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Growth and aging are fundamental elements of human development. Aging is
defined by a decrease in physiological activities and higher illness vulnerability.
Affected by lifestyle, environmental, and hereditary elements, aging results in
disorders including cardiovascular, musculoskeletal, and neurological diseases,
which accounted for 16.1 million worldwide deaths in 2019. Stress-induced
cellular senescence, caused by DNA damage, can reduce tissue regeneration
and repair, promoting aging. The root cause of many age-related disorders is
inflammation, encouraged by the senescence-associated secretory phenotype
(SASP). Aging’smetabolic changes and declining immune systems raise illness risk
via promoting microbiome diversity. Stable, individual-specific skin and oral
microbiomes are essential for both health and disease since dysbiosis is linked
with periodontitis and eczema. Present from birth to death, the human
microbiome, under the influence of diet and lifestyle, interacts symbiotically
with the body. Poor dental health has been linked to Alzheimer’s and Parkinson’s
diseases since oral microorganisms and systemic diseases have important

OPEN ACCESS

EDITED BY

Chiara Moretti,
University of Gothenburg, Sweden

REVIEWED BY

Arif Nur Muhammad Ansori,
Airlangga University, Indonesia
Saad Mustafa,
All India Institute of Medical Sciences, India

*CORRESPONDENCE

Rony Abdi Syahputra,
rony@usu.ac.id

RECEIVED 10 July 2024
ACCEPTED 02 October 2024
PUBLISHED 17 October 2024

CITATION

Nurkolis F, Utami TW, Alatas AI, Wicaksono D,
Kurniawan R, Ratmandhika SR, Sukarno KT,
Pahu YGP, Kim B, Tallei TE, Tjandrawinata RR,
Alhasyimi AA, Surya R, Helen H, Halim P,
Muhar AM and Syahputra RA (2024) Can salivary
and skin microbiome become a biodetector for
aging-associated diseases? Current insights and
future perspectives.
Front. Aging 5:1462569.
doi: 10.3389/fragi.2024.1462569

COPYRIGHT

© 2024 Nurkolis, Utami, Alatas, Wicaksono,
Kurniawan, Ratmandhika, Sukarno, Pahu, Kim,
Tallei, Tjandrawinata, Alhasyimi, Surya, Helen,
Halim, Muhar and Syahputra. This is an open-
access article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Aging frontiersin.org01

TYPE Review
PUBLISHED 17 October 2024
DOI 10.3389/fragi.2024.1462569

https://www.frontiersin.org/articles/10.3389/fragi.2024.1462569/full
https://www.frontiersin.org/articles/10.3389/fragi.2024.1462569/full
https://www.frontiersin.org/articles/10.3389/fragi.2024.1462569/full
https://www.frontiersin.org/articles/10.3389/fragi.2024.1462569/full
https://www.frontiersin.org/articles/10.3389/fragi.2024.1462569/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fragi.2024.1462569&domain=pdf&date_stamp=2024-10-17
mailto:rony@usu.ac.id
mailto:rony@usu.ac.id
https://doi.org/10.3389/fragi.2024.1462569
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org/journals/aging#editorial-board
https://www.frontiersin.org/journals/aging#editorial-board
https://doi.org/10.3389/fragi.2024.1462569


interactions. Emphasizing the importance ofmicrobiome health across the lifetime,
this study reviews the understanding of the microbiome’s role in aging-related
diseases that can direct novel diagnosis and treatment approaches.
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1 Introduction

The growth and aging processes are fundamental aspects of
human development that occur throughout the lifespan. The aging
process is a complex biological phenomenon characterized by the
gradual decline in physiological function and increased
susceptibility to disease and death over time. While aging is a
natural part of life, it is influenced by a combination of genetic,
environmental, and lifestyle factors (Jang, 2020). Aging eventually
leads to age-related disease, such as cardiovascular disease,
musculoskeletal disease, neurodegenerative disease, and other
organ disease. Total global death of aging associated disease in
1990 until 2019 is 16.1 million global death (69,2%) with the top
10 highest disease, include ischemic heart disease 5.0 million; stroke
3.8 million; chronic obstructive pulmonary disease (COPD)
2.2 million; Alzheimer’s disease 1.0 million; lower respiratory
infections 1.0 million; tracheal, bronchus, and lung cancer
0.8 million; diarrheal disease 0.7 million; hypertesive heart
disease 0.6 million; diabetes melitus 0.6 million; and chronic
kidney disease 0.5 million (Li et al., 2023).

The mechanisms of aging involve various biological pathways
(Figure 1), including celullar senescence. This can contribute to aging
by reducing the ability of tissues to regenerate and repair themselves
(Li et al., 2021). Senescence is characterized by a permanent cell cycle
arrest in response to various cellular stresses, including DNA damage,
telomere dysfunction, and organelle dysfunction. This arrest is
accompanied by changes in cellular metabolism, including the
production and secretion of a complex array of factors known as
senescence-associated secretory phenotype (SASP) (Liao et al., 2021).
Once SASP is formed it is irreversible in most senescent cells. This
suggests that SASP is a more persistent feature of aging. One of the
primary roles of the SASP is to communicate with various immune
cells, including natural killer (NK) cells, macrophages, and T cells to
facilitate the removal of old cells. In conditions when immune
senescence causes inflammation, a response that is often
considered dangerous and it can be the root cause of most
diseases in middle-aged and elderly people (Zhao et al., 2024).

A decrease in the function of the immune system and
metabolism in the aging process causes an increase in risk factors
for the growth of microbiome diversity in the body, including

FIGURE 1
SASP related to various age-related diseases. Created with BioRender.com Premium License by Fahrul Nurkolis (https://app.biorender.com,
accessed on 10th July 2024).
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bacteria, viruses, archae and fungi which have clinical
manifestations in disease in the human body. Skin and oral
microbiomes are highly individual and relatively stable over time.
Each individual has a specific composition of microorganisms in
each environment and relatively consistent throughout life (Lovisolo
et al., 2022). There is great individual variability in the composition
of the skin and oral microbiome. The variability between identical
twins is almost the same as non-identical twins or the average
variability from person to person. The skin identification location is
divided into three areas, include sebaceous; moist; and dry areas.
Each area of skin has a unique diversity of microbes. Like the skin
microbiome, the oral microbiome is also divided into 3 areas
including the buccal mucosa, gingiva, and hard palate; the saliva,
tongue, tonsils, and throat; and the supra- and subgingival plaque.
This area is based on the similarity of the bacterial community in an
individual, if take samples from several locations in one group, it can
see consistency in the composition of the microbial species level
(Buerger, 2020a). Skin microbiome has been shown to be a better
predictor of chronological age. Skin microbiome has ability to detect
aging-related changes in the skin, such as dryness, collagen
fragmentation, and sebum secretion (Larson et al., 2022). The
oral microbiome has been linked to various age-related disease
including periodontitis, which is a significant risk factor for
cardiovascular disease, diabetes, and other systemic condition.

An imbalance in the microbiome of the skin or oral is associated
with the body’s pathological condition and the presence of a disease or
infection. The microbiome also has an influence on every human life
that overlaps with aging. Therefore, further discussion is needed
regarding insights and future perspectives regarding the use of skin/
oral microbiome as a disease detector related to Aging-associated
diseases. This is also supported by the absence of other authors who
have conducted review articles related to this potential and reviewed the
potential of the skin and oral microbiome has a relatively stable
throughout life so it can be potential used to detect diseases caused
by aging. Therefore, this review article aims to complement current
findings and answer existing gaps by trying to create a bridge between
Aging-associated diseases and the skin and oral microbiome, so that it
can provide the latest insights in the management of Aging-associated
diseases, which have never been reported before.

This paper exploring the potential of the salivary and skin
microbiome as biodetectors for aging-associated diseases presents
a fascinating and novel approach to understanding health
biomarkers. By investigating the unique microbial communities
found in saliva and on the skin, the research opens up new
avenues for early detection and monitoring of age-related
conditions. This innovative perspective not only highlights the
intricate relationship between our microbiome and overall health
but also suggests that these microbial signatures could serve as non-
invasive indicators for assessing disease risk. Such insights could
revolutionize preventative healthcare strategies, making them more
accessible and personalized, ultimately enhancing our ability to
combat aging-related illnesses.

2 Microbiome in general

The humanmicrobiome refers to genomic content of microbiota
that reside in spesific anatomical sites. Microbiota itself refer to a set

of microorganism that live all around human body, comprising
bacteria, archaea, eukaryotes, or even viruses. These microorganism
not only live in human body but also interact with each other and
our body creating a distinct ecosystem that adapted to the spesific
anatomical site. For example, microbiota residing in gastrointestinal
tract are facultative anareob, while strict aerobes tend to live on the
skin and in the respiratory tract. The humanmicrobiome interaction
can manifest as mutualistic, parasitic, or commensal relationships
(Ogunrinola et al., 2020). The human microbiome exist since the
begining of childbirth until death, maintaining symbiotic
interactions with the human body under physiological
conditions. Throughout a person’s lifetime. The microbiome
undergoes continuous evolution in response to changes in the
human body (Ogunrinola et al., 2020). Lifestyle factors,
hormonal fluctuations, nutrition, antimicrobial consumption,
underlying diseases, and aging all contribute to these changes
(Ogunrinola et al., 2020; Rackaityte and Lynch, 2020). Such
alterations can shift the balance of interactions between the
human body and its microbiota from symbiosis to dysbiosis,
thereby predisposing individuals to various diseases (Ogunrinola
et al., 2020). While human microbiome research has advanced
significantly, several limitations persist. The diversity and
complexity of the microbiome across individuals and anatomical
sites hinder generalized conclusions. Much of the current research is
correlational, complicating the establishment of causative links
between microbiome changes and health outcomes.
Technological constraints, such as incomplete microbial diversity
capture by current sequencing methods, further limit the field.
Additionally, many studies are conducted on small, homogenous
populations, reducing global applicability. Lastly, uncontrollable
environmental factors and lifestyle variations significantly impact
microbiome composition and function, adding complexity to
research outcomes.

2.1 Oral/salivary microbiome in general

The oral cavity and saliva are recognized as habitats for various
microorganisms to reside and proliferate (Polak and Shapira, 2018).
Furthermore, studies have demonstrated that microorganisms
present in the oral cavity differ from those found in other parts
of the body (Costello et al., 2009). Additionally, microorganisms
residing in the oral cavity are believed to possess the ability to
selectively adhere to oral mucosa rather than other body parts,
resulting in a distinct microbial community compared to other body
regions (Long and Swenson, 1976). Moreover, saliva contains
essential components such as proteins, carbohydrates, and
enzymes, which play a crucial role in maintaining the ecological
environment of the oral cavity (Belstrøm, 2020). An example of this
is during tooth development, where saliva provides nutritional
intake for the protective layer of tooth growth known as dental
plaque (Jakubovics et al., 2000).

Generally, the oral microbiome present in children consists of
gram-positive bacteria such as Streptococcus mutans, Streptococcus
sanguinis, Actinomyces spp, Lactobacillus, and Rothia, as well as
gram-negative bacteria including nonpigmenting Prevotella spp,
Porphyromonas spp, Neisseria, and Capnocytophaga.
Subsequently, upon reaching puberty, bacteria such as
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Spirochaetes, Veillonella, Prevotella, and black-pigmented
Bacteroides (e.g., Bacteroides intermedius) become more readily
identifiable and prevalent (Samaranayake and Matsubara, 2017).
Apart from bacterial populations, there also exists a fungal
population as part of the oral microbiome, albeit significantly less
abundant compared to bacteria, estimated to be only <0.1% in the
oral cavity. Common fungal species found in the mouth include
species from the genera Candida, Aspergillus, Penicillium,
Schizophyllum, Rhodotorula, and Gibberella (Willis and
Gabaldón, 2020).

When minor and short-term disturbances occur in the
components within the oral cavity due to internal or external
stressors, the oral microbiome generally remains unchanged.
However, if these disturbances are significant or prolonged,
changes in the oral microbiome can occur (Belstrøm, 2020). Such
changes can lead to diseases such as periodontitis, gingivitis, dental
caries, oral cancer, and esophageal cancer. An example of this is the
presence of Porphyromonas gingivalis and Treponema denticola,
which are closely associated with periodontitis (Willis and
Gabaldón, 2020).

Several studies have indicated that dietary changes can lead to
alterations in the oral microbiome (Adler et al., 2016; Shoer et al.,
2023). With the progression of time, industrialization, agriculture,
and global trends, there have been numerous dietary changes,
ranging from vegetarian to carnivorous diets, high-glycemic diets,
and high dairy product diets. Consequently, there is also a
pathological alteration in the composition and community of the
oral microbiome, including an increase in acid-producing bacteria
populations and acid-tolerant species (Sedghi et al., 2000).
Furthermore, lifestyle changes, such as decreased frequency of
toothbrushing, can increase the occurrence of dental plaque and
gingivitis (Ccahuana-Vasquez et al., 2019). Moreover, the use of
mouthwash can reduce the presence of one oral pathogen, Neisseria
gonorrhoeae (Chow et al., 2017).

2.2 Skin microbiome in general

The skin, being the largest organ of the human body, serves as a
crucial barrier against the external environment. Continuously
exposed to the outside world, the skin, with its numerous
invaginations and folds, provides favorable environments for
various microorganisms. Consequently, the human skin
microbiome exhibits high diversity, encompassing
microorganisms such as bacteria, fungi, viruses, and mites (Grice
and Segre, 2011). Among these, bacteria are the most prevalent,
whereas fungi are comparatively less common.While the majority of
skin microbes are commensal, in rare instances, they have been
implicated in disease (Buerger, 2020). In terms of bacterial density
within the human body, the skin ranks second only to the gut,
harboring approximately 10 4̂ to 10 8̂ bacteria per cm2 on its surface
(Smythe and Wilkinson, 2023).

The microorganisms inhabiting the skin play a crucial role in its
function as a barrier. Their presence ensures that more harmful
microorganisms are prevented from colonizing and invading the
skin. For instance, Corynebacterium accolens can modulate the
microenvironment by producing free fatty acids with
antibacterial properties. These free fatty acids can inhibit

opportunistic pathogens such as Streptococcus pneumoniae.
Additionally, it is suggested that microorganisms may educate
the abundant T cells found in the skin to recognize pathogens
(Smythe andWilkinson, 2023). Given these functions, any alteration
leading to dysbiosis of the skin microbiome is closely associated with
various skin diseases such as eczema, acne, and chronic wounds
chronic (Byrd et al., 2018).

The skin can be physiologically characterized into three types:
sebaceous or oily, moist, and dry. These three distinct habitats give
rise to specific compositions of microorganisms (Byrd et al., 2018).
Factors such as exposure to ultraviolet radiation, moisture levels,
sebum production, pH balance, oxygen availability, and temperature
are influential in determining the types of bacteria inhabiting the
skin (Smythe and Wilkinson, 2023).

In oily areas, bacteria must possess the capability to metabolize
lipids and exhibit tolerance to the acidity resulting from high
concentrations of fatty acids. Cutibacterium spp., previously
identified as Propionibacterium, fulfill these requirements owing
to their possession of lipases capable of breaking down triglycerides
into propionic acid. Consequently, these bacteria dominate the
sebaceous skin microbiota, with Staphylococcus spp., including S.
aureus and S. epidermidis, following as the second most prevalent
species (Smythe and Wilkinson, 2023; Byrd et al., 2018).

In moist skin areas like the antecubital and popliteal fossae,
Staphylococcus and Corynebacterium are the most dominant
organisms (Byrd et al., 2018). Staphylococcus, being halotolerant,
is frequently encountered in sweaty and moist regions, whereas
Corynebacterium thrives in warm and humid environments
(Smythe and Wilkinson, 2023).

In dry skin areas like the palms and soles, microbial diversity is
higher and its composition is relatively less stable compared to other
areas of the skin. This discrepancy yields different results in studies;
for instance, Grice et al. discovered Flavobacteriales and Beta-
Proteobacteria as predominant, whereas in Oh et al. study,
Cutibacterium emerged as the most dominant. Another
characteristic of dry skin is the presence of numerous gram-
negative organisms, which are typically rare colonizers of the
skin (Grice and Segre, 2011).

Unlike bacteria, fungi colonize the human skin irrespective of
physiological characteristics. On the torso and upper extremities,
Malassezia dominates the fungal proportion. However, on the feet,
fungal diversity increases, comprising various species such as
Malassezia, Cryptococcus, Rhodotorula, Epicoccum, and
Aspergillus (Byrd et al., 2018).

The human microbiome in the skin generally maintains relative
stability over 2 years, as observed in studies. However, throughout
various life stages, the skin microbiome undergoes continuous
modifications in response to changing skin conditions. In
prepubescent children, the skin microbiome is characterized by a
high abundance of Firmicutes, Bacteroidetes, and Proteobacteria,
along with a diverse fungal population. Upon reaching puberty,
hormonal shifts trigger increased activity of the sebaceous glands,
promoting the growth of lipophilic organisms such as
Corynebacterium spp. and Cutibacterium spp (Byrd et al., 2018).

As individuals age, there is a rise in Corynebacterium levels and
a decline in Cutibacterium and Lactobacillus populations (Figure 2).
This shift can lead to dysbiosis and colonization by pathogenic
bacteria. For instance, the decrease in Cutibacterium, known for its
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production of free fatty acids and thiopeptide antibiotics, results in
reduced inhibition of the growth of Streptococcus group A and
methicillin-resistant Staphylococcus aureus (Smythe and
Wilkinson, 2023).

3 Pathogenic and regulatory
mechanisms of aging-related diseases

3.1 Alzheimer’s disease (AD)

Alzheimer’s disease is one of the most common types of
dementia, affecting two-thirds of dementia cases in individuals
aged 65 and older. It is a progressive neurodegenerative disorder
that gradually leads to impairments in both motor and cognitive
functions (Kumar et al., 2018). Alzheimer’s disease is categorized
into three stages based on the severity of symptoms, namely pre-
symptomatic, mild, and dementia stages. A prevalent early symptom
of Alzheimer’s disease is episodic short-term memory loss without
impairment of long-term memory. These episodes of short-term
memory loss may be accompanied by difficulties in problem-
solving, decision-making, executive functioning impairment,
decreased motivation, and disorganization (Maccioni et al., 2018;
Tang et al., 2019; Zilberzwige-Tal and Gazit, 2018).

Alzheimer’s disease is characterized by neuronal death that
initiates in the entorhinal cortex of the hippocampus.
Additionally, there is abnormal accumulation of neuritic plaques
and neurofibrillary tangles. Risk factors for Alzheimer’s disease
encompass various factors, including head trauma, depression,
genetic predisposition, cardiovascular disease, smoking behavior,
and family history. Moreover, advancing age stands as the most
dominant risk factor in Alzheimer’s disease pathogenesis (Nicolas
et al., 2018; Liljegren et al., 2018; Tong et al., 2018). This is evidenced
by a 10% increase in Alzheimer’s disease prevalence at the age of
65 and a 40% increase at the age of 85 (Kumar et al., 2018).

One condition that can be observed in the aging process is
alterations in DNAmethylation. In advanced age, DNAmethylation
processes can shift towards extreme methylation or demethylation,
resulting in products with either more methylated or less methylated
DNA (Heyn et al., 2012). These changes in DNA methylation
processes may serve as one of the contributing factors to
Alzheimer’s disease, as they are suspected to disrupt specific
genomic regions, such as ankyrin 1 (ANK1) or 5hmC, which are
associated with the onset of Alzheimer’s disease (Lunnon et al., 2014;
De Jager et al., 2014; Zhao et al., 2017). This could potentially serve
as a novel therapeutic approach for Alzheimer’s disease in the future.

Histones also play a role in Alzheimer’s disease in the context of
aging (Lardenoije et al., 2015). In aging conditions, changes in

FIGURE 2
Skin Microbiome in General. Created with BioRender.com Premium License by Fahrul Nurkolis (https://app.biorender.com, accessed on 10th
July 2024).
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histone modifications occur, particularly a decrease in histone
acetylation processes, as observed by the loss of heterochromatin
and specific histone marks, such as H1 tail, H3, and H4 (O Sullivan
et al., 2010; Feser et al., 2010; Funayama et al., 2006). Two studies
indicate that when histone acetylation processes are enhanced,
cognitive improvement is observed in aging and Alzheimer’s
disease mouse models (Kilgore et al., 2010; Benito et al., 2015).
These studies are further supported by other research which suggests
that dysregulation of H4K12ac can lead to cognitive impairment in
aging rodent models (Peleg et al., 2010).

Furthermore, aging and Alzheimer’s disease are intertwined in
the realm of RNA. In rodent animal models, the presence of
microRNAs (miRNAs) indicates neuronal loss and decreased
mobility (Junn and Mouradian, 2012). Additionally, certain
miRNAs have the potential to serve as biomarkers for
Alzheimer’s disease (Millan, 2017; Tan et al., 2013). Moreover,
long noncoding RNAs (lncRNAs) also exhibit connections with
the processes of senescence and aging (Kour and Rath, 2016). The
process of RNA editing also plays a role in Alzheimer’s disease.
Reduced RNA editing processes have been observed in specific brain
areas, including the hippocampus (Khermesh et al., 2016).

In addition, the neurogenic capacity of neural stem cells also
plays a significant role in Alzheimer’s disease. In the aging process,
there is a decrease in neurogenesis capacity in the central nervous
system (Fan et al., 2017; Montaron et al., 1999). This may lead to
cognitive decline conditions by contributing to neural damage
(Devanand et al., 2000). Moreover, a study in an Alzheimer’s
disease rodent model showed that neural stem cell
transplantation could slow the progression of Alzheimer’s disease
(Blurton-Jones et al., 2009).

3.2 Parkinson’s disease (PD)

Parkinson’s disease is a neurodegenerative disorder
characterized by primary symptoms of body movement slowness
(bradykinesia) and another symptom, resting tremor or rigidity.
Other symptoms that may occur include loss of smell and mood
disturbances (Mirpour et al., 2018; Kabra et al., 2018; Alexoudi et al.,
2018). Generally, the first symptom to appear due to this disease is
tremor, and symptoms that arise in the late stage include postural
instability, a symptom that can significantly impair the patient’s
quality of life. This disease commonly occurs with advancing age,
with a slow but progressive onset (Zafar and Yaddanapudi, 2023).

The basic pathophysiology of Parkinson’s disease is closely
related to genetics and environmental factors that can trigger the
accumulation of alpha-synuclein in the brain and loss of dopamine
(Gratton et al., 2019). Additionally, Parkinson’s disease can be
triggered by various interrelated etiologies including genetic
susceptibility, environmental factors, mitochondrial dysfunction,
oxidative stress, and protein aggregation. Furthermore, age is
strongly associated with the incidence of Parkinson’s disease. The
prevalence of Parkinson’s disease increases significantly with
advancing age (Zafar and Yaddanapudi, 2023; Ehgoetz Martens
et al., 2018; Chung et al., 2018).

In Parkinson’s disease, it is believed that all symptoms, including
motor nerve disturbances in patients, are caused by one crucial area
in the brain, namely, the substantia nigra. The part of the substantia

nigra most affected by pathological changes is the dopaminergic
neurons of the pars compacta, and this is highly evident with aging
(Reeve et al., 2013). Studies indicate that 1/3 of 750 geriatrics show
neuron loss in the substantia nigra ranging frommild to severe levels
(Buchman et al., 2012). Furthermore, other research suggests that
other parts of the brain do not undergo pathological changes
compared to the substantia nigra area. Neuronal counts remain
stable in geriatrics in areas such as the hippocampus, putamen,
medial mammillary nucleus, hypothalamus, and the nucleus basalis
of Meynert (Pakkenberg and Gundersen, 1997; Hirsch et al., 1987).

As age advances, the characteristics of neurons in the substantia
nigra undergo alterations. Neurons in the substantia nigra exhibit
increasing mitochondrial dysfunction with age (Bender et al., 2006;
Kraytsberg et al., 2006). Additionally, dopamine within substantia
nigra neurons becomes more susceptible to a decline in protective
function by dopamine transporters and vulnerability to oxidative
stress in aging conditions (Ma et al., 1999). Oxidative stress can also
initiate calcium dysregulation in neurons in the substantia nigra.
Furthermore, the increase in iron concentration in the substantia
nigra with aging from the Fenton reaction also elevates the risk of
developing Parkinson’s disease through mitochondrial dysfunction
(Reeve et al., 2013). Moreover, the protective effect of neuromelanin
against oxidative stress increases with age (Fedorow et al., 2006;
Halliday et al., 2005).

The effects of mitochondrial dysfunction in aging can be
examined through specific mechanisms. Respiratory deficiency in
mitochondria is commonly found in aging individuals (Bender et al.,
2006; Kraytsberg et al., 2006; (Itoh et al., 1996). This respiratory
deficiency condition leads to a decrease in ATP production, resulting
in abnormal neuronal excitability (Pissadaki and Bolam, 2013).
Additionally, Parkinson’s disease is also associated with the
accumulation of mitochondrial DNA deletions. In aging,
mitochondrial DNA deletions are found in substantia nigra
neurons compared to other brain regions. In animal model
studies, it has been found that mitochondrial DNA deletions can
reduce dopaminergic neurons, a key factor in the development of
Parkinson’s disease (Reeve et al., 2013).

In addition to mitochondrial dysfunction, Parkinson’s disease is
also triggered by factors related to impairment in the protein
degradation process. In the context of aging, two main pathways
involved in protein degradation, namely, the ubiquitin proteasome
system (UPS) and autophagy, exhibit significant functional decline
(Li and Li, 2011; Jana, 2012; Rubinsztein et al., 2011). Decreased UPS
function can lead to neurodegenerative conditions and the
formation of Lewy body-like inclusions (Emmanouilidou et al.,
2010; Bedford et al., 2008). Conversely, reduced autophagy
function can result in the accumulation of protein aggregates and
mitochondrial dysfunction (Hara et al., 2006; Komatsu et al., 2006).

3.3 Heart failure (HF)

Heart failure is a pathological condition characterized by typical
symptoms such as dyspnea, ankle swelling, and fatigue, and can be
accompanied by signs such as elevated jugular venous pressure,
pulmonary crackles, and peripheral edema. Heart failure is caused
by both structural and functional disturbances of the heart that lead
to a decrease in cardiac output and/or an increase in intracardiac
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pressure during rest or stress (Ponikowski et al., 2016). Generally,
heart disturbances result in dysfunction of ventricular diastole and/
or systole. Additionally, abnormalities of the valves, pericardium,
endocardium, heart rhythm, and heart conduction may also play a
role in heart failure (Schwinger, 2021).

The classification of heart failure can be determined through a
combination of clinical symptoms and patient risk factors
(Ponikowski et al., 2016; Tanai and Frantz, 2015). Risk factors
for the occurrence of heart failure include coronary heart disease,
hypertension, diabetes, family history of heart failure, obesity,
chronic obstructive pulmonary disease, chronic inflammation or
infection, metabolic diseases, alcohol abuse, and treatment with
cardiotoxic agents. Additionally, advancing age is a risk factor for
heart failure. In European and North American men aged 40, 1 in
5 has a risk of heart failure, and as age increases, the risk of heart
failure also increases (Boekel et al., 2020; Cardinale et al., 2015).

The aging process significantly affects changes in the cardiac
cycle during the diastolic phase. These changes include a decrease in
diastolic filling rate and a reduction in the E/A ratio, accompanied by
atrial enlargement (Bryg et al., 1987; Miyatake et al., 1984;
Gerstenblith et al., 1977). Furthermore, aging also affects the
maximal capacity of cardiac function during exercise, resulting in
a decline. These changes in capacity can be observed through slowed
relaxation, decreased responsiveness of beta-adrenergic receptors,
and alterations in relaxation patterns (Tan et al., 2009; Spina et al.,
1998; Hees et al., 2002).

In addition to influencing the cardiac cycle, aging also affects the
cardiac conduction system. Changes in the conduction system may
include a decrease in the level of phasic variation in the R-R interval
with respiration, sinus bradycardia, and an increase in pathological
sinus bradycardia (Hiss and Lamb, 1962; Fleg et al., 1990).
Furthermore, there is an increase in the P-R interval, a leftward
shift in the QRS axis, and a decrease in R and S wave amplitudes
(Fleg et al., 1990; Golden and Golden, 1974). Additionally, atrial
fibrillation, paroxysmal supraventricular tachycardia, and
ventricular arrhythmia become more prevalent in aging
conditions (Fleg and Kennedy, 1982; Manolio et al., 1994).

Upon closer examination, arrhythmias in the context of aging
occur due to, among other factors, aberrant Ca2+ regulation. This
leads to altered cytosolic Ca2+ dynamics, consequently impairing
the contraction-relaxation cycle of the heart (Lakatta, 2002; Lakatta
and Sollott, 2002). These changes are associated with modifications
in ion currents, downregulation of SERCA2 protein levels, and
increased activity of the Na+/Ca2+ exchanger (Strait and Lakatta,
2012). Additionally, alterations in lipid membrane composition due
to aging exacerbate the production of reactive oxygen species (ROS),
which disrupt Ca2+ regulation (Lakatta, 2002). Therefore, lifestyle
interventions, particularly dietary modification with ω-3 PUFAs,
show promising results in improving cardiac function in the context
of aging (Strait and Lakatta, 2012).

In the cardiac adrenergic response, there is a decrease in post-
synaptic β-adrenergic signaling function in aging. This results in
reduced autonomic modulation of heart rate, left ventricular
contractility, and arterial afterload (Lakatta, 1993a). Despite
increased sympathetic neurotransmitters, there is still a decreased
response to β-adrenergic antagonists in aging. This leads to an
increase in plasma catecholamine concentration to counteract the

decline in function and density of cardiac muscarinic β-receptors
(Lakatta, 1993a; Lakatta, 1993b).

3.4 Atherosclerosis

Atherosclerosis is a chronic inflammatory disease affecting
arterial blood vessels. It is closely associated with the
accumulation of lipoproteins and active inflammation in focal
areas of arterial blood vessels. Atherosclerosis can manifest in
various parts of the body leading to conditions such as stroke,
transient cerebral ischemia, myocardial infarction, angina pectoris,
and peripheral arterial disease (Pahwa and Jialal, 2014), (Loscalzo,
2016). Atherosclerosis stands as one of the leading causes of
premature cardiovascular mortality and disability (Loscalzo, 2016).

Atherosclerosis has multifactorial etiology and risk factors.
Common risk factors include diabetes, hypertension,
hypercholesterolemia (high LDL and cholesterol levels), smoking,
male gender, lifestyle, family history of atherosclerosis, obesity, and
genetics (Reiss et al., 2019; Shafi et al., 2019; Doodnauth et al., 2019).
Additionally, aging is a highly dominant risk factor in the
development of atherosclerosis. Aging is believed to play a
significant role in the formation of atherosclerotic lesions (Head
et al., 2017).

The fundamental mechanism underlying the formation of
atherosclerosis is the chronic development of plaques resulting
from the accumulation of lipids and chronic inflammation
(Loscalzo, 2016). In the aging condition, a study conducted in
mice found that immune cells derived from bone marrow
progenitor cells cannot effectively repair arteries with lesions due
to hyperlipidemia. This leads to arteries with lesions becoming more
susceptible to plaque formation (Rauscher et al., 2003). Additionally,
immune cells originating from bone marrow progenitor cells also
exert a crucial protective effect on endothelial cells, namely,
preventing endothelial senescence (Rauscher et al., 2003; Baker
et al., 2016; Childs et al., 2016).

Additionally, in the aging condition, an abundance of protein
misfolding and imperfect protein degradation has been observed
(Ayyadevara et al., 2016). This state of protein misfolding and
imperfect protein degradation can lead to proteotoxicity and may
contribute to a range of cardiovascular-related diseases (Willis and
Patterson, 2013). Furthermore, other studies have also found that
upregulated protein aggregates in the aging condition are believed to
be partly caused by cellular senescence (Ayyadevara et al., 2016).
This could potentially represent a novel breakthrough in detecting
vascular damage if upregulated protein aggregates are identified
within blood vessels (Head et al., 2017).

Furthermore, in the aging condition, there is also a risk of
atherosclerosis originating from hematopoietic progenitor cells.
These cells may undergo mutations in their DNA, rendering
them competitively advantageous in growth and leading to the
formation of colonies of mutated cells (referred to as clonal
hematopoiesis of intermediate potential, CHIP) (Steensma et al.,
2015). One study indicates that individuals with CHIP have twice
the risk of cardiovascular disease compared to those without CHIP.
A gene susceptible to mutation in CHIP is Tet2, the dysfunction of
which can also trigger the production of interleukin-1 beta (IL-1β),
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an inflammatory cytokine highly associated with atherosclerosis
initiation (Jaiswal et al., 2017).

3.5 Type 2 diabetes (T2D)

Diabetes is a group of chronic metabolic diseases characterized
by the condition of hyperglycemia. Hyperglycemia can be caused by
abnormalities in insulin secretion or decreased insulin action due to
insulin resistance (Halim and Halim, 2019; Zhu et al., 2021). Type
2 diabetes (T2D) constitutes 90% of diabetes cases and begins with
reduced insulin sensitivity. Initially, increased insulin secretion
compensates for this decline, but over time, secretion decreases,
leading to uncontrolled blood sugar levels known as T2D (Goyal
et al., 2024).

DM is a multifactorial condition influenced by various risk
factors, all interacting to manifest the disease. In general the risk
factor can be classified into non modifiable and modififiable Risk
factors can generally be categorized as non-modifiable, such as
ethnicity, genetic predisposition, and family history, or
modifiable, including obesity, sedentary lifestyle, and high-
energy-density diet (Goyal et al., 2024; Galicia-Garcia et al.,
2020). Age is another significant risk factor, as the disease is
strongly correlated with the aging process; older individuals have
the highest prevalence of diabetes (Lee and Halter, 2017).
Additionally, diabetes itself serves as a risk factor for other age-
related conditions, including atherosclerosis, Parkinson’s disease,
Alzheimer’s disease, stroke, non-alcoholic fatty liver disease, and
cancer (Halim and Halim, 2019).

The increase in age correlates with a decrease in insulin
secretion, which is known to decline by 0.7% per year with
advancing age (Halim and Halim, 2019). This decline is
attributed to the decreasing function of beta cells as age
advances. The diminished function of beta cells is associated with
a reduction in their ability to regenerate due to aging processes (Lee
and Halter, 2017). The decline in the replicative capacity of cells is
demonstrated by a reduction in proliferative signals, such as platelet-
derived growth factor receptor (PDGFR) and PDX1. Additionally,
there is an increase in cell cycle inhibitors, such as p16INK4a, and a
prolongation of the time between cell divisions (G0) (Zhu et al.,
2021; Lee and Halter, 2017).

Cellular damage accumulates as we age. DNA mutations,
elevated AGEs, and IAPP accumulation are all potential forms of
accumulation. DNA mutations are closely associated with ROS
and are distinguished by the identification of increased
transcriptional noise, genetic errors, and potential fate drift in
the parent’s pancreas. 8-hydroxyguanosine levels are
significantly higher in β cell DNA than in non-islet cells,
suggesting that the mutational signature of β cells may be
driven by guanosine oxidation. This relationship between
oxidative damage and endocrine dysfunction in the
pathogenesis of T2D is likely to be interpreted from this
perspective. ROS can generate advanced glycation end
products (AGEs) in addition to DNA mutations. These AGEs
can stimulate ROS production by activating NADPH oxidase and
interacting with their receptor (RAGE). IAPP is a
neuroendocrine hormone that is secreted by pancreatic beta
cells in conjunction with insulin. Palm amyloid, which can

accumulate with age, is produced by the easy aggregation of
IAPP. The incidence of IAPP deposition in patients over the age
of 70 without diabetes displayed a significant increase (41.23%) in
comparison to patients under the age of 70 (5.98%). Amyloid
plaques can induce endoplasmic reticulum and oxidative stress
which leads to β cell apoptosis (Zhu et al., 2021).

Insulin resistance is primarily influenced by body composition,
particularly in those with reduced muscle mass (sarcopenia) and
increased fat, particularly visceral fat (Halim and Halim, 2019). Even
though insulin resistance isn’t directly caused by aging, we know in
general older individuals experience a decrease in physical activity
resulting in obesity and loss of lean body mass (Lee and
Halter, 2017).

3.6 Non-alcoholic fatty liver disease (NAFLD)

Non-alcoholic fatty liver disease (NAFLD) is used to describe a
condition characterized by hepatic steatosis in patients without a
history of chronic alcohol consumption, drug use, or hereditary
diseases. The most common pathogenesis model is the “two-hit”
hypothesis. The first hit involves a reduction in insulin sensitivity,
which leads to the accumulation of free fatty acids in the cytoplasm
of hepatocytes. The second hit pertains to injuries sustained by
hepatocytes that have become more susceptible to damage. Such
injuries may stem from producing reactive oxygen species (ROS),
free fatty acid metabolism by cytochrome P450, fatty acid oxidation
in peroxisomes, metabolism of alcohol derived from the gut, and
inflammatory mediators released by adipocytes. Ultimately,
hepatocytes transform and undergo ballooning, cytoskeletal
aggregation, apoptosis, and necrosis (Kudaravalli et al., 2024).

The risk factors for NAFLD include obesity, diabetes, insulin
resistance, dyslipidemia, and metabolic syndrome. These factors
contribute to the increasing incidence of NAFLD in conjunction
with the rising prevalence of these conditions (Kudaravalli et al.,
2024). NAFLD is also commonly found in middle-aged and older
adults, classifying it as an age-related disease (Frith et al., 2009). The
impact of NAFLD in the form of hepatic and extra-hepatic
complications also escalates in elderly patients (Bilson et al., 2022).

Cellular senescence plays a significant role in the pathogenesis of
NAFLD. Senescence is the cell cycle cessation due to telomere
shortening or the accumulation of sub-lethal DNA damage over
a lifetime. In the livers of elderly individuals with NAFLD, telomere
shortening is observed, a phenomenon not seen in healthy aged
livers. Mitochondrial dysfunction is also believed to contribute to
aging and NAFLD. Animal studies have shown that mice lacking the
hepatocyte-specific PPARα gene accumulate liver fat even on a
standard diet. Meanwhile, in humans with NAFLD, there is a
downregulation of carnitine palmitoyltransferase 1α (Cpt1a) and
acyl-CoA oxidase 1 (Acox1), leading to decreased transcriptional
activity of PPARα (Li et al., 2022).

Another critical role is played by liver sinusoidal endothelial
cells (LSECs), which also experience senescence with aging. The
aging process results in the downregulation of vasodilators and
angiocrine mediators, increased portal pressure, and loss of LSEC
fenestration replaced by a basal membrane. These processes lead to
increased fibrosis processes and reduced clearance of toxins (Li
et al., 2022).
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3.7 Osteoarthritis (OA)

Osteoarthritis (OA) is a chronic degenerative disease
characterized by the loss of articular cartilage and remodeling of
periarticular bone (Mahajan et al., 2005). OA arises from the
interaction of various processes. Mechanical stress and abnormal
joint mechanics, lead to the release of pro-inflammatory markers.
These markers result in joint destruction through unclear
mechanisms. The progression of OA begins with damage to the
articular cartilage, marked by fibrillation, erosion, and irregularities.
This erosion continues to advance, extending to the bone and other
joint surfaces. At the cellular level, cell phenotype changes with
chondrocytes becoming hypertrophic and proliferating
uncontrollably. During this phase, ossification may occur,
resulting in the formation of osteophytes (Sen et al., 2024).

Risk factors for OA include female gender, anatomical
variations, joint injuries due to occupation or sports, muscle
weakness, obesity, and age, with the latter two being the most
significant risk factors (Sen et al., 2024; Loeser, 2011). It is
known that up to 80% of individuals over the age of 65 have
radiological manifestations of OA. However, only 60% of these
individuals exhibit symptoms (Sen et al., 2024). The ageing process
is associated with OA through senescence, mitochondrial
dysfunction, oxidative stress, energy metabolism dysfunction,
extracellular matrix communication disturbances, and age-related
inflammation (Loeser et al., 2016).

As people age, there is an increase in fat mass and loss of muscle
mass, leading to obesity and sarcopenia. Obesity is a well-known risk
factor for OA through an increase in joint load. Other than that, fat cells
are known to release adipokines and other inflammatory mediators.
Obesity often accompanies muscle weakness or sarcopenia, which is
also a risk factor for OA (Loeser et al., 2016). In addition to the increase
in adipocyte numbers, ageing-related changes lead to increased
production of IL-6 and TNF-alpha by adipocytes. The elevation of
these mediators is associated with the onset and progression of OA. In
elderly patients, there is a correlation between low IL-6 levels and the
absence of OA (Greene and Loeser, 2015).

At the cellular level, the occurrence of senescence is one of the
signs of ageing. This condition occurs in chondrocytes and is
characterized by an increase in P16, which is a cell cycle inhibitor
that responds to the accumulation of DNA damage (Loeser et al.,
2016). Senescent cells secrete pro-inflammatory cytokines,
chemokines, growth factors, and matrix metalloproteinases
(MMPs). This secretion is referred to as the senescence-associated
secretory phenotype (SASP), which exacerbates the progression of OA
through pro-inflammatory mediators and enzymes that degrade the
matrix (Greene and Loeser, 2015). In addition to senescence, there is a
decline in autophagic function with age. The autophagic function
shows how well a cellular recycling process is done as a protective
mechanism. In chondrocytes of OA patients, there is a decrease in
autophagic markers associated with increased cell death in articular
cartilage (Loeser et al., 2016).

3.8 Osteoporosis (OP)

Osteoporosis is a chronic skeletal disease characterized by a
reduction in bone mineral density and mass, leading to the

deterioration of bone microarchitecture. Patients with
osteoporosis face a higher risk of fractures, which overall reduces
their quality of life and increases morbidity and mortality rates
Osteoporosis can be categorized into primary and secondary (Porter
et al., 2024). Primary osteoporosis is mainly caused by aging and sex
hormone deficiency, which result in increased bone resorption and
decreased bone formation (Ali, 2022). Peak bone mass is typically
achieved in the third decade of life, after which it steadily declines.
Secondary osteoporosis can be caused by diseases such as
hyperparathyroidism, chronic kidney failure, and Cushing’s
syndrome, or by medications such as corticosteroids,
chemotherapy, and proton pump inhibitors. Men are more likely
to develop secondary osteoporosis compared to women (Porter
et al., 2024).

In the elderly, there is a decline in osteoblast function due to
decreased proliferation, increased apoptosis, and senescence.
Additionally, osteoprogenitor cells become dysfunctional, leading
to impaired differentiation of osteoblasts. This functional decline
gives rise to the accumulation of fat cells in the bone due to increased
adipogenesis in the marrow. Genes such as WNT10B, RUNX2,
RANKL, Osterix, Osteocalcin, OPG, and SOST have been found to
exhibit abnormal expression in patients with primary osteoporosis.
Markers indicating cellular senescence, such as p21, p16Ink4a, and
p53, are also observed in aging bones (Chandra and Rajawat, 2021).
Diminished cellular function contributes to the accumulation of
microcracks due to repair failure. Microcracks increase with age,
significantly impacting bone biomechanics (Sierra and
Kohanski, 2016).

Beyond cellular changes, the extracellular matrix components,
such as collagen and minerals, also undergo modifications during
aging. In the elderly, collagen changes include non-enzymatic
glycation and denaturation. Non-enzymatic glycation produces
advanced glycation end products (AGEs), which can impair the
mechanical function of bones. This process can occur endogenously
or exogenously, such as from diet and smoking. Additionally, older
adults experience increased mineralization but incomplete matrix
remodeling. This process produces large, dense crystals that make
bone brittle and easily fractured (Sierra and Kohanski, 2016).

Hormonal factors also play a crucial role in the pathogenesis of
osteoporosis and aging. In the elderly, the function of gonadal and
adrenal cells in producing estradiol, testosterone, and
dehydroepiandrosterone declines. This hormonal change alters
bone metabolism, leading to decreased bone mass through
changes in cytokine levels. IGF-I decreases along with sex
hormones, resulting in reduced bone formation. Concurrently,
IL-6 increases and stimulates bone resorption (Sierra and
Kohanski, 2016).

3.9 Chronic obstructive pulmonary
disease (COPD)

Chronic Obstructive Pulmonary Disease (COPD) is a lung
condition characterized by chronic respiratory symptoms, such as
shortness of breath, coughing, and phlegm due to abnormalities in
the airways and/or alveoli, caused by significant exposure to harmful
particles or gases (Agarwal et al., 2024). Chronic inflammation
causes accelerated and progressive elastic fiber damage,
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peribronchial fibrosis, damage to alveolar walls, microvasculature
and small airways, airway remodeling, and mechanisms of chronic
mucus hypersecretion. Progressive airflow limitation and airway
remodeling leads to air trapping, static and dynamic hyperinflation,
gas exchange abnormalities, and reduced exercise capacity and
physical activity (Barnes, 2016).

In addition to smoking, which is a major risk factor in the
occurrence of COPD through the reactive oxidant species produced
by cigarettes, the aging process also contributes to the development
and progression of COPD through various mechanisms, including
the accumulation of cellular aging, mitochondrial dysfunction, and
changes in intercellular communication. As aging occurs or
increasing age there will also be an imbalance of inflammatory
and anti-inflmmatory tissue. Lung cells of COPD patients also show
SASP which is characterized by the secretion of pro-inflammatory
molecules such as IL-6, IL-8, monocyte chemoattractant protein-1,
and plasminogen-activated inhibitor-1, which further contributes to
the pathogenesis of COPD (Easter et al., 2020).

Cellular senescence, which is a hallmark of aging, plays an
important role in the pathogenesis of COPD. Senescent cells,
characterized by a permanent arrest of the cell cycle, can cause
chronic inflammation and tissue damage in the lungs. This is
particularly relevant in COPD, where exposure to cigarette
smoke causes aging of alveolar epithelial cells, leading to
increased secretion of pro-inflammatory cytokines and chronic
inflammation (Easter et al., 2020). Cigarette smoke can induce
the expression of the cell aging marker p21 in epithelial cells and
fibroblasts. Emphysematous lungs show increased expression of p16,
p19 and p21, all of which are cyclin kinase inhibitors and markers of
cellular aging (Chilosi et al., 2013).

As age increases, the function of stem cells and regenerative
capacity decrease. This decline in stem cells contributes to the
development of age-related diseases. Therefore, widespread lung
inflammation results in limited stem cell proliferation capacity and
successive thinning (Singer and Morrison, 2013). In addition to the
mechanism of stem cell exhaustion, free radicals also contribute to
aging. Mitochondrial dysfunction can lead to the release of pro-
inflammatory factors and the accumulation of oxidative stress. The
imbalance between pro-oxidants and antioxidants increases with
age, leading to the accumulation of oxidative damage that
contributes to age-related tissue injury which can exacerbate
COPD symptoms (Easter et al., 2020; Spagnolo and
Semenzato, 2022).

3.10 Benign prostatic hyperplasia (BPH)

Benign Prostatic Hyperplasia (BPH) is a disease that affects men
and usually occurs in individuals aged 40 and above. One of the risk
factors for the occurrence of BPH is older age, as men experience
prostate growth of 2.0%–2.5% per year (Lim, 2017). The
pathophysiology of BPH is caused by the enlargement of the
prostate gland extending into the prostatic urethra and the
bladder outlet. This enlargement of fibroadenomatous nodules
leads to narrowing of the prostatic urethra, causing patients to
have trouble in urinating (Lepor, 2005).

Hormonal changes occur as age increases, particularly a decrease
in testosterone levels. The average serum testosterone level in plasma

is around 600 ng/mL and will gradually decrease with age. Decreased
testosterone levels can lead to an increase in dihydrotestosterone
(DHT), which is an active form of androgen hormone in the
prostate. This local production of DHT stimulates normal
prostate activity but also contributes to prostate growth, which
can lead to BPH. The condition where cells stop dividing due to
aging can contribute to the development of BPH. Senescent cells can
accumulate in prostate tissue and contribute to the development of
fibroadenomatous nodules (Untergasser et al., 2005).

The occurrence of BPH is also related to metabolic syndrome
including obesity, dyslipidemia, and diabetes. This metabolic
syndrome leads to local inflammation and an increase in systemic
adipokine and pro-inflammatory cytokine levels, including
adiponectin, leptin, tumor necrosis factor (TNF), IL-6, and CCL2.
This pro-inflammatory condition also increases the risk of viral and
bacterial infections, which can act as stimulating factors to injure
prostate cells, thus causing chronic inflammation and involved in the
process of BPH proliferation. Direct involvements of bacteria and
virus as infection, include; Staphylococcus, Acinetobacter, Candida,
and Trichomonas spp have been reported (Hata et al., 2023).

The aging factor is also associated with the accumulation of
oxidative stress in the body. Oxidative stress plays a role in the
proliferation of BPH (Benign Prostatic Hyperplasia) associated with
chronic inflammation in the prostate (Hata et al., 2023). In a study
using a transgenic mouse model with specific expression of prostate
NADPH oxidase 4 (Nox4) that drives the formation of nitric oxide
synthase (NOS), it was shown that mice expressing
Nox4 experienced increased oxidative DNA damage in the
prostate, increased prostate weight, and histological changes
including epithelial proliferation and fibrosis compared to wild-
type mice. This indicates that oxidative stress reactions are
associated with changes in epithelium and stroma (Vital et al., 2016).

3.11 Aging-related macular
degeneration (AMD)

Age-related macular degeneration (AMD) is one of the
degenerative diseases that causes progressive vision loss (Heesterbeek
et al., 2020). The macula is a part of the retina filled with cone cells that
are sensitive to color and responsible for high acuity vision. Macular
degeneration is the most common cause and accounts for 8.7% of
blindness cases worldwide. The risk of developing macular
degeneration increases by 2% in individuals aged 50–59 and rises to
30% in those aged over 75 years (Wong et al., 2014).

In AMD, there is dysfunction of the retinal pigment epithelial
(RPE) and photoreceptors simultaneously with the accumulation of
waste material in the subretinal space (RPD) and between the RPE
and choroid (drusen). With age, there is a normal decrease in RPE
cell density. Some RPE cells becomemultinucleated, especially in the
periphery, indicating cell fusion or failure of cell division, resulting
in vision impairment (Wong et al., 2022). The waste deposition that
occurs in AMD is often referred to as lipofuscin and
melanolipofuscin. The accumulation of this waste contributes to
oxidative stress on the RPE and choriocapillaris, leading to
inflammation and further damage (Olchawa et al., 2017).

The aging factor also causes abnormal Extracellular Matrix
(ECM) production because most of it comes from RPE and

Frontiers in Aging frontiersin.org10

Nurkolis et al. 10.3389/fragi.2024.1462569

https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2024.1462569


photoreceptor cells, but some also originate from cells in the choroid
and substances in systemic circulation. Abnormal ECM influences
further damage to the retina, RPE, and choroid because nutrient
diffusion becomes impaired. Nutrient diffusion and waste product
diffusion are also facilitated by Bruch’s membrane (BrM). In RPE,
there is a complex of matrix proteins called Bruch’s membrane
(BrM). BrM thickness increases linearly with age. Changes in
thickness are also associated with changes in protein
composition, protein cross-linking, increased glycosaminoglycan
size, and increased lipid content, thus disrupting the diffusion of
small and large molecules across BrM (Zarbin, 2004).

3.12 Cancer

Cancer is a condition where body cells grow uncontrollably,
disregarding signals that normally prompt them to stop dividing or
die, and infiltrate and destroy surrounding tissues. It arises when
genetic mutations disrupt the mechanisms that regulate normal cell
growth. The pathophysiology of cancer involves a series of complex
events encompassing various factors, including genetics,
environment, and lifestyle (Brown et al., 2023). The process of
cancer metastasis, leading to advanced stages, involves the
initiation, promotion, and progression of metastasis. The
initiation stage begins when cancer cells detach from their
primary tumor site, facilitated by epithelial-to-mesenchymal
transition (EMT). Subsequently, in the promotion stage, cancer
cells travel through the bloodstream to reach distant organs. This
process is facilitated by specific receptors on the cell surface such as
CD 36, which binds to palmitate acid to promote metastasis. The
progression stage of metastasis involves the formation of secondary
tumors at distant sites influenced by genetic and epigenetic
modifications (Fares et al., 2020; Neophytou et al., 2021).

The pathophysiology of cancer in relation to aging is marked by
a complex interaction of various factors contributing to the
development of the disease. Aging is associated with a decline in
gene repair, and the expression of the DNA polymerase δ1 enzyme,
crucial for DNA repair, significantly decreases with age. Double-
strand DNA breaks play a role in the loss of heterozygosity in the
elderly and may contribute to the occurrence of cancer (Liu et al.,
2016). Throughout life, the human body is exposed to numerous
exogenous stimuli that contribute to mutagenic events. One
hazardous exogenous exposure is free radicals, as they can trigger
DNA mutations. Unrepaired DNA errors can lead to the
accumulation of oncogenic traits and the development of
diseases, including cancer (Smetana et al., 2016). A study showed
that during aging, 3,000 to 13,000 genes per genome may be affected
by 5,000 to 50,000 mutations (Bavarva et al., 2014). This is further
supported by the observation that the most common occurrence of
cancer sharply increases after the age of 50 due to the accumulation
of oncogenic mutations within a clone (Laconi et al., 2020).

On the other hand, cellular aging leads to the cessation of the
removal of senescent cells (apoptosis), without direct cell death. This
is still highly effective as an anticancer barrier because it prevents the
expansion of altered clonal cells. Meanwhile, longer-lasting
“chronic” senescent cells can trigger carcinogenesis and tissue
dysfunction (Childs et al., 2014; Ritschka et al., 2017). Aged cells
express an aging-associated secretory phenotype that includes pro-

inflammatory cytokines and chronic exposure. The pro-
inflammatory status in aging can provide “nourishment” for
cancer cells, thus contributing to the increased incidence of
cancer in older individuals (Laconi et al., 2020; Bürkle et al., 2007).

The immune system also becomes less effective as age increases.
The thymus, which is a vital organ in the development and
maturation of T cells, shrinks from around the age of 1 year and
continues to diminish. In elderly individuals, the thymus is replaced
by fatty tissue. The decline in thymus function leads to a decrease in
T cell production, resulting in the body being less effective at
detecting and eliminating cancer cells as age advances (Figure 3).
Weakening of the immune system can also increase the risk of
cancer by allowing cancer cells to grow and persist in the body
(Foster et al., 2011).

4 Oral microbiome and aging-
related diseases

4.1 Alzheimer’s disease

It is well known that Alzheimer’s disease correlates with changes
in oral microbiome that are linked to the persistence of illness. Due
to the effects of Alzheimer’s disease, many people’s motor skills are
impaired, such as their ability to perform daily tasks and maintain
their oral health. This makes microbioma more effective in treating
periodontitis and dental cavities (Greene and Vermillion, 1960). In
addition, research conducted in 2013 revealed a connection between
Alzheimer’s disease and a patient’s quality of life that is influenced
by dental health issues (Cicciù et al., 2013). After that, research
conducted on 59 participants by de Souza Rolim (2014) revealed that
patients with Alzheimer’s disease were more likely to experience
orofacial pain and periodontitis (de Souza Rolim et al., 2014).

Dental caries is one of the most common infections in children
and has a strong correlation with socioeconomic status, lifestyle,
genetics, and oral microbiome conditions (Takahashi and Nyvad,
2011). After a few years, it was discovered that Alzheimer’s disease
had a strong correlation with dental caries. Research conducted by
Jones (1993) shown that the early characteristics of patients with
dental caries were significantly higher in those with moderate to
advanced Alzheimer’s disease (Jones et al., 1993). In addition, the
study by Ellefsen (2012) also demonstrated that people with
Alzheimer’s disease had a higher number of coronal and root
caries than people with dementia or people without dementia
(Ellefsen et al., 2012).

Periodontitis is a type of oral infection caused by anaerobik
gram-negative bacteria that can form biofilms in subgingival tissues
and cause localized or systemic infections by causing various
inflammatory mediators (Sureda et al., 2020). The first link
between peridontitis and Alzheimer’s disease is inherited
variation in the IL-1 gene family, which is associated with
various inflammatory responses and the progression of chronic
diseases, the most severe of which is Alzheimer’s disease
(Kornman, 2006). Research conducted by Kubota et al. (2014)
indicates that the components of the Alzheimer’s disease pathway
significantly increase in patients with periodontitis who experience
gingival gingival inflammation (Kubota et al., 2014). Other studies
have also confirmed the association between periodontitis and
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FIGURE 3
Age-Related Disease Mechanism. Created with BioRender.com Premium License by Fahrul Nurkolis (https://app.biorender.com, accessed on 10th
July 2024).

TABLE 1 Oral microbiota related to development of Alzheimer’s disease.

No. Studies Outcomes References

1 This is a cross sectional study that assess the relationship between
periodontitis and cognitive impairment in older adult

• Individuals with high levels of Porphyromonas gingivalis, a
periodontitis pathogen, have significantly greater odds of
experiencing impairments in verbal memory and subtraction test
performance

Noble et al.
(2009)

2 This study investigates oral Treponema population in human brain
and the association with alzheimer’s disease

• Alzheimer’s disease patients’ ganglia had treponema, and PCR could
detect six out of seven types of the disease

• Monoclonal antibodies against Treponema pectinovorum and
Treponema socranskii were detected within the trigeminal ganglia’s
badan neuron

Riviere et al.
(2002)

3 This study investigates if lipopolysaccharides induce patomechanism
of tau pathology

• Lipopolysaccharides from Salmonella abortus can affect pathologies
associated with Alzheimer’s disease

Lee et al. (2010)

4 This study assesses serum antibody of bacteria in oral peridontal
disease of participant converted to AD and control

• There was a significant increase in antibodies to Prevotella intermedia
and Fusobacterium nucleatum in participants of alzheimer’s disease
and mild cognitive impairment

• Then, there was a significant increase in the antibodies of Treponema
denticola and Porphyromonas gingivalis in Alzheimer’s disease

Stein et al. (2012)

5 This study examines the relation between alzheimer’s disease and
herpes simplex virus-1 (HSV-1) and to understand the effect of HSV-1
on alzheimer’s disease progression

• Studies of proteins that interact with HSV-1 in connection with their
presence in plaque and amyloid fibrillation in Alzheimer’s disease
showed a very significant increase in the known binding proteins of
HSV-1, in these structures

Carter (2011)
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Alzheimer’s disease relasi, namely, by measuring tumor necrosis
factor alpha (TNF-α) levels, which are higher in patients with
Alzheimer’s disease with periodontitis compared to those with
the condition without periodontitis (Farhad et al., 2014). Table 1
shows the oral microbiota that is typically present in Alzheimer’s
disease progression.

4.2 Parkinson’s disease

The correlation between oral microbiota and Parkinson’s disease
has been identified. Poor oral health is highly prevalent among
Parkinson’s disease patients (Hanaoka and Kashihara, 2009).
Table 2 demonstrates changes in oral microbiota associated with
Parkinson’s disease.

One of the oral bacteria, Streptococcus mutans, has the ability to
form an amyloid protein, a protein associated with the
pathophysiology of Parkinson’s disease. In models of mice
exposed to oral bacteria producing amyloid proteins, there was
increased aggregation and production of alpha-synuclein and
cerebral inflammation (Fleury et al., 2021). Besides, oral bacteria
Prevotella are opportunistic bacteria. In PD disease, an increase in
Prevotella is suspected to be associated with motor and non-motor
weaknesses inining oral care (Pereira et al., 2017).

4.3 Diabetes

In diagnosing diabetes, diversity changes cannot be a reliable
biomarker for diabetes. From 4 studies, only two observed diversity
changes in the diabetes population (Saeb et al., 2019; Almeida-

Santos et al., 2021; Lee et al., 2022). However, a decrease in diversity
is still an indicator of diabetes due to dysbiosis caused by a decrease
in the relative presence of non-dominant genera or an increase in
pathogenic bacteria.

Veilonella genera abundance was higher in T2D patients in
2 studies (Table 3). In patients with diabetes, a shift in the
metabolism leading to an increase in lactate leads to acidification
of the oral environment. As a response to protect the oral
microbiome, Veilonella and other acidogenic bacteria like
Prevotella and Leptotrichia number are increasing because of
their ability to further metabolite lactate (Agarwal et al., 2024;
Shaalan et al., 2022). Acidification concurrent with immune
dysfunction also leads to an increase of pathogenic and a
decrease of probiotic bacteria in the oral cavity of diabetes
patients (Saeb et al., 2019).

4.4 NAFLD

In NAFLD patients, Wang’s study found an increase in alpha
diversity. This result contradicts the general understanding that high
diversity is a marker of a healthy ecosystem. However, this increase
in diversity aligns with previous research on the same disease group,
examining the microbiome in supragingival plaque. These findings
suggest that the increase in diversity results from poor oral health
due to plaque accumulation and gum bleeding becoming a new
nutrient source. NAFLD is known to alter the composition of the
salivary microbiome, increasing the risk of oral diseases and poor
oral health (Wang et al., 2023).

As found in diabetes, a decrease in Proteobacteria was observed
in the MAFLD group. The reduction of Proteobacteria in MAFLD

TABLE 2 The heightened and lowered oral microbiota in Parkinson’s disease.

No. Studies Outcomes References

1 This study investigates if there is a link between oral and nasal
microbiota with parkinson’s disease

• Parkinson’s disease patients exhibited a higher prevalence of the
Prevotellaceae family compared to the control group

• Additionally, there was an elevated occurrence of the Prevotella genus
in association with a decline in oral hygiene

• Furthermore, Parkinson’s disease patients displayed an increased
presence of Moryella and Erysipelotrichaceae

Pereira et al.
(2017)

2 This study examines which biomarker that is sensitive and specific
in change of oral microbiome in parkinson’s disease

• Parkinson’s disease patients show an elevated presence of
Bifidobacteriaceae and Lactobacillaceae

• The Enterobacteriaceae family is reduced and there are alterations in
the abundance of the Bacillus genus in Parkinson’s disease patients

• Parkinson’s disease is associated with an increased occurrence of the
Saccharomycetaceae family, including Candida and Saccharomyces
cerevisiae

• The Acidaminococcaceae family is elevated and there are changes in the
abundance of the Flavobacteriaceae family in Parkinson’s disease

• The early stage of Parkinson’s disease is characterized by an increase in
the Rhodococcus genus

Mihaila et al.
(2019)

3 This study explores the composition of oral microbiota and level of
oral inflammation in parkinson’s disease patients

• Parkinson’s disease patients exhibit elevated levels of Streptococcus
mutans, Veillonella, Lactobacillaceae, Scardovia, Kingella oralis,
Negativicutes, Prevotella, and Firmicutes in their oral microbiome

• The Prevotellaceae family (specifically, Aloprevotella AM420222 s,
Alloprevotella PAC001345 s, Prevotella PAC001346 s, and Prevotella
histicola) experienced an increase in bacteria

• Parkinson’s disease patients showed a drop in the SR1 phylum

Fleury et al.
(2021)

4 This study analyses the impact of poor oral health, poor oral
hygiene, and dysphagia status on the oral microbiota composition of
parkinson’s disease patients

• There was an increase in Streptococcus pneumoniae and Lactobacillus
sp. in Parkinson’s disease patients

Rozas et al. (2021)
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could be due to their role in maintaining glucose homeostasis
and reducing inflammatory responses. Therefore, a decrease
in Proteobacteria is commonly seen in metabolic
disorders like diabetes and MAFLD (Agarwal et al., 2024; Wang
et al., 2023).

In addition, an increase in Firmicutes was observed in the
MAFLD group. Unlike Proteobacteria, Firmicutes are involved in
the fermentation and metabolism of carbohydrates and lipids,
increasing their presence in metabolic disorders. The interaction
between these two bacteria is often expressed as the Firmicutes/
Proteobacteria ratio. An increased ratio, indicating a competitive
advantage for Firmicutes relative to Proteobacteria, is found in
various diseases characterized by low-grade chronic
inflammation, such as MAFLD, schizophrenia, and Sjogren’s
syndrome (Wang et al., 2023).

Wang’s study also identified Fretibacterium, Neisseria,
Treponema, Delftia, Capnocytophaga, Dialister, and
Erysipelotrichaceae_UCG-003 as seven genera that can
serve as biomarkers with an AUC of 0.82 (Table 4),
indicating their clinical usefulness in diagnosing MAFLD
(Wang et al., 2023; Çorbacıoğlu and Aksel, 2023). Niu’s

research reviewed the use of fungi as biomarkers and found
Mucor ambiguus to be significantly different between diseased
and healthy individuals. However, its clinical utility is limited,
with an AUC of 0.76 below the threshold of 0.80 (Niu
et al., 2023).

4.5 Osteoarthritis

Only one study has examined microbiome changes in patients
with osteoarthritis. This study found an increase in alpha diversity,
which contrasts with other chronic inflammatory diseases (Chen
et al., 2018) (Table 5). A decrease in Proteobacteria and an increase
in Firmicutes led to a higher Firmicutes/Proteobacteria ratio,
observed in OA, consistent with other conditions such as
MAFLD and diabetes (Wang et al., 2023; Chen et al., 2018).
The study also identified eight OTUs—Actinomyces, Neisseria,
Neisseria subflava, Haemophilus parainfluenzae, Haemophilus,
Veillonella dispar, and Prevotella—as the most accurate
biomarkers with an AUC of 0.87, indicating clinical usefulness
(Chen et al., 2018).

TABLE 3 Clinical studies of oral microbiota related to T2D.

No Studies Outcomes References

1 This is a case-controlled study comparing the salivary microbiome
of people with and without T2D and its relation to obesity status

• Patients with T2D have a decreased alpha diversity compared to the
non-T2D

• TheVeillonella and Lactobacillus genera abundance increases in T2D
patients

• The Tannerella and Dialister genera decrease in T2D patients
• Saliva type 1, which has a lower diversity and higher proportion of
Streptococcus, Rothia, and Veillonella, was more common in T2D
patients

• Saliva type 3, which has a higher proportion of Neisseria and
Porphyromonas, was more common in non-T2D patients

Shaalan et al. (2022)

2 A cross-sectional and case-controlled study comparing the oral
microbiome characteristics in normoglycemic, pre-diabetes, and
type 2 diabetes

- Microbiome diversity is reduced in patients with prediabetes and
diabetes compared to non-diabetes patients. Diabetes patients have
the lowest diversity of microbiome

- The decrease in diversity in diabetic patients is attributed to an
increase in pathogenic species. In diabetic patients, 38.5% of the
bacteria are pathogenic, and no probiotic bacteria are present

- Pathogenic bacteria identified in pre-diabetic and T2D groups include
Staphylococcus warneri, Leptothrix sp., and Streptococcus downei

Saeb et al. (2019)

3 The analysis of saliva microbiomes in patients with or without
diabetes undergoing uncovering procedures following implant
placement

- No significant difference in alpha diversity was found between the two
groups

- Significant differences were only observed in the family
Corynebacteriaceae and the genus Corynebacterium, both of which
were more abundant in the non-diabetic group

Lee et al. (2022)

4 A cross-sectional observational study was conducted to review the
composition of saliva microbiomes in diabetic patients and healthy
volunteers

- Bacteroidetes, Proteobacteria, and Firmicutes are the most abundant
phyla in both the diabetes and non-diabetes groups

- Saliva from diabetic patients contains more Bacteroidetes and fewer
Proteobacteria compared to non-diabetic individuals

- There is a significant increase in the genera Prevotella,
Porphyromonas, Veillonella, Leptotrichia, Lactobacillus, and
Streptococcus in the diabetes group compared to the non-diabetes
group

- Genera Neisseria and Capnocytophaga are significantly higher in the
non-diabetes group compared to diabetes

Agarwal et al. (2024)

5 Comparing salivary microbiome of 25 T2D patiens to 25 healthy
volunteers

- There’s no difference in alpha and beta diversity between T2D and
healthy gorup

- Betaproteobacteria were significantly higher in T2D group
- Deltaproteobacteria, Spirochaetes, Mollicutes, and Synergistia were
significantly higher in healthy group

Almeida-Santos et al.
(2021)

Frontiers in Aging frontiersin.org14

Nurkolis et al. 10.3389/fragi.2024.1462569

https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2024.1462569


4.6 COPD

The correlation between oral microbiota and COPD has been
identified. Table 6 demonstrates changes in oral microbiota
associated with COPD. According to Wu’s (2017) research, it
was found that COPD patients had higher levels of oral bacteria
from the genera Dysgonomonas, Desulfobulbus, and Catonella, as
well as P. intermedia, P. endodontalis, D. wimpennyi, and C. morbi.
These bacteria are believed to contribute to the development of
COPD. In addition to an increase in the overall number of oral
bacteria, the study by Wu (2017) also observed a decrease in the
specific genera of oral bacteria, namely, Oribacterium,
Streptomyces, and Arcanobacterium (Wu et al., 2017). In Lin’s
(2020) study, there was a notable rise in the bacteria genera Rothia,
Veillonella, and Actinomyces, along with a large decline in the
genus Fusobacterium. This suggests that there is a correlation
between COPD exacerbating the symptoms of periodontitis, or
the management of periodontitis exacerbating COPD (Lin
et al., 2020).

4.7 BPH

Periodontitis has been linked to various systemic diseases. The
potential connection between periodontitis and systemic ailments
might involve factors like metastatic infections, the spread of
bacterial toxins, and immune dysfunction. Oral bacteria have

the capability to directly invade endothelial cells independent of
their byproducts. In this study by Estemalik et al. (2017)
mentioned plausible that these oral pathogens travel via the
bloodstream to reach the prostate gland and infiltrate its
epithelial cells (Table 7). Notably, Porphyromonas gingivalis
(Pg) has been shown to penetrate gingival epithelial tissue and
was observed more frequently in prostatic secretions, suggesting a
need for further validation in forthcoming investigations.
Moreover, Pg in the oral cavity releases Arg-gingipain,
contributing to collagen degradation, while Treponema denticola
(Td) secretes chymotrypsin-like proteinase, enhancing epithelial
permeability and initiating periodontal tissue breakdown. These
organisms may exert a similar effect upon reaching the prostate,
penetrating intraepithelial tissue and inducing histological
alterations in the organ. The study found evidence of similar
bacterial DNA in both prostatic secretion and subgingival
dental plaque from the same individuals, indicating a potential
link between oral pathogens and prostatic inflammation
(Estemalik et al., 2017).

4.8 Aging related macular degeneration

The correlation between oral microbiota and aging related
macular degeneration has been identified. Table 8 demonstrates
changes in oral microbiota associated with aging related macular
degeneration. Rullo’s (2020) research indicates that the

TABLE 4 Oral microbiota related to NAFLD.

No Studies Outcomes References

1 Reviewing the saliva microbiome in 10 NAFLD/MAFLD patients
and 10 healthy patients using 16S rRNA amplicon sequencing
and bioinformatics analysis

- There was an increase in the relative abundance of Firmicutes
and a decrease in Proteobacteria in the NAFLD group
compared to the healthy group

- A panel detecting 7 genera, namely, Fretibacterium, Neisseria,
Treponema, Delftia, Capnocytophaga, Dialister, and
Erysipelotrichaceae_UCG-003, was identified as an optimal
biomarker with an AUC of 0.82

- Alpha diversity, measured by the Ace and Chao1 richness
indices, was significantly higher in the MAFLD group
compared to the NAFLD group

Wang et al. (2023)

2 Reviewing the fungal microbiome in saliva, feces, and
supragingival plaque in 21 NAFLD/MAFLD patients and
20 healthy patients using 16 S rRNA amplicon sequencing and
bioinformatics analysis

- Mucor ambiguus increased in saliva samples of MAFLD
patients compared to controls

Niu et al. (2023)

TABLE 5 Oral microbiota related to development of osteoarthritis.

No Studies Outcomes References

1 Reviewing the salivary microbiome in 155 healthy controls,
110 rheumatoid arthritis (RA) patients, and 67 osteoarthritis (OA)
patients. The ages of the subjects were 49.96 ± 11.17, 56.65 ± 11.36, and
57.79 ± 9.712, respectively

5 Eight OTUs—Actinomyces, Neisseria, Neisseria subflava, Haemophilus
parainfluenzae, Haemophilus, Veillonella dispar, Prevotella, and
Veillonella—are identified as potential biomarkers with the highest AUC
of 0.87
6 Healthy patients have a higher relative abundance of Proteobacteria
compared to patients with rheumatoid arthritis (RA) or osteoarthritis
(OA)
7 Healthy patients have a lower relative abundance of Firmicutes
compared to patients with RA or OA.
8 Alpha diversity is increased in OA patients compared to the healthy
group

Chen et al.
(2018)
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Actinobacteria phylum contains prevalent oral bacteria.
Furthermore, the presence of oral microbial pathogens such as
Rothia, Proprionbacteriaceae, and Corynebacteriaceae has been
linked to the development of aging-related macular degeneration.
This association is attributed to their ability to promote
inflammation, as explained by Rullo in 2020 (Rullo et al., 2020).

4.9 Cancer

In the study including below the tabel, mentioned that oral
microbiome has been linked various cancer such as oral esophageal
squamos cell carcinoma, pancreatic cancer, liver carcinoma, lung
cancer, oral squamos cell carcinoma, colorectal cancer, digestive

TABLE 6 The heightened and lowered oral microbiota in COPD.

No Studies Outcomes References

1 Characterization of periodontal microbiome from 55 COPD (n =
30 patient COPD with periodontitis (age 65.2 ± 7.4) and n- 25 patient
COPD without periodontitis (age 65.6 ± 7.1) and 50 non-COPD (n =
25 patient with periodontitis (age 63.4 ± 7.0)) and n = 25 patient
without periodontitis (age 64.8 ± 6.7) using 16S rRNA analysis gene
metagenomic sequencing

- Patients with COPD exhibit a decrease in both the richness and
diversity of bacteria in the periodontal tissues of individuals without
periodontal disease

- Three genera (Johnsonella, Campylobacter, and Oribacterium) and five
species (J. ignava, P. canis, Fusobacterium simiae, Campylobacter
showae, and Gemella cunicola) were found to be associated with COPD
but not with periodontitis

- The genera Johnsonella and J. ignava were linked to COPD but not to
periodontitis. These genera are associated with oral squamous cell
carcinoma

- In this study, six genera related to periodontitis and eight species were
identified in COPD patients. Genera Dysgonomonas, Desulfobulbus,
and Catonella, as well as P. intermedia, P. endodontalis, D. wimpennyi,
and C. morbi, were more abundant in COPD patients compared to
non-COPD patients. Increasing of these microorganisms in
periodontal tissue could be related to the development of COPD.

- P. intermedia induces strong expression of antimicrobial peptides and
IL-8, leading to migration of innate immune cells to the local infection
site, resulting in an imbalance in local flora and inflammation

- A decrease in the genera Oribacterium, Streptomyces, and
Arcanobacterium was observed in the periodontal tissues of COPD
patients. Understanding the microbial relationships and differences
between COPD and periodontitis may provide a new strategy for the
diagnosis, monitoring, and treatment of COPD.

Wu et al. (2017)

2 Investigated saliva microbiome of patients with COPD and
periodontitis (n = 21 (age 60.36 ± 8.78)) compared with patients
periodontitis (n = 36 (age 59.75 ± 8.00)), and healthy controls (n = 14
(age 60.24 ± 8.84)) using pyrosequencing of polymerase chain reaction-
amplified 16s rRNA genes

- Indicates that the bacterial genera Rothia, Veillonella, and Actinomyces
significantly increase during periodontitis and increase even more in
patients with both periodontitis and COPD compared to healthy
individuals

- The bacterial genus Fusobacterium significantly decreases during
periodontitis and decreases even more in patients with both
periodontitis and COPD compared to healthy individuals

Lin et al. (2020)

3 Characterization oral microbiome from subgingival plaque and gingival
crevicular fluid samples from healthy controls (n = 31 (age 25 (23–38)),
patients with periodontitis (n = 24 (age 53.5 (47.25–61.25)), patients
with COPD (n = 28 (age 61 (51,75–67.75)), and patients with both
periodontitis and COPD (n = 29 (age 66 (60.5–72.5)) using16S rRNA
gene sequencing

- According to LEfSe analysis in the GCF samples, the genera
Mogibacterium increased in the group with COPD without
periodontitis, while in patients with periodontitis and COPD, there was
an increase in the genera Phocaeicola and Schwartzia

- According to DESeq2 analysis, the genera Serratia decreased in COPD
patients, while in patients with periodontitis and COPD, the genera
Alloprevotella, Kingella, and Dialister experienced a decrease

Liu et al. (2023)

TABLE 7 Oral microbiota related to development of BPH.

No Studies Outcomes References

1 Investigated oral pathogens from expressed prostatic secretions of
patients with periodontal disease and chronic prostatitis (n = 14) or
benign prostatic hyperplasia (n = 10) (age 61.2 ± 14.3) using PCR
Amplification

- In total 17 patients was evaluated on periodontal examination and
plaque sample, E. coli was present in 52.9% (9/17) in all dental plaque
samples. E. coli is a pathogen most commonly associated with
prostatitis and urinary tract infections

- In prostatic sample, Treponemua denticola was present in 47.4% (9/
19), Porphyromonas gingivalis in 45.8% (11/24), E. Coli in 36.8% (7/
19), and Prevotella intermedia was not detected in any sample

- Fifteen patients had both prostatic secretion and plaque samples tested
for Porphyromonas gingivalis, Treponema denticola, Prevotella
intermedia, and E. coli

- A man with prostate inflammation will have a higher prevalence of
oral pathogens within the glands

- Pathogen from a distant site like periodontium play role in sustaining a
low-grade prostatic inflammatory process until continue progress
to BPH

Estemalik et al.
(2017)
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tract cancer, gastric cancer Tongue coating microbiome data (Farrell
et al., 2012; Chen et al., 2015; Torres, 2015; Yan et al., 2015; Kato
et al., 2016; Lu et al., 2016; Lu et al., 2019; Olson et al., 2017; Peters
et al., 2017; Fan et al., 2018; Flemer et al., 2018; Sun et al., 2018; Yang
et al., 2018; Kageyama et al., 2019; Zhang et al., 2019; Vogtmann
et al., 2020). The oral microbiome undergoes changes with age,
leading to dysbiosis, which is characterized by an imbalance of the
normal microbial flora.

In oral esophageal cancer include the study by Peters et al.
(2017) the abundance of periodontal pathogen Porphyromonas
gingivalis trended higher risk with mechanism the presence of
Porphyromonas gingivalis was associated with ESCC lymph node
metastasis and decreased survival time (Peters et al., 2017). Increase
Prevotella associated with oral hygeine, in individuals with poor oral
hygeinge tend to develop a more varied and intricate bacterial
community, primarily composed of anerobic gram-negative
bacteria such as Prevotella (Chen et al., 2015).

In pancreatic cancer include study by Fan et al. (2018) found
that P. gingivalis and A. actinomycetemcomitans are key bacterial
agents in the development of periodontal disease and subsequent
tooth loss. Studies have indicated a link between a history of
periodontal disease and tooth loss and an increased risk of
pancreatic cancer. P. gingivalis has been observed to potentially
evade the immune system by infiltrating host cells and disrupting
signaling pathways, including cytokine and receptor degradation.
Furthermore, both P. gingivalis and A. actinomycetemcomitans can
trigger Toll-like receptor (TLR) signaling pathways, which are
known to play a crucial role in pancreatic carcinogenesis in
animal models (Fan et al., 2018). In study by Farrel et al. (2012)
in patient with pancreatic cancer can elevated G. adiacens typically
regarded as opportunistic pathogens, might have links to systemic
inflammations (Farrell et al., 2012). In study by Torres (2015)
increase level in Leptorichia and Pophyromonas. Leptorichia have
been detected in the bloodstream of immunocompromised
individuals. Leptotrichia has also been recovered from
cardiovascular and gastrointestinal abscesses, systemic infections,
indicating their potential pathogenicity. Regarding Porphyromonas,
the presence of antibodies to Porphyromonas gingivalis has been
directly linked to pancreatic cancer (Torres, 2015; Vogtmann et al.,
2020). In patient with pancreatic adenocarcinoma found that the
increase level of Enterobacteriaceae, Lachnospiraceae G7,
Bacteroidaceae or Staphylococcaceae (Vogtmann et al., 2020). The

elevated level of Bacilli, Lactobacillales, Streptococcaceae,
Streptococcus, Streptococcus thermophilus found in population
with pacreatic ductal adenocarcinoma (Olson et al., 2017).
Increase level of Leptotrichia, Fusobacterium, Rothia,
Actinomyces, Corynebacterium, Atopobium, Peptostreptococcus,
Catonella, Oribacterium, Filifactor, Campylobacter, Moraxella and
Tannerella bacteria found in patient with pacreatic head carcinoma
(Lu et al., 2019).

In liver carcinoma study by Lu et al. (2016) shown that
Fusobacterium nucleatum promotes liver metastasis in colorectal
cancer by modulating the liver immune microenvironment. It
increases the levels of pro-inflammatory cytokines such as IL6,
IL12, IL9, IL17A, CXCL1, MCP-1, TNF-α, and IFN-γ in the
plasma, leading to a pro-inflammatory state in the liver (Yin
et al., 2022). Oribacterium is significantly more abundant in liver
tumor tissues compared to para-cancerous tissues, indicating its
potential role in liver carcinoma (Liu et al., 2023).

In this study found bacteria in the lung cancer devided into two
type including squamos cell carcinoma lung cancer shown the
increase Capnocytophaga and Veillonella bacteria and in study
with patient non-small cell lung cancer shown that increase in
Firmicutes and two genera Streptococcus and Veillonella.
Capnocytophaga can contribute to the development of lung
cancer by altering the immune response and promoting chronic
inflammation (Yan et al., 2015; Zhang et al., 2019).

In oral squamous cell carcinoma found that the increase in
Fusobacterium periodonticum, Parvimonas micra, Streptococcus
constellatus, Haemophilus influenza, and Filifactor alocis (Yang
et al., 2018). Fusobacterium periodonticum infection increases
PD-L1 expression in head and neck SCC cell lines, which may
contribute to immune evasion and tumor propagation.Haemophilus
influenza can contribute to the development of oral cancer by
altering the immune response and promoting chronic
inflammation (Michikawa et al., 2022).

In colorectal cancer found that increase Lactobacillus, Rothia,
Streptococcus, Prevotella (Kato et al., 2016; Flemer et al., 2018).
Lactobacilli, commonly found in the mouth, are strongly linked to
tooth decay.While it’s unlikely that Lactobacilli directly cause cancer
in the digestive system, their presence may indicate poor oral
hygiene or health. Studies show connections between periodontal
disease and increased risk of mortality, colorectal cancer, and
positive results in colorectal cancer screening. Rothia, typically

TABLE 8 The heightened and lowered oral microbiota in aging related macular degeneration.

No Studies Outcomes References

1 Investigated local oral and nasal microbiome in newly diagnosed
neovascular age-related macular degeneration (n = 13) compared
with controls (n = 5) using PCR amplification of 16S rRNA genes
with universal primers amplifying the V4 variable region (515f-806r)

- In all biospecimen of swab buccal (oral mucosa) in patients with newly
diagnosed AMD compared to controls, showed dominant phylum with
members of Actinobacteria being the greatest

- The top three of oral microbiome identified as dfifferent compared with
control sample included Rothia (genus), Proprionbacteriaceae (family),
Corynebacteriaceae (genus)

- Microbial pathogens found in the oral cavity such as Rothia,
Proprionbacteriaceae, Corynebacteriaceae are typical in newly diagnosed
neovascular AMD patients. These bacteria may represent pathogens
associated with increased inflammation linked to the pathogenesis of
AMD partly regulated by the innate immune system. There is a
possibility that local changes in microbial composition drive increased
regulation of pro-inflammatory pathways in distant organs including the
choroid/RPE

Rullo et al.
(2020)
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TABLE 9 Oral microbiota related to development of cancer.

No Studies Outcomes References

1 Investigated oral microbiome composisition from mouthwash
samples in esophageal adenocarcinoma (EAC) (n = 81) and
esophageal squamos cell carcinoma (ESCC) (n = 25) using 16S
rRNA gene sequencing

- Periodontal pathogen Tannerella forysthia higher risk of EAC
- Commensal genus Neisseria and Streptococcus pneumoniae lower EAC
risk

- Increase Porphyromonas gingivalis in ESCC

Peters et al. (2017)

2 Investigated oral microbiome associated with esophageal squamos
cell carcinoma (ESCC) in fasting saliva samples were collected ESCC
case (n = 87), dysplasia (n = 63), and healthy controls (n = 85) using
16S rRNA sequencing

- Found that decrease carriage of genera Lautropia, Bulleidia, Catonella,
Corynebacterium, Moryella, Peptococcus and Cardiobacterium in ESCC
subject compared non-ESCC subject are significantly associated with
an increase risk of ESCC

- Higher of Prevotella and Streptococcus were also observed in the ESCC
group compared to non-ESCC groups

Chen et al. (2015)

3 Investigated in case control study the relationship of oral microbiota
with subsequent risk of pancreatic cancer from oral wash sampel
adenocarcinoma pancreas (n = 361) and controls (n = 371) using
bacterial 16S rRNA gene sequencing

- Oral pathogens Porphyromonas gingivalis and Aggregatibacter
actinomycetemcomitans associated with higher risk of pancreatic
cancer

- Higher relative abundance of the phylum Fusobacteria and genus
Leptotrichia associated decreased pancreatic cancer risk

Fan et al. (2018)

4 Cohort studies oral microbiota increase risk pancreatic cancer from
saliva of patients with pancreatic cancer (n = 10) and healthy
controls (n = 10) using real-time quantitative PCR (qPCR)

- The levels of N. elongata and S. mitis singnificantly decrease in patients
with pancreatic cancer than healthy controls an ROC-plot AUC value
of 0.90 with 96.4% sensitivity and 82.1% specificity

- The level of G. adiacens significantly elevated in patients with
pancreatic cancer relative to all non-cancer subjects an ROC-plot AUC
value of 0.70 with 85.7% sensitivity and 55.6̂ specificity

Farrell et al. (2012)

5 Characterization salivary microbiome in patients with pancreatic
cancer (n = 8), other disease (n = 78), and healthy controls (n = 22)
using 16S rRNA sequencing

- Found that significantly higher ratio of Leptotrichia to Porphyromonas
in the saliva patients pacreatic cancer that healthy patients or patients
with other disease (p < 0.0001)

- Meanwhile, found that lower non significant relative abundances of
Neisseria and Aggregatibacter in saliva of pancreatic cancer patients
(p < 0.05)

Torres (2015)

6 Characterization oral microbiome in patients with pancreatic
adenocarcinoma (n = 273) and healthy controls (n = 285) extracted
from saliva samples using 16S rRNA gene was PCR amplified

- No association were detected for alpha diversity with pancreatic cancer
also indication associations between specific taxa and pancreatic cancer

- Increasing relative levels of Haemophilus associated with decreased
odds of pancreatic cancer, while found of Enterobacteriaceae,
Lachnospiraceae G7, Bacteroidaceae or Staphylococcaceae associated
with increased odds of pancreatic cancer

- Found the association between pancreatic cancer and the microbioal
community composition (i.e., beta diversity)

Vogtmann et al.
(2020)

7 Characterization oral microbiota in patients with pancreatic ductal
adenocarcinoma (n = 40), intraductal papillary mucinous neoplasm
(n = 39), and controls (n = 58) provided saliva sample surveyed by
sequencing of the 16S rRNA microbial genes

- PDAC cases found higher levels of Firmicutes and related taxa (Bacilli,
Lactobacillales, Streptococcaceae, Streptococcus, Streptococcus
thermophilus) compared to controls

- Gammaproteobacteria, Pasteurellales, Pasteurellaceae, Haemophilus,
Haemophilus parainfluenzae; and Betaproteobacteria, Neisseriales,
Neisseriaceae, Neisseria, Neisseria flaviscens has lower in PDAC but
higher levels in controls

- The PDAC and IPMN groups very similar in measures of alpha
diversity of the oral microbiota

Olson et al. (2017)

8 Reveal the bacterial composisiton in the microbiota of tongue
coating in pancreatic head carcinoma (n = 30) and healthy controls
(n = 25) using 16S rRNA gene sequencing technology

- In patient with pancreatic head carcinoma overpresented microbiota
than healty controls such as Leptotrichia, Fusobacterium, Rothia,
Actinomyces, Corynebacterium, Atopobium, Peptostreptococcus,
Catonella, Oribacterium, Filifactor, Campylobacter, Moraxella and
Tannerella

- Meanwhile in healthy controls increasing microbiome such as
Haemophilus, Porphyromonas, and Paraprevotella

Lu et al. (2019)

9 Deep sequencing using 16S ribosomal RNA (rRNA) reveals
microbiota dysbiosis of tongue coat in patient with liver carcinoma
(n = 35) and healthy subjects (n = 25)

- Fusobacterium and Oribacterium increase in liver carcinoma than
healthy subjects

Lu et al. (2016)

10 Variations of salivary microbiota association in patient with lung
cancer ((n = 20) including squamos cell carcinoma (SCC) (n = 10)
and adenocarcinoma (AC) (n = 10) and control subjects (n = 10)
using 16S sequencing analysis

- Two bacterial including Capnocytophaga sp., Veillonella
sp. distinguishing with SCC from control subjects ROC value 0.86 with
84.6% sensitivity and 86.7% specificity. In patients with AC
distinguishing from control subjects with ROC value 0.80, sensitivity
78.6%, and specificity 80%

Yan et al. (2015)

11 Identified bacteria biomarkers associated with oral squamous cell
carcinoma (OSCC) from salivary sample healthy individuals (n =

- Fusobacteria increased significantly with the progression of oral cancer
from the healthy controls (2.98%) to OSCC stage 1 (4.35%) through
stage 4 (7.92%)

Yang et al. (2018)

(Continued on following page)
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considered harmless in the mouth, has been identified as an
opportunistic pathogen causing various illnesses in those with
weakened immune systems, including periodontitis in AIDS
patients. Even though our cases didn’t receive chemotherapy,
individuals with or recovering from cancer might experience
compromised immune function (Kato et al., 2016).

In study by Kageyama et al. (2019) found that in patient with
digestive tract cancer increase Actinomyces odontolyticus,
Steptococcus parasinguinis, Corynebacterium spp., Neisseria
spp.,TM7[G-1] sp., Porphyromonas gingivalis, Fusobacterium
nucleatum, Neisseria elongata and Streptococcus sanguinis than
the healthy patients (Table 9) (Kageyama et al., 2019). In study
by Sun et al. (2018) mentioned H. pylori one of the strongest risk of
gastric cancer. H. pylori infection triggers an innate immune
response, leading to increased oxidative stress (Figure 4). This
can cause DNA damage and promote carcinogenesis (Sun
et al., 2018).

5 Skin microbiome and aging-
related diseases

5.1 Diabetes

An adverse relationship was observed between the microbiome
diversity and saliva levels in the skin of individuals with diabetes
(Thimmappaiah Jagadeesh et al., 2017; Pang et al., 2020). The rise in
diversity is a result of higher glucose levels in the perspiration of
individuals with diabetes. Diabetes patients commonly experience
thermoregulatory dysfunction caused by neuropathy
(Thimmappaiah Jagadeesh et al., 2017). The diversity of the

group varies dynamically as the disease progresses, with the
group that has had diabetes for the longest duration exhibiting
the highest level of diversity (Pang et al., 2020).

Furthermore, the diabetic group exhibited a notably increased
prevalence of S. epidermidis in addition to their diversity (Table 10).
This suggests excessive proliferation, which serves as the initial
phase of infiltration into aseptic tissue. This rise in incidence
may indicate a transition from harmless microorganisms to
disease-causing agents as a result of extensive colonization. In
addition to S. Epidermidis, there were also observed alterations in
the composition of Bacillus SPP and Staphylococcus aureus, however
these changes were not deemed to be significant (Thimmappaiah
Jagadeesh et al., 2017).

5.2 Cancer

There is a study that examines microbiome changes in cancer
(Table 11). In skin cancer patients, the environment becomes
unfavorable for Cutibacterium acnes. Cancerous skin experiences
a reduction in sebaceous glands and leads to drier skin, which is
detrimental to C. acnes and beneficial for S. aureus. This change
leads to a decrease in C. acnes, reducing its protective effect against S.
aureus resulting in colonization that leads to a pro-inflammatory
environment. Therefore, skin cancer patients are characterized by
increased S. aureus and a decrease in C. acnes (Voigt et al., 2022).
Antoher study conducted by Ding et al. found that increased S.
aureus prevalence with decline in commensal organisms is seen in
squamous cell carcinoma and actinic keratosis, compared to healthy
skin. While the microbiome of melanoma appears to be distinct
from healthy skin, limited data is available to draw meaningful

TABLE 9 (Continued) Oral microbiota related to development of cancer.

No Studies Outcomes References

51) and oral squamous cell carcinoma (n = 197) using 16S rRNA
squencing

- Fusobacterium periodonticum, Parvimonas micra, Streptococcus
constellatus, Haemophilus influenza, and Filifactor alocis associated
with OSCC, and progressively increased in abundance from stage 1 to
stage 4

12 Revealed salivary microbiome compositions in patients from non-
small cell lung cancer (NSCLC) (n = 39) compared with healthy
controls (n = 20) using 16S rRNA sequencing

- Phylum Firmicutes and two genera Streptococcus and Veillonella
increase in NSCLC patients compared with controls

Zhang et al. (2019)

13 Case-control study oral rinse DNA sample from 190 patient with
colorectal cancer used to amplify V3-V4 region of bacterial 16S
rRNA gene

- Increased genus of Lactobacillus and Rothia in patient with cancer
colorectal

Kato et al. (2016)

14 Investigated alteration oral microbiome linked with colorectal
cancer from oral swabs, colonic mucosae and stool in individuals
with colorectal cancer (n = 99), colorectal polyps (n = 32), and
controls (n = 103) than sequencing using 16S rRNA gene amplicon

- An increase several ral taxa was found in colorectal cancer compared
with control such as Streptococcus and Prevotella spp.

Flemer et al. (2018)

15 Case-control study examined the salivary microbiome in patients
with digestive tract cancer (n = 59) and control subjects (n = 118)
then sequencing using 16S rRNA gene

- Actinomyces odontolyticus, Steptococcus parasinguinis,
Corynebacterium spp., Neisseria sspp.,TM7[G-1] sp., Porphyromonas
gingivalis, Fusobacterium nucleatum, Neisseria elongata and
Streptococcus sanguinis was more abundant in the saliva of digestive
tract cancer compared with in control subjects

Kageyama et al.
(2019)

16 Investigate the characteristics of oral microbiome in gastric cancer
from plaques and saliva samples including individuals with gastric
cancer (n = 37) and controls (n-13) then sequencing by 16S rRNA
gene amplicons

- Overall increased microbial diversity in cancer patients
- Oral bacteria are more complex in patients with gastric cancer than the
control populations

- One of the strongest risk factors for gastric cancer is detection rate ofH.
pylori

Sun et al. (2018)
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FIGURE 4
Oral Microbiome in Cancer. Created with BioRender.com Premium License by Fahrul Nurkolis (https://app.biorender.com, accessed on 10th
July 2024).

TABLE 10 Skin microbiota related to development of diabetes.

No Studies Outcomes References

1 Observe and compare the skin microbiome on the feet in 4 groups,
healthy patients, diabetes sufferers <2 years, diabetes sufferers
5–8 years, diabetes sufferers >10 years

• The diversity in the foot of diabetic patients progressively rises
with time in correlation with the length of the condition, when
compared to control subjects

• The foot skin microbiome of diabetes patients throughout a 2-year
timeframe is primarily composed of Parvarchaeota, Chloroflexi,
Euryarchaeota, Gemmatimonadetes, OP11, OD1, Elusimicrobia,
TM6, Planctomycetes, OP3, and Firmicutes

• The foot skin microbiome of diabetes patients with a duration of
5–8 years is primarily composed of Actinobacteria,
Armatimonadetes, Verrucomicrobia, Cyanobacteria, Thermi, and
Tenericutes

• The foot skin microbiome of diabetes individuals who have had the
condition for more than 10 years is primarily composed of
Nitrospirae, Fusobacteria, Thermotogae, Aquificae, SR1,
Chlamydiae, Spirochaetes, WPS-2, Acidobacteria, Crenarchaeota,
and Proteobacteria

Pang et al. (2020)

2 Observational and case controlled study • S. epidermidis was significantly more prevalent in the diabetic
group compared to the non-diabetic group (77.5% vs. 53.7% of
samples)

• Bacillus species were significantly less prevalent in the diabetes
group compared to non-diabetes (15.0% vs. 34.1% of samples)

• The growth of S. epidermidis measured by CFU was significantly
higher in the diabetic group than in the non-diabetic group

• Patients with T2D are 5.40 times more at risk of experiencing heavy
colonization from s epidermidis

Thimmappaiah
Jagadeesh et al. (2017)
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conclusions. Our review summarizes the current evidence on the
microbiome of keratinocyte skin cancers and melanoma. The study
establishes that the microbiome of these cancers is altered from
healthy skin and that this dysbiosis involves both pathogenic and
commensal organisms (Ding et al., 2024). It is also possible that the
consumption of plants that have antimicrobial properties also plays
a role in modulating aging-related diseases (Abbas et al., 2023).

6 Future implications and strategies

Recent developments in metagenomic analysis have simplified
microbiota analysis. Although the metabolic implications of oral
microbial profiles were similar to those of the gut microbiome, albeit
at a lesser level, they may nevertheless play a significant role as
biodetectors of diseases, especially its potential for the oral
microbiota as a potential skin cancer biomarker and aging-
genetic diseases. More study is needed to determine the accuracy
and precision of salivary biomarkers, which are essential for the early
identification of disease. Validation of combination biomarkers is
necessary to increase saliva detection accuracy. More effective
validation will result from improved identifying techniques. Due
to differences in marker levels, salivary biomarkers need to be
corrected for total salivary proteins. Research to date has
concentrated on broad, readily recognizable factors found in
bodily fluids and illness phases.

Majority of the study found out that Proteins, metabolites,
changes to DNA, and miRNA are salivary biomarkers of aging
disease, especially of Alzheimer’s disease that may be employed in
non-invasive diagnostic procedures for early identification and
primary prevention. Protein biomarkers in a non-invasive
biological sample of the aged population may be found in saliva.
The associated aging-disease, saliva is a potentially useful and
universal diagnostic fluid substitute for Alzheimer’s disease that
may help with early detection and treatment. Not just predict the
disease, in the future, saliva may be used to identify persons with
increased vulnerability to it, and locate active disease locations.

The saliva need a further studies which are -salivary AGE and 8-
OHdG have good diagnostic usefulness in evaluating the aging
process. Novel biomarkers, species, and salivary amyloid-β are
promising diagnostic tools for Parkinson’s and Alzheimer’s
diseases. Sirtuins contains of SIRT1, SIRT3, and SIRT6 in saliva
can be an extra technique for non-invasive intravital diagnosis of
Alzheimer’s disease in elderly individuals. The salivary GSH:GSSG
ratio demonstrate lower levels in the elderly did not achieve a
substantial level of relevance for usage as an aging predictor that

require more research. By providing means of assessing the health of
both well and patients, salivary biomarkers have the potential to
decrease invasive medical procedures and increase noninvasive
disease detection.

As an important note, for several diseases such as Alzheimer’s
disease, Parkinson’s disease, heart failure, COPD, AMD, BPH, and
atherosclerosis, there are no studies that discuss the skin
microbiome and its relationship with these diseases, only
papulopustular rosacea and its relationship with systemic disease
(atherosclerosis); So exploratory studies are needed regarding the
relationship between the skin microbiome and these diseases and
this is a novelty that can be carried out by researchers. Future
research should explore the relationship between skin and oral/
salivary microbiome and telomere length, and its relationship to
insulin sensitivity.

21st-century omics technologies, such as metagenomics,
metabolomics, and transcriptomics, play a significant role in
advancing research on microbiome detection for various diseases.
These cutting-edge techniques enable comprehensive analysis of
microbial communities, revealing their complex compositions and
interactions within different environments. Metagenomics allows
researchers to sequence and characterize the genetic material of
entire microbial populations, providing insights into their functional
capabilities and potential roles in disease processes. Metabolomics
helps identify metabolites produced by these microbes, linking
specific metabolic profiles to health outcomes. Additionally,
transcriptomics can uncover gene expression patterns that may
be altered in disease states, shedding light on microbial responses
to host factors. Together, these omics technologies enhance our
understanding of the microbiome’s role in health and disease,
paving the way for innovative diagnostics and personalized
treatment strategies.

21st-century omics technologies are crucial for analyzing the
skin and salivary microbiome, as they provide detailed insights into
microbial diversity and function in these specific environments. For
the skin microbiome, techniques like metagenomics allow
researchers to identify and characterize the vast array of
microorganisms residing on the skin’s surface, linking shifts in
microbial populations to conditions such as eczema, acne, and
other dermatological issues. Similarly, in salivary microbiome
analysis, these technologies can uncover the relationship between
oral microbes and systemic diseases, including periodontal disease
and even cardiovascular conditions. By utilizing metabolomics,
researchers can detect specific metabolites produced by these
microbiomes, offering valuable biomarkers for health monitoring.
Overall, omics technologies enhance our understanding of how the

TABLE 11 Skin microbiota related to development of cancer.

No Studies Outcomes References

1 Investigating skin microbiome in squamos cell carcinoma (SCC) and
premalignant actinic keratosis compared with healthy skin to identify
skin cancer-associated changes in the skin microbiome from skin
swabs. Overall 336 samples including patient with healthy skin (n =
138), actinic keratosis (n = 76), SCC (n = 93) and the controls patient
with healthy skin (n = 29)

• For instance, the pathobiont Staphylococcus aureus was found to be
increased at the expense of the commensal Cutibacterium acnes in
SCC compared to healthy skin

• The most discriminant genera were Cutibacterium (healthy skin-
associated) and Staphylococcus (AK- and SCC-associated)

• At the species level, multiple Lactobacillus species (e.g., L. rhamnosus
and L. plantarum) were less abundant in AK and SCC, whereas
Ralstonia, particularly R. pickettii, was positively associated with AK
and SCC

Voigt et al.
(2022)
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skin and salivary microbiomes influence health and disease,
facilitating the development of targeted interventions and
personalized healthcare strategies.

7 Conclusion

Aging is a natural process influenced by genetic, environmental,
and lifestyle factors, leading to age-associated diseases that account
for a significant number of global deaths. The mechanisms of aging
involve cellular senescence, impacting tissue regeneration and
repair, with the senescence-associated secretory phenotype
playing a crucial role in communication with immune cells and
potentially contributing to inflammation and disease in older
individuals. The aging process also leads to changes in the
immune system and metabolism, increasing the risk of
microbiome diversity in the body, which can manifest in various
diseases. This highlights the potential of salivary and skin
microbiomes in detecting aging-related changes and diseases,
emphasizing the importance of further research in utilizing them
as disease detectors for aging-associated conditions.

The human microbiome consists of microorganisms that reside
in specific anatomical sites and interact with the human body,
creating a distinct ecosystem. Throughout a person’s lifetime, the
microbiome undergoes continuous evolution in response to changes
in the human body, which can shift the balance of interactions and
predispose individuals to various diseases. The oral cavity and saliva
harbor a diverse microbial community that plays a crucial role in
maintaining oral health, while the skin microbiome, consisting of
bacteria, fungi, viruses, and mites, serves as a protective barrier
against harmful pathogens. Changes in the oral and skin
microbiomes can lead to various diseases, emphasizing the
importance of maintaining a balanced microbial community for
overall health and well-being.

Various aging-related diseases, such as Alzheimer’s,
Parkinson’s, heart failure, atherosclerosis, Type 2 diabetes,
Non-alcoholic fatty liver disease, osteoarthritis, osteoporosis,
COPD, BPH, AMD, and cancer, have distinct pathogenic
mechanisms influenced by aging. Understanding these
mechanisms is crucial for addressing these conditions to
improve overall health and well-being. For example,
Alzheimer’s disease is characterized by neuronal death and
DNA methylation alterations, while Parkinson’s disease
involves mitochondrial dysfunction and protein degradation
impairment. Conditions like atherosclerosis and diabetes are
linked to inflammation and metabolic changes, highlighting
the multifactorial nature of these diseases and the importance
of early detection and personalized interventions.

The significant connection between the oral microbiome and
various health conditions, including Alzheimer’s disease,
Parkinson’s disease, diabetes, NAFLD, MAFLD, osteoarthritis,
and cancer, underscores the importance of oral health and
microbiome composition in managing and potentially diagnosing
these diseases. Additionally, skin microbiome diversity and
composition can be influenced by conditions like diabetes,
potentially impacting the risk of developing skin cancer. Research
indicates strong correlations between microbiome changes and
various diseases, highlighting the potential of microbiome

analysis in early detection and personalized treatment strategies.
From these insights, it is evident that the salivary and skin
microbiome hold significant potential as biodetectors for aging-
associated diseases, warranting further investigation and validation
in clinical settings.

Author contributions

FN: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Project administration, Resources,
Software, Visualization, Writing–original draft, Writing–review
and editing. TU: Supervision, Validation, Writing–review and
editing. AA: Data curation, Formal Analysis, Writing–original
draft. DW: Data curation, Investigation, Writing–original draft.
RK: Data curation, Formal Analysis, Writing–original draft. SR:
Data curation, Formal Analysis, Investigation, Writing–original
draft. KS: Data curation, Formal Analysis, Investigation,
Writing–original draft. YP: Data curation, Formal Analysis,
Investigation, Writing–original draft. BK: Supervision, Validation,
Writing–review and editing. TT: Supervision, Validation,
Writing–review and editing. RT: Investigation, Supervision,
Validation, Writing–original draft, Writing–review and editing.
AA: Formal Analysis, Investigation, Supervision, Validation,
Writing–original draft. RS: Conceptualization, Data curation,
Formal Analysis, Methodology, Writing–original draft. HH: Data
curation, Formal Analysis, Investigation, Visualization,
Writing–original draft. PH: Data curation, Formal Analysis,
Investigation, Visualization, Writing–original draft. AM: Formal
Analysis, Project administration, Supervision, Writing–review and
editing. RS: Conceptualization, Funding acquisition, Investigation,
Methodology, Supervision, Validation, Visualization,
Writing–original draft, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study
was funded by Universitas Sumatera Utara 2024.

Conflict of interest

The authors declare no conflicts of interest and the funders had
no role in the design of the study; in the collection, analyses, or
interpretation of data; in the writing of the manuscript; or in the
decision to publish the results.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Frontiers in Aging frontiersin.org22

Nurkolis et al. 10.3389/fragi.2024.1462569

https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2024.1462569


References

Abbas, Z., Mustafa, S., Khan, M. F., Khan, M. A., Massey, S., Dev, K., et al. (2023).
Therapeutic importance of Kigelia africana subsp. africana: an alternative medicine.
Nat. Prod. Res., 1–15. doi:10.1080/14786419.2023.2273914

Adler, C. J., Malik, R., Browne, G. V., and Norris, J. M. (2016). Diet may influence the
oral microbiome composition in cats. Microbiome 4, 23–29. doi:10.1186/s40168-016-
0169-y

Agarwal, J., Pandey, P., Saxena, S. K., and Kumar, S. (2024). Comparative analysis of
salivary microbiota in diabetic and non-diabetic individuals of North India using
metagenomics. J. Oral Biol. Craniofacial Res. 14 (1), 22–26. doi:10.1016/j.jobcr.2023.
12.003

Alexoudi, A., Alexoudi, I., and Gatzonis, S. (2018). Parkinson’s disease pathogenesis,
evolution and alternative pathways: a review. Rev. Neurol. 174 (10), 699–704. doi:10.
1016/j.neurol.2017.12.003

Ali, D., Tencerova, M., Figeac, F., Kassem, M., and Jafari, A. (2022). The
pathophysiology of osteoporosis in obesity and type 2 diabetes in aging women and
men: the mechanisms and roles of increased bone marrow adiposity. Front. Endocrinol.
13, 981487. doi:10.3389/fendo.2022.981487

Almeida-Santos, A., Martins-Mendes, D., Gayà-Vidal, M., Pérez-Pardal, L., and Beja-
Pereira, A. (2021). Characterization of the oral microbiome of medicated type-2
diabetes patients. Front. Microbiol. 12 (February), 610370–610412. doi:10.3389/
fmicb.2021.610370

Ayyadevara, S., Mercanti, F., Wang, X., Mackintosh, S. G., Tackett, A. J., Prayaga, S. V.
S., et al. (2016). Age-and hypertension-associated protein aggregates in mouse heart
have similar proteomic profiles. Hypertension 67 (5), 1006–1013. doi:10.1161/
HYPERTENSIONAHA.115.06849

Baker, D. J., Childs, B. G., Durik,M.,Wijers, M. E., Sieben, C. J., Zhong, J., et al. (2016).
Naturally occurring p16Ink4a-positive cells shorten healthy lifespan.Nature 530 (7589),
184–189. doi:10.1038/nature16932

Barnes, P. J. (2016). Inflammatory mechanisms in patients with chronic obstructive
pulmonary disease. J. Allergy Clin. Immunol. 138 (1), 16–27. doi:10.1016/j.jaci.2016.
05.011

Bavarva, J. H., Tae, H., McIver, L., Karunasena, E., and Garner, H. R. (2014). The
dynamic exome: acquired variants as individuals age. Aging 6 (6), 511–521. doi:10.
18632/aging.100674

Bedford, L., Hay, D., Devoy, A., Paine, S., Powe, D. G., Seth, R., et al. (2008). Depletion
of 26S proteasomes in mouse brain neurons causes neurodegeneration and Lewy-like
inclusions resembling human pale bodies. J. Neurosci. 28 (33), 8189–8198. doi:10.1523/
JNEUROSCI.2218-08.2008

Belstrøm, D. (2020). The salivary microbiota in health and disease. J. oral Microbiol.
12 (1), 1723975. doi:10.1080/20002297.2020.1723975

Bender, A., Krishnan, K. J., Morris, C. M., Taylor, G. A., Reeve, A. K., Perry, R. H.,
et al. (2006). High levels of mitochondrial DNA deletions in substantia nigra neurons in
aging and Parkinson disease. Nat. Genet. 38 (5), 515–517. doi:10.1038/ng1769

Benito, E., Urbanke, H., Ramachandran, B., Barth, J., Halder, R., Awasthi, A., et al.
(2015). HDAC inhibitor–dependent transcriptome and memory reinstatement in
cognitive decline models. J. Clin. investigation 125 (9), 3572–3584. doi:10.1172/
JCI79942

Bilson, J., Sethi, J. K., and Byrne, C. D. (2022). Non-alcoholic fatty liver disease: a
multi-system disease influenced by ageing and sex, and affected by adipose tissue
and intestinal function. Proc. Nutr. Soc. 81 (2), 146–161. doi:10.1017/
S0029665121003815

Blurton-Jones, M., Kitazawa, M., Martinez-Coria, H., Castello, N. A., Müller, F. J.,
Loring, J. F., et al. (2009). Neural stem cells improve cognition via BDNF in a transgenic
model of Alzheimer disease. Proc. Natl. Acad. Sci. 106 (32), 13594–13599. doi:10.1073/
pnas.0901402106

Boekel, N. B., Duane, F. K., Jacobse, J. N., Hauptmann, M., Schaapveld, M., Sonke, G.
S., et al. (2020). Heart failure after treatment for breast cancer. Eur. J. heart Fail. 22 (2),
366–374. doi:10.1002/ejhf.1620

Brown, J. S., Amend, S. R., Austin, R. H., Gatenby, R. A., Hammarlund, E. U., and
Pienta, K. J. (2023). Updating the definition of cancer. Mol. Cancer Res. 21 (11),
1142–1147. doi:10.1158/1541-7786.MCR-23-0411

Bryg, R. J., Williams, G. A., and Labovitz, A. J. (1987). Effect of aging on left
ventricular diastolic filling in normal subjects. Am. J. Cardiol. 59 (9), 971–974. doi:10.
1016/0002-9149(87)91136-2

Buchman, A. S., Shulman, J. M., Nag, S., Leurgans, S. E., Arnold, S. E., Morris, M. C.,
et al. (2012). Nigral pathology and parkinsonian signs in elders without Parkinson
disease. Ann. neurology 71 (2), 258–266. doi:10.1002/ana.22588

Buerger, S. (2020). The skin and oral microbiome: an examination of overlap and
potential interactions between microbiome communities. Skin Microbiome Handb.
Basic Res. Prod. Dev., 45–57. doi:10.1002/9781119593058.ch3

Bürkle, A., Caselli, G., Franceschi, C., Mariani, E., Sansoni, P., Santoni, A., et al.
(2007). Pathophysiology of ageing, longevity and age related diseases. Immun. Ageing 4,
4–8. doi:10.1186/1742-4933-4-4

Byrd, A. L., Belkaid, Y., and Segre, J. A. (2018). The human skin microbiome.Nat. Rev.
Microbiol. 16 (3), 143–155. doi:10.1038/nrmicro.2017.157

Cardinale, D., Colombo, A., Bacchiani, G., Tedeschi, I., Meroni, C. A., Veglia, F., et al.
(2015). Early detection of anthracycline cardiotoxicity and improvement with heart
failure therapy. Circulation 131 (22), 1981–1988. doi:10.1161/CIRCULATIONAHA.
114.013777

Carter, C. J. (2011). Alzheimer’s disease plaques and tangles: cemeteries of a pyrrhic
victory of the immune defence network against herpes simplex infection at the expense
of complement and inflammation-mediated neuronal destruction. Neurochem. Int. 58
(3), 301–320. doi:10.1016/j.neuint.2010.12.003

Ccahuana-Vasquez, R. A., Adam, R., Conde, E., Grender, J. M., Cunningham, P.,
Goyal, C. R., et al. (2019). A 5-week randomized clinical evaluation of a novel electric
toothbrush head with regular and tapered bristles versus a manual toothbrush for
reduction of gingivitis and plaque. Int. J. Dent. Hyg. 17 (2), 153–160. doi:10.1111/idh.
12372

Chandra, A., and Rajawat, J. (2021). Skeletal aging and osteoporosis: mechanisms and
therapeutics. Int. J. Mol. Sci. 22, 3553. doi:10.3390/ijms22073553

Chen, B., Zhao, Y., Li, S., Yang, L., Wang, H., Wang, T., et al. (2018). Variations in oral
microbiome profiles in rheumatoid arthritis and osteoarthritis with potential
biomarkers for arthritis screening. Sci. Rep. 8 (1), 17126–17128. doi:10.1038/s41598-
018-35473-6

Chen, X., Winckler, B., Lu, M., Cheng, H., Yuan, Z., Yang, Y., et al. (2015). Oral
microbiota and risk for esophageal squamous cell carcinoma in a high-risk area of
China. PLoS ONE 10 (12), e0143603–e0143616. doi:10.1371/journal.pone.0143603

Childs, B. G., Baker, D. J., Kirkland, J. L., Campisi, J., and van Deursen, J. M. (2014).
Senescence and apoptosis: dueling or complementary cell fates? EMBO Rep. 15 (11),
1139–1153. doi:10.15252/embr.201439245

Childs, B. G., Baker, D. J., Wijshake, T., Conover, C. A., Campisi, J., and van Deursen,
J. M. (2016). Senescent intimal foam cells are deleterious at all stages of atherosclerosis.
Science 354 (6311), 472–477. doi:10.1126/science.aaf6659

Chilosi, M., Carloni, A., Rossi, A., and Poletti, V. (2013). Premature lung aging and
cellular senescence in the pathogenesis of idiopathic pulmonary fibrosis and COPD/
emphysema. Transl. Res. 162 (3), 156–173. doi:10.1016/j.trsl.2013.06.004

Chow, E. P. F., Howden, B. P., Walker, S., Lee, D., Bradshaw, C. S., Chen, M. Y., et al.
(2017). Antiseptic mouthwash against pharyngeal Neisseria gonorrhoeae: a randomised
controlled trial and an in vitro study. Sex. Transm. Infect. 93 (2), 88–93. doi:10.1136/
sextrans-2016-052753

Chung, S. J., Yoo, H. S., Lee, H. S., Oh, J. S., Kim, J. S., Sohn, Y. H., et al. (2018). The
pattern of striatal dopamine depletion as a prognostic marker in de novo Parkinson
disease. Clin. Nucl. Med. 43 (11), 787–792. doi:10.1097/RLU.0000000000002251

Cicciù, M., Matacena, G., Signorino, F., Brugaletta, A., Cicciù, A., and Bramanti, E.
(2013). Relationship between oral health and its impact on the quality life of Alzheimer’s
disease patients: a supportive care trial. Int. J. Clin. Exp. Med. 6 (9), 766–772.

Çorbacıoğlu, Ş. K., and Aksel, G. (2023). Receiver operating characteristic curve
analysis in diagnostic accuracy studies: a guide to interpreting the area under the curve
value. Turkish J. Emerg. Med. 23 (4), 195–198. doi:10.4103/tjem.tjem_182_23

Costello, E. K., Lauber, C. L., Hamady, M., Fierer, N., Gordon, J. I., and Knight, R.
(2009). Bacterial community variation in human body habitats across space and time.
science 326 (5960), 1694–1697. doi:10.1126/science.1177486

De Jager, P. L., Srivastava, G., Lunnon, K., Burgess, J., Schalkwyk, L. C., Yu, L., et al.
(2014). Alzheimer’s disease: early alterations in brain DNAmethylation at ANK1, BIN1,
RHBDF2 and other loci. Nat. Neurosci. 17 (9), 1156–1163. doi:10.1038/nn.3786

de Souza Rolim, T., Fabri, G. M. C., Nitrini, R., Anghinah, R., Teixeira, M. J.,
de Siqueira, J. T. T., et al. (2014). Oral infections and orofacial pain in Alzheimer’s
disease: a case-control study. J. Alzheimer’s Dis. 38 (4), 823–829. doi:10.3233/JAD-
131283

Devanand, D. P., Michaels-Marston, K. S., Liu, X., Pelton, G. H., Padilla, M., Marder,
K., et al. (2000). Olfactory deficits in patients with mild cognitive impairment predict
Alzheimer’s disease at follow-up. Am. J. Psychiatry 157 (9), 1399–1405. doi:10.1176/
appi.ajp.157.9.1399

Ding, R., Lian, S. B., Tam, Y. C., and Oh, C. C. (2024). The cutaneous microbiome in
skin cancer - a systematic review. J. Dtsch. Dermatol Ges. 22 (2), 177–184. doi:10.1111/
ddg.15294

Doodnauth, S. A., Grinstein, S., and Maxson, M. E. (2019). Constitutive and
stimulated macropinocytosis in macrophages: roles in immunity and in the
pathogenesis of atherosclerosis. Philosophical Trans. R. Soc. B 374 (1765), 20180147.
doi:10.1098/rstb.2018.0147

Easter, M., Bollenbecker, S., Barnes, J. W., and Krick, S. (2020). Targeting aging
pathways in chronic obstructive pulmonary disease. Int. J. Mol. Sci. 21 (18), 6924–7017.
doi:10.3390/ijms21186924

Ehgoetz Martens, K. A., Shine, J. M., Walton, C. C., Georgiades, M. J., Gilat, M., Hall,
J. M., et al. (2018). Evidence for subtypes of freezing of gait in Parkinson’s disease.Mov.
Disord. 33 (7), 1174–1178. doi:10.1002/mds.27417

Frontiers in Aging frontiersin.org23

Nurkolis et al. 10.3389/fragi.2024.1462569

https://doi.org/10.1080/14786419.2023.2273914
https://doi.org/10.1186/s40168-016-0169-y
https://doi.org/10.1186/s40168-016-0169-y
https://doi.org/10.1016/j.jobcr.2023.12.003
https://doi.org/10.1016/j.jobcr.2023.12.003
https://doi.org/10.1016/j.neurol.2017.12.003
https://doi.org/10.1016/j.neurol.2017.12.003
https://doi.org/10.3389/fendo.2022.981487
https://doi.org/10.3389/fmicb.2021.610370
https://doi.org/10.3389/fmicb.2021.610370
https://doi.org/10.1161/HYPERTENSIONAHA.115.06849
https://doi.org/10.1161/HYPERTENSIONAHA.115.06849
https://doi.org/10.1038/nature16932
https://doi.org/10.1016/j.jaci.2016.05.011
https://doi.org/10.1016/j.jaci.2016.05.011
https://doi.org/10.18632/aging.100674
https://doi.org/10.18632/aging.100674
https://doi.org/10.1523/JNEUROSCI.2218-08.2008
https://doi.org/10.1523/JNEUROSCI.2218-08.2008
https://doi.org/10.1080/20002297.2020.1723975
https://doi.org/10.1038/ng1769
https://doi.org/10.1172/JCI79942
https://doi.org/10.1172/JCI79942
https://doi.org/10.1017/S0029665121003815
https://doi.org/10.1017/S0029665121003815
https://doi.org/10.1073/pnas.0901402106
https://doi.org/10.1073/pnas.0901402106
https://doi.org/10.1002/ejhf.1620
https://doi.org/10.1158/1541-7786.MCR-23-0411
https://doi.org/10.1016/0002-9149(87)91136-2
https://doi.org/10.1016/0002-9149(87)91136-2
https://doi.org/10.1002/ana.22588
https://doi.org/10.1002/9781119593058.ch3
https://doi.org/10.1186/1742-4933-4-4
https://doi.org/10.1038/nrmicro.2017.157
https://doi.org/10.1161/CIRCULATIONAHA.114.013777
https://doi.org/10.1161/CIRCULATIONAHA.114.013777
https://doi.org/10.1016/j.neuint.2010.12.003
https://doi.org/10.1111/idh.12372
https://doi.org/10.1111/idh.12372
https://doi.org/10.3390/ijms22073553
https://doi.org/10.1038/s41598-018-35473-6
https://doi.org/10.1038/s41598-018-35473-6
https://doi.org/10.1371/journal.pone.0143603
https://doi.org/10.15252/embr.201439245
https://doi.org/10.1126/science.aaf6659
https://doi.org/10.1016/j.trsl.2013.06.004
https://doi.org/10.1136/sextrans-2016-052753
https://doi.org/10.1136/sextrans-2016-052753
https://doi.org/10.1097/RLU.0000000000002251
https://doi.org/10.4103/tjem.tjem_182_23
https://doi.org/10.1126/science.1177486
https://doi.org/10.1038/nn.3786
https://doi.org/10.3233/JAD-131283
https://doi.org/10.3233/JAD-131283
https://doi.org/10.1176/appi.ajp.157.9.1399
https://doi.org/10.1176/appi.ajp.157.9.1399
https://doi.org/10.1111/ddg.15294
https://doi.org/10.1111/ddg.15294
https://doi.org/10.1098/rstb.2018.0147
https://doi.org/10.3390/ijms21186924
https://doi.org/10.1002/mds.27417
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2024.1462569


Ellefsen, B. S., Morse, D. E., Waldemar, G., and Holm-Pedersen, P. (2012). Indicators
for root caries in Danish persons with recently diagnosed Alzheimer’s disease.
Gerodontology 29 (3), 194–202. doi:10.1111/j.1741-2358.2011.00560.x

Emmanouilidou, E., Stefanis, L., and Vekrellis, K. (2010). Cell-produced alpha-
synuclein oligomers are targeted to, and impair, the 26S proteasome. Neurobiol.
aging 31 (6), 953–968. doi:10.1016/j.neurobiolaging.2008.07.008

Estemalik, J., Demko, C., Bissada, N. F., Joshi, N., Bodner, D., Shankar, E., et al. (2017).
Simultaneous detection of oral pathogens in subgingival plaque and prostatic fluid of
men with periodontal and prostatic diseases. J. Periodontology 88 (9), 823–829. doi:10.
1902/jop.2017.160477

Fan, X., Alekseyenko, A. V., Wu, J., Peters, B. A., Jacobs, E. J., Gapstur, S. M., et al.
(2018). Human oral microbiome and prospective risk for pancreatic cancer: a
population-based nested case-control study. Gut 67 (1), 120–127. doi:10.1136/gutjnl-
2016-312580

Fan, X., Wheatley, E. G., and Villeda, S. A. (2017). Mechanisms of hippocampal aging
and the potential for rejuvenation. Annu. Rev. Neurosci. 40 (1), 251–272. doi:10.1146/
annurev-neuro-072116-031357

Fares, J., Fares, M. Y., Khachfe, H. H., Salhab, H. A., and Fares, Y. (2020). Molecular
principles of metastasis: a hallmark of cancer revisited. Signal Transduct. Target. Ther. 5
(1), 28. doi:10.1038/s41392-020-0134-x

Farhad, S. Z., Amini, S., Khalilian, A., Barekatain, M., Mafi, M., Barekatain, M., et al.
(2014). The effect of chronic periodontitis on serum levels of tumor necrosis factor-
alpha in Alzheimer disease. Dent. Res. J. 11 (5), 549–552.

Farrell, J. J., Zhang, L., Zhou, H., Chia, D., Elashoff, D., Akin, D., et al. (2012).
Variations of oral microbiota are associated with pancreatic diseases including
pancreatic cancer. Gut 61 (4), 582–588. doi:10.1136/gutjnl-2011-300784

Fedorow, H., Halliday, G. M., Rickert, C. H., Gerlach, M., Riederer, P., and Double, K.
L. (2006). Evidence for specific phases in the development of human neuromelanin.
Neurobiol. aging 27 (3), 506–512. doi:10.1016/j.neurobiolaging.2005.02.015

Feser, J., Truong, D., Das, C., Carson, J. J., Kieft, J., Harkness, T., et al. (2010). Elevated
histone expression promotes life span extension.Mol. Cell. 39 (5), 724–735. doi:10.1016/
j.molcel.2010.08.015

Fleg, J. L., Das, D. N., Wright, J., and Lakatta, E. G. (1990). Age-associated changes in
the components of atrioventricular conduction in apparently healthy volunteers.
J. gerontology 45 (3), M95–M100. doi:10.1093/geronj/45.3.m95

Fleg, J. L., and Kennedy, H. L. (1982). Cardiac arrhythmias in a healthy elderly
population: detection by 24-hour ambulatory electrocardiography. Chest 81 (3),
302–307. doi:10.1378/chest.81.3.302

Flemer, B., Warren, R. D., Barrett, M. P., Cisek, K., Das, A., Jeffery, I. B., et al. (2018).
The oral microbiota in colorectal cancer is distinctive and predictive. Gut 67 (8),
1454–1463. doi:10.1136/gutjnl-2017-314814

Fleury, V., Zekeridou, A., Lazarevic, V., Gaïa, N., Giannopoulou, C., Genton, L., et al.
(2021). Oral dysbiosis and inflammation in Parkinson’s disease. J. Parkinson’s Dis. 11
(2), 619–631. doi:10.3233/JPD-202459

Foster, A. D., Sivarapatna, A., and Gress, R. E. (2011). The aging immune system and
its relationship with cancer. Aging Health 7 (5), 707–718. doi:10.2217/ahe.11.56

Frith, J., Day, C. P., Henderson, E., Burt, A. D., and Newton, J. L. (2009). Non-
alcoholic fatty liver disease in older people. Gerontology 55 (6), 607–613. doi:10.1159/
000235677

Funayama, R., Saito, M., Tanobe, H., and Ishikawa, F. (2006). Loss of linker histone
H1 in cellular senescence. J. Cell. Biol. 175 (6), 869–880. doi:10.1083/jcb.200604005

Galicia-Garcia, U., Benito-Vicente, A., Jebari, S., Larrea-Sebal, A., Siddiqi, H., Uribe,
K. B., et al. (2020). Pathophysiology of type 2 diabetes mellitus. Int. J. Mol. Sci. 21 (17),
6275. doi:10.3390/ijms21176275

Gerstenblith, G., Frederiksen, J., Yin, F. C., Fortuin, N. J., Lakatta, E. G., andWeisfeldt,
M. L. (1977). Echocardiographic assessment of a normal adult aging population.
Circulation 56 (2), 273–278. doi:10.1161/01.cir.56.2.273

Golden, G. S., and Golden, L. H. (1974). The “Nona” electrocardiogram: findings in
100 patients of the 90 plus age group. J. Am. Geriatrics Soc. 22 (7), 329–332. doi:10.1111/
j.1532-5415.1974.tb05402.x

Goyal, R., Singhal, M., and Jialal, I. (2024). “Type 2 Diabetes”, in StatPearls [Internet].
Treasure Island (FL): StatPearls Publishing. Available at: https://www.ncbi.nlm.nih.gov/
books/NBK513253/.

Gratton, C., Koller, J. M., Shannon, W., Greene, D. J., Maiti, B., Snyder, A. Z., et al.
(2019). Emergent functional network effects in Parkinson disease. Cereb. Cortex 29 (6),
1701–2523. doi:10.1093/cercor/bhy229

Greene, J. C., and Vermillion, J. R. (1960). The oral hygiene index: a method for
classifying oral hygiene status. J. Am. Dent. Assoc. 61 (2), 172–179. doi:10.14219/jada.
archive.1960.0177

Greene, M. A., and Loeser, R. F. (2015). Aging-related inflammation in osteoarthritis.
Osteoarthr. Cartil. 23 (11), 1966–1971. doi:10.1016/j.joca.2015.01.008

Grice, E. A., and Segre, J. A. (2011). The skin microbiome. Nat. Rev. Microbiol. 9 (4),
244–253. doi:10.1038/nrmicro2537

Halim, M., and Halim, A. (2019). The effects of inflammation, aging and oxidative
stress on the pathogenesis of diabetes mellitus (type 2 diabetes). Diabetes Metabolic
Syndrome Clin. Res. Rev. 13 (2), 1165–1172. doi:10.1016/j.dsx.2019.01.040

Halliday, G. M., Ophof, A., Broe, M., Jensen, P. H., Kettle, E., Fedorow, H., et al.
(2005). Alpha-synuclein redistributes to neuromelanin lipid in the substantia nigra early
in Parkinson’s disease. Brain 128 (11), 2654–2664. doi:10.1093/brain/awh584

Hanaoka, A., and Kashihara, K. (2009). Increased frequencies of caries, periodontal
disease and tooth loss in patients with Parkinson’s disease. J. Clin. Neurosci. 16 (10),
1279–1282. doi:10.1016/j.jocn.2008.12.027

Hara, T., Nakamura, K., Matsui, M., Yamamoto, A., Nakahara, Y., Suzuki-Migishima,
R., et al. (2006). Suppression of basal autophagy in neural cells causes neurodegenerative
disease in mice. Nature 441 (7095), 885–889. doi:10.1038/nature04724

Hata, J., Harigane, Y., Matsuoka, K., Akaihata, H., Yaginuma, K., Meguro, S., et al.
(2023). Mechanism of androgen-independent stromal proliferation in benign prostatic
hyperplasia. Int. J. Mol. Sci. 24 (14), 11634. doi:10.3390/ijms241411634

Head, T., Daunert, S., and Goldschmidt-Clermont, P. J. (2017). The aging risk and
atherosclerosis: a fresh look at arterial homeostasis. Front. Genet. 8, 216. doi:10.3389/
fgene.2017.00216

Hees, P. S., Fleg, J. L., Lakatta, E. G., and Shapiro, E. P. (2002). Left ventricular
remodeling with age in normal men versus women: novel insights using three-
dimensional magnetic resonance imaging. Am. J. Cardiol. 90 (11), 1231–1236.
doi:10.1016/s0002-9149(02)02840-0

Heesterbeek, T. J., Lorés-Motta, L., Hoyng, C. B., Lechanteur, Y. T. E., and den
Hollander, A. I. (2020). Risk factors for progression of age-related macular
degeneration. Ophthalmic Physiological Opt. 40 (2), 140–170. doi:10.1111/opo.12675

Heyn, H., Ferreira, H. J., Moran, S., Pisano, D. G., Gomez, A., et al. (2012). Distinct
DNA methylomes of newborns and centenarians. Proc. Natl. Acad. Sci. 109 (26),
10522–10527. doi:10.1073/pnas.1120658109

Hirsch, E. C., Graybiel, A. M., Duyckaerts, C., and Javoy-Agid, F. (1987). Neuronal
loss in the pedunculopontine tegmental nucleus in Parkinson disease and in progressive
supranuclear palsy. Proc. Natl. Acad. Sci. 84 (16), 5976–5980. doi:10.1073/pnas.84.16.
5976

Hiss, R. G., and Lamb, L. E. (1962). Electrocardiographic findings in
122,043 individuals. Circulation 25 (6), 947–961. doi:10.1161/01.cir.25.6.947

Itoh, K., Weis, S., Mehraein, P., and Müller-Höcker, J. (1996). Cytochrome c oxidase
defects of the human substantia nigra in normal aging.Neurobiol. aging 17 (6), 843–848.
doi:10.1016/s0197-4580(96)00168-6

Jaiswal, S., Natarajan, P., Silver, A. J., Gibson, C. J., Bick, A. G., Shvartz, E., et al.
(2017). Clonal hematopoiesis and risk of atherosclerotic cardiovascular disease. N. Engl.
J. Med. 377 (2), 111–121. doi:10.1056/NEJMoa1701719

Jakubovics, N. S., Goodman, S. D., Mashburn-Warren, L., Stafford, G. P., and Cieplik,
F. (2000). The dental plaque biofilm matrix. Periodontology 86 (1), 32–56. doi:10.1111/
prd.12361

Jana, N. R. (2012). Protein homeostasis and aging: role of ubiquitin protein ligases.
Neurochem. Int. 60 (5), 443–447. doi:10.1016/j.neuint.2012.02.009

Jang, H. Y. (2020). Factors associated with successful aging among community-
dwelling older adults based on ecological system model. Int. J. Environ. Res. Public
Health 17 (9), 3220. doi:10.3390/ijerph17093220

Jones, J. A., Lavallee, N., Alman, J., Sinclair, C., and Garcia, R. I. (1993). Caries
incidence in patients with dementia. Gerodontology 10 (2), 76–82. doi:10.1111/j.1741-
2358.1993.tb00086.x

Junn, E., and Mouradian, M. M. (2012). MicroRNAs in neurodegenerative diseases
and their therapeutic potential. Pharmacol. and Ther. 133 (2), 142–150. doi:10.1016/j.
pharmthera.2011.10.002

Kabra, A., Sharma, R., Kabra, R., and Baghel, U. S. (2018). Emerging and alternative
therapies for Parkinson disease: an updated review. Curr. Pharm. Des. 24 (22),
2573–2582. doi:10.2174/1381612824666180820150150

Kageyama, S., Takeshita, T., Takeuchi, K., Asakawa, M., Matsumi, R., Furuta, M., et al.
(2019). Characteristics of the salivary microbiota in patients with various digestive tract
cancers. Front. Microbiol. 10 (August), 1780–1810. doi:10.3389/fmicb.2019.01780

Kato, I., Vasquez, A. A., Moyerbrailean, G., Land, S., Sun, J., Lin, H. S., et al. (2016).
Oral microbiome and history of smoking and colorectal cancer. J. Epidemiol. Res. 2 (2),
92–101. doi:10.5430/jer.v2n2p92

Khermesh, K., D’Erchia, A. M., Barak, M., Annese, A., Wachtel, C., Levanon, E. Y.,
et al. (2016). Reduced levels of protein recoding by A-to-I RNA editing in Alzheimer’s
disease. Rna 22 (2), 290–302. doi:10.1261/rna.054627.115

Kilgore, M., Miller, C. A., Fass, D. M., Hennig, K. M., Haggarty, S. J., Sweatt, J. D., et al.
(2010). Inhibitors of class 1 histone deacetylases reverse contextual memory deficits in a
mouse model of Alzheimer’s disease. Neuropsychopharmacology 35 (4), 870–880.
doi:10.1038/npp.2009.197

Komatsu, M.,Waguri, S., Chiba, T., Murata, S., Iwata, J. i., Tanida, I., et al. (2006). Loss
of autophagy in the central nervous system causes neurodegeneration in mice. Nature
441 (7095), 880–884. doi:10.1038/nature04723

Frontiers in Aging frontiersin.org24

Nurkolis et al. 10.3389/fragi.2024.1462569

https://doi.org/10.1111/j.1741-2358.2011.00560.x
https://doi.org/10.1016/j.neurobiolaging.2008.07.008
https://doi.org/10.1902/jop.2017.160477
https://doi.org/10.1902/jop.2017.160477
https://doi.org/10.1136/gutjnl-2016-312580
https://doi.org/10.1136/gutjnl-2016-312580
https://doi.org/10.1146/annurev-neuro-072116-031357
https://doi.org/10.1146/annurev-neuro-072116-031357
https://doi.org/10.1038/s41392-020-0134-x
https://doi.org/10.1136/gutjnl-2011-300784
https://doi.org/10.1016/j.neurobiolaging.2005.02.015
https://doi.org/10.1016/j.molcel.2010.08.015
https://doi.org/10.1016/j.molcel.2010.08.015
https://doi.org/10.1093/geronj/45.3.m95
https://doi.org/10.1378/chest.81.3.302
https://doi.org/10.1136/gutjnl-2017-314814
https://doi.org/10.3233/JPD-202459
https://doi.org/10.2217/ahe.11.56
https://doi.org/10.1159/000235677
https://doi.org/10.1159/000235677
https://doi.org/10.1083/jcb.200604005
https://doi.org/10.3390/ijms21176275
https://doi.org/10.1161/01.cir.56.2.273
https://doi.org/10.1111/j.1532-5415.1974.tb05402.x
https://doi.org/10.1111/j.1532-5415.1974.tb05402.x
https://www.ncbi.nlm.nih.gov/books/NBK513253/
https://www.ncbi.nlm.nih.gov/books/NBK513253/
https://doi.org/10.1093/cercor/bhy229
https://doi.org/10.14219/jada.archive.1960.0177
https://doi.org/10.14219/jada.archive.1960.0177
https://doi.org/10.1016/j.joca.2015.01.008
https://doi.org/10.1038/nrmicro2537
https://doi.org/10.1016/j.dsx.2019.01.040
https://doi.org/10.1093/brain/awh584
https://doi.org/10.1016/j.jocn.2008.12.027
https://doi.org/10.1038/nature04724
https://doi.org/10.3390/ijms241411634
https://doi.org/10.3389/fgene.2017.00216
https://doi.org/10.3389/fgene.2017.00216
https://doi.org/10.1016/s0002-9149(02)02840-0
https://doi.org/10.1111/opo.12675
https://doi.org/10.1073/pnas.1120658109
https://doi.org/10.1073/pnas.84.16.5976
https://doi.org/10.1073/pnas.84.16.5976
https://doi.org/10.1161/01.cir.25.6.947
https://doi.org/10.1016/s0197-4580(96)00168-6
https://doi.org/10.1056/NEJMoa1701719
https://doi.org/10.1111/prd.12361
https://doi.org/10.1111/prd.12361
https://doi.org/10.1016/j.neuint.2012.02.009
https://doi.org/10.3390/ijerph17093220
https://doi.org/10.1111/j.1741-2358.1993.tb00086.x
https://doi.org/10.1111/j.1741-2358.1993.tb00086.x
https://doi.org/10.1016/j.pharmthera.2011.10.002
https://doi.org/10.1016/j.pharmthera.2011.10.002
https://doi.org/10.2174/1381612824666180820150150
https://doi.org/10.3389/fmicb.2019.01780
https://doi.org/10.5430/jer.v2n2p92
https://doi.org/10.1261/rna.054627.115
https://doi.org/10.1038/npp.2009.197
https://doi.org/10.1038/nature04723
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2024.1462569


Kornman, K. S. (2006). Interleukin 1 genetics, inflammatory mechanisms, and
nutrigenetic opportunities to modulate diseases of aging. Am. J. Clin. Nutr. 83 (2),
475S–483S. doi:10.1093/ajcn/83.2.475S

Kour, S., and Rath, P. C. (2016). Long noncoding RNAs in aging and age-related
diseases. Ageing Res. Rev. 26, 1–21. doi:10.1016/j.arr.2015.12.001

Kraytsberg, Y., Kudryavtseva, E., McKee, A. C., Geula, C., Kowall, N. W., and
Khrapko, K. (2006). Mitochondrial DNA deletions are abundant and cause
functional impairment in aged human substantia nigra neurons. Nat. Genet. 38 (5),
518–520. doi:10.1038/ng1778

Kubota, T., Maruyama, S., Abe, D., Tomita, T., Morozumi, T., Nakasone, N., et al.
(2014). Amyloid beta (A4) precursor protein expression in human periodontitis-
affected gingival tissues. Archives oral Biol. 59 (6), 586–594. doi:10.1016/j.
archoralbio.2014.03.004

Kudaravalli, P., and John, S., Nonalcoholic fatty liver. 2024.

Kumar, A., et al. Alzheimer disease. 2018.

Laconi, E., Marongiu, F., and DeGregori, J. (2020). Cancer as a disease of old age:
changing mutational and microenvironmental landscapes. Br. J. Cancer 122 (7),
943–952. doi:10.1038/s41416-019-0721-1

Lakatta, E. G. (1993a). Cardiovascular regulatory mechanisms in advanced age.
Physiol. Rev. 73 (2), 413–467. doi:10.1152/physrev.1993.73.2.413

Lakatta, E. G. (1993b). Deficient neuroendocrine regulation of the cardiovascular
system with advancing age in healthy humans. Circulation 87 (2), 631–636. doi:10.1161/
01.cir.87.2.631

Lakatta, E. G. (2002). Age-associated cardiovascular changes in health: impact on
cardiovascular disease in older persons. Heart Fail. Rev. 7, 29–49. doi:10.1023/a:
1013797722156

Lakatta, E. G., and Sollott, S. J. (2002). Perspectives on mammalian cardiovascular
aging: humans to molecules. Comp. Biochem. Physiology Part A Mol. and Integr.
Physiology 132 (4), 699–721. doi:10.1016/s1095-6433(02)00124-1

Lardenoije, R., Iatrou, A., Kenis, G., Kompotis, K., Steinbusch, H. W. M., Mastroeni,
D., et al. (2015). The epigenetics of aging and neurodegeneration. Prog. Neurobiol. 131,
21–64. doi:10.1016/j.pneurobio.2015.05.002

Larson, P. J., Zhou,W., Santiago, A., Driscoll, S., Fleming, E., Voigt, A. Y., et al. (2022).
Associations of the skin, oral and gut microbiome with aging, frailty and infection risk
reservoirs in older adults. Nat. Aging 2 (10), 941–955. doi:10.1038/s43587-022-00287-9

Lee, D. C., Rizer, J., Selenica, M. L. B., Reid, P., Kraft, C., Johnson, A., et al. (2010).
LPS-induced inflammation exacerbates phospho-tau pathology in rTg4510 mice.
J. neuroinflammation 7, 56–16. doi:10.1186/1742-2094-7-56

Lee, J.-H., Lee, Y., Choi, S. H., Bae, E., and Lee, D. W. (2022). Correlation analysis of
the oral mucosal microbiome and diabetes mellitus using microbial DNA in elderly
male subjects. Oral Biol. Res. 46 (1), 10–20. doi:10.21851/obr.46.01.202203.10

Lee, P. G., and Halter, J. B. (2017). The pathophysiology of hyperglycemia in older
adults: clinical considerations. Diabetes Care 40 (4), 444–452. doi:10.2337/dc16-1732

Lepor, H. (2005). Pathophysiology of benign prostatic hyperplasia in the aging male
population. Rev. urology 7 (Suppl. 4), S3–S12.

Li, R., Cheng, X., Yang, Y., Schwebel, D. C., Ning, P., Li, L., et al. (2023). Global deaths
associated with population aging — 1990–2019. China CDC Wkly. 5 (51), 1150–1154.
doi:10.46234/ccdcw2023.216

Li, X.-J., and Li, S. (2011). Proteasomal dysfunction in aging and Huntington disease.
Neurobiol. Dis. 43 (1), 4–8. doi:10.1016/j.nbd.2010.11.018

Li, Y., Adeniji, N. T., Fan, W., Kunimoto, K., and Török, N. J. (2022). Non-alcoholic
fatty liver disease and liver fibrosis during aging. Aging Dis. 13 (4), 1239–1251. doi:10.
14336/AD.2022.0318

Li, Z., Zhang, Z., Ren, Y.,Wang, Y., Fang, J., Ma, S., et al. (2021). Aging and age-related
diseases: from mechanisms to therapeutic strategies. Biogerontology 22 (2), 165–187.
doi:10.1007/s10522-021-09910-5

Liao, Z., Yeo, H. L., Wong, S. W., and Zhao, Y. (2021). Cellular senescence:
mechanisms and therapeutic potential. Biomedicines 9 (12), 1769. doi:10.3390/
biomedicines9121769

Liljegren, M., Landqvist Waldö, M., Rydbeck, R., and Englund, E. (2018). Police
interactions among neuropathologically confirmed dementia patients: prevalence and
cause. Alzheimer Dis. and Assoc. Disord. 32 (4), 346–350. doi:10.1097/WAD.
0000000000000267

Lim, K. B. (2017). Epidemiology of clinical benign prostatic hyperplasia. Asian
J. Urology 4 (3), 148–151. doi:10.1016/j.ajur.2017.06.004

Lin, M., Li, X., Wang, J., Cheng, C., Zhang, T., Han, X., et al. (2020). Saliva
microbiome changes in patients with periodontitis with and without chronic
obstructive pulmonary disease. Front. Cell. Infect. Microbiol. 10 (April), 124–212.
doi:10.3389/fcimb.2020.00124

Liu, C., Srihari, S., Lal, S., Gautier, B., Simpson, P. T., Khanna, K. K., et al. (2016).
Personalised pathway analysis reveals association between DNA repair pathway
dysregulation and chromosomal instability in sporadic breast cancer. Mol. Oncol. 10
(1), 179–193. doi:10.1016/j.molonc.2015.09.007

Liu, T., Guo, Y., Liao, Y., and Liu, J. (2023). Mechanism-guided fine-tuned
microbiome potentiates anti-tumor immunity in HCC. Front. Immunol. 14
(December), 1333864–1333921. doi:10.3389/fimmu.2023.1333864

Loeser, R. F. (2011). Aging and osteoarthritis. Curr. Opin. rheumatology 23 (5),
492–496. doi:10.1097/BOR.0b013e3283494005

Loeser, R. F., Collins, J. A., and Diekman, B. O. (2016). Ageing and the pathogenesis of
osteoarthritis. Nat. Rev. Rheumatol. 12 (7), 412–420. doi:10.1038/nrrheum.2016.65

Long, S. S., and Swenson, R. M. (1976). Determinants of the developing oral flora in
normal newborns. Appl. Environ. Microbiol. 32 (4), 494–497. doi:10.1128/AEM.32.4.
494-497.1976

Loscalzo, J. (2016). Harrison’s cardiovascular medicine 3/E. China, McGraw-Hill
Education.

Lovisolo, F., Ogbanga, N., Sguazzi, G., Renò, F., Migliario, M., Nelson, A., et al. (2022).
Oral and skin microbiome as potential tools in forensic field. Forensic Sci. Int. Genet.
Suppl. Ser. 8, 65–67. doi:10.1016/j.fsigss.2022.09.024

Lu, H., Ren, Z., Li, A., Li, J., Xu, S., Zhang, H., et al. (2019). Tongue coating
microbiome data distinguish patients with pancreatic head cancer from healthy
controls. J. Oral Microbiol. 11 (1), 1563409. doi:10.1080/20002297.2018.1563409

Lu, H., Ren, Z., Li, A., Zhang, H., Jiang, J., Xu, S., et al. (2016). Deep sequencing reveals
microbiota dysbiosis of tongue coat in patients with liver carcinoma. Sci. Rep. 6
(August), 33142–33211. doi:10.1038/srep33142

Lunnon, K., Smith, R., Hannon, E., De Jager, P. L., Srivastava, G., Volta, M., et al.
(2014). Methylomic profiling implicates cortical deregulation of ANK1 in Alzheimer’s
disease. Nat. Neurosci. 17 (9), 1164–1170. doi:10.1038/nn.3782

Ma, S. Y., Ciliax, B. J., Stebbins, G., Jaffar, S., Joyce, J. N., Cochran, E. J., et al. (1999).
Dopamine transporter-immunoreactive neurons decrease with age in the human
substantia nigra. J. Comp. Neurology 409 (1), 25–37. doi:10.1002/(sici)1096-
9861(19990621)409:1<25::aid-cne3>3.0.co;2-e
Maccioni, R. B., et al. (2018). Alzheimer s disease in the perspective of

neuroimmunology. open neurology J. 12, 50. doi:10.2174/1874205X01812010050

Mahajan, A., Verma, S., and Tandon, V. (2005). Osteoarthritis. J. Assoc. Physicians
India 53, 634–641.

Manolio, T. A., Furberg, C. D., Rautaharju, P. M., Siscovick, D., Newman, A. B.,
Borhani, N. O., et al. (1994). Cardiac arrhythmias on 24-h ambulatory
electrocardiography in older women and men: the Cardiovascular Health Study.
J. Am. Coll. Cardiol. 23 (4), 916–925. doi:10.1016/0735-1097(94)90638-6

Michikawa, C., Gopalakrishnan, V., Harrandah, A. M., Karpinets, T. V., Garg, R. R.,
Chu, R. A., et al. (2022). Fusobacterium is enriched in oral cancer and promotes
induction of programmed death-ligand 1 (PD-L1).Neoplasia (United States) 31 100813.
doi:10.1016/j.neo.2022.100813

Mihaila, D., Donegan, J., Barns, S., LaRocca, D., Du, Q., Zheng, D., et al. (2019). The
oral microbiome of early stage Parkinson’s disease and its relationship with functional
measures of motor and non-motor function. PLoS One 14 (6), e0218252. doi:10.1371/
journal.pone.0218252

Millan, M. J. (2017). Linking deregulation of non-coding RNA to the core
pathophysiology of Alzheimer’s disease: an integrative review. Prog. Neurobiol. 156,
1–68. doi:10.1016/j.pneurobio.2017.03.004

Mirpour, S., Turkbey, E. B., Marashdeh, W., El Khouli, R., and Subramaniam, R. M.
(2018). Impact of DAT-SPECT on management of patients suspected of parkinsonism.
Clin. Nucl. Med. 43 (10), 710–714. doi:10.1097/RLU.0000000000002240

Miyatake, K., Okamoto, M., Kinoshita, N., Owa, M., Nakasone, I., Sakakibara, H.,
et al. (1984). Augmentation of atrial contribution to left ventricular inflow with aging as
assessed by intracardiac Doppler flowmetry. Am. J. Cardiol. 53 (4), 586–589. doi:10.
1016/0002-9149(84)90035-3

Montaron, M. F., Petry, K. G., Rodriguez, J. J., Marinelli, M., Aurousseau, C., Rougon,
G., et al. (1999). Adrenalectomy increases neurogenesis but not PSA-NCAM expression
in aged dentate gyrus. Eur. J. Neurosci. 11 (4), 1479–1485. doi:10.1046/j.1460-9568.
1999.00579.x

Neophytou, C. M., Panagi, M., Stylianopoulos, T., and Papageorgis, P. (2021).
The role of tumor microenvironment in cancer metastasis: molecular
mechanisms and therapeutic opportunities. Cancers 13 (9), 2053. doi:10.3390/
cancers13092053

Nicolas, G., Acuña-Hidalgo, R., Keogh, M. J., Quenez, O., Steehouwer, M., Lelieveld,
S., et al. (2018). Somatic variants in autosomal dominant genes are a rare cause of
sporadic Alzheimer’s disease. Alzheimer’s and Dementia 14 (12), 1632–1639. doi:10.
1016/j.jalz.2018.06.3056

Niu, C., Tu, Y., Jin, Q., Chen, Z., Yuan, K., Wang, M., et al. (2023). Mapping the
human oral and gut fungal microbiota in patients with metabolic dysfunction-
associated fatty liver disease. Front. Cell. Infect. Microbiol. 13 (April),
1157368–1157412. doi:10.3389/fcimb.2023.1157368

Noble, J. M., Borrell, L. N., Papapanou, P. N., Elkind, M. S. V., Scarmeas, N., and
Wright, C. B. (2009). Periodontitis is associated with cognitive impairment among older
adults: analysis of NHANES-III. J. Neurology, Neurosurg. and Psychiatry 80 (11),
1206–1211. doi:10.1136/jnnp.2009.174029

Frontiers in Aging frontiersin.org25

Nurkolis et al. 10.3389/fragi.2024.1462569

https://doi.org/10.1093/ajcn/83.2.475S
https://doi.org/10.1016/j.arr.2015.12.001
https://doi.org/10.1038/ng1778
https://doi.org/10.1016/j.archoralbio.2014.03.004
https://doi.org/10.1016/j.archoralbio.2014.03.004
https://doi.org/10.1038/s41416-019-0721-1
https://doi.org/10.1152/physrev.1993.73.2.413
https://doi.org/10.1161/01.cir.87.2.631
https://doi.org/10.1161/01.cir.87.2.631
https://doi.org/10.1023/a:1013797722156
https://doi.org/10.1023/a:1013797722156
https://doi.org/10.1016/s1095-6433(02)00124-1
https://doi.org/10.1016/j.pneurobio.2015.05.002
https://doi.org/10.1038/s43587-022-00287-9
https://doi.org/10.1186/1742-2094-7-56
https://doi.org/10.21851/obr.46.01.202203.10
https://doi.org/10.2337/dc16-1732
https://doi.org/10.46234/ccdcw2023.216
https://doi.org/10.1016/j.nbd.2010.11.018
https://doi.org/10.14336/AD.2022.0318
https://doi.org/10.14336/AD.2022.0318
https://doi.org/10.1007/s10522-021-09910-5
https://doi.org/10.3390/biomedicines9121769
https://doi.org/10.3390/biomedicines9121769
https://doi.org/10.1097/WAD.0000000000000267
https://doi.org/10.1097/WAD.0000000000000267
https://doi.org/10.1016/j.ajur.2017.06.004
https://doi.org/10.3389/fcimb.2020.00124
https://doi.org/10.1016/j.molonc.2015.09.007
https://doi.org/10.3389/fimmu.2023.1333864
https://doi.org/10.1097/BOR.0b013e3283494005
https://doi.org/10.1038/nrrheum.2016.65
https://doi.org/10.1128/AEM.32.4.494-497.1976
https://doi.org/10.1128/AEM.32.4.494-497.1976
https://doi.org/10.1016/j.fsigss.2022.09.024
https://doi.org/10.1080/20002297.2018.1563409
https://doi.org/10.1038/srep33142
https://doi.org/10.1038/nn.3782
https://doi.org/10.1002/(sici)1096-9861(19990621)409:1<25::aid-cne3>3.0.co;2-e
https://doi.org/10.1002/(sici)1096-9861(19990621)409:1<25::aid-cne3>3.0.co;2-e
https://doi.org/10.2174/1874205X01812010050
https://doi.org/10.1016/0735-1097(94)90638-6
https://doi.org/10.1016/j.neo.2022.100813
https://doi.org/10.1371/journal.pone.0218252
https://doi.org/10.1371/journal.pone.0218252
https://doi.org/10.1016/j.pneurobio.2017.03.004
https://doi.org/10.1097/RLU.0000000000002240
https://doi.org/10.1016/0002-9149(84)90035-3
https://doi.org/10.1016/0002-9149(84)90035-3
https://doi.org/10.1046/j.1460-9568.1999.00579.x
https://doi.org/10.1046/j.1460-9568.1999.00579.x
https://doi.org/10.3390/cancers13092053
https://doi.org/10.3390/cancers13092053
https://doi.org/10.1016/j.jalz.2018.06.3056
https://doi.org/10.1016/j.jalz.2018.06.3056
https://doi.org/10.3389/fcimb.2023.1157368
https://doi.org/10.1136/jnnp.2009.174029
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2024.1462569


Ogunrinola, G. A., Oyewale, J. O., Oshamika, O. O., and Olasehinde, G. I. (2020). The
human microbiome and its impacts on health. Int. J. Microbiol. 2020, 8045646. doi:10.
1155/2020/8045646

Olchawa, M. M., Furso, J. A., Szewczyk, G. M., and Sarna, T. J. (2017). Lipofuscin-
mediated photic stress inhibits phagocytic activity of ARPE-19 cells; effect of donors’
age and antioxidants. Free Radic. Res. 51 (9-10), 799–811. doi:10.1080/10715762.2017.
1380307

Olson, S. H., Satagopan, J., Xu, Y., Ling, L., Leong, S., Orlow, I., et al. (2017). The oral
microbiota in patients with pancreatic cancer, patients with IPMNs, and controls: a pilot
study. Cancer Causes Control 28 (9), 959–969. doi:10.1007/s10552-017-0933-8

O Sullivan, R. J., Kubicek, S., Schreiber, S. L., and Karlseder, J. (2010). Reduced histone
biosynthesis and chromatin changes arising from a damage signal at telomeres. Nat.
Struct. and Mol. Biol. 17 (10), 1218–1225. doi:10.1038/nsmb.1897

Pahwa, R., and Jialal, I. (2024). Atherosclerosis. 2024. Treasure Island (FL): StatPearls
Publishing.

Pakkenberg, B., and Gundersen, H. J. G. (1997). Neocortical neuron number in
humans: effect of sex and age. J. Comp. neurology 384 (2), 312–320. doi:10.1002/(sici)
1096-9861(19970728)384:2<312::aid-cne10>3.3.co;2-g
Pang, M., Zhu, M., Lei, X., Chen, C., Yao, Z., and Cheng, B. (2020). Changes in foot

skin microbiome of patients with diabetes mellitus using high-throughput 16s rRNA
gene sequencing: a case control study from a single center. Med. Sci. Monit. 26,
9214400–e921511. doi:10.12659/MSM.921440

Peleg, S., Sananbenesi, F., Zovoilis, A., Burkhardt, S., Bahari-Javan, S., Agis-Balboa, R.
C., et al. (2010). Altered histone acetylation is associated with age-dependent memory
impairment in mice. science 328 (5979), 753–756. doi:10.1126/science.1186088

Pereira, P. A. B., Aho, V. T. E., Paulin, L., Pekkonen, E., Auvinen, P., and Scheperjans,
F. (2017). Oral and nasal microbiota in Parkinson’s disease. Park. and Relat. Disord. 38,
61–67. doi:10.1016/j.parkreldis.2017.02.026

Peters, B. A., Wu, J., Pei, Z., Yang, L., Purdue, M. P., Freedman, N. D., et al. (2017).
Oral microbiome composition reflects prospective risk for esophageal cancers. Cancer
Res. 77 (23), 6777–6787. doi:10.1158/0008-5472.CAN-17-1296

Pissadaki, E. K., and Bolam, J. P. (2013). The energy cost of action potential
propagation in dopamine neurons: clues to susceptibility in Parkinson’s disease.
Front. Comput. Neurosci. 7, 13. doi:10.3389/fncom.2013.00013

Polak, D., and Shapira, L. (2018). An update on the evidence for pathogenic
mechanisms that may link periodontitis and diabetes. J. Clin. periodontology 45 (2),
150–166. doi:10.1111/jcpe.12803

Ponikowski, P., Voors, A. A., Anker, S. D., Bueno, H., Cleland, J. G. F., Coats, A. J. S.,
et al. (2016). 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic
heart failure. Kardiologia Pol. Pol. Heart J. 74 (10), 1037–1147. doi:10.5603/KP.2016.0141

Porter, J. L., and Varacallo, M. (2024). “Osteoporosis”, in StatPearls [Internet].
Treasure Island (FL): StatPearls Publishing. Available at: https://www.ncbi.nlm.nih.
gov/books/NBK441901/.

Rackaityte, E., and Lynch, S. V. (2020). The human microbiome in the 21(st) century.
Nat. Commun. 11 (1), 5256. doi:10.1038/s41467-020-18983-8

Rauscher, F. M., Goldschmidt-Clermont, P. J., Davis, B. H., Wang, T., Gregg, D.,
Ramaswami, P., et al. (2003). Aging, progenitor cell exhaustion, and atherosclerosis.
Circulation 108 (4), 457–463. doi:10.1161/01.CIR.0000082924.75945.48

Reeve, A., Meagher, M., Lax, N., Simcox, E., Hepplewhite, P., Jaros, E., et al. (2013).
The impact of pathogenic mitochondrial DNA mutations on substantia nigra neurons.
J. Neurosci. 33 (26), 10790–10801. doi:10.1523/JNEUROSCI.3525-12.2013

Reiss, A. B., Grossfeld, D., Kasselman, L. J., Renna, H. A., Vernice, N. A., Drewes, W.,
et al. (2019). Adenosine and the cardiovascular system. Am. J. Cardiovasc. Drugs 19,
449–464. doi:10.1007/s40256-019-00345-5

Ritschka, B., Storer, M., Mas, A., Heinzmann, F., Ortells, M. C., Morton, J. P., et al.
(2017). The senescence-associated secretory phenotype induces cellular plasticity and
tissue regeneration. Genes. Dev. 31 (2), 172–183. doi:10.1101/gad.290635.116

Riviere, G. R., Riviere, K. H., and Smith, K. S. (2002). Molecular and immunological
evidence of oral Treponema in the human brain and their association with Alzheimer’s
disease. Oral Microbiol. Immunol. 17 (2), 113–118. doi:10.1046/j.0902-0055.2001.00100.x

Rozas, N. S., Tribble, G. D., and Jeter, C. B. (2021). Oral factors that impact the oral
microbiota in Parkinson’s disease. Microorganisms 9 (8), 1616. doi:10.3390/
microorganisms9081616

Rubinsztein, D. C., Mariño, G., and Kroemer, G. (2011). Autophagy and aging. Cell.
146 (5), 682–695. doi:10.1016/j.cell.2011.07.030

Rullo, J., Far, P. M., Quinn, M., Sharma, N., Bae, S., Irrcher, I., et al. (2020). Local oral
and nasal microbiome diversity in age-related macular degeneration. Sci. Rep. 10 (1),
3862. doi:10.1038/s41598-020-60674-3

Saeb, A. T. M., Al-Rubeaan, K. A., Aldosary, K., Udaya Raja, G. K., Mani, B.,
Abouelhoda, M., et al. (2019). Relative reduction of biological and phylogenetic diversity
of the oral microbiota of diabetes and pre-diabetes patients. Microb. Pathog. 128.
215–229. doi:10.1016/j.micpath.2019.01.009

Samaranayake, L., and Matsubara, V. H. (2017). Normal oral flora and the oral
ecosystem. Dent. Clin. 61 (2), 199–215. doi:10.1016/j.cden.2016.11.002

Schwinger, R. H. G. (2021). Pathophysiology of heart failure. Cardiovasc. diagnosis
Ther. 11 (1), 263–276. doi:10.21037/cdt-20-302

Sedghi, L., DiMassa, V., Harrington, A., Lynch, S. V., and Kapila, Y. L. (2000). The oral
microbiome: role of key organisms and complex networks in oral health and disease.
Periodontology 87 (1), 107–131. doi:10.1111/prd.12393

Sen, R., and Hurley, J. A. (2024). “Osteoarthritis”, in StatPearls [Internet]. Treasure
Island (FL): StatPearls Publishing. Available at: https://www.ncbi.nlm.nih.gov/books/
NBK482326/.

Shaalan, A., Lee, S., Feart, C., Garcia-Esquinas, E., Gomez-Cabrero, D., Lopez-Garcia,
E., et al. (2022). Alterations in the oral microbiome associated with diabetes, overweight,
and dietary components. Front. Nutr. 9, 914715. doi:10.3389/fnut.2022.914715

Shafi, S., Ansari, H. R., Bahitham, W., and Aouabdi, S. (2019). The impact of natural
antioxidants on the regenerative potential of vascular cells. Front. Cardiovasc. Med. 6,
28. doi:10.3389/fcvm.2019.00028

Shoer, S., Shilo, S., Godneva, A., Ben-Yacov, O., Rein, M., Wolf, B. C., et al. (2023).
Impact of dietary interventions on pre-diabetic oral and gut microbiome, metabolites
and cytokines. Nat. Commun. 14 (1), 5384. doi:10.1038/s41467-023-41042-x

Sierra, F., and Kohanski, R. (2016). Advances in geroscience. Cham [Switzerland]:
Springer.

Singer, R. A. J., and Morrison, S. J. (2013). Mechanisms that regulate stem cell aging
and life span. Cell. Stem Cell. 12 (2), 152–165. doi:10.1016/j.stem.2013.01.001

Smetana, K., Lacina, L., Szabo, P., Dvořánková, B., Brož, P., and Šedo, A. (2016).
Ageing as an important risk factor for cancer. Anticancer Res. 36 (10), 5009–5017.
doi:10.21873/anticanres.11069

Smythe, P., and Wilkinson, H. N. (2023). The skin microbiome: current landscape
and future opportunities. Int. J. Mol. Sci. 24 (4), 3950. doi:10.3390/ijms24043950

Spagnolo, P., and Semenzato, U. (2022). Revealing the pathogenic and ageing-related
mechanisms of the enigmatic idiopathic pulmonary fibrosis (and chronic obstructive
pulmonary disease). Curr. Opin. Pulm. Med. 28 (4), 296–302. doi:10.1097/MCP.
0000000000000876

Spina, R. J., Turner, M. J., and Ehsani, A. A. (1998). Beta-adrenergic-mediated
improvement in left ventricular function by exercise training in older men. Am.
J. Physiology-Heart Circulatory Physiology 274 (2), H397–H404. doi:10.1152/
ajpheart.1998.274.2.H397

Steensma, D. P., Bejar, R., Jaiswal, S., Lindsley, R. C., Sekeres, M. A., Hasserjian, R. P.,
et al. (2015). Clonal hematopoiesis of indeterminate potential and its distinction from
myelodysplastic syndromes. Blood, J. Am. Soc. Hematol. 126 (1), 9–16. doi:10.1182/
blood-2015-03-631747

Stein, P. S., Steffen, M. J., Smith, C., Jicha, G., Ebersole, J. L., Abner, E., et al. (2012).
Serum antibodies to periodontal pathogens are a risk factor for Alzheimer’s disease.
Alzheimer’s and Dementia 8 (3), 196–203. doi:10.1016/j.jalz.2011.04.006

Strait, J. B., and Lakatta, E. G. (2012). Aging-associated cardiovascular changes and
their relationship to heart failure. Heart Fail. Clin. 8 (1), 143–164. doi:10.1016/j.hfc.
2011.08.011

Sun, J. H., Li, X. L., Yin, J., Li, Y. H., Hou, B. X., and Zhang, Z. (2018). A screening
method for gastric cancer by oral microbiome detection. Oncol. Rep. 39 (5), 2217–2224.
doi:10.3892/or.2018.6286

Sureda, A., Daglia, M., Argüelles Castilla, S., Sanadgol, N., Fazel Nabavi, S., Khan, H.,
et al. (2020). Oral microbiota and Alzheimer’s disease: do all roads lead to Rome?
Pharmacol. Res. 151, 104582. doi:10.1016/j.phrs.2019.104582

Takahashi, N., and Nyvad, B. (2011). The role of bacteria in the caries process:
ecological perspectives. J. Dent. Res. 90 (3), 294–303. doi:10.1177/0022034510379602

Tan, L., Yu, J. T., and Hu, N. (2013). Non-coding RNAs in Alzheimer’s disease. Mol.
Neurobiol. 47, 382–393. doi:10.1007/s12035-012-8359-5

Tan, Y. T., Wenzelburger, F., Lee, E., Heatlie, G., Leyva, F., Patel, K., et al. (2009). The
pathophysiology of heart failure with normal ejection fraction: exercise
echocardiography reveals complex abnormalities of both systolic and diastolic
ventricular function involving torsion, untwist, and longitudinal motion. J. Am. Coll.
Cardiol. 54 (1), 36–46. doi:10.1016/j.jacc.2009.03.037

Tanai, E., and Frantz, S. (2015). Pathophysiology of heart failure. Compr. Physiol. 6
(1), 187–214. doi:10.1002/cphy.c140055

Tang, Y., Lutz, M. W., and Xing, Y. (2019). A systems-based model of Alzheimer’s
disease. Alzheimer’s and Dementia 15 (1), 168–171. doi:10.1016/j.jalz.2018.06.3058

Thimmappaiah Jagadeesh, A., Prakash, P. Y., Karthik Rao, N., and Ramya, V. (2017).
Culture characterization of the skin microbiome in Type 2 diabetes mellitus: a focus on the
role of innate immunity.Diabetes Res. Clin. Pract. 134, 1–7. doi:10.1016/j.diabres.2017.09.007

Tong, B.C.-K., Wu, A. J., Li, M., and Cheung, K. H. (2018). Calcium signaling in
Alzheimer’s disease and therapies. Biochimica Biophysica Acta (BBA)-Molecular Cell.
Res. 1865 (11), 1745–1760. doi:10.1016/j.bbamcr.2018.07.018

Torres, P. J., et al. (2015). Characterization of the salivary microbiome in patients with
pancreatic cancer. PeerJ 2015 (11), 1–16. doi:10.7717/peerj.1373

Untergasser, G., Madersbacher, S., and Berger, P. (2005). Benign prostatic
hyperplasia: age-related tissue-remodeling. Exp. Gerontol. 40 (3), 121–128. doi:10.
1016/j.exger.2004.12.008

Frontiers in Aging frontiersin.org26

Nurkolis et al. 10.3389/fragi.2024.1462569

https://doi.org/10.1155/2020/8045646
https://doi.org/10.1155/2020/8045646
https://doi.org/10.1080/10715762.2017.1380307
https://doi.org/10.1080/10715762.2017.1380307
https://doi.org/10.1007/s10552-017-0933-8
https://doi.org/10.1038/nsmb.1897
https://doi.org/10.1002/(sici)1096-9861(19970728)384:2<312::aid-cne10>3.3.co;2-g
https://doi.org/10.1002/(sici)1096-9861(19970728)384:2<312::aid-cne10>3.3.co;2-g
https://doi.org/10.12659/MSM.921440
https://doi.org/10.1126/science.1186088
https://doi.org/10.1016/j.parkreldis.2017.02.026
https://doi.org/10.1158/0008-5472.CAN-17-1296
https://doi.org/10.3389/fncom.2013.00013
https://doi.org/10.1111/jcpe.12803
https://doi.org/10.5603/KP.2016.0141
https://www.ncbi.nlm.nih.gov/books/NBK441901/
https://www.ncbi.nlm.nih.gov/books/NBK441901/
https://doi.org/10.1038/s41467-020-18983-8
https://doi.org/10.1161/01.CIR.0000082924.75945.48
https://doi.org/10.1523/JNEUROSCI.3525-12.2013
https://doi.org/10.1007/s40256-019-00345-5
https://doi.org/10.1101/gad.290635.116
https://doi.org/10.1046/j.0902-0055.2001.00100.x
https://doi.org/10.3390/microorganisms9081616
https://doi.org/10.3390/microorganisms9081616
https://doi.org/10.1016/j.cell.2011.07.030
https://doi.org/10.1038/s41598-020-60674-3
https://doi.org/10.1016/j.micpath.2019.01.009
https://doi.org/10.1016/j.cden.2016.11.002
https://doi.org/10.21037/cdt-20-302
https://doi.org/10.1111/prd.12393
https://www.ncbi.nlm.nih.gov/books/NBK482326/
https://www.ncbi.nlm.nih.gov/books/NBK482326/
https://doi.org/10.3389/fnut.2022.914715
https://doi.org/10.3389/fcvm.2019.00028
https://doi.org/10.1038/s41467-023-41042-x
https://doi.org/10.1016/j.stem.2013.01.001
https://doi.org/10.21873/anticanres.11069
https://doi.org/10.3390/ijms24043950
https://doi.org/10.1097/MCP.0000000000000876
https://doi.org/10.1097/MCP.0000000000000876
https://doi.org/10.1152/ajpheart.1998.274.2.H397
https://doi.org/10.1152/ajpheart.1998.274.2.H397
https://doi.org/10.1182/blood-2015-03-631747
https://doi.org/10.1182/blood-2015-03-631747
https://doi.org/10.1016/j.jalz.2011.04.006
https://doi.org/10.1016/j.hfc.2011.08.011
https://doi.org/10.1016/j.hfc.2011.08.011
https://doi.org/10.3892/or.2018.6286
https://doi.org/10.1016/j.phrs.2019.104582
https://doi.org/10.1177/0022034510379602
https://doi.org/10.1007/s12035-012-8359-5
https://doi.org/10.1016/j.jacc.2009.03.037
https://doi.org/10.1002/cphy.c140055
https://doi.org/10.1016/j.jalz.2018.06.3058
https://doi.org/10.1016/j.diabres.2017.09.007
https://doi.org/10.1016/j.bbamcr.2018.07.018
https://doi.org/10.7717/peerj.1373
https://doi.org/10.1016/j.exger.2004.12.008
https://doi.org/10.1016/j.exger.2004.12.008
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2024.1462569


Vital, P., Castro, P., and Ittmann, M. (2016). Oxidative stress promotes benign
prostatic hyperplasia. Prostate 76 (1), 58–67. doi:10.1002/pros.23100

Vogtmann, E., Han, Y., Caporaso, J. G., Bokulich, N., Mohamadkhani, A.,
Moayyedkazemi, A., et al. (2020). Oral microbial community composition is
associated with pancreatic cancer: a case-control study in Iran. Cancer Med. 9 (2),
797–806. doi:10.1002/cam4.2660

Voigt, A. Y., Emiola, A., Johnson, J. S., Fleming, E. S., Nguyen, H., Zhou, W., et al.
(2022). Skin microbiome variation with cancer progression in human cutaneous
squamous cell carcinoma. J. Investigative Dermatology 142 (10), 2773–2782.e16.
doi:10.1016/j.jid.2022.03.017

Wang, M., Yan, L. Y., Qiao, C. Y., Zheng, C. C., Niu, C. G., Huang, Z. W., et al. (2023).
Ecological shifts of salivary microbiota associated with metabolic-associated fatty liver
disease. Front. Cell. Infect. Microbiol. 13 (February), 1131255–1131311. doi:10.3389/
fcimb.2023.1131255

Willis, J. R., and Gabaldón, T. (2020). The human oral microbiome in health and
disease: from sequences to ecosystems. Microorganisms 8 (2), 308. doi:10.3390/
microorganisms8020308

Willis, M. S., and Patterson, C. (2013). Proteotoxicity and cardiac
dysfunction—Alzheimer’s disease of the heart? N. Engl. J. Med. 368 (5), 455–464.
doi:10.1056/NEJMra1106180

Wong, J. H. C., Ma, J. Y.W., Jobling, A. I., Brandli, A., Greferath, U., Fletcher, E. L., et al.
(2022). Exploring the pathogenesis of age-related macular degeneration: a review of the
interplay between retinal pigment epithelium dysfunction and the innate immune system.
Front. Neurosci. 16 (November), 1009599–1009621. doi:10.3389/fnins.2022.1009599

Wong, W. L., Su, X., Li, X., Cheung, C. M. G., Klein, R., Cheng, C. Y., et al. (2014).
Global prevalence of age-related macular degeneration and disease burden projection
for 2020 and 2040: a systematic review and meta-analysis. Lancet Glob. Health 2 (2),
e106–e116. doi:10.1016/S2214-109X(13)70145-1

Wu, X., Chen, J., Xu, M., Zhu, D., Wang, X., Chen, Y., et al. (2017). 16S rDNA analysis
of periodontal plaque in chronic obstructive pulmonary disease and periodontitis
patients. J. Oral Microbiol. 9 (1), 1324725. doi:10.1080/20002297.2017.1324725

Yan, X., Yang, M., Liu, J., Gao, R., Hu, J., Li, J., et al. (2015). Discovery and
validation of potential bacterial biomarkers for lung cancer. Am. J. Cancer Res. 5 (10),
3111–3122.

Yang, C. Y., Yeh, Y. M., Yu, H. Y., Chin, C. Y., Hsu, C. W., Liu, H., et al. (2018). Oral
microbiota community dynamics associated with oral squamous cell carcinoma staging.
Front. Microbiol. 9 (MAY), 862. doi:10.3389/fmicb.2018.00862

Yin, H., Miao, Z., Wang, L., Su, B., Liu, C., Jin, Y., et al. (2022). Fusobacterium
nucleatum promotes liver metastasis in colorectal cancer by regulating the hepatic
immune niche and altering gut microbiota. Aging 14 (4), 1941–1958. doi:10.18632/
aging.203914

Zafar, S., and Yaddanapudi, S. S. (2023). Parkinson disease. China: StatPearls
Publishing.

Zarbin, M. A. (2004). Current concepts in the pathogenesis of age-related macular
degeneration. Archives Ophthalmol. 122 (4), 598–614. doi:10.1001/archopht.122.4.598

Zhang, W., Luo, J., Dong, X., Zhao, S., Hao, Y., Peng, C., et al. (2019). Salivary
microbial dysbiosis is associated with systemic inflammatory markers and predicted
oral metabolites in non-small cell lung cancer patients. J. Cancer 10 (7), 1651–1662.
doi:10.7150/jca.28077

Zhao, J., Han, Z., Ding, L., Wang, P., He, X., and Lin, L. (2024). The molecular
mechanism of aging and the role in neurodegenerative diseases. Heliyon 10 (2), e24751.
doi:10.1016/j.heliyon.2024.e24751

Zhao, J., Zhu, Y., Yang, J., Li, L., Wu, H., De Jager, P. L., et al. (2017). A genome-wide
profiling of brain DNA hydroxymethylation in Alzheimer’s disease. Alzheimer’s and
Dementia 13 (6), 674–688. doi:10.1016/j.jalz.2016.10.004

Zhu, M., Liu, X., Liu, W., Lu, Y., Cheng, J., and Chen, Y. (2021). β cell
aging and age-related diabetes. Aging 13 (5), 7691–7706. doi:10.18632/aging.
202593

Zilberzwige-Tal, S., and Gazit, E. (2018). Go with the flow—microfluidics approaches
for amyloid research. Chemistry–An Asian J. 13 (22), 3437–3447. doi:10.1002/
asia.201801007

Frontiers in Aging frontiersin.org27

Nurkolis et al. 10.3389/fragi.2024.1462569

https://doi.org/10.1002/pros.23100
https://doi.org/10.1002/cam4.2660
https://doi.org/10.1016/j.jid.2022.03.017
https://doi.org/10.3389/fcimb.2023.1131255
https://doi.org/10.3389/fcimb.2023.1131255
https://doi.org/10.3390/microorganisms8020308
https://doi.org/10.3390/microorganisms8020308
https://doi.org/10.1056/NEJMra1106180
https://doi.org/10.3389/fnins.2022.1009599
https://doi.org/10.1016/S2214-109X(13)70145-1
https://doi.org/10.1080/20002297.2017.1324725
https://doi.org/10.3389/fmicb.2018.00862
https://doi.org/10.18632/aging.203914
https://doi.org/10.18632/aging.203914
https://doi.org/10.1001/archopht.122.4.598
https://doi.org/10.7150/jca.28077
https://doi.org/10.1016/j.heliyon.2024.e24751
https://doi.org/10.1016/j.jalz.2016.10.004
https://doi.org/10.18632/aging.202593
https://doi.org/10.18632/aging.202593
https://doi.org/10.1002/asia.201801007
https://doi.org/10.1002/asia.201801007
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2024.1462569

	Can salivary and skin microbiome become a biodetector for aging-associated diseases? Current insights and future perspectives
	1 Introduction
	2 Microbiome in general
	2.1 Oral/salivary microbiome in general
	2.2 Skin microbiome in general

	3 Pathogenic and regulatory mechanisms of aging-related diseases
	3.1 Alzheimer’s disease (AD)
	3.2 Parkinson’s disease (PD)
	3.3 Heart failure (HF)
	3.4 Atherosclerosis
	3.5 Type 2 diabetes (T2D)
	3.6 Non-alcoholic fatty liver disease (NAFLD)
	3.7 Osteoarthritis (OA)
	3.8 Osteoporosis (OP)
	3.9 Chronic obstructive pulmonary disease (COPD)
	3.10 Benign prostatic hyperplasia (BPH)
	3.11 Aging-related macular degeneration (AMD)
	3.12 Cancer

	4 Oral microbiome and aging-related diseases
	4.1 Alzheimer’s disease
	4.2 Parkinson’s disease
	4.3 Diabetes
	4.4 NAFLD
	4.5 Osteoarthritis
	4.6 COPD
	4.7 BPH
	4.8 Aging related macular degeneration
	4.9 Cancer

	5 Skin microbiome and aging-related diseases
	5.1 Diabetes
	5.2 Cancer

	6 Future implications and strategies
	7 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


