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Abstract: Neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and amyotrophic lateral
sclerosis cause damage and gradual loss of neurons affecting the central nervous system. Neuro-
degenerative diseases are most commonly seen in the ageing process. Ageing causes increased reac-
tive oxygen species and decreased mitochondrial ATP generation, resulting in redox imbalance and
oxidative stress. Oxidative stress-generated free radicals cause damage to membrane lipids contain-
ing polyunsaturated fatty acids, leading to the formation of toxic lipid aldehyde products such as 4-
hydroxynonenal and malondialdehyde. Several studies have shown that lipid peroxidation-derived
aldehyde products form adducts with cellular proteins, altering their structure and function. Thus,
these lipid aldehydes could act as secondary signaling intermediates, modifying important metabolic
DOI: pathways, and contributing to the pathophysiology of several human diseases, including neurodegen-
10.2174/011570159X342720241014164650 erative disorders. Additionally, they could serve as biomarkers for disease progression. This narra-

@ CrossMark tive review article discusses the biological and clinical significance of oxidative stress-mediated lipid

peroxidation-derived lipid aldehydes in the pathophysiology of various neurodegenerative diseases.
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tive disorders.

1. INTRODUCTION

Alzheimer’s disease (AD), Parkinson’s disease (PD), and
amyotrophic lateral sclerosis (ALS) are common neuro-
degenerative disorders that cause neurological and behav-
ioural problems in patients leading to dementia [1-3]. The
incidences of these complications are increasing at an alarm-
ing rate worldwide [3, 4]. Although ageing seems to be a
critical factor associated with the progressive development of
neurological conditions, other cellular processes such as pro-
tein aggregation, neuronal inflammation, mitochondrial dys-
function, and oxidative stress could play a significant role in
causing neurodegenerative diseases [5, 6].

Oxidative stress is a major contributing factor to neuro-
logical consequences due to ageing [7, 8]. It alters mitochon-
drial function, protein aggregation, and calcium overload,
and increases inflammatory responses, leading to neuronal
death and dysfunction (Fig. 1). The increased production of
reactive oxygen species (ROS) causes a disbalance in cellular
metabolic pathways, resulting in imbalances in anti- and pro-
oxidant pathways and leading to pathological consequences.
Several studies have shown that increased free radical
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formation during ageing and exposure to oxidants leads to
damage to proteins and nucleic acids [9, 10]. Furthermore,
free radicals attack on cellular membranes, leading to lipid
peroxidation, a process that releases several toxic lipid alde-
hydes such as 4-hydroxy-trans-2-nonenal (HNE) and
malondialdehyde (MDA). These lipid peroxidation-derived
aldehydes (LDAs) are toxic with the ability to alter several
cellular pathways spontaneously by binding to proteins and
non-spontaneously activating cellular signaling pathways
[11-13]. These lipid aldehydes can post-translationally modi-
fy proteins by covalently binding to proteins through interac-
tions with peptide side chains and by forming Michael addi-
tions of lipid aldehydes such as HNE to amino acids like
Cys, Lys, and His [14, 15]. These modifications could alter
the physiological functions of proteins, leading to pathologi-
cal consequences. Recent studies have shown that these lipid
aldehydes are involved in the pathophysiology of neuro-
degenerative disorders, and indeed, some studies indicate
that they could act as biomarkers of Alzheimer’s disease
(AD), Parkinson’s disease (PD), Amyotrophic Lateral Scle-
rosis (ALS), and Huntington’s disease (HD) [16-21].

Reactive free aldehydes’ attack is sensitive to polyunsatu-
rated fatty acids (PUFA) in membrane phospholipids and ini-
tiates the lipid peroxidation process [22]. This chain reaction
involves several steps (Fig. 2). The first step is an initiation
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Fig. (1). Role of oxidative stress in mediation of neurodegenerative diseases. Increased oxidative stress can cause aging, and aging can also

lead to oxidative stress. This leads to impaired protein folding, pro

tein aggregation, altered metabolic pathways, mitochondrial dysfunction,

and cellular calcium imbalance. These processes result in neuronal cell death and dysfunction. The initiation of neurodegeneration starts in
subcortical regions and spreads across cortical regions as the disease progresses. (4 higher resolution/colour version of this figure is available

in the electronic copy of the article).
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Fig. (2). Lipid peroxidation process and generation of lipid aldehyde intermediates. Reactive - free aldehydes target polyunsaturated fatty
acids (PUFAs) in membrane phospholipids, initiating lipid peroxidation. This process involves three steps: initiation (ROS attack PUFAs,
forming lipid radicals), propagation (lipid radicals react with oxygen, forming lipid peroxyl radicals and unstable lipid peroxides), and termi-
nation (lipid radicals combine or are neutralized by antioxidants like vitamin E). Excessive lipid peroxidation disrupts cellular metabolic and

signaling pathways, leading to pathological conditions, including n
available in the electronic copy of the article).

process, where ROS attack PUFA and abstracts a hydrogen
atom from the carbon chain of the fatty acid, giving rise to
the formation of a lipid radical. In the next propagation step,
the lipid radical reacts with molecular oxygen to form a lipid
peroxyl radical, which in turn can attack PUFAs, leading to a
chain reaction. During this step, lipid peroxides are formed;
they are very unstable and decompose to various reactive
products such as HNE and MDA. The last step is the termi-
nation process in which the chain reaction is terminated
when two lipid radicals combine, or some antioxidants such
as vitamin E neutralize lipid radicals required for chain prop-
agation (Fig. 2). Although lipid peroxidation is a normal
physiological process required for some cellular functions,
excessive and uncontrolled lipid peroxidation impacts cellu-
lar metabolic and signalling pathways leading to various

eurological diseases. (4 higher resolution/colour version of this figure is

pathological conditions including neurological diseases [22-
24]. Thus, the balance between the antioxidant system and
oxidative stress is disrupted, favouring in lipid peroxidation
and the formation of toxic lipid aldehydes. These lipid alde-
hydes act as secondary signaling intermediates and alter sev-
eral cell signaling processes, resulting in disease progression.

Lipid aldehydes, generated as byproducts of oxidative
stress-mediated lipid peroxidation, have been implicated in
the pathogenesis of neurodegenerative disorders [25-27].
They can induce neuroinflammation, mitochondrial dysfunc-
tion, and apoptosis of neuronal cells, resulting in neuronal
damage and dysfunction. Apoptotic cell death of neuronal
cells is particularly common in neurodegenerative disorders.
Furthermore, lipid aldehydes can covalently modify proteins
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through adduction. Protein-lipid aldehyde adducts can alter
the structure and biological function of several important
cellular proteins, forming toxic aggregates and inclusion
bodies that contribute to neurological complications [28-30].
Additionally, lipid aldehydes can damage mitochondria, and
activate inflammatory responses, yielding neuronal inflam-
mation and promoting neuronal degeneration. Some lipid
aldehydes can induce DNA damage and genomic instability,
leading to mutations that disrupt cellular functions and con-
tribute to the overall pathology of neurodegenerative disor-
ders [31]. Therefore, understanding the contribution of lipid
peroxidation-derived aldehydes to neurodegenerative disor-
ders is crucial for developing novel therapeutic strategies
aimed at mitigating the effects of oxidative stress. Studies
from the last decade or so have shown a significant relation-
ship between LDAs and the pathophysiology of neurodegen-
erative disorders. In this review article, we discuss recent
findings on how LDAs mediate specific neurological com-
plications. We conducted a PubMed search to find articles
published in the last 10 years or so, using keywords such
as lipid peroxidation, lipid aldehydes, hydroxynonenal,
malondialdehyde, acrolein, Alzheimer’s disease, Parkinson’s
disease, and neurodegenerative diseases. In addition, we in-
cluded research articles, comprehensive narrative reviews,
meta-analytical studies, systematic reviews, and clinical, and
pre-clinical studies. We did not include any studies that show
the effects of lipid aldehydes on neurological complications
such as migraine, anxiety, multiple sclerosis, and stroke. In
this narrative review article, we specifically discuss the sig-
nificance of these lipid aldehydes in the pathophysiology of
various neurodegenerative disorders.

2. LIPID ALDEHYDES IN THE PARKINSON’S DIS-
EASE

Parkinson’s Disease (PD) is one of the most common
progressive neuromuscular disorders in the world; it affects
0.3% of the general population and about 1% of the popula-
tion that is 60 years or older [32]. Major motor symptoms
include tremors, rigidity, akinesia, and posture and non-
motor symptoms include neurobehavioral disorders (i.e.,
depression or anxiety), cognitive decline, and autonomic
dysfunction such as orthostatic or hyperhidrosis. These
symptoms are caused by the selective deterioration or com-
plete loss of dopaminergic neurons, most notably in the sub-
stantia nigra of the midbrain, but also throughout the central,
peripheral, and enteric nervous systems. The loss of these
neurons is also connected to the manifestation of filamentous
aggregations known as Lewy Bodies, which contain mis-
folded a-Synuclein (aSyn) protein accumulations. While a
definitive diagnosis of PD is achievable only via autopsy, a
clinical diagnosis can be reached by relying heavily on a
patient’s history, physical examination, and sustained im-
provement of symptoms with dopaminergic treatment, such
as levodopa [32-34].

The ultimate cause(s) of PD is currently unknown. While
approximately 5-10% of PD cases have a genetic foundation,
90-95% of PD cases are idiopathic. Ageing represents the
most significant risk factor for PD; it has been observed that
the prevalence of PD increases from 1% among those 60
years or older to 3% among those 80 years or older [32]. In
the search for the true pathogenic origins of PD, oxidative
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stress has been postulated and proven throughout the litera-
ture as a critical player in the nigral cell death and loss noted
in PD [35]. The brain, and more specifically the dopaminer-
gic neurons, are especially susceptible to oxidative stress due
to the composition of the brain as well as its high energy
demands which require extra amounts of oxygen and mito-
chondria activity. Few studies indicate that several markers
of oxidative stress and DNA damage were increased in PD
patients when compared to the control subjects [36-38]. Ad-
ditionally, glutathione, a crucial cellular antioxidant tripep-
tide used for the detoxification and reduction of oxidative
stress, has been found in decreased levels in the postmortem
brain tissue of this patient population when compared to con-
trols [39, 40].

Lipid peroxidation is hypothesized to play a role in Park-
inson's disease pathogenesis and pathophysiology, given that
oxidative stress is known to play a significant role in these
processes (Fig. 3). aSyn is a protein involved in synaptic
function and its hallmark accumulation in PD is affected by
lipid peroxidation and its byproducts [41, 42]. Considering
aSyn's demonstrated affinity for lipid membranes, it seems
sensible to propose that there's a good chance aSyn interacts
with products of lipid peroxidation [43]. Almandoz-Gil et al.
demonstrated this idea when they found that HNE and 4-
oxo-trans-2-nonenal (4-ONE) modify aSyn covalently via
Michael addition [44]. When this modification occurs, it
blocks necessary sites for proteasomal degradation, which
can be the precursor to further aSyn oligomer production and
oxidative stress [45].

Animal studies have been crucial to our understanding of
PD and the role that oxidative stress and lipid peroxidation
play in its pathophysiology. One study focusing on the con-
nection between PD and traumatic brain injury used a rat
model to assess their hypothesis concerning acrolein and
aSyn accumulation [46]. They discovered that the increased
levels of acrolein found in rats after blast-induced traumatic
brain injury were accompanied by increased modification
and oligomerization aSyn, indicating that acrolein plays a
role in the pathophysiology of PD. In other studies, utilizing
in vitro and in vivo techniques, HNE was discovered to not
only react with aSyn to promote aSyn aggregation and oli-
gomerization but also induce the release of pathogenic aSyn
with greater toxicity [47, 48]. These studies also demonstrat-
ed that HNE interferes with the process of proteasomal deg-
radation and cell autophagy, inhibiting the body’s natural
process of prion removal.

Results from human research have shown similar find-
ings to those of animal and in vitro studies. In two separate
studies, elevated levels of lipid aldehydes MDA, HNE, and
ONE were discovered in both the plasma and CSF of living
patients diagnosed with PD [49, 50]. As only a definite diag-
nosis can be made via autopsy, it is crucial to have data from
postmortem evaluations to confirm this connection between
PD and lipid peroxidation. In their studies, Yoritaka et al.
discovered elevated MDA and HNE adducts in the brain
tissues of postmortem PD patients and that these adducts
were selectively found in substantia nigra tissue, suggesting
a connection specifically to PD [51]. Another postmortem
study by Castellami et a/. found HNE adducts in Lewy bod-
ies of PD patients’ brain stems and cortexes [52].
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Fig. (3). Significance of lipid peroxidation -derived aldehydes in Parkinson’s disease. Lipid peroxidation-derived aldehydes could contribute
to oxidative stress-induced pathogenesis of Parkinson’s disease (PD). a-Synuclein (aSyn), a protein involved in synaptic function, accumu-
lates in PD, and is affected by lipid aldehydes. HNE and ONE can modify aSyn, blocking sites necessary for proteasomal degradation, which
may lead to further aSyn fibril production and Lewy body formation. This impairment can disrupt dopamine production and signaling, con-
tributing to PD. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

Further exploration of lipid peroxidation in PD is valua-
ble not only in improving our understanding of the patho-
physiology of the disease but also in helping medical profes-
sionals better take care of their patients. Currently, there are
no available pharmacological approaches to the suppression
of neural loss seen in PD. Subsequently, treatment is present-
ly restricted to symptom management, most often via dopa-
mine treatment. However, in recent years, studies have pos-
tulated that a better understanding of the presence and con-
tribution of lipid peroxidation to PD may lead to novel ther-
apies that not only improve symptom management but also
better control of the disease itself. For example, the modifi-
cation of regulators of G protein signaling (RGSs), specifi-
cally RGS4, has been connected to the pathology of PD. In a
study by Monroy et al., HNE was found to specifically in-
hibit RGS4 activity [53]. This study suggested that focusing
on the interaction between HNE and RGS4 could help in
potential nondopaminergic treatments for PD patients. In
another study, the use of aldehyde scavengers, more specifi-
cally the drug dimercaprol, was demonstrated to have a neu-
roprotective effect in vifro as well as in animal models of PD
[54]. These results not only elucidate the acrolein-mediated
pathogenesis of PD but also provide a robust case for PD
treatment options that focus on decreasing lipid aldehydes.
Treatments like this appear to have great promise, however,
this remains an area of research that necessitates further ex-
ploration.

3. LIPID
DISEASE

ALDEHYDES IN THE HUNTINGTON’S

Huntington’s disease (HD) is a genetic neurodegenerative
disease that leads to the breakdown of nerves in the brain.
The disorder is caused by polyglutamine or cytosine-
adenosine-guanine (CAG) repeats in the Huntingtin protein
[55-57]. Huntingtin (HTT), located on the short arm of
chromosome 4, is found in many tissues, but the highest lev-
els of the protein are found in the testes and brain. More spe-
cifically, HTT levels are centralized in the glial cells as well
as all neurons. The Huntingtin protein is involved in many
functions such as chemical signaling, binding proteins, and
preventing apoptosis [51].

Mutations causing excessive polyglutamine expansions
within HTT impair the function of the protein, leading to
neurological symptoms associated with Huntington’s disease
(Fig. 4). Those with HD may experience many symptoms,
including difficulty with speech or swallowing, involuntary
jerking (chorea), impaired gait, and other motor abnormalities
[55, 56]. Skeletal muscular atrophy, weight loss, and autonom-
ic disruptions are a few other clinical signs. Although HD first
presents as psychiatric symptoms, the most common being
depression and other mood disorders. Other symptoms, such
as motor abnormalities and dementia, develop over the next
15-20 years. HD typically manifests in patients who are 30 to
50 years old. Any symptoms before the age of 20 are consid-
ered juvenile Huntington’s disease [57].
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Fig. (4). Role of lipid peroxidation-derived aldehydes in Huntington’s disease: The mutation in the HTT gene leads to the production of toxic
mutated huntingtin protein aggregates, which disrupt various cellular processes and contribute to neuronal dysfunction and death. Oxidative
stress-induced lipid peroxidation-derived aldehydes play a critical role in this process by causing mitochondrial dysfunction, impairing antioxi-
dant defenses, increasing neuronal cell death, causing DNA and protein damage, and inducing neuronal inflammation, all of which accelerate the
progression of Huntington's disease. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

In HD, elevated levels of oxidative stress-generated free
radicals and lipid aldehydes have been detected [58]. Several
studies suggest the involvement of mitochondria function
and oxidative stress in the pathophysiology of HD [59-61].
Lipid peroxidation products such as HNE, MDA, and acrole-
in may affect Huntington's protein and other related proteins
involved in HD [62-64].

Recent studies involving rodent models of Huntington’s
disease have suggested that HD may also be initiated by pro-
tein aggregation composed of fragmented mutant HTT. Ele-
vated levels of MDA were found in areas of degeneration
within the HD-affected brain, although it is not known
whether high levels of MDA serve as the product of oxida-
tive stress or as a causative agent [65, 66]. It is also suspect-
ed that HD cell death pathogenesis may be related to a gain
of function mutation of HTT and that the mutation may be a
result of oxidative damage. HD has been shown to exhibit a
specific pattern of cell damage in the brain, affecting selec-
tive neurotransmitter pathways caused by HTT.

Antioxidants' effect on oxidative stress and HD were
studied using acrolein as a marker for oxidative stress. Anti-
oxidants were shown to be effective in slowing the progres-
sion of HD in transgenic mouse models. Lower levels of
acrolein in HD brain were also exhibited [65-70]. These
studies suggest the potential of oxidative stress in the patho-
physiology of HD and its suppression by several antioxi-
dants. A meta-analysis study by Tang et al. suggests that
lipid aldehyde biomarkers were increased in the blood of HD
patients [71].

Huntington’s disease has been widely studied, and a ma-
jor culprit of HD has been narrowed down to the huntingtin
protein. It is generally accepted that HTT dysfunction is due

to polyglutamine expansions. However, recent studies have
shown that HTT aggregates or gain of function mutations
may also contribute to the pathogenesis of HD [72-74].

4. LIPID ALDEHYDES IN THE ALZHEIMER’S DIS-
EASE

Alzheimer’s disease (AD), a well-known neurodegenera-
tive disorder prevalent in older individuals, is characterized
by a progressive cognitive decline leading to dementia [75-
77]. While the exact cause remains uncertain, extensive re-
search has identified risk factors such as age, family history,
and genetics [77]. Understanding the pathophysiology of AD
has become essential, as cases are expected to climb to 16
million in the United States by 2050.

Histologic hallmarks of Alzheimer’s include amyloid
plaques, neurofibrillary tangles, and synapse loss. To explain
the disease's pathogenesis, several studies found the in-
volvement of oxidative stress, redox imbalance, and neuronal
cell damage [77-80]. LDAs have been shown to mediate
oxidative damage leading to AD. Mark er al. [81] have
demonstrated that HNE induces oxidative damage by pro-
moting free radical production in amyloid beta-peptide (Af).
Primary hippocampal cell cultures quantified HNE to show
its role in disrupting neuronal ion homeostasis and causing
cell death, offering insights into Alzheimer’s complex path-
ogenesis. Excessive consumption of deep-fried foods, espe-
cially those cooked in ®-6 PUFA-rich vegetable oils, is
linked to lifestyle diseases like Alzheimer's, type 2 diabetes,
and obesity, potentially due to the lipid peroxidation product
HNE. These lipid aldehydes could impair the protective
chaperone protein Hsp70.1, disrupting protein recycling and
lysosomal stability, cell degeneration, and death across vari-
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ous neuronal tissues and other tissues, leading to neurologi-
cal and metabolic diseases [82, 83]. A recent study by Yam-
shima et al. [84] has indicated that aldehyde dehydrogenase
2 (ALDH2) detoxifies HNE, which is implicated in ischemic
neuronal death via the calpain-cathepsin cascade and in AD.
They have also suggested that HNE-induced Hsp70.1 disor-
der, not amyloid B, is central to AD pathology.

The involvement of lipid aldehydes in AD is further sup-
ported by the brain's vulnerability to oxidative stress due to
high oxygen utilization, redox metal ions, and poor antioxi-
dant systems. The brain is susceptible to lipid peroxidation,
forming various aldehydes, including HNE, malondialde-
hyde, and acrolein. Increased levels of these aldehydes and
their adducts have been observed in AD brains. Elevated F2-
isoprostanes, neuroprostanes, and lipid aldehydes in brain
regions are associated with high oxidative stress, suggesting
that oxidative damage is significant even in the initial stages
of AD, including mild cognitive impairment (MCI) and pre-
clinical phases [85-87]. These reactive LDAs bind via Mi-
chael in addition to specific amino acids, altering their func-
tion and conferring neurotoxicity. Butterfield et al. [88] ob-
served in transgenic mice modelling Alzheimer’s that the
Met35 residue of A beta peptide was responsible for oxida-
tive stress, linking methionine oxidation to lipid peroxida-
tion-induced aldehydes in neurodegenerative diseases like
AD.

Neurodegenerative diseases are characterized by inflam-
mation and oxidative stress-induced neuronal damage.
NADPH oxidase 4 (NOX4) plays a key role in producing
reactive oxygen species and initiating the inflammatory re-
sponse. NOX4 is involved in activating glial cells and dis-
rupting neuronal functions, suggesting that targeting NOX4
in astrocytes could reduce oxidative damage and neuroin-
flammation [89-91]. Park et al. [92] have explored the im-
pact of NOX4 on astrocytes in AD patients. Extracted im-
paired cells from the cerebral cortex showed elevated levels
of HNE and malondialdehyde due to NOX4 overexpression,
further linking Alzheimer’s to oxidative damage induced by
lipid peroxidation-derived aldehydes (Fig. 5). Increased fast-
ing glucose and decreased HDL cholesterol in AD patients
indicate metabolic abnormalities progressing from hypergly-
cemia to AD. A study by Sanotra et al. [93] has found that
HNE adducts serve as better diagnostic markers than Ap for
both conditions. They have shown increased serum HNE-AB
peptide levels and decreased responding autoantibodies, par-
ticularly IgM, in hyperglycemic AD groups, suggesting that
immunity disturbances contribute to AD pathogenesis. The
same group of researchers have also indicated that increased
levels of acrolein adducts found in AD were correlated with
metabolic syndrome conditions [94]. They found that in hu-
man samples, acrolein adducts were significantly higher in the
AD-M group, with a notable reduction in anti-acrolein-Af
autoantibodies, particularly IgM, suggesting that the depletion
of these antibodies during the progression from metabolic
syndrome to AD might contribute to disease development.

Further, HNE-protein Michael adducts, and glutathione-
HNE adducts are increased in the AD hippocampus and oth-
er brain regions, contributing to oxidative stress [95]. The
altered activity of enzymes like aldehyde dehydrogenases,
NOX, and proteasome in AD brains exacerbates lipid perox-
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idation and accumulation of cytotoxic biomolecules. Addi-
tionally, MDA levels are significantly increased and colocal-
ized with neuropathological markers in AD brains. Improved
CSF drainage and antioxidant treatments have shown prom-
ise in reducing lipid peroxidation in AD, offering potential
avenues for disease management. However, conflicting find-
ings regarding specific HNE adducts and their levels in AD
highlight the complexity of lipid peroxidation processes in
the disease. Even though some research aims to mimic spe-
cific clinical characteristics, such the buildup of amyloid
plaque, it is unable to fully capture the comprehensive symp-
toms that characterize Alzheimer's disease, such as neuronal
loss and neurofibrillary tangles that are controlled by lipid
aldehydes. This complexity in pathophysiology has made
treatment management challenging. Drugs like donepezil,
galantamine, rivastigmine, and memantine alleviate symp-
toms but do not cure the underlying disease. Further research
is needed to elucidate the precise mechanisms and develop
targeted interventions against lipid peroxidation-induced
damage in AD.

5. LIPID ALDEHYDES IN THE AMYOTROPHIC
LATERAL SCLEROSIS

Amyotrophic Lateral Sclerosis (ALS) is a progressive
neurodegenerative disorder characterized by the gradual de-
generation of motor neurons in the brain and spinal cord. Its
estimated annual incidence is 1 to 2 cases per 100,000 indi-
viduals globally. While ALS could affect people of any age,
it most commonly manifests in individuals between the age
range of 40-70. The major symptoms included in this degen-
eration are muscle weakness, spasticity, and eventually pa-
ralysis as voluntary muscle control is lost [96, 97]. The exact
cause of ALS is not fully understood, though a combination
of genetic and environmental factors is believed to contribute
to its development. Recent studies also suggest that oxidative
stress is another causative factor for developing ALS [98-
100]. Hemerkova and Valis have suggested that antioxidant
enzymes and appropriate antioxidant protection played a role
in several ALS cases [98]. Notably, the mutation of superox-
ide dismutase (SOD1) was identified in 20% of familial ALS
cases, underlining the importance of these antioxidant mech-
anisms in mitigating the effects of oxidative stress. From an
alternative perspective, Carrera-Julia et al. [101] have sug-
gested a potential role of NAD' levels in reducing mitochon-
drial oxidative stress. Lower bioavailability of NAD" was
consistently found in several neurodegenerative diseases,
indicating that NAD/NADH homeostasis plays a crucial
role in neuronal function. Further, a Mediterranean diet con-
taining antioxidants nicotinamide riboside and pterostilbene
or a Mediterranean diet containing coconut oil improves an-
thropometric parameters in ALS patients [102]. A recent
study by the same group indicated nutritional and dietary
changes affect ALS in Spanish patients [103].

There is also a compelling indication that lipid aldehydes
derived from peroxidation processes play a pivotal role in the
pathogenesis of ALS [104-108]. Indeed, some studies indi-
cate that altered lipid metabolism in the spinal cord could
contribute to ALS [109-111]. Further, Phan et a/. have indi-
cated increased lipid aldehyde MDA in ALS serum [112].
These studies, thus, suggest that lipid aldehydes such as
HNE could act as biomarkers of ALS progression (Fig. 6).
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this figure is available in the electronic copy of the article).
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Fig. (6). Contribution of oxidative stress-induced lipid aldehydes in the pathogenesis of Amyotrophic lateral sclerosis. Oxidative stress-
induced lipid aldehydes significantly contribute to the pathogenesis of Amyotrophic Lateral Sclerosis (ALS). These aldehydes are implicated
in the formation of protein aggregates, DNA damage, disruption of mitochondrial functions, and alteration of cell signaling. These processes
lead to increased inflammation, progressive degeneration of motor neurons, and decreased muscle contraction. These processes collectively
drive the progression of ALS. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

6. LIPID ALDEHYDES IN NEURODEGENERATIVE
ATAXIAS

Less understood, yet showing increasing merit, are the
effects of lipid peroxidation secondary products and the roles
they play in the pathophysiology of neurodegenerative atax-
ias. Ataxias are a group of diseases generally identified by a
lack of coordination and control over voluntary movements,
affecting balance, speech, and motor skills [113-115]. They
can result from damage to the nervous system, particularly
the cerebellum, due to genetic conditions, acquired causes
like stroke, alcohol abuse, and unknown etiological factors

[116-118]. Epidemiologically, ataxias are relatively rare,
with hereditary ataxias such as Friedreich ataxia affecting
about 1 in 50,000 Caucasians, while acquired ataxias vary in
prevalence depending on the underlying cause [119]. Many
forms of ataxia are related to neurodegenerative diseases,
where progressive damage to the nervous system, especially
the cerebellum, leads to worsening symptoms over time,
often requiring long-term management. In addition to acute
cerebellar injury, ataxia may also precipitate from deficien-
cies of vitamin Bl and B12 [120, 121]. The major ataxias
include Friedreich’s ataxia which is due to mutations in the
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FXN gene causing mitochondrial dysfunction and increased
oxidative stress. Spinocerebellar ataxias are also a group of
hereditary diseases due to mutations in multiple genes. Simi-
larly, Ataxia-telangiectasia is due to mutations in the ATM
gene that alter the immune system and increase the risk of
developing cancers [122, 123]. Cerebellar ataxia is due to
multiple system atrophy and causes significant neurodegen-
eration in the cerebellum and other brain regions. Several
studies demonstrate that oxidative stress plays a significant
role in the development of various types of neurodegenera-
tive ataxias [124-126]. In ataxias, oxidative stress could lead
to the deterioration of neurons, particularly in the cerebel-
lum, which is crucial for motor coordination and other symp-
toms of ataxia, such as impaired balance, coordination, and
motor skills. In addition, in Friedreich's ataxia, oxidative
stress leads to increased ROS production that affects mito-
chondrial function and subsequent neuronal damage [127-
129]. The free radical-mediated oxidative damage is detri-
mental in ataxia due to the high metabolic demands and vul-
nerability of cerebellar neurons.

Lipid peroxidation is also a significant process in the
pathology of ataxia, contributing to neuronal damage and
disease progression. In ataxia, particularly in conditions like
Friedreich's ataxia and spinocerebellar ataxias, increased
lipid peroxidation is observed, highlighting the importance
of oxidative damage in these disorders [130, 131]. HNE has
been noted as more toxic yet less stable than MDA, resulting
in apoptosis at low concentrations and necrosis when high
concentrations [132]. This cytotoxic effect likely contributes
to the physical causes of ataxia via neural degeneration.
Ataxia such as cerebellar and Friedreich ataxia, is character-
ized by mitochondrial dysfunction resulting from iron accu-
mulation leading to oxidative stress and damage-induced
degeneration of nervous system tissues [133, 134]. Aldehy-
dic lipid peroxidation products play a role here, similar to
previously mentioned neurological disorders, in that these
reactive aldehydes contribute to mitochondrial dysfunction
and impair the mitigation of oxidative stress. Another genet-
ically linked ataxia is Ataxia-telangiectasia, where mutations
accumulate due to defects in double-stranded DNA repair
mechanisms and are associated with immunodeficiency.
While the specificity of secondary lipoxidation products for
Ataxia Telangiectasia Mutated Protein Kinase (ATM) is
poorly understood, it should still be considered vulnerable to
adduct formation by MDA and HNE [135]. ATM serves
roles in autophagy and mitigation of oxidative stress; modi-
fication of ATM by secondary lipoxidation products could
result in the accumulation of protein aggregates and in-
creased oxidative stress [136]. A few studies indicate the
accumulation of lipid aldehydes such as HNE during ataxia.
Maciejczyk et al. [137] have shown increased oxidative
damage, HNE, and 8-isoprostane levels in children with
ataxia telangiectasia. Additional studies are required to un-
derstand the critical role of lipid peroxidation-derived alde-
hydes in the pathology of ataxia. Similarly, Andrade et al.
[138] have shown increased MDA along with other oxidative
biomarkers in ataxia telangiectasia patients.

CONCLUSION AND FUTURE PERSPECTIVES

Although several studies indicate a definitive role of
LDAs in the progression of neurodegenerative diseases, their
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exact role as a cause or consequence of neurodegenerative
diseases is not yet clear. Zhang ef al. [139] have indicated
that HNE is associated with PD by increasing the aSyn ag-
gregation and neuronal loss. Similarly, some studies have
also indicated that HNE causes aSyn oligomerization [44,
140, 141]. In contrast, a.Syn in association with ferrous ions
could generate oxidative stress in the neurons which could
increase LDA formation and interact with mitochondrial
proteins [142-144]. Similarly, several other studies have also
shown that HNE and MDA are early biomarkers of AD and
PD, indicating that they are involved in the progression of
neurodegenerative diseases [145, 146]. Based on the current
evidence, LDAs could exacerbate neurodegenerative diseas-
es by damaging cellular components such as proteins, nucle-
ic acids, and lipids, leading to damage to neuronal tissue.
However, LDAs may not be the potential initial triggering
factors of these diseases. Most neurodegenerative diseases
may be due to gene mutations, environmental and lifestyle
changes, ageing, and other biochemical abnormalities that
lead to oxidative stress-mediated lipid peroxidation may play
a contributing role. Thus, while lipid peroxidation-derived
aldehydes could play a critical role in the progression of neu-
rodegenerative diseases, they might not be primarily respon-
sible for underlying pathophysiology.

Therefore, a deeper understanding of the precise molecu-
lar mechanisms by which these compounds contribute to
neuronal damage and initiate or promote neurodegeneration
is essential. This includes exploring their interactions with
proteins, DNA, and cellular membranes, and how these in-
teractions lead to the formation of neurofibrillary tangles and
other pathological features of diseases such as AD and PD.
Understanding these mechanisms not only provides valuable
insights into the molecular basis of neurological diseases but
also offers potential avenues for therapeutic interventions.
Further, the accumulation of LDAs is a common feature seen
in many neurodegenerative diseases, the differences between
these diseases arise from various unique underlying mecha-
nisms, pathways, and nature of affected brain regions. As a
secondary effect, LDAs could impair cellular functions,
promoting the damage initiated by other primary mecha-
nisms. For example, it has been shown that in AD, amyloid-
B plaques and tau tangles serve as primary contributors. Sim-
ilarly, in PD, the accumulation of aSyn and the damage of
dopaminergic neurons play a critical role. The different
forms of LDA interactions with cellular proteins and their
specific susceptibility to different neurons could also con-
tribute to the variability in the disease processes. Although
LDAs could be essential factors in neurodegenerative diseas-
es, their involvement in the mechanisms, such as protein
aggregation, mitochondrial dysfunction, and genetic muta-
tions, often play a significant role in identifying the different
characteristics of each neurodegenerative disease [145, 146].

Therefore, extensive research in this field is crucial to
unravel the intricate connections between LDAs and their
involvement in neurological disorders, paving the way for
innovative treatments aimed at mitigating oxidative stress
and improving patient outcomes. HNE and HNE adducts, by
activating NF-kB-mediated pro-inflammatory responses and
disrupting Nrf2-mediated anti-oxidative responses, could
cause neuronal cell damage, neuronal inflammation, and
apoptosis. Mitochondrial dysfunction, a consequence of in-
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creased ROS production, further complexes the neurodegen-
erative processes observed in several neurological disorders.
The specific patterns of cell damage in the brain affecting
neurotransmitter pathways highlight the intricate relationship
between oxidative stress and selective neuronal vulnerability
in these complications. Therefore, reactive lipid aldehydes
could be viable targets for clinical therapies aimed at delay-
ing neurological diseases.

Recent studies indicate that antioxidants emerge as po-
tential therapeutic interventions to mitigate the effects of
oxidative stress-related diseases, including neurodegenera-
tive disorders [147-149]. Indeed, plant-based antioxidants
such as curcumin, green tea, quercetin, and resveratrol, as
well as vitamins such as A, C, D and E, have been shown to
have the potential to mitigate LDA toxicity and provide neu-
roprotection [150-153]. Further, pre-clinical studies indicate
that these antioxidants can reduce oxidative stress, decrease
amyloid-f production, and improve cognitive and motor
functions in cell culture and animal models of neurodegener-
ative diseases. These studies suggest that LDAs are central to
the pathophysiology of neurodegenerative diseases and
might indicate that neutralizing LDAs with antioxidants
could be a therapeutic approach. However, the limited suc-
cess of antioxidant therapies in clinical trials suggests that
LDAs alone may not play a key role in the disease progres-
sion [154]. Instead, these aldehydes may be associated with
other pathological processes, such as protein aggregation,
mitochondrial dysfunction, and inflammation, which might
collectively contribute to neurodegenerative diseases. This
demonstrates that targeting LDAs alone may not be insuffi-
cient to control the disease process and more comprehensive
approaches addressing the multiple interlinked cellular
mechanisms still need to be investigated.

In conclusion, the interplay between genetic mutations,
oxidative stress, and protein dysfunction underscores the
multifaceted nature of neurogenerative diseases. Controlling
the prevalence of neurodegenerative disorders requires ongo-
ing research and clinical efforts focused on reactive lipid
aldehydes that combine basic science, biomarker develop-
ment, innovative therapeutic approaches, and preventive
strategies to mitigate their detrimental effects on neuronal
health.
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