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Abstract

Currently, there is a lack of effective medicines capable of halting or reversing the progression of
neurodegenerative disorders, including amyotrophic lateral sclerosis, Parkinson’s disease, multiple
sclerosis, or Alzheimer’s disease. Given the unmet medical need, it is necessary to reevaluate the
existing paradigms of how to target these diseases. When considering neurodegenerative diseases
from a systemic neurometabolic perspective, it becomes possible to explain the shared pathological
features. This innovative approach presented in this paper draws upon extensive research conducted
by the authors and researchers worldwide. In this review, we highlight the importance of metabolic
mitochondrial dysfunction in the context of neurodegenerative diseases. We provide an overview of
the risk factors associated with developing neurodegenerative disorders, including genetic, epigenetic,
and environmental factors. Additionally, we examine pathological mechanisms implicated in these
diseases such as oxidative stress, accumulation of misfolded proteins, inflammation, demyelination,

Date of acceptance: September 21, 2023

Date of web publication: November 8, 2023

From the Contents

Neurodegenerative Diseases from a Meta Perspective 1437

Search Strategy 1437 death of neurons, insulin resistance, dysbiosis, and neurotransmitter disturbances. Finally, we outline

s P - — , a proposal for the restoration of mitochondrial metabolism, a crucial aspect that may hold the key

Dli‘;raig tatus of Treatment of Neurodegenerative 1437 to facilitating curative therapeutic interventions for neurodegenerative disorders in forthcoming
advancements.

What Does Energy Production Have to Do with Key Words: brain disease; carnitine palmitoyl transferase 1; epigenetics; metabolism; gut microbiome;

Neurodegenerative Diseases? From Biochemistryto 1438 mitochondrial dysfunction; neurodegeneration; oxidative stress

Hypothesis

A Novel Neurometabolic Hypothesis 1439

Human Genetics Demonstrate the Prophylactic Effect of 1441

CPT1Inhibition

Therapeutic Potential of Targeting Lipid Metabolism 1441

Conclusion 1442

Neurodegenerative Diseases from a Meta
Perspective

The prevalence of neurodegenerative diseases affecting the central nervous
system (CNS) is on the rise, mostly attributed to the extended lifespan of the
general populations (Swenson et al. 2019). The disorders encompassed within
this category include amyotrophic lateral sclerosis (ALS), Parkinson’s disease
(PD), multiple sclerosis (MS), Alzheimer’s disease (AD), and other related
conditions (Li and Le, 2017; Mcdonald et al., 2018). Numerous pharmaceutical
interventions have been developed to treat a subset of the symptoms that
follow, however, there is currently no efficacious treatment available to halt
disease progression, nor is there a cure in sight for any of the aforementioned
diseases. Given the increasing incidence of neurodegenerative disorders,
it is imperative to advance the development of enhanced therapeutics and
explore potential shared characteristics that may serve as viable targets.

It is troubling that while possessing a catalog of known mutations that
increase the risk of developing neurodegenerative diseases, we remain
unable to forecast the occurrence, timing, and causative factors behind the
manifestation of these disorders in certain individuals while others remain
unaffected. There appears to be a part of the puzzle that remains elusive
or inconspicuous. To achieve significant advancements in the treatment of
neurodegeneration, it would seem necessary to adopt a different perspective
in our approach. This includes the identification of factors that contribute to
or are essential for the development and progression of neurodegenerative
disorders.

Over the past two decades, our team and researchers globally have been
engaged in the exploration of a novel conceptual framework where we
adopt a metaposition in the examination of diseases, wherein the focus
shifts from isolated symptoms or the presence of mutated proteins to a

systemic understanding of the disease as a whole. Challenging an established
framework frequently elicits significant resistance from the collective,
although there appears to be growing acceptance of the need to reconsider
the etiology of neurodegenerative disorders. This review aims to provide a
comprehensive overview of the existing literature on lipid metabolism and its
implications in brain diseases. Additionally, it will highlight the advancements
that have been achieved in this area of research, with the ultimate goal of
enhancing comprehension of this subject matter. Furthermore, this review
will explore the potential integration of this novel perspective into future drug
development strategies for neurodegenerative disorders such as ALS, PD, MS,
and AD.

Search Strategy

Literature cited in this narrative review was published from 1984 to 2023
and was retrieved from the PubMed database. The search was conducted
using the following terms: “mitochondria” AND “neurodegenerative disease”;
“lipid metabolism” AND “neurodegenerative diseases”; “beta oxidation”
AND “neurodegenerative disease”; mitochondria energy metabolism; “PD”
AND “mitochondria”, “AD” AND “mitochondria”; “ALS” AND “mitochondria”;
“glucose metabolism” AND “neurodegenerative diseases”; “therapeutics”
AND “neurodegenerative diseases”; “microbiota” AND “neurodegenerative
diseases”; “gene mutations” AND “neurodegenerative diseases”. The
reviewers selected eligible studies by reviewing their titles and abstracts.

Current Status of Treatment of
Neurodegenerative Diseases

Presently, there is a lack of medications capable of effecting a cure or
complete reversal of ALS, PD, MS, and AD. Furthermore, the available
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therapy modalities aimed at changing the course of these diseases are
notably restricted in their scope (van Dyck et al., 2023). When considering
the limited advancements in the treatment of neurodegenerative disorders
during the past few decades, it is difficult to avoid feelings of discouragement.
Fortunately, there have been notable advancements in the treatment of
MS, as several therapeutic interventions have demonstrated efficacy in
decelerating the progression of the disease. Despite being classified as a
neurodegenerative illness, the treatment approach for MS extends beyond the
confines of the brain. The effective strategies include immune modification
in the periphery through the retention of naive memory T cells in the lymph
nodes or lymphatic tissues using fingolimod, the reduction of cytotoxic T
cells in the blood with dimethyl fumarate, and the depletion of circulating
autoreactive B and T lymphocytes with cladribine (Derfuss et al., 2020; Jacobs
et al., 2018). The therapy landscape for ALS is very limited, encompassing
only four therapeutic choices, with the European Medicines Agency having
approved only one of them (Feldman et al., 2022). Regrettably, the efficacy of
these treatments is modest, as they usually only extend the lifespan of those
affected by ALS by a maximum of 6 months. The most effective treatment
for PD is L-DOPA (Lee and Yankee, 2022), which increases dopamine levels
and thus reduces some disease symptoms. Nevertheless, it should be noted
that not all patients exhibit a positive response to the medication. The
approved drugs for AD primarily target amyloid-B (AB) deposition in the brain
resulting in a slightly improved clinical outcome (Passeri et al., 2022). Given
the absence of efficacious medicines capable of impeding the progression
of neurodegenerative illnesses, it is essential to reassess the prevailing
perspective on these conditions and formulate novel treatment approaches.
The neurodegenerative diseases mentioned in this review ultimately present
in different cerebral regions, but they share pathological features that result in
cognitive deterioration and locomotor dysfunction (Ruffini et al., 2022; Table
1). Rather than fixating on a singular pathogenic mechanism, it is prudent to
adopt a more comprehensive approach by considering the wealth of data
accumulated over several decades of research.

What Does Energy Production Have to Do
with Neurodegenerative Diseases? From
Biochemistry to Hypothesis

The significance of metabolic pathways in both health and disease has
historically been underestimated. Mitochondria, which are regarded as
the powerhouses of cellular activity, are responsible for energy production
in nearly all cell types. A mitochondrion that is operating under normal
conditions possesses the ability to selectively utilize the substrates that
are available to it, hence exhibiting the capacity to shift between different
metabolic pathways, primarily those involving lipids and glucose. The
mitochondria utilize acetyl-CoA within the tricarboxylic acid cycle (TCA) to
generate NADH and FADH2 which are subsequently employed in the electron
transport chain for adenosine triphosphate (ATP) synthesis (Houten and
Wanders, 2010; Spinelli and Haigis, 2018; Figure 1).

One notable distinction between glucose and lipid metabolism is in the
quantity of oxygen required to generate each ATP molecule. The utilization
of lipids results in elevation of the FADH2/NADH ratio, leading to reduced
transfer of electrons to complex | in comparison to complex Il within the
electron transport chain. Consequently, ATP synthesis is reduced, thereby
necessitating an increase in oxygen consumption as a compensatory
mechanism. The formation of reactive oxygen species (ROS) may be attributed
to the decreased ATP/oxygen ratio, which could elucidate the preference
for glucose as a substrate (Hue and Taegtmeyer, 2009; Schonfeld and Reiser,
2013). In this discussion, we shall explore the uptake and utilization of glucose
and lipids for ATP generation.

Glucose is transported into the cell by the glucose transporter and
metabolized into pyruvate by glycolysis in the cytosol (Brown, 2000;
Spinelli and Haigis, 2018). The transportation of pyruvate across the inner
mitochondrial membrane is facilitated by the mitochondrial pyruvate carrier
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Figure 1 | Simplified illustration of glucose (left) and lipid metabolism (right) in the
cell.

The rate-limiting step for glucose and lipid metabolism is PDH and CTP1, respectively.
CPT1 can endogenously be inhibited by malonyl-CoA and by exogenous CPT1 inhibitors.
Created with BioRender.com. ACC: Acetyl-CoA carboxylase; CPT: carnitine palmitoyl
transferase; ETC: electron transport chain; FATP: fatty acid transport protein; GLUT:
glucose transporter; PDH: pyruvate dehydrogenase; TCA cycle: tricarboxylic acid cycle.

protein. Inside the mitochondria, the pyruvate is converted to acetyl-CoA by
pyruvate dehydrogenase (PDH), thus ready for the TCA cycle (Spinelli and
Haigis, 2018). In instances where there is a substantial accumulation of acetyl-
CoA, the PDH undergoes phosphorylation by pyruvate dehydrogenase kinase
in a negative feedback mechanism. In contrast, elevated concentrations
of pyruvate have an inhibitory effect on pyruvate dehydrogenase kinase,
resulting in greater synthesis of acetyl-CoA by the PDH (Hue and Taegtmeyer,
2009; Houten and Wanders, 2010).

The mitochondria have the ability to utilize lipid metabolism as an alternate
means of energy production in situations such as dietary stress and fasting
(Houten and Wanders, 2010; Longo et al., 2016; Spinelli and Haigis, 2018).
Within the context of lipid metabolism, cellular uptake of long-chain fatty
acids is facilitated by the fatty acid transport protein situated within the cell
membrane. In addition to its role as a transporter, fatty acid transport protein
facilitates the conversion of fatty acids into acyl-CoA thioesters through its
acyl-CoA synthase activity (Houten and Wanders, 2010; Longo et al., 2016).
These acyl-CoA products cannot enter the mitochondria without prior
conjugation to carnitine to produce acyl-carnitines, a process facilitated by
carnitine palmitoyl transferase 1 (CPT1). Subsequently, the acyl-carnitine
molecule can be transported across the outer mitochondrial membrane by
the carnitine acylcarnitine translocase. Carnitine palmitoyl transferase 2 (CPT2)
is located on the inner mitochondrial membrane and functions to catalyze
the reconversion of acyl-carnitines into carnitine and acyl-CoA. The carnitine
acylcarnitine translocase facilitates the transports of carnitine from the
mitochondria back to the cytosol. Conversely, the acyl-CoA transported into
the mitochondrial matrix can be utilized in B-oxidation to generate acetyl-
CoA, which is then utilized in the TCA cycle (Houten and Wanders, 2010;
Longo et al., 2016; Spinelli and Haigis, 2018). The CPT1 enzyme constitutes
the rate-limiting step of lipid metabolism and can be endogenously inhibited
by malonyl-CoA. CPT1 exists in three distinct isoforms. The liver isoform,
known as CPT1a, is ubiquitously expressed in various cell types across

Table 1 | The common pathological mechanisms in amyotrophic lateral sclerosis, Parkinson’s disease, multiple sclerosis, and Alzheimer’s disease

Mechanism Amyotrophic lateral sclerosis Parkinson’s disease

Multiple sclerosis Alzheimer’s disease

Mitochondrial dysfunction Trabjerg et al., 2020

Gonzalez-Rodriguez et al., 2021;

Mao and Reddy, 2010 Chen and Zhong, 2014

Vos, 2022; Trabjerg et al., 2023

Inflammation McCombe and Henderson, 2011
Saso et al., 2022

Zhou et al., 2017

Heath and Shaw, 2002
Martin et al., 2022
Petillon et al., 2018
Mentis et al., 2021
Reyes et al., 1984
Blokhuis et al., 2013
Tefera et al., 2021
Chaves-Filho et al., 2019

Pajares et al., 2020
Oxidative stress

Demyelination
Neurotransmitter disturbances
Gut dysbiosis

Disrupted iron homeostasis
HPA-axis disruption (stress)
Insulin resistance

Dean et al.,, 2016
Barone, 2010
Huang et al., 2021
Ward et al., 2014
Du and Pang, 2015
Hogg et al., 2018
Stott et al., 2020
Dunn et al.,, 2014

Protein aggregates
Decreased glucose metabolism
Increased lipid metabolism

Henchcliffe and Beal, 2008

Alecu and Bennett, 2019

Frischer et al., 2009
Zhang et al., 2020

The Lancet Neurology, 2021
Akyuz et al., 2023

Thirion et al., 2023
Duarte-Silva et al., 2023
Melief et al., 2013
Ruiz-Arguelles et al., 2018
David and Tayebi, 2014
Zahoor et al., 2021
Pineda-Torra et al., 2021

Kinney et al., 2018
lonescu-Tucker and Cotman, 2021
Papuc¢ and Rejdak, 2020

Kaur et al., 2019

Liu et al., 2020

Liu et al,, 2018

Ahmad et al., 2019

Kellar and Craft, 2020
Serrano-Pozo et al., 2021
Butterfield and Halliwell, 2019
Hooijmans and Kiliaan, 2008

HPA: Hypothalamic-pituitary-adrenal.
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the body. Conversely, the muscle isoform, referred to as CPT1b, exhibits
a more selective distribution, mostly localized in the muscles, testis, and
heart (Bonnefont et al., 2004). Finally, CPT1c is found to be brain-specific
(Bonnefont et al., 2004; Immordino et al., 2006; Pinto, 2014). It is located in
the endoplasmic reticulum, not the mitochondrial membrane, however, its
precise role remains largely unexplored (Gratacos-Batlle et al., 2018).

But what is the relationship between energy generation and
neurodegenerative diseases? The role of mitochondria is characterized by
its multifaceted and multifunctional nature, as comprehensively elucidated
in Monzel et al. (2023). Additionally, it has been observed that mitochondria
will undergo reversible physiological recalibrations in order to adapt to
changing conditions (Monzel et al., 2023). However, persistent alterations
in mitochondrial bioenergetics are of great concern. Deficient glucose
metabolism and significantly increased lipid metabolism are frequently
observed characteristics of several brain diseases, including ALS, PD, MS, and
AD (Pathak et al., 2013; Yin et al., 2017; Wareham et al., 2022). It may be
challenging to conceive that a cellular activity of such a fundamental nature
might become imbalanced. A cell often possesses compensation mechanisms
that can operate temporarily without inflicting significant harm, contingent
upon the cell’s condition and metabolic resources. Nevertheless, it is possible
for cells to become trapped in a self-reinforcing state of imbalance due
to the inhibitory effect of enhanced R-oxidation on the PDH transporter,
consequently impeding glucose metabolism (EInwasany et al., 2023). As a
consequence of heightened lipid metabolism, the occurrence of oxidative
stress has the potential to trigger mitochondrial dysfunction and resulting
mitochondrial fission (Jheng et al., 2012). The process of mitochondrial fission
can lead to insensitivity of CPT1 towards Malonyl-CoA (Ngo et al., 2023),
which can induce a persistent transition from glucose to lipid metabolism as
the predominant source of energy generation.

A Novel Neurometabolic Hypothesis

In this paper, we present a neurometabolic hypothesis that is founded on
evidence obtained from animal models. Furthermore, we provide support
for this theory by the analysis of human data, which indicate that the
pathological brain is characterized by a persistent and self-perpetuating
metabolic imbalance (Mgrkholt et al., 2019; Trabjerg et al., 2020, 2021, 2023).
The neurometabolic hypothesis posits that a sustained shift from glucose to
lipids as the primary fuel for energy generation promotes the pathogenesis of
neurodegeneration through several complex and interconnected mechanisms
including oxidative stress, inflammation, aggregation of misfolded proteins,
demyelination, disturbances in neurotransmitter function, and the onset
of gut dysbiosis. This section will predominantly examine the influence of
established risk factors on the alteration of metabolism in relation to the
development of neurodegenerative diseases. Additionally, it will illustrate
the interconnectedness of the common pathogenic pathways involved, as
depicted in Figure 2.

Risk factors for development of neurodegenerative diseases

A healthy brain, being the most metabolically active organ in the body, is
reliant on glucose as its primary source of energy production. However, as
discussed above, a persistent shift from glucose to lipids as the main substrate
is often observed in brain diseases (Yin, 2023). The etiology of the change
remains poorly understood, but we hypothesize that potential catalysts
include a combination of environmental toxins, physiological or psychological
stressors, infectious agents, and genetic susceptibility (Figure 2).

Numerous genetic factors, including mutations in SOD1, TDP43, COORF,
PARK2, PARK7, PINK, LRRK2, and APP, among others, have been found to be
correlated with neurodegenerative diseases. However, in our experience with
animal models, several of the mutations, for example, LRRK2, CO9ORF, APP,
PARK2, and PARK7 require additional stressors to ensure the manifestation
of the disease. Other researchers have reported similar results. For instance,
Dafinca et al. (2021) saw comparable findings in animals with C9ORF
mutations, while Holcomb et al. (1998) and Kang et al. (2007) found similar
outcomes in mice with APP mutations. Mice with a mutation in the SOD1
gene exhibit accelerated onset of disease when subjected to stress induced
by cortisone injection or when placed on a diet high in saturated fat (Trabjerg
et al., 2021). Likewise, in the case of PARK2 mice, the disease induction
is expedited when animals are exposed to environmental toxins such as
rotenone (Trabjerg et al., 2023).

What insights may be gained from these animal models? Laboratory animals
with mutations in specific genes are subject to an elevated susceptibility to
iliness, however, the presence of such mutations does not invariably entail
the development of neurodegenerative disease. This can be attributed
to the different environmental conditions experienced by these animals
in comparison to animals in the wild. In high barrier facilities commonly
employed for experiments, animals are typically shielded from exposure
to infectious diseases or diverse gut microorganisms (Schlapp et al., 2018).
Moreover, laboratory animals are usually not exposed to equivalent levels
of stress or sensory stimulation as animals in the wild. The diet provided
to experimental animals is uniform and unrestricted, a factor that exerts a
significant impact on brain function (Koizumi et al., 2018). Furthermore, the
impact of age on disease progression is often disregarded in animal studies.
Alteration in metabolism with advancing age, namely a tendency to shift
from glucose to lipids (Ravera et al., 2019) has been identified as a potential
influential component in the pathogenesis of brain diseases (Johnson and
Stolzing, 2019). It is evident that a direct comparison between humans

o
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Figure 2 | An overview of identified and suggested factors commonly linked to
neurodegenerative pathological etiology.

Stressors can be various environmental factors, inherited genetic mutations, and
epigenetic alterations. This can shift the metabolism in the mitochondria from glucose

to lipids. This will generate oxidative stress, induce inflammation, cause misfolding of
proteins, demyelination, and more. The neurons in the affected area will die, leading

to neurodegeneration and ultimately neurodegenerative diseases such as amyotrophic
lateral sclerosis, Parkinson’s disease, multiple sclerosis, or Alzheimer’s disease. Created
with graphical designer Maria Rasmussen using Adobe Illustrator®. SNP: Single nucleotide
polymorphisms.

and mice is not feasible. Nevertheless, there is mounting evidence that the
environment may have an impact on human disease.

The development of a particular disease is influenced by a complex interplay
of genetic and environmental factors, rather than being solely determined
by genetics (Virolainen et al., 2023). Environmental factors have been shown
to play a decisive role in the development of different diseases in humans,
with research on both identical and dizygotic twins providing valuable
insights into the significance of these factors. Examples of studies include
those in PD (Vieregge et al., 1999; Goldman et al., 2019), AD (Koncz et al,,
2022), and MS (Ingelfinger et al., 2022). These studies have shown that
there is a lack of concordance in disease incidence among identical twins,
and in many cases, the incidence is equally frequent in identical twins and
dizygotic twins. Multiple environmental factors, including stress, dietary
patterns, viral infections, and exposure to toxins, have been identified as
potential contributors to increased susceptibility to neurodegenerative
diseases. However, it is unclear through which precise mechanism these
factors increase or decrease the risk of developing ALS, PD, MS, or AD. One
possible answer is epigenetics, the study of the transcriptome rather than
the DNA itself. It has been defined as heritable changes in gene expression
that are stable between cell divisions and even between generations without
involving changes in the DNA sequence (Arrowsmith et al., 2012; Cavalli
and Heard, 2019). All cells in a particular organism contain the same genetic
material, but the biological characteristics and functionalities of cells and
tissues differ as a result of variations in the transcriptome (Arrowsmith et
al., 2012; Tough et al., 2016). Epigenetic factors exert a regulatory influence
on gene expression, operating in conjunction with transcription factors that
govern the transcriptome, in order to regulate how and when genes are
expressed depending on the changing environment (Qureshi and Mehler,
2011; Arrowsmith et al., 2012; Szyf, 2015). Epigenetic modifications have
the capacity to alter the expression of genes implicated in the pathogenesis
of neurological disorders (Allison et al., 2021), e.g., CPT1A (Lai et al., 2020).
Furthermore, these modifications can be influenced by various environmental
factors such as dietary patterns, stress, infectious agents, and exposure to
toxic substances, as evidenced by studies conducted in human populations
(Fleming et al., 2018).

Stress is a reaction to external or internal pressures that can be both
beneficial and harmful to an individual’s well-being, depending on the
intensity and duration of the stressor. Epigenetic changes resulting from
stress can have a variety of effects on the body. For example, it has been
observed that epigenetic modifications can induce alterations in the
expression of genes associated with stress response, immunological function,
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and inflammation, leading to an increased risk of chronic diseases (Shi et
al., 2022). These changes in gene expression, initially transient in nature,
might become permanent due to epigenetic modifications. One example is
in military personnel where there exists a correlation between epigenetic
modifications and the manifestation of diseases such as post-traumatic stress
disorder (Raza et al., 2023). Furthermore, it is noteworthy that US military
personnel who served in the first gulf war had a remarkable 100% increase
in the prevalence of ALS compared to the overall population of the United
States (Haley, 2003; Rose, 2003). According to a study by Seals et al. (2016),
it was shown that Danish military personnel exhibit a 30% higher incidence
of ALS compared to the general Danish population. It is evident that military
personal are likely to experience a higher level of stress compared to the
general population (Wu et al., 2023), and chronic stress is considered an
important risk factor in the development of AD (Pefia-Bautista et al., 2020).
The presence of multiple stressors at the same time may exacerbate the
detrimental impact. By virtue of their profession, military personal may often
find themselves in demanding environments, where they are simultaneously
exposed to psychological and physical stress, hazardous substances, unusual
pathogens, and unfamiliar dietary stressors. Military veterans may be at a
higher risk of neurodegenerative ilinesses due to various additional factors,
including injuries sustained during their service and their socioeconomic
condition. Head trauma is a known risk factor for the development of multiple
neurodegenerative diseases, and veterans are more likely than the general
population to have sustained a head injury (Gardner and Yaffe, 2015). The
impact of stressful periods can be intensified by their timing, and research
has shown that exposure to stress during childhood can elevate the risk of
dementia even further (Pefia-Bautista et al., 2020). Chronic stress has been
found to induce alternations in DNA methylation, histone modifications,
and non-coding RNA expression, which can have enduring effects on an
individual’s mental and physical well-being (Dion et al., 2022; Dee et al.,
2023). The impact of different stressors and chronic periodical stress on an
individual is an area of research that has received limited attention. We posit
that gaining a comprehensive understanding of the consequences of stress
may facilitate the advancement of novel therapeutic approaches, not only for
neurodegenerative diseases, but also for human pathology more broadly.

There is evidence to suggest that the dietary choices we make can exert a
direct influence on our susceptibility to neurodegenerative diseases. For
example, a diet high in saturated and trans fats has been associated with an
increased risk of developing AD, while a diet rich in fruits, vegetables, and
fish has been found to be connected with a reduced risk of developing the
disease (Boeing et al., 2012). Similarly, consumption of a diet high in red meat
and processed foods has been linked to an increased risk of developing PD
(Agim and Cannon, 2015), while a diet rich in antioxidants and omega-3 fatty
acids has been associated with a decreased risk of the disease (Avallone et al.,
2019).

A range of infections has been correlated to increased susceptibility to the
onset of neurodegenerative disorders (Levine et al., 2023). The Epstein-Barr
virus is classified as a member of the herpes virus family and can establish
a latent infection within host cells. The virus is best known for causing the
iliness known as infectious mononucleosis. According to a recent study by
Bjornevik et al. (2022), those who have been infected with Epstein-Barr
virus were 31 times more likely to develop MS, in comparison to those who
have not been infected. Remarkably, recent research shows that 22 virus
types are associated with an increased risk of neurodegenerative disease,
and that the risk persists years after the initial virus infection (Levine et al.,
2023). The findings of Levine et al. (2023) have the potential to facilitate the
implementation of prophylactic treatments, such as vaccinations and antiviral
therapies, in order to reduce the risk of developing neurodegenerative
diseases. Furthermore, these results could help future clinical drug trials
stratify patient groups more successfully based on previous viral infections
and the likelihood of faster disease progression due to predisposition (Levine
et al., 2023).

What is the mechanism by which these stress factors influence disease
pathology and how does this align with the neurometabolic hypothesis? The
primary emphasis of the concept is that sensitivity to exposures or forms
of stress, such as infections, psychological stress, toxins, or dietary stress, is
rooted in single nuclear polymorphisms or nucleotide polymorphisms (SNPs).
When an organism is subjected to environmental stress, its response may
vary depending on genetic predisposition or sensitivities. Hence, in some
cases, environmental factors have the potential to disrupt the organism’s
equilibrium. Certain SNPs are known as mutations such as SOD1 G93A or
C90RF, Park2, and others. However, there exists a multitude of SNPs that elicit
minor disturbances when subjected to stressors at specific temporal intervals.
These stressors, including some that may be imperceptible, have the potential
to elicit a metabolic response that alters the equilibrium between glucose and
lipid catabolism, with a shift towards favoring lipids. This transition induces
various pathological processes further elucidated in the next section.

The inability to identify a single etiological factor for neurodegeneration can
be elucidated by the neurometabolic hypothesis. The effect of stressors on an
individual can vary depending on their inherent resilience or predispositions.
Furthermore, the hypothesis elucidates the rationale behind the absence of
illness in individuals with certain mutations or SNPs, as the onset of disease
necessitates a threshold level of stress that is contingent upon the unique
characteristics of each individual. Several studies have provided evidence
of the association between depression, stress, and disease risk in various
contexts. For instance, Justice (2018), Mirza et al. (2016), Shaw et al. (2017),

and Sugama et al. (2016) have all presented compelling data in the fields
of AD, PD, and MS, where repeated episodes of depression or prolonged
exposure to depression or stress have been shown to elevate the likelihood
of developing these conditions. The many pathogenic pathways observed
in ALS, PD, AD, and MS ultimately lead to neuronal death (Table 1) and are
associated with alterations in mitochondrial metabolism. To construct a
model predicated on these pathologic mechanisms, we hypothesized that all
processes leading to disease exhibit interconnections.

How mitochondrial energy generation initiates pathological mechanisms in
ALS, PD, MS, and AD

The connection between energy generation, oxygen consumption, oxidative
stress, protein misfolding, and neuroinflammation may not be readily
apparent. Mitochondrial function is affected by increased lipid oxidation as
the process requires almost twice as much oxygen per unit of ATP generated
in comparison to glucose oxidation (Leverve et al., 2007). Mitochondria
can adapt to mild stress with metabolic reprogramming which enhances
their oxidative tolerance to a given stimuli. This response is referred to as
mitohormesis (Timblin et al., 2021) and confers advantageous effects on
cellular viability. Nonetheless, a sustained shift from glucose to lipids as
the predominant source of energy generation can lead to chronic hypoxia
followed by excessive synthesis of ROS, a type of free radical molecules,
characterized by the presence of an unpaired electron, rendering them
inherently unstable and highly reactive (Baev et al., 2022). Over several
decades, ROS have been widely recognized as significant contributors to
irreparable cell and tissue damage. Antioxidants have been employed in the
mitigation of ROS, given their capacity to donate an electron to a free radical
to stabilize it, while maintaining their stability. Glutathione and tocopherol
are among the various examples of antioxidants. Oxidative stress arises from
an imbalance between the production of free radicals and the capacity of
antioxidants to neutralize them. Consequently, the excessive presence of
highly reactive free radicals leads to damage to DNA, lipids, and proteins
(Xiao et al., 2022). Maintaining the equilibrium of oxygen levels within the
mitochondria is of the utmost importance since deviations in both excessive
and insufficient quantities can significantly impact mitochondrial function.
Leigh syndrome, the most common pediatric mitochondrial disorder, has been
shown to cause cerebral hyperoxia in murine models, resulting in an increase
in partial oxygen pressure. Leigh syndrome currently lacks a viable treatment
option, but a team of pioneering researchers have demonstrated that the
induction of chronic hypoxic exposure successfully reversed neurological
damage in afflicted mice. This reversal may be attributed to the prevention of
oxygen toxicity at its fundamental level, rather than utilizing antioxidants that
specifically address the downstream pathological consequences (Jain et al.,
2019). The presented data provide further evidence about the significance
of mitochondrial function in the context of neurodegenerative disorders and
underscore the importance of re-evaluating the prevailing hypothesis on the
pathogenesis of these diseases, which remain without a cure.

The endoplasmic reticulum is a complex organelle that has many functions,
one of which is the intricate process of protein folding. Studies have shown
that oxidative stress and endoplasmic reticulum stress are correlated and
can lead to protein misfolding (Abramov et al., 2020). Accumulation of
misfolded proteins causes cellular damage and mitochondrial dysfunction
and is associated with a range of neurodegenerative diseases, including ALS
(misfolded SOD1, TDP-43, C9orf72) (McAlary et al., 2020), PD (misfolded
a-synuclein) and AD (misfolded AB and Tau) (Abramov et al., 2020).

Oxidative stress is known to promote the synthesis of prostaglandin-E2, a
proinflammatory mediator that plays a crucial role in attracting and activating
the immune system, thereby inducing inflammation at the site of heightened
lipid metabolism (Liu et al., 2023). Neuroinflammation is a commonly
observed feature in neurodegenerative diseases, characterized by increased
levels of proinflammatory cytokines including IL18, IL-1B, and tumor necrosis
factor alpha (Leng and Edison, 2021).

The excessive consumption of lipids for energy generation and the subsequent
increase of ROS in the brain also affect other mechanisms within the CNS.
Myelin is a crucial component consisting of lipids and proteins that envelop
nerves, serving as a protective barrier against external electrical interference
while greatly increasing the speed of neuronal signal transmission and
reducing the energy expenditure required for such transmission (Moore et
al., 2020). Myelin sheaths, however, naturally degrade and need constant
maintenance and replenishment, which is the role of oligodendrocytes. ROS
have the potential to cause damage to the myelin sheaths and facilitate an
immune system response through the activation of macrophage cells. When
the myelin sheaths suffer significant damage, demyelination occurs, which is
associated with a significant reduction of nerve conduction velocity (Chung et
al., 2014). The half-life of lipids bound to myelin basic protein is approximately
three days (Bizzozero and Good, 1991), indicating that lipids are continuously
replenished in the neuronal axon. The heightened lipid metabolism within
the CNS results in diminished availability of lipids for replenishing those that
have been depleted. Regrettably, oligodendrocytes are sensitive to oxidative
stress, possibly due to their limited capacity for antioxidant defense (Giacci
et al., 2018) and their high iron content (Reinert et al., 2019). Consequently,
the occurrence of oxidative stress may lead to the death of oligodendrocytes,
thereby impeding the process of remyelination.

The presence of elevated iron levels in brain regions affected by
neuroinflammation has been reported, for example, in substantia nigra in
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post-mortem samples from patients with PD (Martin-Bastida et al., 2021),
and in substantia nigra, globus pallidum, hippocampus, putamen and
caudate nucleus in AD (Ward et al., 2022). Mitochondrial ROS can increase
the secretion of pro-inflammatory cytokines (Urrutia et al., 2014), and
consequently initiate a cascade of pathological events that eventually leads to
the death of neurons in a particular part of the brain.

As the brain is the most energy-demanding organ, consuming approximately
20% of the body’s metabolic energy, an imbalance in the CNS will have
a systemic effect. The heightened lipid metabolism results in elevated
concentrations of glucose in the blood, leading to a gradual decline in glucose
tolerance. According to Savage et al., (2007), the development of insulin
resistance is likely to occur, providing a potential explanation for the prevalence
of type 2 diabetes among individuals with neurodegenerative diseases.
Elevated glucose levels subsequently induce the process of protein glycation.
The process of glycation of hemoglobin is well-documented (Kuo et al., 2016),
however, it has also been observed that other proteins and even DNA can
undergo glycation, potentially resulting in the development of pathological
conditions (Ng and Freeze, 2018) This is precisely the reason why the PARK7
mutation is considered a risk factor for PD, as PARK7 deglycates these
constructs. In the absence of its proper functioning, these constructs remain
glycated (Konig et al., 2018). Molecules can undergo acylation, a process that
results in modification of their properties. N-acylated-Dopamine (Zajac et
al., 2014) and N-Arachidonoyl-Dopamine (Piscitelli and Bradshaw, 2017) can
increase the sensitivity of dopamine receptors and consequently reduce the
amount of dopamine required to elicit a response. Increased lipid metabolism
will deplete the lipid available for posttranslational modification of dopamine
and will therefore have an indirect negative effect on dopamine response, as
the production of acylated and arachidonylated dopamine will decrease.

The impact of microbiota alterations on the development of
neurodegenerative diseases

The impact of dietary choices on overall well-being is significant. According to
Malesza et al. (2021), the western diet is increasingly high in fat and refined
sugars, a dietary pattern that has been linked to a decline in the integrity
of the gut barrier, leading to the release of harmful bacterial metabolites
into the bloodstream. The exposure to this factor has been found to elicit a
state of low-grade systemic inflammation (Malesza et al., 2021; Thomas et
al., 2022). This inflammatory response has been associated with an elevated
susceptibility to various health conditions, including cancer, diabetes, and
neurodegenerative diseases (Moyse et al., 2022). The consumption of a high-
fat diet has been shown to induce a metabolic shift in the mitochondria
towards fatty acid B-oxidation in the small intestines (Guerbette et al., 2022).
This observation provides a potential explanation for the direct association
between mitochondrial function and factors such as dietary choices,
microbiota composition, and inflammatory processes.

There is a growing body of evidence linking microbiota alteration and the
pathogenesis of neurogenerative diseases (Kraimi et al., 2022). Elevated
blood glucose levels, alongside various other factors, have the potential
to induce changes in the composition of the gut microbiota, leading to a
state of dysbiosis. The elevated expression of certain microbiota strains has
been found to be associated with the onset of brain diseases (Vogt et al.,
2017). Notably, opportunistic gram-negative bacteria such as Escherichia
coli, Shigella, Helicobacter, and Odoribacter have been implicated in
this connection, as has a decrease in beneficial microbiota strains like
Bifidobacterium and Eubacterium (Cattaneo et al., 2017; Gentile et al., 2020).
Together this underscores the importance of maintaining gut homeostasis
in the prevention and potential treatment of neurodegenerative diseases.
Dysbiosis is a commonly observed phenomenon in individuals afflicted
by neurodegenerative disorders. For instance, a reduction in community
diversity has been demonstrated in AD patients (Vogt et al., 2017; Haran
et al., 2019). Similarly, multiple studies conducted on individuals with ALS
showed variations in bacterial composition, accompanied by reduced levels of
microbial diversity (Calvo et al., 2022).

But why is microbiota composition so important? The influence of gut
microbiota on the production and translocation of metabolites across the
gut membrane is well established. The generation and consumption of
metabolites in the gut are contingent upon the species of bacteria, yeasts,
and archeobacteria that are present (Zhu et al., 2020). Hence, it becomes
evident that a reciprocal relationship exists between metabolites within the
human body and microbiota residing in the gastrointestinal tract (Visconti
et al.,, 2019). There is increasing evidence suggesting that microbiota exert
a significant influence on brain health. The concept of the microbiota gut-
brain axis pertains to the intricate communication network that exists
between gut microbiota and the brain, which occurs via multiple pathways
including the vagus nerve and metabolites (Cryan et al., 2019). Microbiota
can even induce DNA methylation, leading to epigenetic modifications (Woo
and Alenghat, 2022). According to Huang et al. (2021), the microbiota play
a crucial role in the development of the blood-brain barrier, myelination
of neurons, and maturation of microglia (Huang et al., 2021). In addition,
the microbiota has the ability to synthesize neurotransmitters and their
precursors (Chen et al., 2021). Consequently, dysbiosis in neurodegenerative
diseases will result in disruptions of neurotransmitter function and
subsequent detrimental effects. There is growing interest in the potential of
modulating the gut microbiota-brain axis through dietary adjustments. Gates
et al,, (2022) found that the consumption of fermented foods that are high
in bioactive polyphenols and complex carbohydrates has potential benefits
in mitigating neuroinflammation, oxidative stress, and neuronal death in
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AD and PD (Gates et al., 2022). The efficacy of targeting the microbiota-
brain axis in improving cognition in individuals with mild to moderate AD has
been established through the use of GV-971, as demonstrated in a Phase 3
trial (Xiao et al., 2021). GV-971 is a seaweed derivative that can restore the
balance of microorganisms in the gut and reduce peripheral infiltration of
immune cells to the brain. As a result, it effectively inhibits or diminishes
neuroinflammation. According to Gates et al. (2022), animal studies have
demonstrated that GV-971 is able to effectively cross the blood-brain barrier
and mitigate the accumulation of AB in the brain.

We propose that restoring mitochondrial metabolism may hold significant
potential in the treatment of neurodegenerative diseases, relieving most, if
not all, downstream pathological processes. The focal point of this hypothesis
revolves around CPT1, the rate-limiting molecule for lipid oxidation. The
next section will examine the impact of inhibiting CPT1 and its potential for
prophylaxis or disease modification.

Human Genetics Demonstrate the Prophylactic
Effect of CPT1 Inhibition

The neurometabolic hypothesis, which posits a connection between
alterations in metabolic demands and the pivotal role of CPT1 in the
pathogenesis of brain diseases is supported by studies of human genetics.
Several human mutations in CPT1A are reported. Certain population groups,
such as Inuit, Alaska Natives, and Hutterite, exhibit a high prevalence of
genetic mutations that result in reduced activity of CPT1A. Notably, there
exists a significant correlation between the presence of these mutations and a
decreased occurrence of specific neurodegenerative diseases. Alaska Natives
refer to the indigenous population of the state of Alaska, encompassing
several distinct groups. Genetic studies have shown this population migrated
to Alaska from Asia millennia ago. Alaska is home to a population of
approximately 86,000 Alaska Natives, with an estimated 17,000 living outside
the state. The Inuit are a group of indigenous peoples of the Arctic regions of
Canada, Greenland, and parts of Alaska. Of the approximately 148,000 Inuit,
65,000 live in Canada, 50,000 in Greenland, 15,000 in Alaska, and 15,000 in
Denmark. The genetic sequence variant ¢.1436C—>T of CPT1A or SPT1AP479L,
commonly referred to as the Artic variant, is prevalent among Alaska Natives
and Inuit populations. Studies have reported that 63% of Alaska Natives,
98% of Canadian Inuit, and 92% of Greenland Inuit individuals possess either
homozygous or heterozygous mutations (Greenberg et al., 2009; Rajakumar et
al., 2009; Gessner et al., 2011). A homozygous mutation reduces the activity
of CPT1A to 22% of that of the wild-type molecule. The incidence rate of ALS
for Alaska Natives was reported to be 0.63 per 100,000 while it is estimated
to be between 2 and 4 in the general US population (Gordon et al., 2013).
The disparity is particularly evident in the case of MS with an incidence rate
of 2 per 100,000 among Canadian Inuit, compared to the significantly higher
rate of 285 per 100,000 in the general Canadian population. Regrettably,
we have not been able to estimate the incidence rate of PD and AD in these
populations. The Hutterites are an ethnoreligious community originated in
16th century Switzerland but now almost exclusively living in Western Canada
and the upper Great Plains of the United States. The population is estimated
to number approximately 45,000 individuals. Approximately 30% of the
Hutterite Brethren have at least one allele with another CPT1A mutation,
the CPT1A G710E that completely knocks out CPT1A activity (Prasad et al.
2001; Mgrkholt et al. 2019). The incidence rate of MS among the Hutterite
community is 91 per 100,000 compared to 285 per 100,000 in the general
Canadian population (Ross et al., 1995).

These observations in humans could be caused by factors beyond genetic
influences. However, the prophylactic role of reduced CPT1A activity in brain
diseases has been substantiated in several murine models. A mouse line
was generated harboring the identical CPT1 P479L artic mutation. These
mice were tested in animal models of MS (the experimental autoimmune
encephalomyelitis model), ALS (SOD1 G93A model), and PD (rotenone model)
(Mgrkholt et al., 2019; Trabjerg et al., 2020, 2021, 2023). The findings from
these studies collectively demonstrate that the presence of the CPT1A P479L
mutation exhibits a prophylactic effect in MS and PD and a disease-modifying
effect in ALS models. This underscores the significant role of lipid metabolism,
and more specifically CPT1, in the pathogenesis of brain diseases.

Therapeutic Potential of Targeting Lipid
Metabolism

In light of the substantial unmet medical need arising from the limited
disease-modifying therapeutic options to treat neurodegenerative diseases,
we contend that a reassessment of the prevailing treatment regimen is
warranted. Given the underlying hypothesis positing that mitochondrial
metabolic dysfunction, and in particular aberrant lipid metabolism, is the main
trigger of the onset of various neurodegenerative diseases, several potential
approaches exist for rectifying this perturbation. Firstly, one strategy involves
the promotion of glucose metabolism. Secondly, an alternative approach
involves the utilization of small-chain fatty acids (SCFA) and ketone bodies to
bypass the metabolic pathway associated with fatty acid metabolism. Lastly,
a third option entails the regulation of fatty acid metabolism, particularly the
metabolism of long-chain fatty acid (LCFA), by targeting the CPT1 enzyme.
As the objective is to return the metabolism to utilizing glucose as the
primary substrate for energy generation, treatments that stimulate glucose
metabolism or affect the glucose levels in the blood have been utilized. These
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treatments included metformin and acarbose, which are typically used to
treat type 2 diabetes (Smith et al., 2019; Frohlich et al., 2021). However,
the upregulation of lipid oxidation leads to the downregulation of PDH, the
molecule that is necessary for the conversion of pyruvate to acetyl-CoA for
the TCA cycle. This creates a negative feedback loop that is challenging to
disrupt, and as a result, a longer treatment duration is most likely required
before any noticeable effects can be observed.

The utilization of ketone bodies or SCFA represents an alternative method.
An important advantage of these compounds is their ability to diffuse over
the mitochondrial membrane, obviating the need for active transportation
by the CPT1 complex (Bitto et al., 2023). The SCFAs and ketone bodies are
of particular interest owing to their synthesis by intestinal microbiota, which
have been shown to have a protective effect against the development of brain
diseases (Smith et al., 2019; Jensen et al., 2020). The precise mechanisms
of the positive effect of ketone bodies and SCFA on CNS diseases remain
incompletely elucidated. One plausible hypothesis suggests that high levels of
cellular stress can lead to an increase in mitochondrial fission, which in turn
desensitizes CPT1 to inhibition by malonyl-CoA (Zhu et al., 2023), resulting
in unregulated transport of LCFA into the mitochondria. In contrast, SCFA
and ketone bodies diffuse across the mitochondrial membrane, requiring
less energy compared to the active transportation of LCFA. The molecules
are subsequently metabolized in the mitochondria, and therefore, may have
an osmotic effect that inhibits the transport of LCFA into the mitochondria.
Consequently, over time, these molecules would therefore downregulate
the hyper-metabolization of LCFA. In addition, it has also been found that
the metabolization of SCFA and ketone bodies induce less ROS than the
metabolization of LCFA (Maalouf et al., 2007; Schonfeld and Wojtczak,
2016). We have conducted research with molecules that modulate energy
generation from LCFA, resulting in the normalization of mitochondrial
metabolism by restoring glucose as the preferred energy substrate. Targeted
inhibition of aberrant lipid metabolism holds promise as an effective
treatment strategy for brain diseases. In this section, we discuss the concepts
surrounding the targeting of CPT1A and its implications for lipid metabolism
in both physiological and pathological contexts. In the framework of our
neurometabolic model, we hypothesize that neurodegenerative diseases are
characterized by a cascade of events resulting from impaired mitochondrial
metabolic function. Specifically, oxidative stress, accumulation of misfolded
proteins, demyelination, inflammation, and neuronal loss are theorized
to manifest as downstream consequences of this dysfunction. From the
illustration below (Figure 3) it is readily apparent why the current treatment
options on the market today lack curative efficacy as they are not targeting
the root of the diseases.

But according to our neurometabolic model, how could neurodegenerative
diseases be prevented or treated? There are several factors to consider when
examining the disease triggers. It may be possible to adopt a preventative
approach, which entails minimizing the exposure to known pathological,
psychological, and physical stressors. The achievement of improved health
outcomes would most likely necessitate considerable personal commitment
in terms of lifestyle choices, possibly combined with health enhancing
government policies, for example, banning known disease-inducing chemicals
and improving the quality of life of vulnerable social groups. While certain
environmental factors, such as diet, can be influenced by individuals, there
exist numerous stressors in life that are beyond an individual’s control.
Hence, achieving complete prevention of neurodegenerative diseases
poses a formidable challenge. Nevertheless, it is posited that a substantial
reduction in their prevalence can be attained through the adoption of lifestyle
modifications, including the cultivation of a nutritious diet, engagement
in regular physical activity, and effective management of daily stressors
(Casanova et al., 2023).

An alternative approach involves the modulation of epigenetic changes. The
emergence of drugs targeting epigenetic mechanisms has presented new
therapeutic opportunities due to the presence of various alternations in the
epigenome associated with cognitive decline and neurodegenerative diseases
(De Simone and Milelli, 2019). A great example is valproic acid, an U.S. Food
and Drug Administration-approved anti-epileptic drug with a wide range of
effects, including increasing the activity of the inhibitory neurotransmitter
gamma-aminobutyric acid (Bertelsen et al., 2018) and reducing
neuroinflammation in late stages of AD Tg6779 mice (Noh and Seo, 2014).
Valproic acid inhibits histone deacetylase and the deacetylation process,
which enhances gene transcription (Bhatti et al., 2019) by modulating the
expression of multiple genes, representing an interesting approach when
targeting multifactorial diseases. The potential to modulate multiple targets
implicated in a disease could result in a synergistic positive effect (De Simone
and Milelli, 2019). A limitation associated with histone deacetylase inhibitors
is the lack of target specificity. Histone deacetylase inhibitors have been
used in cancer as they display a broad anti-tumor activity. Conversely, they
simultaneously increase the expression of ABC efflux transporters on tumor
cells, making them more resistant to chemotherapy (You et al., 2020). There is
much knowledge to be gained in the epigenome, and the potential within the
epigenetic drug discovery landscape seems promising, however development
of novel therapeutics in this domain is likely to require considerable time,
possibly several decades.

The third option is to employ gene therapy to directly target mutations
and SNP sites related to neurodegenerative diseases. CRISPR-Cas9 is
especially promising in that regard. It has already been tested in multiple
neurodegenerative animal models displaying reduced AB pathology in APP-
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Figure 3 | How therapeutics on the market target what we believe to be downstream
pathological mechanisms following increased lipid metabolism.
Created with graphical designer Maria Rasmussen using Adobe Illustrator®.

KI mice (Nagata et al., 2018), reduced AB production in Tg2576 mice (Sun
et al., 2019), decreased a-synuclein production in rats (Yoon et al., 2022)
and restored wild-type phenotype in C9ORF72 mutated mice (Piao et al.,
2022). There are, however, multiple challenges associated with CRISPR-Cas9
gene therapy, such as delivery challenges, off-target genome editing effects,
and incomplete editing (De Plano et al., 2022). In addition, there are ethical
concerns surrounding gene editing that should not be overlooked (Joseph et
al., 2022). Gene editing could eliminate mutations and SNP sites that increase
the risk of developing neurodegenerative diseases, however, these are not
the sole etiological factors responsible for the onset and progression of such
diseases.

We hypothesize that targeting defective mitochondrial energy production
represents a novel and obtainable target. As discussed above, we believe
many of the pathological processes of neurodegeneration can be explained by
a metabolic imbalance where the dominant metabolism in the brain, glucose
oxidation, undergoes a sustained and self-reinforcing shift to lipid oxidation.
In this scenario, the two options to re-establish the optimal metabolic
homeostasis are to promote glucose metabolism or inhibit lipid metabolism.
Both methods are being explored and could in principle have the desired
effect. However, we hypothesize that the promotion of glucose metabolism
will be hindered by high concentrations of acetyl-CoA produced as a result
of highly upregulated lipid oxidation, which downregulates PDH and thereby
prevents pyruvate from entering the mitochondria. Any pharmaceutical
intervention to stimulate glucose oxidation would therefore have to overcome
this obstacle. On the other hand, lipid metabolism can be effectively inhibited
by targeting the rate-limiting enzyme for transport of long-chain fatty acids
into the mitochondria, CPT1. We have shown in animal models that inhibition
of CPT1 reduces fatty acid oxidation to normal levels and restores glucose
as the preferred energy substrate, and subsequently reverses pathological
processes including oxidative stress, protein aggregation, mitochondrial
dysfunction, inflammation, and disturbance of gut microbiota (Mgrkholt
et al., 2019; Trabjerg et al., 2020, 2021, 2023). The data presented in
these studies demonstrate a significant disease-modifying effect, thereby
providing compelling evidence to support the adoption of this approach. The
neurometabolic approach is a multidimensional perspective that emphasizes
the involvement of environmental factors, genetics, and epigenetics in the
pathology of brain diseases. This approach represents a cutting-edge method
for understanding the etiology and progression of these diseases.

Conclusion

Neurodegenerative diseases are complicated in terms of their multifarious
neurodegenerative symptoms as well as their intricate genetic landscape.
Most cases are considered sporadic and are characterized by multiple
genetic SNPs that confer a predisposition to these disorders. Familial cases
characterized by a mutation on a single gene are considerably less common
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and although they exhibit a strong causative effect, it is not certain that
an individual will develop neurodegenerative disease when carrying the
mutated gene. Environmental factors and epigenetic changes can act as
disease triggers, initiating a cascade of pathological downstream events.
The neurometabolic approach establishes a connection between the many
pathological mechanisms of neurodegenerative diseases and impaired
mitochondrial energy generation. The theory is substantiated by research
conducted on animals as well as investigations into human genetics. Novel
therapeutic approaches are currently under development with the objective
of restoring the equilibrium between glucose and lipid metabolism. These
interventions hold promise as potential truly disease-modifying treatments
for neurodegenerative diseases.
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