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Simple Summary: Neurodegenerative diseases are characterized by the progressive degeneration of
nerve cells. Some neurodegenerative diseases such as Alzheimer’s and Parkinson’s are caused by
disorders in the mitochondria, which are organelles present in the eukaryotic cells of animals, plants
and fungi, and their function is to produce energy. The formation and function of mitochondria are
influenced by two separate genetic inheritances physically and functionally present in the cell: nuclear
DNA, which provides 90% of key components such as proteins, and mitochondrial DNA, which
provides 5% of these components. Recently, three genes in the nuclear DNA have been identified that
encode for three mitochondrial ribosomal proteins, namely MRPL44, NAM9 and GEP3, respectively.
The absence of or defects in these proteins could potentially be the cause of neurodegenerative
diseases such as Alzheimer’s and Parkinson’s. In this review, we present the recent advances in
the most common mitochondrial neurodegenerative diseases, the mitochondrial ribosomal proteins
associated with mitochondrial neurodegenerative diseases and the aforementioned three ribosomal
proteins. Finally, we evaluate our experimental hypothesis useful for the characterization of these
three ribosomal proteins in order to understand their role in mitochondrial neurodegenerative
dysfunctions, which could lead to the development of potential therapeutic drugs for the treatment
of such diseases.

Abstract: Currently, numerous research endeavors are dedicated to unraveling the intricate nature
of neurodegenerative diseases. These conditions are characterized by the gradual and progressive
impairment of specific neuronal systems that exhibit anatomical or physiological connections. In
particular, in the last twenty years, remarkable efforts have been made to elucidate neurodegenerative
disorders such as Alzheimer′s disease and Parkinson′s disease. However, despite extensive research
endeavors, no cure or effective treatment has been discovered thus far. With the emergence of studies
shedding light on the contribution of mitochondria to the onset and advancement of mitochondrial
neurodegenerative disorders, researchers are now directing their investigations toward the develop-
ment of therapies. These therapies include molecules designed to protect mitochondria and neurons
from the detrimental effects of aging, as well as mutant proteins. Our objective is to discuss and
evaluate the recent discovery of three mitochondrial ribosomal proteins linked to Alzheimer′s and
Parkinson′s diseases. These proteins represent an intermediate stage in the pathway connecting dam-
aged genes to the two mitochondrial neurological pathologies. This discovery potentially could open
new avenues for the production of medicinal substances with curative potential for the treatment of
these diseases.

Keywords: mitochondrial neurodegenerative diseases; mitochondrial ribosomal proteins; MRPL44;
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1. Introduction

Luft et al. published in 1962 the first case of mitochondrial dysfunction in a 35-year-old
woman affected by myopathy [1]. Since then, there has been a continuous advancement
of research that is leading to the understanding, from a medical perspective, of the role of
mitochondria in health, diseases and aging. Many seemingly unrelated pathologies, such
as neuropathies, Alzheimer’s, Parkinson’s, myopathies, ataxia, cancer and others, share
common underlying pathophysiological procedures. These mechanisms include the pro-
duction of reactive oxygen species (ROS) and the damage they cause to the mitochondrial
genome, leading to mitochondrial dysfunction [2–4]. As mitochondrial formation arises
from the contribution of two distinct genomes, namely the nuclear DNA (nDNA) and the
mitochondrial DNA (mtDNA) [5–7], genetic mutations in either the nDNA or the mtDNA,
as well as genetic deletions in the mtDNA, can give rise to mitochondrial disease. These
genetic mutations specifically result in defects in the mitochondrial oxidative phosphoryla-
tion system (OXPHOS) [8], which are the underlying cause of mitochondrial diseases [9–11].
Extensive research has been conducted on mutations occurring in nuclear genes associated
with mitochondrial disorders, specifically focusing on their connection to diseases associ-
ated with premature aging [12,13] and POLG-related disorders that exhibit neurological
symptoms [3,14,15]. Mitochondrial diseases represent the most common group of inherited
metabolic dysfunction and are among the most prevalent types of inherited neurological
disorders [16]. Mitochondrial disorders resulting from recurrent mutations in mtDNA
manifest as shared syndromes across unrelated families and populations [2,17]. These
disorders exhibit a wide range of clinical variations and can emerge at any age [16]. Given
that mitochondria exist in all cells of the body except for red blood cells, the resulting
clinical symptoms may manifest in specific organs independently but frequently involve
multiple systems in organs that have high energy requirements, such as the brain, skeletal
system, muscles and heart [16]. With reference to mutations in mtDNA or nDNA, from the
point of view of clinical diagnosis, primary mitochondrial disease (PMD) and secondary
mitochondrial dysfunction (SMD) are distinguished [18,19]. The primary differentiation
between PMD and SMD lies in the fact that PMD genes either directly encode OXPHOS
proteins or influence OXPHOS function by affecting the production of the complex machin-
ery required for the OXPHOS process. On the other hand, SMD can be caused by genes
that do not encode OXPHOS proteins or affect their production. SMD is often associated
with various hereditary nonmitochondrial diseases [11,18,19]. There are several factors that
determine the onset of mitochondrial dysfunction such as age, heredity factors, an unhealthy
lifestyle or stress, environmental toxicity and more [7,16,20–24]. Among the mitochondrial
diseases, the most widely known are neurodegenerative diseases, which are mainly caused
by genetic factors and by environmental factors [7,24,25]. Neurodegenerative diseases
are stress-inducing brain disorders characterized by behavioral, motor and cognitive im-
pairments. Numerous studies conducted over the years have provided evidence that
mitochondrial dysfunction serves as the underlying cause in the development of neurode-
generative diseases, which include Alzheimer’s disease (AD), Parkinson’s disease (PD),
Huntington’s disease (HD), Amyotrophic Lateral Sclerosis (ALS) and Dementia [26–29].
These diseases arise from deficiencies in mitochondrial function, which is primarily regulated
by over 1000 proteins encoded by both the mitochondrial and nuclear genomes [30]. Studies
have shown that the majority, around 90%, of mitochondrial proteins are encoded by genes
found in the cell nucleus. These proteins are synthesized by ribosomes in the cytosol
and subsequently transported into mitochondria through a complex import machinery
composed of multiple components [5,6,31–34]. These proteins have various functions
attributed to them, including respiration, metabolite transport, protein translocation, redox
homeostasis and other processes that are interconnected within complex and dynamic net-
works. The malfunctioning of these systems could lead to the development of diseases [35].
Despite mitochondria having their own genome, many nuclear-encoded mitochondrial
ribosomal proteins (MRPs) are essential for proper organelle function. Mutations in Mrp
genes, as indispensable components of the mitochondrial translation machinery, are detri-
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mental to the OXPHOS system and associated with several neurodegenerative diseases
in humans [36–39]. In a recent study using the yeast Saccharomyces cerevisiae (S. cerevisiae)
as a model for the study of neurodegenerative diseases in humans, three nuclear genes,
MRPL44, NAM9 (MNA6) and GEP3 (MTG3), were identified to encode three ribosomal
mitochondrial proteins (Figure 1). The absence of or defects in these proteins was associated
with neurodegenerative diseases in humans, such as AD and PD [40,41]. In the following
paragraphs, we will provide a brief review of the recent progress made in understanding
mitochondrial neurodegenerative diseases, specifically focusing on mitochondrial riboso-
mal proteins. We will discuss three MRPs that have been identified as intermediate stages
in a pathway associated with AD and PD. Additionally, we will present an experimental
hypothesis regarding the isolation and characterization of three specific mitochondrial
ribosomal proteins: MRPL44, NAM9 and GEP3 (Figure 1). These proteins have been found
to be connected with neurodegenerative diseases.
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Figure 1. Diagram showing the 3D structure generated by AlphaFold and the effect of mutations
in yeast of the two mitochondrial ribosomal proteins (MRPL44 and NAM9) and the mitochondrial
biogenesis ribosomal protein (GEP). The relationship with some degenerative diseases in humans is
also shown for the MRPL44 protein.

2. Mitochondrial Neurodegenerative Diseases

The human mitochondrial genome consists of a circular molecular structure compris-
ing approximately 16,569 pairs of nucleotides (Figure 2). It contains a total of 24 mtDNA
genes, including the small ribosomal RNA (12S rRNA) and large ribosomal RNA (16S
rRNA) genes, as well as 22 transfer RNA (tRNA) genes necessary for translating the
13 respiratory chain proteins [19,41,42].

Studies conducted over the past forty years have highlighted the role of mitochondria
in both normal brain function and the pathogenesis of diseases originating from them
(Table 1) [43]. Mitochondrial diseases result from hereditary or spontaneous mutations in
mtDNA or nDNA, leading to abnormalities in the functions of proteins or RNA molecules
typically found within mitochondria [41,44,45]. Generally, the term “mitochondrial dis-
ease” describes a heterogeneous set of conditions caused by genetic defects in the assembly
and/or function of OXPHOS proteins [45]. In fact, mitochondria play a fundamental role in
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energy production and are essential in numerous cellular processes [35,46]. Consequently,
mitochondrial dysfunction often propagates and/or underlies many pathological states,
including neurodegenerative diseases [47,48] and the aging process [49,50]. More recently,
extensive research efforts have helped define some of the pathological mechanisms un-
derlying neurodegenerative processes, such as the two most common neurodegenerative
disorders: AD and PD.

Table 1. Mitochondrial diseases a.

Mitochondrial Pathology mtDNA Mutations Clinical Syndromes References

CPEO single deletion Loss of the muscle functions involved in eye and
eyelid movement [51,52]

KSS single deletion Neuromuscular disorder [53,54]

PS single deletion It affects various parts of the body, especially bone marrow
and the pancreas [55,56]

Diabetes and deafness single deletion Hyperglycemia and reduction or absence of hearing ability [57,58]

Encephalomyopathy multiple deletions Muscle weakness and pain, recurrent headaches, loss of
appetite, vomiting and seizures [59,60]

Recurrent myoglobinuria multiple deletions
Metabolic disturbances that include hypokalemia,
hypophosphatemia, hyponatremia, hypocalcemia

and hypernatremia
[61,62]

SANDO multiple deletions Impaired coordination (ataxia), slurred speech (dysarthria)
and weakness of the eye muscles (ophthalmoparesis) [63,64]

LHON point mutation Progressive visual loss due to optic neuropathy [65,66]
MELAS point mutation Disease primarily affecting the nervous system and muscles [67,68]

NARP point mutation Neurogenic muscle weakness, sensory-motor neuropathy,
ataxia and pigmentary retinopathy [69,70]

MERRF point mutation
Progressive myoclonus and seizures, cerebellar ataxia,

myopathy, cardiac arrhythmia, sensorineural hearing loss,
optic atrophy and dementia

[71,72]

CPEO point mutation Loss of the muscle functions involved in eye and
eyelid movement [19,73]

Leigh syndrome point mutation

Neurological disorder involving elevated blood and/or
cerebrospinal fluid levels of lactate, developmental

retardation, hypotonia, followed by respiratory dysfunction,
epileptic seizures, poor feeding and weakness

[74,75]

AD nuclear gene mutation Brain disorder that slowly destroys memory and thinking skills
and, eventually, the ability to carry out the simplest tasks [41,76]

PD nuclear gene mutation
Combinations of motor problems—namely, bradykinesia,

resting tremor, rigidity, flexed posture, “freezing,” and loss
of postural reflexes

[76,77]

FRDA nuclear gene mutation Progressive ataxia, absent lower limb reflexes, upgoing
plantar responses and peripheral sensory neuropathy. [76,78]

HD nuclear gene mutation Disorder that causes nerve cells (neurons) in parts of the
brain to gradually break down and die [76,79]

ALS nuclear gene mutation Progressive nervous system disease that affects nerve cells
in the brain and spinal cord, causing loss of muscle control [76,80]

HSP nuclear gene mutation Disorder that causes the small blood vessels in skin, joints,
intestines and kidneys to become inflamed and bleed [76,81]

Aging nuclear gene mutation Accumulation of biological changes leading to functional
decrease in the organism [76,82]

a Adapted with minor modification from Chinnery et al. [44]. CPEO = chronic progressive external ophthalmople-
gia; KSS = Kearns-Sayre syndrome; PS = Pearson syndrome; SANDO = sensory ataxic neuropathy, dysarthria and
ophthalmoparesis; LHON = Leber hereditary optic neuropathy; MELAS = mitochondrial encephalopathy, lactic
acidosis and stroke-like episodes; NARP = neuropathy, ataxia and retinitis pigmentosa; MERRF = myoclonus
epilepsy and ragged red fiber disease; AD = Alzheimer’s disease; PD = Parkinson’s disease; FRDA = Friedreich’s
ataxia; HD = Huntington’s disease; ALS = amyotrophic lateral sclerosis; HSP = Henoch-Schönlein purpura.
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Figure 2. Schematic map of the human mitochondrial genome with related neurodegeneration
diseases (adapted with minor modification from [2,19], CO: cytochrome oxidase (COX) subunit genes;
CYTb = cytochrome b; ND = OXPHOS complex I subunit genes; D-loop = noncoding displacement
loop or control region; AD-PD = neurodegenerative diseases: Alzheimer’s disease and Parkinson’s
disease. Image generated with OGDRAW [83].

2.1. Alzheimer’s Disease in Brief

AD, a neurodegenerative condition linked to the aging process, is characterized by pro-
gressive cognitive and memory decline. It stands as the most prevalent neurodegenerative
disorder, comprising around 60–70% of all dementia cases and impacting approximately
6% of individuals aged 65 and above (referred to as late-onset AD). Furthermore, a smaller
subset of patients, around 2–10%, experience early-onset AD [41,84,85]. At the cellular level,
AD is characterized by progressive and irreversible deterioration of neuronal structure
and function in specific brain regions, including the hippocampus and neocortical areas,
leading to cognitive dysfunction and dementia [86]. The main neuropathological features
of the disease include the presence of extracellular β-amyloid plaques and intracellular
neurofibrillary tangles formed by hyperphosphorylated tau proteins [87–89]. The causal re-
lationship between the presence of these two hallmarks and AD is still not fully understood.
It remains uncertain whether they are the primary cause of the disease or predominantly
the outcome of a cascade of cellular events, including oxidative stress, mitochondrial
dysfunction and apoptosis. Nonetheless, the exact mechanism by which these proteins
damage neurons is still unknown [88,90]. Despite AD being the leading cause of dementia
worldwide and the growing population of AD patients, no new therapies have received
approval for over a decade [91,92].

2.2. Parkinson’s Disease in Brief

PD is the most common movement disorder and the second most frequent age-related
neurodegenerative disorder in the world after AD [93,94]. It is a progressive and irreversible
pathology characterized by significant neuronal loss in the pars compacta of the substantia
nigra, leading to an alteration in dopaminergic transmission [95,96] and the presence of
intracellular inclusions called Lewy bodies, which contain aggregates of α-synuclein [97,98]. The
disease’s etiology is attributed to a combination of genetic and environmental factors [97].
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In large populations, 5–10% of PD cases are attributed to known PD genes, indicating
monogenic PD. However, 90 genetic risk variants collectively contribute only 16–36%
to the genetic risk of nonmonogenic PD [94]. From a genetic standpoint, definitively
characterized PD genes include autosomal dominant forms (SNCA, LRRK2 and VPS35)
and autosomal recessive forms (PRKN, PINK1 and DJ1). Additionally, mutations in genes
such as ATP13A2, DCTN1, DNAJC6, FBXO7, PLA2G6 and SYNJ1 have been associated
with atypical or complex parkinsonism. Furthermore, recent studies have identified several
other genes, including CHCHD2, LRP10, TMEM230, UQCRC1 and VPS13C, that are
implicated in PD [77,99]. Besides core motor features such as bradykinesia (slowness
of movement), rigidity and resting tremor, PD is also associated with a heterogeneous
spectrum of nonmotor symptoms that significantly contribute to the overall disease burden
of PD [100]. From a clinical perspective, there is no definitive method to diagnose PD
in vivo, except for genetic testing in specific circumstances, which is limited to a few cases.
Given the protracted timeline over which PD can advance, it imposes significant and
far-reaching implications on patients, healthcare providers and society at large [94].

3. Mitochondrial Ribosomal Proteins Associated with Mitochondrial
Neurodegenerative Diseases

Ribosomes are macromolecular machines with a universally conserved structure and
function for protein synthesis. Within the cells of living organisms, mitochondria con-
tain their own ribosomes, known as mitoribosomes, which are primarily responsible for
synthesizing essential components of the oxidative phosphorylation machinery [41,101].
Mitoribosomes are located in the organelle matrix and are associated with the inner mem-
brane to facilitate the cotranslational insertion of highly hydrophobic nascent polypep-
tides [38,102]. In mammals, mtDNA encodes 13 proteins that serve as crucial membrane
components of the OXPHOS enzymatic complexes. The mammalian mitoribosome is
a 55S ribonucleoprotein complex composed of a 39S large subunit (mt-LSU) containing
52 (MRPs), a 16S rRNA and a structural tRNA (tRNAVal in human cells), as well as a
28S small subunit (mt-SSU) with 30 MRPs and a 12S rRNA. In comparison to bacterial
and eukaryotic cytoplasmic ribosomes, the 55S ribosomes contain a lower proportion of
RNA, approximately 25–30% [103,104]. All MRPs are encoded in nDNA, synthesized using
cytoplasmic ribosomes, and subsequently imported into the mitochondrial matrix. Once
inside, they are assembled with subunit-specific RNAs encoded in mtDNA [41,104–107].
Dysfunctions in mitochondrial translation can lead to severe human diseases and may
result from mutations in various components of the mitochondrial translation machin-
ery, including tRNAs, aminoacyl-tRNA synthetases, translation factors and ribosomal
components [2,108,109]. Furthermore, mutations or deficiencies in ribosome assembly
proteins or other essential proteins can also contribute to mitochondrial diseases, as the
mitochondrial ribosome is responsible for translating mRNAs for the 13 essential proteins
of the OXPHOS system in affected tissues. Several MRP genes are located in loci associated
with disorders related to impaired oxidative phosphorylation, such as Leigh syndrome,
multiple mitochondrial dysfunctions and nonsyndromic hearing loss. Therefore, these
diseases exhibit genetic heterogeneity and can manifest in a broad spectrum of clinical
presentations [37,38,41,107,110,111]. The presence of numerous patients affected by mi-
tochondrial disorders, characterized by multienzymatic OXPHOS defects of unknown
genetic origin, suggests that there are still many genes involved in the biogenesis and
function of the mitochondrial translation machinery that remain unidentified. Regarding
alterations in ribosomal components associated with human diseases, only a limited num-
ber of mutations in mitoribosomal proteins have been reported so far [36,38,112]. In recent
publications, the focus has been on the detection of pathological mutations in nuclear genes
responsible for encoding mitochondrial ribosomal proteins. These findings emphasize
the significance of their expression and involvement in mitochondrial translation, thus
suggesting their potential role as contributing factors to genetic neurodegenerative diseases
in humans [7,16,38,41,112–114].
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4. Three Mitochondrial Ribosomal Proteins as Intermediate Stage in a Path Connected
with Alzheimer’s and Parkinson’s

Neurodegenerative disorders are characterized by a gradual and progressive decline,
specifically targeting interconnected neuronal systems based on anatomical or physiological
relationships [115]. Mitochondria play a critical role in generating the majority of cellular
ATP and are indispensable for ensuring optimal neuronal functioning. Dysfunction of
mitochondria can give rise to PMDs and potentially contribute to the development of
neurodegenerative conditions such as AD and PD. Mitochondria serve as crucial regulators
of both cell survival and cell death, exerting a central influence on the aging process, and
have been observed to interact with numerous specific proteins associated with genetic
forms of neurodegenerative diseases [116]. These diseases include AD, PD, ALS and
HD [115,117].

4.1. The Pathophysiology of Mitochondrial Diseases

The pathophysiology of mitochondrial diseases is complex and involves genetic mu-
tations in both mtDNA and nDNA. Mitochondrial diseases are typically considered to
be disorders caused by biochemical defects in the respiratory chain [117,118]. The regula-
tory role of nuclear genes in maintaining mitochondrial homeostasis and functionality is
now included, along with defects in the lipid milieu, mitochondrial translation and mito-
chondrial fission and fusion [101,117,118]. Considerable progress has been made in our
understanding of the molecular basis of mitochondrial diseases and their genetic etiology,
particularly through next-generation sequencing/whole exome sequencing (NGS/WES)
approaches. These approaches provide valuable information on the genes implicated in
neurodegenerative disorders and could better define the impact of mitochondrial dysfunc-
tion on their pathogenesis [119]. As previously mentioned, mitochondrial diseases were
caused as a consequence of mutations, whether inherited or spontaneous, in either mtDNA
or nDNA. Furthermore, as previously discussed, human cells possess two distinct genomes
and two protein synthesis systems. The first genome is the nuclear genome (nDNA),
which consists of approximately 3 × 109 base pairs, and a second genome resides within
a cytoplasmic organelle known as the mitochondrion (mt). Approximately 1500 nuclear gene
products (around 3% of the total) are translated by cytoplasmic ribosomes and subsequently
imported into the mitochondrion to perform their functions [120,121]. The cytoplasmic
ribosome is composed of four rRNAs (28S, 18S, 5.8S and 5S) and 85 ribosomal proteins. The
genes responsible for encoding these components have been mapped and investigated to a
considerable extent [122]. Ribosomes play a crucial role as molecular machines, essential
for all life on our planet. They decode information carried by messenger RNAs (mRNAs)
and translate it into proteins [123]. Ribosome biogenesis is the crucial process in which all
the components of ribosomes, such as ribosomal proteins (r-proteins) and rRNAs, come
together to form the functional translation machinery. This process involves a large number
of proteins, known as maturation factors and RNA factors (such as snoRNAs in cytosolic
ribosome maturation) that aid in properly folding, assembling and modifying the different
elements of the ribosome [124]. In mitochondria, the process of mitoribosome biogenesis is
even more complex due to the need for coordination between two gene expression compart-
ments [125]. Several mutations have been discovered in genes related to the cytoplasmic
translation machinery, including ribosome components and numerous interacting factors.
These mutations have been linked to various human diseases. On the contrary, genes from
both the nuclear and mitochondrial genomes contribute to the formation of mitochondrial
ribosomes, also known as mitoribosomes. These mitoribosomes play a crucial role in the
synthesis of the oxidative phosphorylation machinery. These genes have been the subject of
major research efforts in yeast and humans. Yeast serves as a model system for eukaryotic
cell biology, while in humans, mitoribosomes have been implicated in human health [126].
The synthesis of ribosomal proteins occurs on cytoplasmic ribosomes, after which they
are imported into the mitochondria. Interference with the synthesis of these proteins
and other components of the mitochondrial translation system, such as mitochondrial
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tRNAs, either through deletion or mutation of the mitochondrial genes, is known to cause
various mitochondrial diseases of varying severity. These diseases include myopathies
and sensorineural disorders such as blindness and deafness [127]. By analogy, it can be
expected that the loss or mutation of any of the 78 proteins required for the function of
the mitochondrial ribosome [128] would also result in mitochondrial disease. Published
research indicates that certain genes responsible for encoding MRPs are located within
chromosomal loci that have already been associated with human disorders, including
conditions like deafness, retinitis pigmentosa and Usher syndrome 1E [129]. A number of
mutations that affect mitochondrial translation have been identified, including mutations
in the core MRPs: MRPS16, MRPS22 and MRPL12 [130]. Additionally, mutations have
been found in several accessory proteins, such as ObgH1 and C7orf30 [130]. It appears
that mutations in MRPS16 and MRPS22 impact the stability of the mitoribosome [130],
while MRPL12 is involved in the recruitment of elongation factors and the modulation of
mitochondrial gene expression [129].

4.2. The Connection between Mitochondrial Dysfunctions and the Effects of Heavy Metals and
Metalloid Oxyanions

Extensive scientific evidence has established a connection between mitochondrial
dysfunctions, the harmful effects of heavy metals and metalloid oxyanions and systemic
as well as neurodegenerative disorders [131,132]. Specifically, the toxicity of the metalloid
tellurium (Te) has been implicated in the etiopathogenesis of various neurodegenerative
disorders [132,133]. Accumulated experimental data indicate that tellurium not only ex-
hibits a well-documented garlic-like odor but also exerts significant neurotoxic effects. In
the past, Te has been employed as a valuable tool for studying the evolutionary origins of
mitochondria in prokaryotes [134]. Recently, a research paper was published focusing on
neurodegenerative diseases, utilizing Te as an investigative tool and the yeast S. cerevisiae
as a model system [40]. The study employed classical genetics, genomics and molecular bi-
ology techniques to examine the influence of three nuclear genes. These genes encoded two
MRPs (MRPL44 and NAM9) and one mitochondrial ribosomal biogenesis protein (GEP3).
Furthermore, mutations in these three genes have been associated with neurodegenerative
diseases such as AD and PD [40]. The importance of this work lies in the utilization of a
Te compound, which enabled us to identify an intermediate point. Specifically, this point
involves the three proteins of the mitochondrial ribosome, potentially linking damaged
genes to neurodegenerative diseases in humans. This study successfully identified three
nuclear genes that encode mitochondrial ribosomal proteins. Mutations in these genes
result in resistance to Te in the yeast S. cerevisiae. Additionally, previous publications have
associated the toxic effects of Te with the development of neurodegenerative diseases
like AD and PD [132,133]. The recent work by Pontieri et al. [40] represents a significant
advancement in scientific knowledge regarding the study of the three MRPs involved in
potassium Te resistance in S. cerevisiae. It sheds light on their potential role in neurode-
generative dysfunctions such as AD or PD, thus providing valuable insights for further
investigation. Future research interests may include studying the physiological function of
MRPL44, NAM9 and GEP3 in detail, focusing on their role in mitochondrial translation as
well as exploring their potential involvement in other functions apart from translation. This
research will contribute to establishing the molecular foundation for comprehending the
phenotypes associated with mutations affecting MRPL44, NAM9 and GEP3. Currently, we
are examining these mutations in yeast, with the intention of expanding these investigations
to other model systems. The ultimate objective is to unravel how genetic defects in these
mitochondrial proteins (and others) can lead to neurodegenerative disorders in humans
and animals. Additionally, this research aims to pave the way for developing therapeutic
drugs to treat these diseases.
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5. Experimental Hypothesis for the Isolation and Characterization of the Three
Proteins MRPL44, NAM9 and GEP3

Elucidating the function of MRPL44, NAM9 and GEP3 (Figure 1) proteins is of
paramount importance. For this reason, an experimental strategy aimed at understanding
the pathogenic processes associated with these proteins is proposed. The main purpose of
the experimental hypothesis is to study the functions, including those not directly related
to translation, of three ribosomal mitochondrial proteins, MRPL44, NAM9 and GEP3, in
human cells or model systems such as yeast, Caenorhabditis elegans (C. elegans) or mice
affected by mitochondrial neurodegenerative disease phenotypes.

The first step is to introduce mutations to the MRPL44, NAM9 and GEP3 genes, using
molecular technologies such as systems using CRISPR/CAS9. This technique allows for
modifications to be made in the sequence of each of the MRPL44, NAM9 and GEP3 genes
in human cells or in model systems such as yeast, C. elegans or mice. Subsequently, pure
mitochondria from human cells or cells of model organisms can be prepared using the
enzymatic protoplastification method or the rapid glass bead milling method. At this
point, it would be possible to characterize the mitochondria at the microscopic, biochemical
and molecular levels in wild-type and mutant cells of both humans and model systems.
For this purpose, different methods can be used, such as the analysis of colocalization by
confocal microscopy, the analysis of mitochondrial purity based on marker enzymes such
as succinate dehydrogenase, adenylate kinase, fumarase and iso-citrate dehydrogenase, the
functional analysis of mitochondria involving the Krebs cycle, the respiratory chain and
OXPHOS. The “omics” methodologies such as proteomics, lipidomics, metabolomics and
transcriptomics are added to these techniques. It is crucial to analyze the expression of the
MRPL44, NAM9 and GEP3 genes in mutated human cell lines or the C. elegans Alzheimer’s
model expressing the human tau protein. It would be interesting to understand the effect
of the mutations in the MRPL44, NAM9 and GEP3 genes on the C. elegans Alzheimer’s
model. For this purpose, crosses of different C. elegans strains exhibiting these mutations
can be performed with the transgenic C. elegans strain harboring the human tau gene,
which specifies the AD phenotype.

In addition to in vivo experiments, it is interesting to produce the recombinant
MRPL44, NAM9 and GEP3 proteins in yeast to perform biochemical and chemical character-
ization experiments using mass analysis techniques such as electrospray mass spectrometry
(MS), mass spectrometry tandem (MS/MS) and matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry. These methods provide valuable informa-
tion about the peptide map, the complete amino acid sequence and any post-translational
modifications present in each of the aforementioned proteins. The partial results, such as
the NH2-terminal sequence, as well as the final results, which encompass the entire protein
sequence, obtained from these biochemical procedures, can be utilized for bioinformatic
analyses against protein databases like Swiss-Prot, EMBL and others. Research software
such as SRS, FASTA and BLASTA can be employed for searching and comparing sequences,
while analysis tools like Clustal X can assist in multiple sequence alignment. Finally, anti-
body production against MRPL44, NAM9 and GEP3 proteins is useful for immunochemical
tests such as sandwich enzyme-linked immunosorbent assay (ELISA).

In addition to C. elegans, a model for studying these genes could be S. cerevisiae. Mutant
strains of tellurite-resistant S. cerevisiae yeast can be transformed with suitable expression
plasmids, in which the sequences of each of the three genes, MRPL44, NAM9, and GEP3,
have been cloned to test whether or not this transformation restores wild-type phenotype
of tellurite sensitivity. Functional restoration experiments can also be performed in animal
models such as C. elegans or mice affected by mitochondrial neurodegenerative diseases.

6. Conclusions

The identification of gene mutations associated with neurodegenerative diseases is
offering valuable insights into the importance of targeted therapies and comprehensive
investigations of genetically homogeneous clinical groups. Such endeavors are crucial for
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accurately delineating the natural progression of these diseases, identifying dependable
biomarkers and recognizing long-term changes that occur over extended periods of obser-
vation. These could be used as clinical trial endpoints. Numerous instances in the literature
document mitochondrial involvement in diverse clinical presentations. Our understanding
of the interplay between the nuclear genome, which includes gene products that directly or
indirectly function with the mitochondrion and the mitochondrial genome, is expanding
considerably. This expansion is largely facilitated by advancements in “omics” disciplines
such as genomics, proteomics, metabolomics and more. Attempts have been made to
integrate MRPs into this picture by suggesting that their expression and requirement for mi-
tochondrial translation should be considered for possible involvement in clinical conditions.
Investigating the association of variants in mitochondrial ribosomal protein (MRP) genes
with diverse phenotypes or as genetic modifiers of known gene mutations (e.g., mt-tRNA,
mt-rRNA) is crucial. Initially, employing diagnostic in vivo animal models of mitochondrial
translation would provide the most comprehensive understanding. Furthermore, it is of
the utmost importance to acknowledge the nontranslational roles of MRPs, which encom-
pass potential contributions to selective protein import, facilitating interactions between
imported proteins and locally synthesized mitochondrial subunits during the assembly
of oxidative phosphorylation (OXPHOS) complexes and exerting translational control
over mitochondrial protein synthesis. Researchers are now directing their efforts toward
developing therapies that target and safeguard mitochondria and neurons from the toxicity
associated with aging and mutant proteins, taking into account the findings of studies that
are uncovering the role of mitochondria in disease onset and progression. Tremendous
progress is being made in this research and optimism is running high that significant steps
can continue, bringing us much closer to a future where devastating diseases like AD and
PD can be controlled.
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25. Vodičková, A.; Koren, S.A.; Wojtovich, A.P. Site-specific mitochondrial dysfunction in neurodegeneration. Mitochondrion 2022, 64,

1–18. [CrossRef] [PubMed]
26. Gibson, G.E.; Starkov, A.; Blass, J.P.; Ratan, R.R.; Beal, M.F. Cause and consequence: Mitochondrial dysfunction initiates and

propagates neuronal dysfunction, neuronal death and behavioral abnormalities in age-associated neurodegenerative diseases.
Biochim. Biophys. Acta 2010, 1802, 122–134. [CrossRef] [PubMed]

27. Chaturvedi, R.K.; Flint Beal, M. Mitochondrial diseases of the Brain. Free Radic. Biol. Med. 2013, 63, 1–29. [CrossRef] [PubMed]
28. Joshi, A.U.; Mochly-Rosen, D. Mortal engines: Mitochondrial bioenergetics and dysfunction in neurodegenerative diseases.

Pharmacol. Res. 2018, 138, 2–15. [CrossRef]
29. Zhao, X.Y.; Lu, M.H.; Yuan, D.J.; Xu, D.E.; Yao, P.P.; Ji, W.L.; Chen, H.; Liu, W.L.; Yan, C.X.; Xia, Y.Y.; et al. Mitochondrial

Dysfunction in Neural Injury. Front. Neurosci. 2019, 13, 30. [CrossRef]
30. Ferramosca, A. Mitochondrial Protein Network: From Biogenesis to Bioenergetics in Health and Disease. Int. J. Mol. Sci. 2021,

22, 1. [CrossRef]
31. Kreimendahl, S.; Schwichtenberg, J.; Günnewig, K.; Brandherm, L.; Rassow, J. The selectivity filter of the mitochondrial protein

import machinery. J. BMC Biol. 2020, 18, 156. [CrossRef]
32. Gupta, A.; Becker, T. Mechanisms and pathways of mitochondrial outer membrane protein biogenesis. Biochim. Biophys. Acta

Bioenerg. 2020, 1862, 148323. [CrossRef]
33. Horten, P.; Colina-Tenorio, L.; Rampelt, H. Biogenesis of Mitochondrial Metabolite Carriers. Biomolecules 2020, 10, 1008. [CrossRef]

https://doi.org/10.1146/annurev-genom-091416-035426
https://doi.org/10.1152/physrev.1979.59.3.527
https://doi.org/10.1111/j.1365-2796.2008.02059.x
https://doi.org/10.1007/s13238-015-0175-z
https://doi.org/10.3390/cimb44030074
https://doi.org/10.18632/aging.100546
https://doi.org/10.1016/j.cell.2014.03.026
https://www.ncbi.nlm.nih.gov/pubmed/24813611
https://doi.org/10.1093/hmg/ddl233
https://www.ncbi.nlm.nih.gov/pubmed/16987890
https://doi.org/10.1038/s41582-018-0101-0
https://www.ncbi.nlm.nih.gov/pubmed/30451971
https://doi.org/10.1038/nrdp.2016.80
https://doi.org/10.1016/j.gene.2005.03.025
https://www.ncbi.nlm.nih.gov/pubmed/15921863
https://doi.org/10.1159/000446586
https://doi.org/10.1196/annals.1297.043
https://doi.org/10.1126/science.1219855
https://doi.org/10.18632/oncotarget.9821
https://doi.org/10.1093/toxsci/kfy008
https://www.ncbi.nlm.nih.gov/pubmed/29340618
https://doi.org/10.1016/j.mito.2022.02.004
https://www.ncbi.nlm.nih.gov/pubmed/35182728
https://doi.org/10.1016/j.bbadis.2009.08.010
https://www.ncbi.nlm.nih.gov/pubmed/19715758
https://doi.org/10.1016/j.freeradbiomed.2013.03.018
https://www.ncbi.nlm.nih.gov/pubmed/23567191
https://doi.org/10.1016/j.phrs.2018.08.010
https://doi.org/10.3389/fnins.2019.00030
https://doi.org/10.3390/ijms22010001
https://doi.org/10.1186/s12915-020-00888-z
https://doi.org/10.1016/j.bbabio.2020.148323
https://doi.org/10.3390/biom10071008


Biology 2023, 12, 972 12 of 15

34. Mokranjac, D. How to get to the other side of the mitochondrial inner membrane—The protein import motor. Biol. Chem. 2020,
401, 723–736. [CrossRef] [PubMed]

35. Pfanner, N.; Warscheid, B.; Wiedemann, N. Mitochondrial proteins: From biogenesis to functional networks. Nat. Rev. Mol. Cell
Biol. 2019, 20, 267–284. [CrossRef] [PubMed]

36. Sylvester, J.E.; Fischel-Ghodsian, N.; Mougey, E.B.; O’Brien, T.W. Mitochondrial ribosomal proteins: Candidate genes for
mitochondrial disease. Genet. Med. 2004, 6, 73–80. [CrossRef]

37. O’Brien, T.W.; O’Brien, B.J.; Norman, R.A. Nuclear MRP genes and mitochondrial disease. Gene 2005, 354, 147–151. [CrossRef]
[PubMed]

38. De Silva, D.; Tu, Y.-T.; Amunts, A.; Fontanesi, F.; Barrientos, A. Mitochondrial ribosome assembly in health and disease. Cell Cycle
2015, 14, 2226–2250. [CrossRef]

39. Dickinson, M.E.; Flenniken, A.M.; Ji, X.; Teboul, L.; Wong, M.D.; White, J.K.; Meehan, T.F.; Weninger, W.J.; Westerberg, H.; Adissu,
H.; et al. High-throughput discovery of novel developmental phenotypes. Nature 2016, 537, 508–514; Erratum in Nature 2017,
551, 398. [CrossRef]

40. Pontieri, P.; Hartings, H.; Salvo, M.D.; Massardo, D.R.; Stefano, M.D.; Pizzolante, G.; Romano, R.; Troisi, J.; Giudice, A.D.; Alifano,
P.; et al. Mitochondrial ribosomal proteins involved in tellurite resistance in yeast Saccharomyces cerevisiae. Sci. Rep. 2018, 8, 12022.
[CrossRef] [PubMed]

41. Del Giudice, L.; Alifano, P.; Calcagnile, M.; Di Schiavi, E.; Bertapelle, C.; Aletta, M.; Pontieri, P. Mitochondrial ribosomal protein
genes connected with Alzheimer’s and tellurite toxicity. Mitochondrion 2022, 64, 45–58. [CrossRef]

42. Chinnery, P.; Howell, N.; Andrews, R.; Turnbull, D. Clinical mitochondrial genetics. J. Med. Genet. 1999, 36, 425–436.
43. Fields, M.; Marcuzzi, A.; Gonelli, A.; Celeghini, C.; Maximova, N.; Rimondi, E. Mitochondria-Targeted Antioxidants, an

Innovative Class of Antioxidant Compounds for Neurodegenerative Diseases: Perspectives and Limitations. Int. J. Mol. Sci. 2023,
24, 3739. [CrossRef]

44. Stewart, J.B.; Chinnery, P.F. The dynamics of mitochondrial DNA heteroplasmy: Implications for human health and disease. Nat.
Rev. Genet. 2015, 16, 530–542. [CrossRef]

45. Gorman, G.S.; Schaefer, A.M.; Ng, Y.; Gomez, N.; Blakely, E.L.; Alston, C.L.; Feeney, C.; Horvath, R.; Yu-Wai-Man, P.; Chinnery,
P.F.; et al. Prevalence of nuclear and mitochondrial DNA mutations related to adult mitochondrial disease. Ann. Neurol. 2015, 77,
753–759. [CrossRef] [PubMed]

46. Baker, M.J.; Crameri, J.J.; Thorburn, D.R.; Frazier, A.E.; Stojanovski, D. Mitochondrial biology and dysfunction in secondary
mitochondrial disease. Open Biol. 2022, 12, 220274. [CrossRef] [PubMed]

47. Burté, F.; Carelli, V.; Chinnery, P.F.; Yu-Wai-Man, P. Disturbed mitochondrial dynamics and neurodegenerative disorders. Nat.
Rev. Neurol. 2015, 11, 11–24. [CrossRef] [PubMed]

48. Islam, M.T. Oxidative stress and mitochondrial dysfunction-linked neurodegenerative disorders. Neurol. Res. 2017, 39, 73–82.
[CrossRef]

49. Baker, B.M.; Haynes, C.M. Mitochondrial protein quality control during biogenesis and aging. Trends Biochem. Sci. 2011, 36,
254–261. [CrossRef]

50. Moehle, E.A.; Shen, K.; Dillin, A. Mitochondrial proteostasis in the context of cellular and organismal health and aging. J. Biol.
Chem. 2019, 294, 5396–5407. [CrossRef]

51. Holt, I.; Harding, A.E.; Morgan-Hughes, J.A. Deletion of muscle mitochondrial DNA in patients with mitochondrial myopathies.
Nature 1988, 331, 717–719. [CrossRef]

52. Birtel, J.; von Landenberg, C.; Gliem, M.; Gliem, C.; Reimann, J.; Kunz, W.S.; Herrmann, P.; Betz, C.; Caswell, R.; Nesbitt, V.; et al.
Mitochondrial Retinopathy. Ophthalmol. Retin. 2022, 6, 65–79. [CrossRef]

53. Tsang, S.H.; Aycinena, A.R.; Sharma, T. Mitochondrial Disorder: Kearns-Sayre Syndrome. Adv. Exp. Med. Biol. 2018, 1085,
161–162.

54. Zeviani, M.; Carelli, V. Mitochondrial Retinopathies. Int. J. Mol. Sci. 2022, 23, 210. [CrossRef] [PubMed]
55. Cormier, V.; Rötig, A.; Quartino, A.R.; Forni, G.L.; Cerone, R.; Maier, M.; Saudubray, J.-M.; Munnich, A. Widespread multitissue

deletions of the mitochondrial genome in Pearsons marrow-pancreas syndrome. J. Pediatr. 1990, 117, 599–602. [CrossRef]
[PubMed]

56. Yoshimi, A.; Ishikawa, K.; Niemeyer, C.; Grünert, S.C. Pearson syndrome: A multisystem mitochondrial disease with bone
marrow failure. Orphanet J. Rare Dis. 2022, 17, 379. [CrossRef] [PubMed]

57. Ballinger, S.W.; Shoffner, J.M.; Hedaya, E.V.; Trounce, I.; Polak, M.A.; Koontz, D.A.; Wallace, D.C. Maternally transmitted diabetes
and deafness associated with a 10.4 kb mitochondrial DNA deletion. Nat. Genet. 1992, 1, 11–15. [CrossRef]

58. Yang, M.; Xu, L.; Xu, C.; Cui, Y.; Jiang, S.; Dong, J.; Liao, L. The Mutations and Clinical Variability in Maternally Inherited Diabetes
and Deafness: An Analysis of 161 Patients. Front. Endocrinol. 2021, 12, 728043. [CrossRef]

59. Chalmers, R.M.; Brockington, M.; Howard, R.S.; Lecky, B.R.F.; Morgan-Hughes, J.A.; Harding, A.E. Mitochondrial encephalopathy
with multiple mitochondrial DNA deletions. J. Neurol. Sci. 1996, 143, 41–45. [CrossRef]

60. Borgione, E.; Giudice, M.L.; Paola, S.S.; Giuliano, M.; Di Blasi, F.D.; Di Stefano, V.; Lupica, A.; Brighina, F.; Pettinato, R.;
Romano, C.; et al. The Mitochondrial tRNASer(UCN) Gene: A Novel m.7484A>G Mutation Associated with Mitochondrial
Encephalomyopathy and Literature Review. Life 2023, 13, 554. [CrossRef]

https://doi.org/10.1515/hsz-2020-0106
https://www.ncbi.nlm.nih.gov/pubmed/32142474
https://doi.org/10.1038/s41580-018-0092-0
https://www.ncbi.nlm.nih.gov/pubmed/30626975
https://doi.org/10.1097/01.GIM.0000117333.21213.17
https://doi.org/10.1016/j.gene.2005.03.026
https://www.ncbi.nlm.nih.gov/pubmed/15908146
https://doi.org/10.1080/15384101.2015.1053672
https://doi.org/10.1038/nature19356
https://doi.org/10.1038/s41598-018-30479-6
https://www.ncbi.nlm.nih.gov/pubmed/30104660
https://doi.org/10.1016/j.mito.2022.02.006
https://doi.org/10.3390/ijms24043739
https://doi.org/10.1038/nrg3966
https://doi.org/10.1002/ana.24362
https://www.ncbi.nlm.nih.gov/pubmed/25652200
https://doi.org/10.1098/rsob.220274
https://www.ncbi.nlm.nih.gov/pubmed/36475414
https://doi.org/10.1038/nrneurol.2014.228
https://www.ncbi.nlm.nih.gov/pubmed/25486875
https://doi.org/10.1080/01616412.2016.1251711
https://doi.org/10.1016/j.tibs.2011.01.004
https://doi.org/10.1074/jbc.TM117.000893
https://doi.org/10.1038/331717a0
https://doi.org/10.1016/j.oret.2021.02.017
https://doi.org/10.3390/ijms23010210
https://www.ncbi.nlm.nih.gov/pubmed/35008635
https://doi.org/10.1016/S0022-3476(05)80698-5
https://www.ncbi.nlm.nih.gov/pubmed/2213388
https://doi.org/10.1186/s13023-022-02538-9
https://www.ncbi.nlm.nih.gov/pubmed/36253820
https://doi.org/10.1038/ng0492-11
https://doi.org/10.3389/fendo.2021.728043
https://doi.org/10.1016/S0022-510X(96)00032-9
https://doi.org/10.3390/life13020554


Biology 2023, 12, 972 13 of 15

61. Ohno, K.; Tanaka, M.; Sahashi, K. Mitochondrial DNA deletions in inherited recurrent myoglobinuria. Ann. Neurol. 1991, 29,
364–369. [CrossRef] [PubMed]

62. Siciliani Scalco, R.; Gardiner, A.R.; Pitceathly, R.D.; Zanoteli, E.; Becker, J.; Holton, J.L.; Houlden, H.; Jungbluth, H.; Quinlivan, R.
Rhabdomyolysis: A genetic perspective. Orphanet J. Rare Dis. 2015, 10, 51. [CrossRef]

63. Fadic, R.; Russell, J.A.; Vedanarayanan, V.V.; Lehar, M.; Kuncl, R.W.; Johns, D.R. Sensory ataxic neuropathy as the presenting
feature of a novel mitochondrial disease. Neurology 1997, 49, 239–245. [CrossRef]

64. Okun, M.S.; Bhatti, M.T. SANDO: Another presentation of mitochondrial disease. Am. J. Ophthalmol. 2004, 137, 951–953.
[CrossRef] [PubMed]

65. Wallace, D.C.; Singh, G.; Lott, M.T.; Hodge, J.A.; Schurr, T.G.; Lezza, A.M.; Elsas, L.J., 2nd; Nikoskelainen, E.K. Mitochondrial
DNA mutation associated with Leber’s hereditary optic neuropathy. Science 1988, 242, 1427–1430. [CrossRef]

66. Yu-Wai-Man, P.; Chinnery, P.F. Leber Hereditary Optic Neuropathy. 26 October 2000; Updated 11 March 2021. In GeneRe-
views®Internet; Adam, M.P., Mirzaa, G.M., Pagon, R.A., Wallace, S.E., Bean, L.J., Gripp, K.W., Amemiya, A., Eds.; University
of Washington: Seattle, WA, USA, 2000. Available online: https://www.ncbi.nlm.nih.gov/books/NBK1174/ (accessed on
23 February 2023).

67. Manfredi, G.; Schon, E.A.; Moraes, C.T.; Bonilla, E.; Berry, G.T.; Sladky, J.T.; DiMauro, S. A new mutation associated with MELAS
is located in a mitochondrial DNA polypeptide-coding gene. Neuromuscul. Disord. 1995, 5, 391–398. [CrossRef]

68. Stefanetti, R.J.; Ng, Y.S.; Errington, L.; Blain, A.P.; McFarland, R.; Gorman, G.S. L-Arginine in Mitochondrial Encephalopathy,
Lactic Acidosis, and Stroke-like Episodes. A Systematic Review. Neurology 2022, 98, e2318–e2328. [CrossRef] [PubMed]

69. Thyagarajan, D.; Shanske, S.; Vazquez-Memije, M.; De Vivo, D.; DiMauro, S. A novel mitochondrial ATPase 6 point mutation in
familial bilateral striatal necrosis. Ann. Neurol. 1995, 38, 468–472. [CrossRef]

70. Finsterer, J. Neuropathy, Ataxia, and Retinitis Pigmentosa Syndrome. J. Clin. Neuromuscul. Dis. 2023, 24, 140–146. [CrossRef]
[PubMed]

71. Shoffner, J.M.; Lott, M.T.; Lezza, A.M.; Seibel, P.; Ballinger, S.W.; Wallace, D.C. Myoclonic epilepsy and ragged-red fiber disease
(MERRF) is associated with a mitochondrial DNA tRNA(Lys) mutation. Cell 1990, 61, 931–937. [CrossRef]

72. Velez-Bartolomei, F.; Lee, C.; Enns, G. GeneReviews® Internet; Adam, M.P., Mirzaa, G.M., Pagon, R.A., Wallace, S.E., Bean, L.J.H.,
Gripp, K.W., Amemiya, A., Eds.; University of Washington: Seattle, WA, USA, 1993.

73. Taylor, R.W.; Chinnery, P.F.; Bates, M.J.; Jackson, M.J.; Johnson, M.A.; Andrews, R.M.; Turnbull, D.M. A novel mitochondrial DNA
point mutation in the tRNA(Ile) gene: Studies in a patient presenting with chronic progressive external ophthalmoplegia and
multiple sclerosis. Biochem. Biophys. Res. Commun. 1998, 243, 47–51. [CrossRef]

74. Chalmers, R.M.; Lamont, P.J.; Nelson, I.; Ellison, D.W.; Thomas, N.H.; Harding, A.E.; Hammans, S.R. A mitochondrial DNA
tRNA(Val) point mutation associated with adult-onset Leigh syndrome. Neurology 1997, 49, 589–592. [CrossRef]

75. Rahman, S. Leigh syndrome. Handb. Clin. Neurol. 2023, 194, 43–63.
76. Beal, M.F. Mitochondria take center stage in aging and neurodegeneration. Ann. Neurol. 2005, 58, 495–505. [CrossRef]
77. Jia, F.; Fellner, A.; Kumar, K.R. Monogenic Parkinson′s Disease: Genotype, Phenotype, Pathophysiology, and Genetic Testing.

Genes 2022, 13, 471. [CrossRef] [PubMed]
78. Keita, M.; McIntyre, K.; Rodden, L.N.; Schadt, K.; Lynch, D.R. Friedreich ataxia: Clinical features and new developments.

Neurodegener. Dis. Manag. 2022, 12, 267–283. [CrossRef] [PubMed]
79. Stoker, T.B.; Mason, S.L.; Greenland, J.C.; Holden, S.T.; Santini, H.; Barker, R.A. Huntington′s disease: Diagnosis and management.

Pract. Neurol. 2022, 22, 32–41. [CrossRef]
80. Chia, R.; Chiò, A.; Traynor, B.J. Novel genes associated with amyotrophic lateral sclerosis: Diagnostic and clinical implications.

Lancet Neurol. 2018, 17, 94–102. [CrossRef] [PubMed]
81. Hetland, L.E.; Susrud, K.S.; Lindahl, K.H.; Bygum, A. Henoch-Schönlein Purpura: A Literature Review. Acta Derm. Venereol. 2017,

97, 1160–1166. [CrossRef] [PubMed]
82. López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. Hallmarks of aging: An expanding universe. Cell 2023, 186,

243–278. [CrossRef]
83. Greiner, S.; Lehwark, P.; Bock, R. OrganellarGenomeDRAW (OGDRAW) version 1.3.1: Expanded toolkit for the graphical

visualization of organellar genomes. Nucleic Acids Res. 2019, 47, W59–W64. [CrossRef]
84. Prince, M.; Bryce, R.; Albanese, E.; Wimo, A.; Ribeiro, W.; Ferri, C.P. The global prevalence of dementia: A systematic review and

metaanalysis. Alzheimer’s Dement 2013, 9, 63–75. [CrossRef]
85. Prince, M.; Guerchet, M.; Prina, M. The Epidemiology and Impact of Dementia: Current State and Future Trends. 2015. Available

online: http://www.who.int/mental_health/neurology/en/ (accessed on 26 March 2015).
86. Norfray, J.F.; Provenzale, J.M. Alzheimer’s Disease: Neuropathologic Findings and Recent Advances in Imaging. Am. J. Roentgenol.

2004, 182, 3–13. [CrossRef]
87. Selkoe, D.J. Alzheimer’s disease: Genes, proteins, and therapy. Physiol. Rev. 2001, 81, 741–766. [CrossRef]
88. Seynnaeve, D.; Del Vecchio, M.; Fruhmann, G.; Verelst, J.; Cools, M.; Beckers, J.; Mulvihill, D.P.; IWinderickx, J.; Franssens, V.

Recent Insights on Alzheimer’s Disease Originating from Yeast Models. Int. J. Mol. Sci. 2018, 19, 1947. [CrossRef] [PubMed]
89. Monzio Compagnoni, G.; Di Fonzo, A.; Corti, S.; Comi, G.P.; Bresolin, N.; Masliah, E. The Role of Mitochondria in Neurodegener-

ative Diseases: The Lesson from Alzheimer′s Disease and Parkinson’s Disease. Mol. Neurobiol. 2020, 57, 2959–2980. [CrossRef]
[PubMed]

https://doi.org/10.1002/ana.410290406
https://www.ncbi.nlm.nih.gov/pubmed/1929207
https://doi.org/10.1186/s13023-015-0264-3
https://doi.org/10.1212/WNL.49.1.239
https://doi.org/10.1016/j.ajo.2003.10.046
https://www.ncbi.nlm.nih.gov/pubmed/15126171
https://doi.org/10.1126/science.3201231
https://www.ncbi.nlm.nih.gov/books/NBK1174/
https://doi.org/10.1016/0960-8966(94)00079-O
https://doi.org/10.1212/WNL.0000000000200299
https://www.ncbi.nlm.nih.gov/pubmed/35428733
https://doi.org/10.1002/ana.410380321
https://doi.org/10.1097/CND.0000000000000422
https://www.ncbi.nlm.nih.gov/pubmed/36809201
https://doi.org/10.1016/0092-8674(90)90059-N
https://doi.org/10.1006/bbrc.1997.8055
https://doi.org/10.1212/WNL.49.2.589
https://doi.org/10.1002/ana.20624
https://doi.org/10.3390/genes13030471
https://www.ncbi.nlm.nih.gov/pubmed/35328025
https://doi.org/10.2217/nmt-2022-0011
https://www.ncbi.nlm.nih.gov/pubmed/35766110
https://doi.org/10.1136/practneurol-2021-003074
https://doi.org/10.1016/S1474-4422(17)30401-5
https://www.ncbi.nlm.nih.gov/pubmed/29154141
https://doi.org/10.2340/00015555-2733
https://www.ncbi.nlm.nih.gov/pubmed/28654132
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1093/nar/gkz238
https://doi.org/10.1016/j.jalz.2012.11.007
http://www.who.int/mental_health/neurology/en/
https://doi.org/10.2214/ajr.182.1.1820003
https://doi.org/10.1152/physrev.2001.81.2.741
https://doi.org/10.3390/ijms19071947
https://www.ncbi.nlm.nih.gov/pubmed/29970827
https://doi.org/10.1007/s12035-020-01926-1
https://www.ncbi.nlm.nih.gov/pubmed/32445085


Biology 2023, 12, 972 14 of 15

90. Dhapola, R.; Sarma, P.; Medhi, B.; Prakash, A.; Reddy, D.H. Recent Advances in Molecular Pathways and Therapeutic Implications
Targeting Mitochondrial Dysfunction for Alzheimer’s Disease. Mol. Neurobiol. 2022, 59, 535–555. [CrossRef]

91. Cummings, J.L.; Tong, G.; Ballard, C. Treatment Combinations for Alzheimer’s Disease: Current and Future Pharmacotherapy
Options. J. Alzheimers 2019, 67, 779–794. [CrossRef] [PubMed]

92. Ciurea, V.A.; Covache-Busuioc, R.A.; Mohan, A.G.; Costin, H.P.; Voicu, V. Alzheimer’s disease: 120 years of research and progress.
J. Med. Life 2023, 16, 173–177. [CrossRef]

93. Poewe, W.; Seppi, K.; Tanner, C.M.; Halliday, G.M.; Brundin, P.; Volkmann, J.; Schrag, A.E.; Lang, A.E. Parkinson dis-ease. Nat.
Rev. Dis. Prim. 2017, 3, 17013. [CrossRef]

94. Bloem, B.R.; Okun, M.S.; Klein, C. Parkinson’s disease. Lancet 2021, 397, 2284–2303. [CrossRef]
95. Surmeier, D.J. Determinants of Dopaminergic Neuron Loss in Parkinson′s Disease. FEBS J. 2018, 285, 3657–3668. [CrossRef]
96. Masato, A.; Plotegher, N.; Boassa, D.; Bubacco, L. Impaired dopamine metabolism in Parkinson’s disease pathogenesis. Mol.

Neurodegener. 2019, 14, 35. [CrossRef]
97. Checler, F.; Alves da Costa, C. Parkin as a Molecular Bridge Linking Alzheimer’s and Parkinson’s Diseases? Biomolecules 2022,

12, 559. [CrossRef] [PubMed]
98. Liu, Z.; Yang, N.; Dong, J.; Tian, W.; Chang, L.; Ma, J.; Guo, J.; Tan, J.; Dong, A.; He, K.; et al. Deficiency in endocannabinoid

syn-thase DAGLB contributes to early onset Parkinsonism and murine nigral dopaminergic neuron dysfunction. Nat. Commun.
2022, 13, 3490. [CrossRef]

99. Kumar, K.R.; Lohmann, K.; Klein, C. Genetics of Parkinson disease and other movement disorders. Curr. Opin. Neurol. 2012, 25,
466–474. [CrossRef] [PubMed]

100. Zhou, X.; Xiang, Y.; Song, T.; Zhao, Y.; Pan, H.; Xu, Q.; Chen, Y.; Sun, Q.; Wu, X.; Yan, X.; et al. Character-istics of fatigue in
Parkinson’s disease: A longitudinal cohort study. Front. Aging Neurosci. 2023, 15, 1133705. [CrossRef] [PubMed]

101. Scaltsoyiannes, V.; Corre, N.; Waltz, F.; Giegé, P. Types and Functions of Mitoribosome-Specific Ribosomal Proteins across
Eukaryotes. Int. J. Mol. Sci. 2022, 23, 3474. [CrossRef]

102. Sharma, M.R.; Booth, T.M.; Simpson, L.; Maslov, D.A.; Agrawal, R.K. Structure of a mitochondrial ribosome with minimal RNA.
Proc. Natl. Acad. Sci. USA 2009, 106, 9637–9642. [CrossRef]

103. Greber, B.J.; Bieri, P.; Leibundgut, M.; Leitner, A.; Aebersold, R.; Boehringer, D.; Ban, N. Ribosome. The complete structure of the
55S mammalian mitochondrial ribosome. Science 2015, 348, 303–308. [CrossRef]

104. Amunts, A.; Brown, A.; Toots, J.; Scheres, S.H.W.; Ramakrishnan, V. The structure of the human mitochondrial ribosome. Science
2015, 348, 95–98. [CrossRef]

105. Greber, B.J.; Ban, N. Structure and Function of the Mitochondrial Ribosome. Annu. Rev. Biochem. 2016, 85, 103–132. [CrossRef]
106. Mai, N.; Chrzanowska-Lightowlers, Z.M.A.; Lightowlers, R.N. The process of mammalian mitochondrial protein synthesis. Cell

Tissue Res. 2017, 367, 5–20. [CrossRef]
107. Ferrari, A.; Del’olio, S.; Barrientos, A. The Diseased Mitoribosome. FEBS Lett. 2021, 595, 1025–1061. [CrossRef] [PubMed]
108. Vafai, S.B.; Mootha, V.K. Mitochondrial disorders as windows into an ancient organelle. Nature 2012, 491, 374–383. [CrossRef]

[PubMed]
109. Boczonadi, V.; Horvath, R. Mitochondria: Impaired mitochondrial translation in human disease. Int. J. Biochem. Cell Biol. 2014, 48,

77–84. [CrossRef] [PubMed]
110. Rotig, A. Human diseases with impaired mitochondrial protein synthesis. Biochim. Biophys. Acta 2011, 1807, 1198–1205. [CrossRef]
111. Boczonadi, V.; Ricci, G.; Horvath, R. Mitochondrial DNA transcription and translation: Clinical syndromes. Essays Biochem. 2018,

62, 321–340.
112. Lopez Sanchez, M.I.G.; Krüger, A.; Shiriaev, D.I.; Liu, Y.; Rorbach, J. Human Mitoribosome Biogenesis and Its Emerging Links to

Disease. Int. J. Mol. Sci. 2021, 22, 3827. [CrossRef]
113. Greber, B.J.; Boehringer, D.; Leibundgut, M.; Bieri, P.; Leitner, A.; Schmitz, N.; Aebersold, R.; Ban, N. The complete structure of the

large subunit of the mammalian mitochondrial ribosome. Nature 2014, 515, 283–286. [CrossRef]
114. Lake, N.J.; Bird, M.J.; Isohanni, P.; Paetau, A. Leigh Syndrome: Neuropathology and Pathogenesis. J. Neuropathol. Exp. Neurol.

2015, 74, 482–492. [CrossRef]
115. Lin, M.T.; Beal, M.F. Mitochondrial dysfunction and oxidative stress in neurodegenerative diseases. Nature 2006, 443, 787–795.

[CrossRef]
116. Danial, N.N.; Korsmeyer, S.J. Cell Death: Critical Control Points. Cell 2004, 116, 205–219. [CrossRef]
117. Scarpelli, M.; Todeschini, A.; Volonghi, I.; Padovani, A.; Filosto, M. Mitochondrial diseases: Advances and issues. Appl. Clin.

Genet. 2017, 10, 21–26. [CrossRef]
118. Filosto, M.; Mancuso, M. Mitochondrial diseases: A nosological update. Acta Neurol. Scand. 2007, 115, 211–221. [CrossRef]
119. Nafisinia, M.; Guo, Y.; Dang, X.; Li, J.; Chen, Y.; Zhang, J.; Lake, N.J.; Gold, W.A.; Riley, L.G.; Thorburn, D.R.; et al. Whole Exome

Sequencing Identifies the Genetic Basis of Late-Onset Leigh Syndrome in a Patient with MRI but Little Biochemical Evidence of a
Mitochondrial Disorder. JIMD Rep. 2017, 32, 117–124.

120. Taylor, S.W.; Fahy, E.; Zhang, B.; Glenn, G.M.; Warnock, D.E.; Wiley, S.; Murphy, A.N.; Gaucher, S.P.; Capaldi, R.A.; Gibson, B.W.;
et al. Characterization of the human heart mitochondrial proteome. Nat. Biotechnol. 2003, 21, 281–286. [CrossRef]

121. Lescuyer, P.; Strub, J.M.; Luche, S.; Diemer, H.; Martinez, P.; Van Dorsselaer, A.; Lunardi, J.; Rabilloud, T. Progress in the defi-nition
of a reference human mitochondrial proteome. Proteomics 2003, 3, 157–167. [CrossRef]

https://doi.org/10.1007/s12035-021-02612-6
https://doi.org/10.3233/JAD-180766
https://www.ncbi.nlm.nih.gov/pubmed/30689575
https://doi.org/10.25122/jml-2022-0111
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1016/S0140-6736(21)00218-X
https://doi.org/10.1111/febs.14607
https://doi.org/10.1186/s13024-019-0332-6
https://doi.org/10.3390/biom12040559
https://www.ncbi.nlm.nih.gov/pubmed/35454148
https://doi.org/10.1038/s41467-022-31168-9
https://doi.org/10.1097/WCO.0b013e3283547627
https://www.ncbi.nlm.nih.gov/pubmed/22772876
https://doi.org/10.3389/fnagi.2023.1133705
https://www.ncbi.nlm.nih.gov/pubmed/36967819
https://doi.org/10.3390/ijms23073474
https://doi.org/10.1073/pnas.0901631106
https://doi.org/10.1126/science.aaa3872
https://doi.org/10.1126/science.aaa1193
https://doi.org/10.1146/annurev-biochem-060815-014343
https://doi.org/10.1007/s00441-016-2456-0
https://doi.org/10.1002/1873-3468.14024
https://www.ncbi.nlm.nih.gov/pubmed/33314036
https://doi.org/10.1038/nature11707
https://www.ncbi.nlm.nih.gov/pubmed/23151580
https://doi.org/10.1016/j.biocel.2013.12.011
https://www.ncbi.nlm.nih.gov/pubmed/24412566
https://doi.org/10.1016/j.bbabio.2011.06.010
https://doi.org/10.3390/ijms22083827
https://doi.org/10.1038/nature13895
https://doi.org/10.1097/NEN.0000000000000195
https://doi.org/10.1038/nature05292
https://doi.org/10.1016/S0092-8674(04)00046-7
https://doi.org/10.2147/TACG.S94267
https://doi.org/10.1111/j.1600-0404.2006.00777.x
https://doi.org/10.1038/nbt793
https://doi.org/10.1002/pmic.200390024


Biology 2023, 12, 972 15 of 15

122. Uechi, T.; Tanaka, T.; Kenmochi, N. A complete map of the human ribosomal proteingenes: Assignment of 80 genes to the
cytogenetic map and implications for human disorders. Genomics 2001, 72, 223–230. [CrossRef] [PubMed]

123. Melnikov, S.; Ben-Shem, A.; De Loubresse, N.G.; Jenner, L.; Yusupova, G.; Yusupov, M. One core, two shells: Bacterial and
eukaryotic ribosomes. Nat. Struct. Mol. Biol. 2012, 19, 560–567. [CrossRef]

124. Kressler, D.; Hurt, E.; Baßler, J. A Puzzle of Life: Crafting Ribosomal Subunits. Trends Biochem. Sci. 2017, 42, 640–654. [CrossRef]
125. Sissler, M.; Hashem, Y. Mitoribosome assembly comes into view. Nat. Struct. Mol. Biol. 2021, 28, 631–633. [CrossRef] [PubMed]
126. Robles, P.; Quesada, V. Emerging Roles of Mitochondrial Ribosomal Proteins in Plant Development. Int. J. Mol. Sci. 2017, 18, 2595.

[CrossRef] [PubMed]
127. DiMauro, S.; Schon, E.A. Mitochondrial Respiratory-Chain Diseases. N. Engl. J. Med. 2003, 348, 2656–2668. [CrossRef] [PubMed]
128. O′Brien, T.W. Properties of Human Mitochondrial Ribosomes. IUBMB Life 2003, 55, 505–513. [CrossRef] [PubMed]
129. Kenmochi, N.; Suzuki, T.; Uechi, T.; Magoori, M.; Kuniba, M.; Higa, S.; Watanabe, K.; Tanaka, T. The Human Mitochondrial

Ribosomal Protein Genes: Mapping of 54 Genes to the Chromosomes and Implications for Human Disorders. Genomics 2001, 77,
65–70. [CrossRef]

130. Yeo, J.H.C.; Skinner, J.P.J.; Bird, M.; Formosa, L.E.; Zhang, J.-G.; Kluck, R.M.; Belz, G.T.; Chong, M.M.W. A Role for the
Mitochondrial Protein Mrpl44 in Maintaining OXPHOS Capacity. PLoS ONE 2015, 10, e0134326. [CrossRef] [PubMed]

131. Verity, M.A. Environmental neurotoxicity of chemicals and radiation. Curr. Opin. Neurol. Neurosurg. 1993, 6, 437–442. [PubMed]
132. Larner, A.J. Alzheimer’s disease, Kuf ’s disease, tellurium and selenium. Med. Hypotheses 1996, 47, 73–75. [CrossRef]
133. Larner, A.J. Biological effects of tellurium, A review. Trace Elem. Electrolytes 1995, 12, 26–31.
134. Pontieri, P.; De Stefano, M.; Massardo, D.R.; Gunge, N.; Miyakawa, I.; Sando, N.; Pignone, D.; Pizzolante, G.; Romano, R.; Alifano,

P.; et al. Tellurium as a valuable tool for studying the prokaryotic origins of mitochondria. Gene 2015, 559, 177–183. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1006/geno.2000.6470
https://www.ncbi.nlm.nih.gov/pubmed/11401437
https://doi.org/10.1038/nsmb.2313
https://doi.org/10.1016/j.tibs.2017.05.005
https://doi.org/10.1038/s41594-021-00640-3
https://www.ncbi.nlm.nih.gov/pubmed/34381242
https://doi.org/10.3390/ijms18122595
https://www.ncbi.nlm.nih.gov/pubmed/29207474
https://doi.org/10.1056/NEJMra022567
https://www.ncbi.nlm.nih.gov/pubmed/12826641
https://doi.org/10.1080/15216540310001626610
https://www.ncbi.nlm.nih.gov/pubmed/14658756
https://doi.org/10.1006/geno.2001.6622
https://doi.org/10.1371/journal.pone.0134326
https://www.ncbi.nlm.nih.gov/pubmed/26221731
https://www.ncbi.nlm.nih.gov/pubmed/8507914
https://doi.org/10.1016/S0306-9877(96)90440-5
https://doi.org/10.1016/j.gene.2015.01.060

	Introduction 
	Mitochondrial Neurodegenerative Diseases 
	Alzheimer’s Disease in Brief 
	Parkinson’s Disease in Brief 

	Mitochondrial Ribosomal Proteins Associated with Mitochondrial Neurodegenerative Diseases 
	Three Mitochondrial Ribosomal Proteins as Intermediate Stage in a Path Connected with Alzheimer’s and Parkinson’s 
	The Pathophysiology of Mitochondrial Diseases 
	The Connection between Mitochondrial Dysfunctions and the Effects of Heavy Metals and Metalloid Oxyanions 

	Experimental Hypothesis for the Isolation and Characterization of the Three Proteins MRPL44, NAM9 and GEP3 
	Conclusions 
	References

