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Abstract: Disease and ageing are linked in many ways and especially by the mechanisms they
share. For many diseases, the process of ageing is the main culprit leading to the pathology.
Hence, it is crucial to understand the process of ageing, and its molecular and cellular
mechanisms to have a better understanding and perspective on these age-related diseases.
Neurodegenerative diseases are probably the most common types of age-related diseases.
Their pathology is complex, however, changes in neurotransmitter levels are almost always
present. These types of changes occur during ageing as well, therefore, exploring the link
between those processes can give a clue for possible treatments. Monoamine oxidases (MAOSs)
are enzymes that break down monoamine neurotransmitters and their dysregulation has long
been recorded in age-related neurodegenerative diseases such as Alzheimer’s and
Parkinson’s disease. There is strong evidence that modulating the MAQOs’ expression and
activity can be beneficial for patients suffering from these illnesses. Herein we critically
analyze the literature and make associations among ageing, MAOs’ activity and
neurotransmitters’ levels, thus highlighting their role in neurodegenerative diseases.

Keywords: Ageing, Age-related disease, Neurodegenerative disease, Monoamine oxidase
(MAO), MAO-A, MAO-B, MAOIs (monoamine oxidase inhibitors).

Introduction

Ageing is a multifactorial process, distinguished by numerous events at the molecular, cellular
and organismal levels. An overall functional decline is usually observed during ageing, which
is associated with increased susceptibility to diseases that would probably result in the eventual
death of the ageing organism [24]. Due to the development of new techniques in recent years
scientists have focused their attention on the processes of ageing and its hallmarks. Extensive
efforts have been invested in exploring its mechanisms as well as in the search for various
strategies, which may prevent the ageing of the organism. Importantly, the pursuit of delaying
the overall ageing but also the prevention and treatment of age-related diseases present the
cornerstone in ageing research. When it comes to humans, there are several types of diseases,
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which correlate with or are a result of ageing. Some of the major ones are cardiovascular
diseases, diabetes, osteoporosis, cancer and neurodegeneration. Among those,
neurodegeneration repeatedly escalates with age and leads to a significant increase in dementia-
related diseases [2]. One prevalent example of this is the rise in overall death rates caused by
Alzheimer’s disease worldwide [23]. Thus, understanding in detail the process of ageing will
allow a better approach to the prevention and treatment of age-related diseases.

Hallmarks of ageing

Although the incredible complexity of ageing, there have been established several hallmarks of
it that give a more accurate picture, allowing for a deeper understanding of the mechanisms
behind this process. These hallmarks are illustrated in Fig. 1 [31].
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Fig. 1 Hallmarks of ageing reviewed in [1]

Cellular senescence

As discovered by Hayflick and colleagues, normal cells have a limited ability to proliferate in
culture as they double their population a fixed number of times [20]. The process of stable cell
cycle arrest is known as cellular senescence (CS). Even though CS plays a key role in anti-
cancer and tumour-suppressive mechanisms, it also takes part in inducing degeneration of
ageing tissues via the loss of regeneration and repair of the cells. Therefore, CS is considered
one of the hallmarks of ageing [6]. Studies have shown that different kinds of intrinsic and
extrinsic stimuli and stress signals lead to CS [39]. Specifically, telomere shortening or
alteration, oncogenic stress, oxidative stress, radiation, genotoxic stress, mitochondrial
dysfunction and different epigenetic changes are some examples of the abovementioned
stimuli. Moreover, senescent cells are recognizable by their significant difference in gene
expression along with chromatin remodelling, typical increased lysosomal activity, particular
changes in structure and morphology in most cases, as well as the development of the
senescence-associated secretory phenotype (SASP) [6, 28].

Stem cell exhaustion

A considerable body of evidence has demonstrated that stem cell exhaustion has been
implicated in tissue and organ decline with age [53]. Regeneration of the tissues depends on
two functions of utmost importance of the tissue-specific stem cells. Precisely, these are self-
renewability and production of differentiated cells. However, stem cells have a life-long
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persistence, which makes them more vulnerable to the accumulation of cellular and DNA
damage and therefore eventually leading to cell death along with the loss of regenerative
function. Alterations in cell signalling pathways are another major cause of stem cell
exhaustion, especially in the case of extracellular signalling pathways, that occur in stem cell
niches [35].

Genomic instability

DNA damage is known to accumulate with ageing due to various intrinsic and extrinsic factors
and stressors [45]. The resulting genomic instability through the accumulation of DNA damage
leads to the eventual deterioration of tissues and organs, which is prevalent in an ageing
organism. The occurrence of DNA damage or the so-called DNA lesions is a result of different
point mutations, deletions, insertions or even large chromosomal aberrations. As mentioned,
there are different causes of DNA lesions. Such may be the oxidative stress when the DNA is
exposed to reactive oxygen species (ROS), piled up by the cell’s metabolic activity [45].
Replication errors and stress are considered also as major causes of genomic instability.
Even though DNA polymerases replicate DNA with high accuracy, an insertion of incorrect
nucleotides still occurs, which are then proofread and repaired. However, different types of
machinery responsible for the detection and repair alternate their activity with the advancement
of age. Furthermore, there are various factors such as reduced nucleotide pool, impaired
nucleosome assembly and unrepaired DNA damage, which can cause the stalling of the
replication fork, leading eventually to major genomic instability [45, 57].

Telomere attrition

Telomeres play an incredibly important role in cells as their main function is to protect the
chromosomes from premature end-to-end degradation and chromosomal instability that occurs
due to the telomeres’ specific structure [18]. Moreover, telomeres can be actively transcribed
despite their heterochromatic state, whereas the products from the transcription are in most
cases long non-coding RNAs that have a regulatory function of the telomeres and telomerase
activity. Alternatively, telomerase is a DNA polymerase responsible for telomere elongation by
adding nucleotides at the 3’ ends. However, telomerase is incapable of completely replicating
the 3’ end of the DNA strand resulting in the shortening of the telomeres at each cell division
cycle. With the ageing of an organism, telomeres’ length progressively shortens causing
chromosomal instability. Subsequently, the length of a telomere has been identified as one of
the best biomarkers of ageing [31, 55].

Epigenetic alterations

The patterns of DNA methylation have proven to be an underlying factor in the epigenetic
changes of ageing. Globally, DNA methylation decreases with age except in certain specific
regions where hypermethylation occurs. Diverse types of epigenetic changes like histone
modifications (acetylation and deacetylation, methylation and demethylation, phosphorylation
and many others) and DNA methylation have multiple and varied roles and effects on cells and
tissues throughout life [9, 37, 41]. Consequently, epigenetic mechanisms are involved in the
process of ageing as well. There is evidence that certain histone modifications affect ageing too
[9, 19]. For example, increased acetylation of histones H4K16 and H3K9 has been recognized
as age-associated epigenetic markers. Additionally, methylation and demethylation of the
histones are important modifications in ageing [19]. These changes are most evident in histones
H3 and H4 as H4K20 methylation and H3K16 trimethylation tend to decrease with age, while
H3K27 trimethylation and H3K79 methylation and demethylation increase [37]. There are
other epigenetic alterations affecting ageing such as chromatin remodelling, transcriptional
alterations and changes in the expressions of microRNAs (miRNAs) [19, 31].
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Mitochondrial oysfunction

Mitochondrial dysfunction has been repeatedly demonstrated as one of the integral causes of
ageing [52]. The main causes of decline in mitochondrial function are respiratory chain
dysfunctions. They can occur through damage or mutations in the mitochondrial DNA
(mtDNA). A significant body of evidence indicates the implication of mtDNA deletions in
different human tissues with ageing [14, 48]. For a long time, a cause for the occurrence of
mitochondrial dysfunction has been attributed to the production of ROS from the mitochondria
as they are considered the main producer of ROS in the cell. Moreover, the oxidative damage
induced by ROS to lipids, proteins and DNA has been identified in both model organisms and
humans [36, 52]. However, the idea of ROS causing mitochondrial dysfunction remains
inconclusive. Authors have reported that the observed phenomenon cannot be ascribed to the
fact that the increased use of antioxidants does not decrease mitochondrial damage such as
mtDNA deterioration or decreased biogenesis [36, 52].

Loss of proteostasis, deregulated nutrient sensing

and changes in the intracellular communication

The stability of proteins in the cell relies on regulatory mechanisms such as the correct folding
of proteins and degradation of proteins by the proteasome or lysosome. With age, these
mechanisms endure alterations leading to the accumulation of unfolded, misfolded and
aggregated proteins in the ageing cell. This leads to the appearance of the pathology of many
age-related diseases [31].

Nutrient sensing constitutes another hallmark of ageing as it has been demonstrated that
intervening with nutrient signalling pathways can attenuate ageing in various organisms [8].
The first nutrient pathway recognized to regulate ageing is the insulin/insulin-like growth factor
1 (IGF-1) signalling pathway and its effects on ageing can be most famously reduced by calorie
restriction [25].

Other pathways are altered during ageing, as well. Specifically, certain intracellular
communications are deregulated such as endocrine, neuroendocrine and neuronal
communications. Along with the aforementioned alternations, the inflammation is increased,
while the immune reactions against pathogens are decreased [31].

Ageing and age-related diseases

The hallmarks of ageing described above are signs of deterioration of the organism observed in
ageing but also correlate to the occurrence of age-related diseases. As mentioned, the processes
of ageing tend to be manifested in several types of diseases, which will be discussed in the
following paragraphs. They include cancer, cardiovascular diseases, metabolic diseases,
musculoskeletal disorders and neurodegenerative diseases on which we gather our focus.

Cancer

As the average life expectancy in most developed countries has increased to over 80 years,
cancer has become an escalating health problem. According to the Global Cancer Incidence,
Mortality and Prevalence Survey (GLOBOCAN, 2020), the International Agency for Research
on Cancer declared a record of about 19.3 million new cancer cases and 10 million cancer
deaths for 2020 and estimates a rise of 47% in cancer cases for 2040 [47]. Even though ageing
is the main risk factor for cancer, the ageing cell and the cancer cell are considered to be
contradictory to each other in terms of the ongoing processes. The ageing cell goes through a
“loss of function and fitness”, while the cancer cell has a “gain of function and fitness”. Yet,
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ageing and cancer cells share many characteristics. Some of the hallmarks of ageing such as
genomic instability, deregulated nutrient sensing, and mitochondrial dysfunction are similar in
cancer cells as well. DNA damage is what triggers cells’ exhaustion. Similarly, cellular damage
leads to cellular death (the final result of ageing) but when some additional mutations occur
cells deviate from that pathway and transform into cancer cells [1].

Cardiovascular diseases

Cardiovascular diseases (CVDs) and especially ischemic heart disease are leading causes of
death worldwide [27]. CVDs are intertwined with ageing, which is evident by the increased
instances of CVDs among the population over 65 years of age. The process of ageing is
suggested to be responsible for the deterioration of cardiovascular structures and functions as
well as for the debilitated response to CVD. The structural deterioration of the cardiovascular
system occurs due to the molecular mechanism of ageing in these tissues. An example is the
accumulation of oxidative damage caused by the ROS produced from mitochondria as heart
tissues are rich in them due to the consequence of high metabolic demand. Other factors such
as altered proteostasis and dysregulated signalling pathways can significantly influence cardiac
ageing. Some examples of affecting vascular ageing are cell senescence and dysregulated
apoptosis as well as depletion of stem cells [54]. These are just a few of the mechanisms of
ageing responsible for CVDs but it is evident that the process of ageing is considered the main
culprit for these types of diseases [7].

Metabolic diseases

Obesity is a major risk factor for metabolic diseases such as type 2 diabetes (T2D). However,
an abnormally elevated body mass index (BMI) does not encompass the whole picture, since
impaired glucose homeostasis is correlated to increasing age [34]. Ageing is likewise
intertwined with diseases like T2D. Virtually all of the hallmarks of ageing can potentially
induce processes, which lead to T2D. An increase in age is associated not just with impaired
glucose homeostasis but also impaired insulin secretion from (3-cells along with a reduction in
insulin sensitivity. Moreover, B-cell death is promoted via mitochondrial dysfunction [30, 34].

Neurodegenerative diseases

Regarding the pathology of the most common neurodegenerative diseases, it is evident that the
process of ageing is a major driving force. The two most common neurodegenerative diseases
that predominantly occur in the elderly are Alzheimer’s (AD) and Parkinson’s disease (PD).
Other neurodegenerative diseases, which have an important connection to ageing, include
ataxia-telangiectasia, amyotrophic lateral sclerosis (ALS) and Huntington's disease (HD).
These diseases share many characteristics with the hallmarks of ageing. For instance, in ALS
several pathways are dysregulated such as protein homeostasis, nucleoplasmic and endosomal
transport. Concerning HD, due to the presence of the cytotoxic Huntington protein, proteostasis
is affected leading to cellular impairment [21].

Alzheimer ’s disease

Trevisan et al. reported a positive link between Alzheimer’s incidence and age and even though
healthy ageing may help in avoiding the disease, it does not ensure prevention [51]. AD is
manifested with clinical features like memory and learning deficits, disorientation and
behavioural issues. At the molecular level, it is characterized by the aggregation of extracellular
AP plaques and p-tau neurofibrillary tangles in the brain. The aggregation of these molecular
patterns in AD is a complex combination of events, which occur in ageing as well such as DNA
damage, changes in expression due to histone modifications and an increase in senescing neural
cells [21, 29].
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Parkinson’s disease

Since the 1990s, the number of people suffering from PD has doubled, whereas ageing
populations have greatly contributed to this trend [17]. A hallmark of PD is lying behind the
loss of dopaminergic neurons in the substantia nigra resulting in dopamine deficiency.
Interestingly, aggregates of a-synuclein in intracellular inclusions alongside mitochondrial
dysfunction are also characteristics of PD. A risk factor for developing PD is DNA repair
defects as they can affect the dopaminergic axis. Moreover, authors have found the association
between CS in brain tissues with PD is based on the deposition of a-synuclein [21, 29].

Monoamine oxidases drive age-associated changes in neurotransmitters

The pathologies of neurodegenerative disorders are often associated with and influenced by the
production, transport and subsequent failure in signalling [59]. Some neurotransmitters are
crucial for the proliferation of new neural cells. Therefore, to fully understand the way and to
what extent ageing affects the rate of neurodegenerative disorders, it is of great importance to
investigate any possible alternation of levels in neurotransmitters during ageing.

Types of neurotransmitters

Monoamine neurotransmitters consist of serotonin or 5-hydroxytryptamine (5-HT) and the
catecholamines dopamine, adrenaline, and noradrenaline [59]. These compounds have multiple
functions including modulation of psychomotor function, cardiovascular, respiratory and
gastrointestinal control, sleep mechanisms, hormone secretion, body temperature, and pain.

Dopamine is classified as one of the 7 major neurotransmitters with a significant impact on
cognitive functions, learning motor and mood control. Dopamine’s pivotal role in neuronal
proliferation and differentiation in adults has been discussed in a previous paper by Mishra and
colleagues [33]. The same was reported in another research showing that reduction in cognitive
abilities in aged individuals is correlated with decreased dopamine receptors and transporters
while younger individuals showcase higher synthesis capacity [3].

In the development of a wide range of neurodegenerative diseases, serotonin or
5-hydroxytryptamine (5-HT) plays a central role. Loss of 5-HT has been discovered in
serotonergic neurons and receptors in the case of AD, for instance. This correlates to the fact
that 5-HT is involved in most types of behaviour and physiological functions such as eating,
circadian rhythmicity, etc. [13]. During ageing in humans, it has been shown that 5-HT levels
decline in certain brain regions along with a decrease in the density of defined 5-HT receptors
[32, 56]. However, there is evidence displaying an increase of 5-HT levels in some brain regions
with ageing, as well as in specific 5-HT receptors. Overall, it is evident that 5-HT levels are
influenced by the process of ageing [11].

Other notable neurotransmitters are gamma-aminobutyric acid (GABA) and acetylcholine.
GABA is known as a main inhibitory neurotransmitter in the brain and interestingly, its levels
alternate with ageing. GABA is important for the excitatory-inhibitory balance in the brain.
Importantly, Ethiraj and colleagues have reported a decrease in GABA levels, as well as in the
expression of certain subunits of GABA receptors with age. The authors hypothesized that the
observed changes could be linked to the emergence of neurological conditions such as AD and
depression [10]. Acetylcholine acts in motor neurons, the autonomic nervous system and in the
brain as a neuromodulator. The synthesis of acetylcholine declines with age, which is
accompanied by an increase in acetylcholine degradation. Notably, the same tendency as
mentioned above for GABA and acetylcholine has been observed in neurodegenerative diseases
like AD and PD [43].

330



@ Int.J. BIOAUTOMATION, 2022, 26(4), 325-338 doi: 10.7546/ijba.2022.26.4.000879

MAOQO enzymes and the process of ageing

Taking into account that monoamine neurotransmitters and more specifically 5-HT, dopamine
and norepinephrine have a central role in the development of many neurodegenerative
disorders, it would be meaningful to look at their mechanisms of regulation. This will assist in
the understanding of their role in the pathology of diseases and give some insight into potential
new treatment strategies. Maybe the most fundamental regulation of monoamine
neurotransmitter levels occurs via enzymatic degradation, which is mediated by the enzymes
monoamine oxidases [4].

MAO-A and MAO-B

After the first isolation of the MAO enzyme from a rabbit liver in 1928 by Mary Hare, two
isoenzymes in humans have been established — monoamine oxidase A (MAO-A) and
monoamine oxidase B (MAO-B). The genes for the two isoenzymes span over 60 kb and are
located on the short arm of the X-chromosome (Xp11.23). Both genes consist of 15 exons with
the identical organization of exons and introns. Certain variations and mutations in these genes
are correlated with different disorders and neurological conditions, as the last is relevant for
MAO-A gene [4, 44]. The promoter region of the MAOA gene is an example of the
aforementioned fact since a functional polymorphism of a variable number tandem repeat
(VNTR) has been shown to influence certain neurological conditions. According to
Samochowiec et al., the VNTR sequence is present in a different number of copies and based
on these, the transcription of the gene can be more or less efficient [42].

Both MAO-A and MAO-B are expressed in most cells and are bound to the outer mitochondrial
membrane. However, there are specific cells, tissues and organs of higher expression for the
enzymes. Specifically, MAO-A is highly expressed in catecholaminergic neurons, while
MAO-B is more prevalent in serotonergic neurons. Moreover, MAO-A is highly expressed in
the liver, lungs and small intestine and MAO-B is highly expressed in histaminergic cells, the
brain and also in the liver and small intestine [4, 36]. These differences are summarized in
Table 1. As already mentioned, MAO enzymes’ key role in the monoamine neurotransmitters’
metabolism lies in their effective degradation. The last is possible due to the similar molecular
structure of both enzymes. They are flavoprotein oxidases, which are characterized by a Flavin
adenine dinucleotide (FAD)-binding domain. The domain allows the oxidation of the substrate
of the enzyme [16]. Both participate in the degradation of major neurotransmitters like 5-HT,
dopamine, adrenaline and noradrenalin, however, they have a slightly higher affinity for certain
neurotransmitters. For example, MAO-A has an affinity for 5-HT and noradrenaline, while
MAO-B shows an affinity for benzylamine and beta-phenylethylamine, see Table 1 [36].
Furthermore, the association of the major neurotransmitters with age-related diseases is illustrated
in Fig. 2. We have outlined their role in the pathology of some common age-related diseases.

Neurological disorders associated with dysregulated MAO enzymatic activity

MAO-A and MAO-B take part in the modulation of different behaviours and cognitive
functions via the regulation of levels of neurotransmitters that are directly related to those
processes. MAO enzymes are considered to be key contributors to depressive disorders,
especially MAO-A. It has been established that increased expression and activity of MAO-A
lead to higher rates of degradation of neurotransmitters such as 5-HT, resulting in the
development of depressive conditions [4, 49]. The last occurs due to the specific VNTR
polymorphisms, which can lead to upregulation of gene expression. Also, MAO-A is
a pro-apoptotic gene and its expression can cause neuronal cell death [26]. Reduced levels in
MAO-A activity are on the other hand associated with negative outcomes such as anti-social
and aggressive behaviour, most often observed in males [58].
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Table 1. MAO-A and MAO-B substrates and their predominant expression sites
in human tissues

MAO-A MAO-B
» serotonin
Favoured substrates for » noradrenalin » benzylamine
degradation » norepinephrine » B-phenylethylamine
» dopamine

Shared substrates for

degradation Dopamine  Adrenalin  Tryptamine  Tyramine

» catecholaminergic i
» serotonergic neurons

neurons . X
. » small intestine
. I . > liver .
Differential sites of expression > liver
» lung .
» brain
» placenta

» histaminergic cells

> small intestine

Cardiovascular

diseases

Epinephrine
Norepinephrine
Serotonin

GABA

Neurodegenerative
diseases

Fig. 2 Different neurotransmitters with roles in age-related diseases

In age-related neurodegenerative diseases like AD and PD, MAO enzymes have a pivotal role.
Changes in the metabolism of these enzymes are also linked to these neurodegenerative
pathologies. MAO-A contributes to the neuropsychiatric symptoms of AD-like depression. This
is supported by the fact of the generation of hydrogen peroxide, which is essentially a byproduct
of the MAO-A and B enzymatic reaction. Thus, it is a potential factor for the neuropathology
of AD and PD [12, 59]. The generated peroxide induces oxidative stress, leading to cell death
and/or mitochondrial dysfunctions — both of which occur during ageing. The mitochondrial
dysfunction driven by the excess activity of MAO results in further production of free radicals
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and therefore the oxidative stress damage is exacerbated [15]. Alternatively, MAO-B has been
detected in astrocytes close to amyloid plaques (a hallmark of AD) [38]. Moreover, increased
levels of MAO-A and MAO-B have been observed in the putamen in the postmortem brains of
individuals struggling with PD [50]. Yet, there has not been established a specific mechanism
through which the MAO enzymes affect patients diagnosed with AD and PD. However, MAO
inhibitors (MAOISs) have been widely utilized and tested as part of the treatment of those
neurodegenerative diseases [26].

Inhibition of MAO enzymes as therapeutic approaches in age-related diseases

Monoamine oxidases’ inhibitors (MAOIs) have demonstrated excellent results in treating
multiple neurological and behavioural conditions [40, 49]. Importantly, MAOIs are classified
as reversible or irreversible and also as MAO-A or B selective or non-selective. Since the clear
association of depressive disorders with MAO, MAOIs have commonly been used for the
treatment of patients struggling with the aforementioned conditions. In that sense, it is
noteworthy to mention two of the most widely used MAOIs phenelzine and isocarboxazid,
which present a brilliant example of irreversible non-selective inhibitors in clinical practice.
Along with their positive effects, an issue emerged related to the use of irreversible inhibitors
called the “cheese effect”. Abnormal use of irreversible inhibitors has been shown to reduce
MAQ’s ability to metabolize tyramine (an amine present in some fermented foods like cheese).
This may lead to the eventual access of tyramine to the circulatory system. Nevertheless, these
types of inhibitors proved successful in treating depressive disorders and the “cheese effect”
can be avoided by some dietary changes [12].

On the other hand, patients suffering from AD showcase elevated MAO activity. Potentially,
inhibition of those enzymes could present an effective treatment strategy. In literature, a vast
number of studies have provided evidence regarding the MAOIs’ neuroprotective effect in AD.
It has been also suggested that MAOQOIs can improve cognitive impairment, as they correct
chemical imbalances in the brain and reduce the accumulation of AP plaques [5].
MAOQIs neuroprotective effect is also observed in treating PD. In particular, selegiline and
rasagiline (irreversible inhibitors) have been shown to improve motor symptoms in PD patients.
This is most likely due to the increase in dopamine as it is not metabolized by MAO enzymes.
Not only MAOIs have been regarded as a good option for early treatment of PD, but they can
also improve some symptoms distinguished in mental disorders [40].

Perspectives

Inhibition of MAO-A and MAO-B has a positive effect on treating age-related
neurodegenerative diseases. MAOIs have been explored substantially and even though they
have proven effective in inhibiting MAO enzymes, they come with issues as well. Considering
that, it would be of great benefit to explore alternative methods in alternating MAO levels to
prevent age-related neurodegenerative diseases. One possible strategy is to investigate naturally
the occurrence of MAOIs. In nature, MAO suppressors can be found in many plants or plant
extracts such as Curcuma longa L., Ginkgo biloba L. and coffee [22]. Another strategy is by
using different light treatments. It has been established for a long time that season and light
influence the serotonergic system. Moreover, seasonal fluctuations in the brain's MAO-A levels
have been recorded, most likely influenced by the amount of sunlight exposure in each season.
Bright light therapy has shown promising results as MAO-A levels significantly reduce after
the treatment [46]. Similarly, light-emitting diodes are an alternatively effective and trustworthy
approach for modulating MAO levels, due to their safe and easy use. Moreover, light-emitting
diodes emitting electromagnetic radiation at different wavelengths have proven to modulate
also 5-HT levels, which is potentially due to the altered MAO activity [60].
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Understanding both the process of ageing and the molecular mechanism responsible for the
pathology of age-associated diseases could give the upper hand when exploring different
treatment options. Furthermore, it can aid in the pioneering of novel treatments, which are less
harmful and easier to use.

Acknowledgements

Support for Charilaos Xenodochidis is under the project: “Development of Photodynamic
Therapy for Neurodegenerative Diseases by Influencing the Enzyme Monoamine Oxidase A”,
provided by America for Bulgaria Foundation, Grant No 15/22.12.2020.

References

1. Aunan J. R., W. C. Cho, K. Sereide (2017). The Biology of Aging and Cancer: A Brief
Overview of Shared and Divergent Molecular Hallmarks, Aging and Disease, 8(5),
628-642.

2. Baker D. J., R. C. Petersen (2018). Cellular Senescence in Brain Aging and
Neurodegenerative Diseases: Evidence and Perspectives, The Journal of Clinical
Investigation, 128(4), 1208-1216.

3. Berry A. S., V. D. Shah, S. L. Baker, et al. (2016). Aging Affects Dopaminergic Neural
Mechanisms of Cognitive Flexibility, The Journal of Neuroscience: The Official Journal of
the Society for Neuroscience, 36(50), 12559-12569.

4. Bortolato M., K. Chen, J. C. Shih (2010). Chapter 2.4 — The Degradation of Serotonin: Role
of MAO in Handbook of Behavioral Neuroscience (Eds., C.P. Miiller, B.L. Jacobs),
Elsevier, 203-218.

5. Cai Z. (2014). Monoamine Oxidase Inhibitors: Promising Therapeutic Agents for
Alzheimer‘s Disease (Review), Mol Med Rep, 9(5), 1533-1541.

6. Campisi J., F. d°Adda di Fagagna (2007). Cellular Senescence: When Bad Things Happen
to Good Cells, Nature Reviews Molecular Cell Biology, 8(9), 729-740.

7. Chiao Y. A., E. Lakatta, Z. Ungvari, D. F. Dai, P. Rabinovitch (2016). Cardiovascular
Disease and Aging in Advances in Geroscience (Eds., F. Sierra, R. Kohanski), Springer
Cham, 121-160.

8. Cummings N. E., D. W. Lamming (2017). Regulation of Metabolic Health and Aging by
Nutrient-censitive Signaling Pathways, Molecular and Cellular Endocrinology, 455, 13-22.

9. Delcuve G. P., M. Rastegar, J. R. Davie (2009). Epigenetic Control, Journal of Cellular
Physiology, 219(2), 243-250.

10. Ethiraj J., T. H. Palpagama, C. Turner, et al. (2021). The Effect of Age and Sex on the
Expression of GABA Signaling Components in the Human Hippocampus and Entorhinal
Cortex, Scientific Reports, 11(1), 21470.

11. Fidalgo S., D. K. Ivanov, S. H. Wood (2013). Serotonin: From Top to Bottom,
Biogerontology, 14(1), 21-45.

12. Finberg J. P. M., J. M. Rabey (2016). Inhibitors of MAO-A and MAO-B in Psychiatry and
Neurology, Frontiers in pharmacology, 7, 340.

13. Frazer A., J. G. Hensler (1999). Serotonin Involvement in Physiological Function and
Behavior in Basic Neurochemistry: Molecular, Cellular and Medical Aspects (Eds., Siegel
G. J.,, B. W. Agranoff, R.W. Albers, et al.). Lippincott-Raven, Philadelphia, 263-292.

14. Fukui H., C. T. Moraes (2008). Mechanisms of Formation and Accumulation of
Mitochondrial DNA Deletions in Aging Neurons, Human Molecular Genetics, 18(6),
1028-1036.

334



@ Int.J. BIOAUTOMATION, 2022, 26(4), 325-338 doi: 10.7546/ijba.2022.26.4.000879

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Gandhi S., A. Y. Abramov (2012). Mechanism of Oxidative Stress in Neurodegeneration,
Oxidative Medicine and Cellular Longevity, 2012, 428010.

Gaweska H., P. F. Fitzpatrick (2011). Structures and Mechanism of the Monoamine
Oxidase Family, Biomol Concepts, 2(5), 365-377.

GBD 2016 Parkinson‘s Disease Collaborators (2018). Global, Regional, and National
Burden of Parkinson‘s Disease, 1990-2016: A Systematic Analysis for the Global Burden
of Disease Study 2016, Lancet Neurol, 17(11), 939-953.

Gire V., V. Dulic (2015). Senescence from G2 Arrest, Revisited, Cell Cycle, 14(3), 297-
304.

Gonzalo S. (2010). Epigenetic Alterations in Aging, Journal of Applied Physiology (1985),
109(2), 586-97.

Hayflick L., P. S. Moorhead (1961). The Serial Cultivation of Human Diploid Cell Strains,
Experimental Cell Research, 25(3), 585-621.

Hou Y., X. Dan, M. Babbar, et al. (2019). Ageing as a Risk Factor for Neurodegenerative
Disease, Nature Reviews Neurology, 15(10), 565-581.

Jaka O., I. lturria, M. Van der Toorn, et al. (2021). Effects of Natural Monoamine Oxidase
Inhibitors on Anxiety-like Behavior in Zebrafish, Frontiers in Pharmacology, 12, 669370.
Jaul E., J. Barron (2017). Age-Related Diseases and Clinical and Public Health Implications
for the 85 Years Old and Over Population, Frontiers in Public Health, 5, 335.

Joaquin A. M., S. Gollapudi (2001). Functional Decline in Aging and Disease: A Role for
Apoptosis, Journal of the American Geriatrics Society, 49(9), 1234-1240.

Johnson S. C. (2018). Nutrient Sensing, Signaling and Ageing: The Role of IGF-1 and
mTOR in Ageing and Age-Related Disease in Biochemistry and Cell Biology of Ageing:
Part | Biomedical Science (Eds., J.R. Harris and V.l. Korolchuk), Springer Singapore,
49-97

Jones D. N., M. A. Raghanti (2021). The Role of Monoamine Oxidase Enzymes in the
Pathophysiology of Neurological Disorders, Journal of Chemical Neuroanatomy, 114,
101957.

Khan M. A., M. J. Hashim, H. Mustafa, et al. (2020). Global Epidemiology of Ischemic
Heart Disease: Results from the Global Burden of Disease Study, Cureus, 12(7), €9349.
Kumari R., P. Jat (2021). Mechanisms of Cellular Senescence: Cell Cycle Arrest and
Senescence Associated Secretory Phenotype, Frontiers in Cell and Developmental Biology,
9, 645593.

Li Z., Z. Zhang, Y. Ren, et al. (2021). Aging and Age-related Diseases: From Mechanisms
to Therapeutic Strategies, Biogerontology, 22(2), 165-187.

Longo M., G. Bellastella, M. I. Maiorino, et al. (2019). Diabetes and Aging: From
Treatment Goals to Pharmacologic Therapy, Frontiers in Endocrinology, 10, 45.
Lopez-Otin C., M. A. Blasco, L. Partridge, M. Serrano, G. Kroemer (2013). The Hallmarks
of Aging, Cell, 153(6), 1194-1217.

Meltzer C. C., G. Smith, S. T. DeKosky, et al. (1998). Serotonin in Aging, Late-life
Depression, and Alzheimer’s Disease: The Emerging Role of Functional Imaging,
Neuropsychopharmacology, 18(6), 407-430.

Mishra A., S. Singh, S. Shukla (2018). Physiological and Functional Basis of Dopamine
Receptors and Their Role in Neurogenesis: Possible Implication for Parkinson’s Disease,
Journal of Experimental Neuroscience, 12, 1179069518779829.

Musi N., A. Bartke (2016). Diabetes and Aging, in Advances in Geroscience,
(Eds., F. Sierra, R. Kohanski), Springer Cham, 355-376.

Oh J., Y. D. Lee, A. J. Wagers (2014). Stem Cell Aging: Mechanisms, Regulators and
Therapeutic Opportunities, Nature Medicine, 20(8), 870-880.

335



@ Int.J. BIOAUTOMATION, 2022, 26(4), 325-338 doi: 10.7546/ijba.2022.26.4.000879

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

o7.

Payne B. A. I, P. F. Chinnery (2015). Mitochondrial Dysfunction in Aging:
Much Progress but Many Unresolved Questions, Biochimica et Biophysica Acta (BBA) —
Bioenergetics, 1847(11), 1347-1353.

Pegoraro G., T. Misteli (2009). The Central Role of Chromatin Maintenance in Aging,
Aging (Albany NY), 1(12), 1017-1022.

Quartey M. O., J. N. K. Nyarko, P. R. Pennington, et al. (2018). Alzheimer Disease and
Selected Risk Factors Disrupt a Co-regulation of Monoamine Oxidase-A/B in the
Hippocampus, but Not in the Cortex, Frontiers in Neuroscience, 12, 419.

Rhinn M., B. Ritschka, W. M. Keyes (2019). Cellular Senescence in Development,
Regeneration and Disease, Development, 146(20), dev151837.

Riederer P., G. Laux (2011). MAO-inhibitors in Parkinson’s Disease, Experimental
Neurobiology, 20(1), 1-17.

Roger L., F. Tomas, V. Gire (2021). Mechanisms and Regulation of Cellular Senescence,
Int J Mol Sci, 22(23), 13173.

Samochowiec J., A. Hajduk, A. Samochowiec, et al. (2004). Association Studies of
MAO-A, COMT, and 5-HTT Genes Polymorphisms in Patients with Anxiety Disorders of
the Phobic Spectrum, Psychiatry Res, 128(1), 21-26.

Schliebs R., T. Arendt (2011). The Cholinergic System in Aging and Neuronal
Degeneration, Behavioural Brain Research, 221(2), 555-563.

Shih J. C., K. Chen, M. J. Ridd (1999). Monoamine Oxidase: From Genes to Behavior,
Annual Review of Neuroscience, 22, 197-217.

Sidler C. (2016). Chapter 29 — Genomic Instability and Aging: Causes and Consequences
in Genome Stability (Eds., I. Kovalchuk and O. Kovalchuk), Boston, 511-525.

Spies M., G. M. James, C. Vraka, et al. (2018). Brain Monoamine Oxidase A in Seasonal
Affective Disorder and Treatment with Bright Light Therapy, Translational Psychiatry,
8(1), 198-198.

Sung H., J. Ferlay, R. L. Siegel, et al. (2021). Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries,
CA: A Cancer Journal for Clinicians, 71(3), 209-249.

Tanhauser S. M., P. J. Laipis (1995). Multiple Deletions are Detectable in Mitochondrial
DNA of Aging Mice, The Journal of Biological Chemistry, 270(42), 24769-24775.

Tipton K. F., O’Sullivan J., M. B. H. Youdim (2004). Monoamine Oxidase (MAO):
Functions in the Central Nervous System in Encyclopedia of Neuroscience
(Eds., G. Adelman, B. H. Smith), Elsevier.

Tong J., G. Rathitharan, J. H. Meyer, et al. (2017). Brain Monoamine Oxidase B and A in
Human Parkinsonian Dopamine Deficiency Disorders, Brain, 140(9), 2460-2474.
Trevisan K., R. Cristina-Pereira, D. Silva-Amaral, T. A. Aversi-Ferreira (2019). Theories
of Aging and the Prevalence of Alzheimer’s Disease, BioMed Research International, 2019,
9171424,

Trifunovic A., N.-G. Larsson (2008). Mitochondrial Dysfunction as a Cause of Ageing,
Journal of Internal Medicine, 263(2), 167-178.

Troen B. R. (2003). The Biology of Aging, Mt Sinai J Med, 70(1), 3-22.

Ungvari Z., S. Tarantini, A. J. Donato, V. Galvan, A. Csiszar (2018). Mechanisms of
Vascular Aging, Circulation Research, 123(7), 849-867.

Vaiserman A., D. Krasnienkov (2021). Telomere Length as a Marker of Biological Age:
State-of-the-art, Open Issues, and Future Perspectives, Frontiers in Genetics,11, 630186.
Van Dyck C. H., R. T. Malison, J. P. Seibyl, et al. (2000). Age-related Decline in Central
Serotonin Transporter Availability with [1231]3-CIT SPECT, Neurobiology of Aging,
21(4), 497-501.

Vijg J., Y. Suh (2013). Genome Instability and Aging, Annu Rev Physiol, 75, 645-668.

336



@ Int.J. BIOAUTOMATION, 2022, 26(4), 325-338 doi: 10.7546/ijba.2022.26.4.000879

58. Williams L. M., J. Gatt, S. Kuan, et al. (2009). A Polymorphism of the MAOA Gene is
Associated with Emotional Brain Markers and Personality Traits on an Antisocial Index,
Neuropsychopharmacology, 34(7), 1797-1809.

59. Xu Y., J. Yan, P. Zhou, et al. (2012). Neurotransmitter Receptors and Cognitive
Dysfunction in Alzheimer's Disease and Parkinson’s Disease, Progress in Neurobiology,
97(1), 1-13.

60. Zagorchev P., C. Xenodochidis, M. Georgieva, et al. (2021). LED System Optimization for
Photobiomodulation of Biological Tissues, 56(6), 1156-1161.

Bonka Lozanska, M.Sc. Student
E-mail: bonkalozanska@gmail.com

Bonka Lozanska is a Biologist in the Laboratory of Molecular Genetics
at the Institute of Molecular Biology “Acad. Roumen Tsanev”, Bulgarian
Academy of Sciences. She has graduated University of Glasgow with a
B.Sc. Degree in Microbiology with an Investigative Honors Project
themed: “Importance of the S-layer in Clostridium difficile” through
exploration of differences between S-layer variants. She is currently doing
a M.Sc. Degree in Cell Biology at Sofia University “St. Kliment
| Ohridski”. She is also currently working on projects funded by the
“ America for Bulgaria Foundation and the Bulgarian Science Fund.

Assoc. Prof. Milena Georgieva, Ph.D.
E-mail: milenageorgy@gmail.com

Milena Georgieva is an Associate Professor at the Laboratory of
Molecular Genetics, Institute of Molecular Biology “Acad. Roumen
Tsanev” at the Bulgarian Academy of Sciences. She holds a Ph.D. in
Molecular Biology. Assoc. Prof. Georgieva is an author and co-author of
more than 100 scientific articles in the field of molecular biology, genetics
s and epigenetics. She is a member of the Society of Clinical Epigenetics,

£ the Union of Scientists in Bulgaria and the Society of European
S Biochemistry and Biophysics. Assoc. Prof. Georgieva is a member of the
b editorial teams of high-impact journals like Cells, MDPI, Oxidative
M Medicine and Cellular Longevity and others. She takes part as a leader

A and team-member in numerous national and international research
projects. Assoc. Prof. Georgieva is an academic advisor at ENAGO
academy, USA and a health expert at the Maltese organization
AcrossLimits, a co-chair of STEAM and NASA cluster at the Atlantic
Club in Bulgaria and a member of the science board of children’s museum
Muzeiko.

337


mailto:bonkalozanska@gmail.com
mailto:bonkalozanska@gmail.com
mailto:milenageorgy@gmail.com

@ Int.J. BIOAUTOMATION, 2022, 26(4), 325-338 doi: 10.7546/ijba.2022.26.4.000879

Prof. George Miloshev, Ph.D.
E-mail: karamolbiol@gmail.com

George Miloshev holds a M.Sc. Degree in Molecular Genetics from Sofia
University “St. Kliment Ohridski”. He has a Ph.D. Degree in Molecular
Genetics. At present, he is a Professor in Molecular Genetics and Head of
the Laboratory of Molecular Genetics at the Institute of Molecular
Biology “Acad. Roumen Tsanev”, Bulgarian Academy of Sciences.
He takes part as a leader and team-member in many national and
international research projects. Prof. Miloshev is an author and co-author

» of more than 100 research articles in the field of molecular biology,
 genetics and epigenetics. His main interests are in the field of chromatin
“ with special emphasis on the interplay between the environmental factors

and the genome.

Charilaos Xenodochidis, Ph.D.
E-mail: xenodochidis.ch@gmail.com

Charilaos Xenodochidis received a Ph.D. in Biophysics at the Medical
University of Plovdiv. full-time physicist at the Institute of Biophysics
and Biomedical Engineering, Bulgarian Academy of Sciences. His
research interests are in the field of radiation physics and biology with
special emphasis on photo- and cancer biology. Dr. Xenodochidis led the
project “Development of Photodynamic Therapy for Neurodegenerative
Diseases by Influencing the Enzyme Monoamine Oxidase A” funded by
the America for Bulgaria Foundation.

© 2022 by the authors. Licensee Institute of Biophysics and Biomedical Engineering,
Bulgarian Academy of Sciences. This article is an open access article distributed under the
terms and conditions of the Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/).

338


mailto:karamolbiol@gmail.com
mailto:xenodochidis.ch@gmail.com
http://creativecommons.org/licenses/by/4.0/

