma,
1998, 15(8): 645-653.

[154] Witzel, S., Maier, A., Steinbach, R., Grosskreutz, J.,

Koch, J. C., Sarikidi, A., Petri, S., Giinther, R., Wolf,
J.,, Hermann, A. et al. Safety and effectiveness of
long-term intravenous administration of edaravone
for treatment of patients with amyotrophic lateral
sclerosis. JAMA Neurology, 2022, 79(2): 121-130.

Xingshun Xu graduated from the Department of Clinical Medicine of Xuzhou
Medical College, China in 1996. He went to the United States to study in May 2003.
He received his Doctor of Biomedical Sciences degree from East Tennessee University
School of Medicine in December 2007. He is currently a professor at Soochow
University, China. His current research interests include cerebrovascular disease,
Alzheimer’s disease, depression, neurogenetic diseases. E-mail: xingshunxu@suda.edu.cn

Chenyang Lu graduated from Soochow University with a bachelor’s degree in
clinical medicine. Now he is studying for a master's degree in Soochow University.
His research focuses on cerebrovascular diseases. E-mail: chenyanglu-suda@foxmail.com

https://mc03.manuscriptcentral.com/sab | Stress and Brain



