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Abstract: Aging is a natural, gradual, and inevitable process associated with a series of changes at
the molecular, cellular, and tissue levels that can lead to an increased risk of many diseases, including
cancer. The most significant changes at the genomic level (DNA damage, telomere shortening,
epigenetic changes) and non-genomic changes are referred to as hallmarks of aging. The hallmarks of
aging and cancer are intertwined. Many studies have focused on genomic hallmarks, but non-genomic
hallmarks are also important and may additionally cause genomic damage and increase the expression
of genomic hallmarks. Understanding the non-genomic hallmarks of aging and cancer, and how they
are intertwined, may lead to the development of approaches that could influence these hallmarks
and thus function not only to slow aging but also to prevent cancer. In this review, we focus on non-
genomic changes. We discuss cell senescence, disruption of proteostasis, deregualation of nutrient
sensing, dysregulation of immune system function, intercellular communication, mitochondrial
dysfunction, stem cell exhaustion and dysbiosis.
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1. Introduction

The global population is gradually aging. This is often unhealthy aging, which is
associated with significant polymorbidity and premature deaths. However, it also has
other negative effects, such as the reduced participation of older people in the labor market,
increased medical costs, and full dependence on the help of others. The World Social Report
2023: Leaving No One Behind in an Ageing World by the United Nations describes the current
and future state of the aging population as follows: the number of people aged 65 and
older worldwide will more than double, from 761 million in 2021 to 1.6 billion in 2050 [1,2].

As the population ages, the prevalence of cancer also increases [3]. However, cancers
are also becoming more common in younger people. Despite advances in diagnosis and
treatment, cancer is the second most common cause of premature death worldwide. Many
factors play a role in the pathogenesis of cancer. Although much attention has been paid to
changes in the genome, non-genomic changes are also important. Although there are no
overlaps between aging and cancer in terms of genomic changes, there are in non-genomic
changes. Controlling non-genomic hallmarks of aging could also lead to cancer prevention.

Aging is defined as a process in which there is a gradual loss of organ function and
a reduction in the ability to regenerate. This is due to the multiple changes that occur at
the molecular and cellular levels. Various theories have been formulated to explain the
cause of aging, e.g., oxidative damage or programmed theory. These theories cover only a
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certain aspect of the aging process and do not consider its full complexity. The theory that
connects all causes of aging is based on the hallmarks of aging, molecular processes that
accumulate damage during aging that exceed the cell’s ability to repair it [4].

Hallmarks of aging include the following factors, which can be detected using specific
markers. The hallmarks of aging can be divided into genomic hallmarks (closely related
to DNA) and non-genomic hallmarks. Genomic hallmarks include genomic instability,
telomere attrition and epigenetic alterations. Non-genomic hallmarks include cellular
senescence, loss of proteostasis, deregulated nutrient sensing, altered intercellular commu-
nication, immune system dysfunction and chronic inflammation, stem cell exhaustion and
mitochondrial dysfunction ad dysbiosis (Figure 1).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 2 of 31 
 

 

Aging is defined as a process in which there is a gradual loss of organ function and a 

reduction in the ability to regenerate. This is due to the multiple changes that occur at the 

molecular and cellular levels. Various theories have been formulated to explain the cause 

of aging, e.g., oxidative damage or programmed theory. These theories cover only a cer-

tain aspect of the aging process and do not consider its full complexity. The theory that 

connects all causes of aging is based on the hallmarks of aging, molecular processes that 

accumulate damage during aging that exceed the cell’s ability to repair it [4]. 

Hallmarks of aging include the following factors, which can be detected using spe-

cific markers. The hallmarks of aging can be divided into genomic hallmarks (closely re-

lated to DNA) and non-genomic hallmarks. Genomic hallmarks include genomic instabil-

ity, telomere attrition and epigenetic alterations. Non-genomic hallmarks include cellular 

senescence, loss of proteostasis, deregulated nutrient sensing, altered intercellular com-

munication, immune system dysfunction and chronic inflammation, stem cell exhaustion 

and mitochondrial dysfunction ad dysbiosis (Figure 1). 

 

Figure 1. Hallmarks of aging and cancer. 

Cancer is a process by which a cell originally inherent in the body gains an evolu-

tionary advantage and begins to outgrow its surroundings and later its host. The basis for 

gaining this advantage is the presence of genetic or epigenetic changes. Neoplastic cells 

are subsequently divided into cell clones, including further dedifferentiation, increasing 

malignant potential and gaining the typical hallmarks of cancer described earlier by Han-

nahan and Weinberg (Figure 1) [5–7]. The traditional concept of carcinogenesis speaks of 

Figure 1. Hallmarks of aging and cancer.

Cancer is a process by which a cell originally inherent in the body gains an evolution-
ary advantage and begins to outgrow its surroundings and later its host. The basis for
gaining this advantage is the presence of genetic or epigenetic changes. Neoplastic cells
are subsequently divided into cell clones, including further dedifferentiation, increasing
malignant potential and gaining the typical hallmarks of cancer described earlier by Hanna-
han and Weinberg (Figure 1) [5–7]. The traditional concept of carcinogenesis speaks of the
presence of at least two crucial DNA mutations. Genes whose genetic or epigenetic changes
lead to malignant cell transformation are divided into oncogenes and tumor suppressor
genes. Only 5–10% of tumors are caused by inherited germline mutations; the rest are
due to somatic mutations occurring during life. Carcinogenesis consists of three phases:
initiation, promotion and progression [8].

Different processes and mechanisms based on theories describing aging operate at
different levels of carcinogenesis. The correlation between exposure to a particular carcino-
gen and the duration of exposure increases with age; therefore, the increased likelihood
of a mutation determining tumor development is now an accepted fact. Traditional cyto-
static treatment is based on damaging the genetic information of the cancer cell, which
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leads to cell death. In contrast, modern, targeted anticancer therapies focus on affecting
the tumor microenvironment (angiogenesis, immune system, etc.), cellular signaling or
tumor organelles and cellular components other than tumor DNA. Understanding the link
between non-genomic influences on the cell in the aging process and carcinogenesis could
have outcomes for both understanding the actual malignant transformation and the impact
on targeted anticancer therapy [6].

For our review, we have decided to cover the current state of knowledge in all non-
genomic hallmarks of aging. To further illustrate, we explore the basic principles in which
cancer, as an example of age-related diseases, intertwines with the hallmarks of aging. The
review is divided into eight main chapters: senescence, disrupted proteostasis, deregu-
lated nutrient sensing, altered intercellular communications, immune system dysfunction,
mitochondrial dysfunctions and dysbiosis.

The hallmarks of aging and cancer largely coincide. The difference is due to the
changes that occur in each hallmark.

2. Senescence

Cellular senescence is considered one of the main signs of aging. It is characterized
by irreversible cell cycle arrest (despite optimal conditions) and impaired function and
intercellular communication, which can promote inflammation and compromise other
cells and tissues [9]. Senescence occurs in response to various stress stimuli, such as
DNA damage, telomere shortening, oncogene activation, oxidative stress and paracrine
secretion (reinforcement of senescence). These senescence triggers are associated with aging,
inflammation or carcinogenesis and at the same time further promote these pathological
processes. Senescence affects all cell types, including immune and stem cells [10].

Crucial non-genomic markers of senescence include [11] the senescence-associated
secretory phenotype (SASP), which is constituted of the expression of the tumor suppressors
and cell cycle regulators p16ink4a, p21 and p53, the accumulation of β-galactosidase in
lysosomes and the accumulation of lipofuscin.

2.1. Senescence and the SASP Phenotype in Aging and Cancer

One of the typical and important features of senescent cells is a change in the phe-
notype into SASP. The SASP transcriptional program is responsible for the production of
multiple cytokines, chemokines, growth factors, extracellular matrix proteases, etc., and is
involved in aging and cancer progression. SASP can transfer senescence from cell to cell.

The composition of SASP varies depending on the cell type and the nature of the initial
stimulus. However, there is a core program that is identical between cells and independent
of the stimulus that induces senescence comprising mainly proinflammatory substances,
such as IL-6, IL-8 and MCP1 (monocyte chemoattractant protein 1) [12].

Senescent cells have a multitude of functions; some can be detrimental, others bene-
ficial. Beneficial functions include the promotion of embryogenesis and placentogenesis,
the limitation of excessive cell proliferation during regeneration, the promotion of wound
healing and tumor suppression. The induction of senescence by SASP in precancerous
cells and their elimination by immune cells is a prevention of the early onset of cancer.
However, senescent cells can also inflict a range of damage. They promote a proinflamma-
tory microenvironment and immune system dysregulation. Furthermore, SASP supports
tumor development and progression. The proinflammatory microenvironment and im-
paired antitumor immunity facilitate tumor cell proliferation and growth. SASP matrix
metalloproteinases destruct the tissue architecture and allow tumor cells to migrate and
invade the surrounding tissue [10,13]. SASP induces senescence in stem cells, leading to a
complete loss of their regenerative potential. Their loss of regenerative potential will be
discussed in the dedicated section [14]. On the other hand, the study by Milanovic et al.
shows that the SASP phenotype can induce stemness in cancer cells and thus promotes
cancer progression [15]. Even senescent cancer stem cells play a role in tumor progression
and, more importantly, the resistance to treatment [16].
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2.2. Senescence and the Expression of p16 and p21 in Aging and Cancer

Another very crucial sign of senescence, besides the SASP phenotype, is the expression
of tumor suppressors and cell cycle regulators e.g., p16INK4A (p16) and p21. Multiple
studies on aging and cancer have confirmed changes in the expression of these markers.
Although an increase in the expression of these markers is typical for aging, the situation in
cancer varies according to the type of tumor.

In studies comparing the expression of individual parameters between subjects of
different age groups (younger vs. older), increased expression of p16 and p21 has been
demonstrated in many tissue types. This is associated with a decline in organ functions.
Changes in p16 and p21 expression in the skin are well described. The expression of p16
increases and the number of p16-positive cells is correlated with age in both the dermis
and epidermis and can serve as a robust marker of cellular aging in the skin [17,18]. The
increase in the expression of p21 in older people interferes with the regenerative process
during wound healing [19]. Changes in p16 and p21 expression due to aging have also
been detected in other tissues.

Idda et al. mapped the expression of senescence markers in distinct human tissues.
The number of cells expressing p16 and p21 increased with age in the epidermis, pancreas
and kidney. Cells expressing p16 were abundant in the brain cortex, liver, spleen and colon
and p21 cells increased in the dermis, whereas the number of cells expressing both proteins
in the lung did not change with age. Surprisingly, the authors did not detect cells positive
for p21 and p16 in muscle [20].

Although Idda et al. did not detect changes in p16 expression in lung and skeletal
muscle, Wicher et al. demonstrated that declination in lung function during aging is
associated with the presence of senescence in airway smooth muscle and extracellular
matrix deposition. They examined samples from individuals and measured markers
of senescence and changes in intracellular calcium signaling and extracellular matrix.
Production of p21, γH2AX and β-gal and SASP markers increased with aging [21].

Senescence plays a dual role in the development and progression of tumors. It can act
as a preventive measure for tumor formation but also as a driver of pathological processes.
Cancers are a highly heterogeneous group, not only because they affect different tissues but
also because heterogeneity is evident between tumors of the same tissue. In certain tumors
and at different stages and grades of the same tumor, we encounter both an increase and a
decrease in senescence markers [22].

Since senescence markers block cell division, it is more common that their expression
is reduced in tumor cells and cancer cells that can proliferate. Several anticancer therapies
are based on the induction of senescence in cancer cells. On the other hand, senescence can
promote tumor growth. SASP factors induce inflammation, mitogenic signaling, stemness,
angiogenesis, genotoxicity and finally immunosuppression. Anticancer treatment induces
senescence not only in cancer cells but also in noncancer cells; senolytics may help with the
treatment of cancer [23]. As the situation in cancer is more intricate than in aging, we will
mention some studies in more detail.

First, we focus on solid tumors. Increased expression of p16 can be a risk factor for
cancer, such as skin tumors, breast cancer or cervical cancer; furthermore, the expression
can reflect the aggressiveness of tumor [24–26]. However, several studies have described a
decrease in the levels of p16 in tumor cells, e.g., in laryngeal squamous cell carcinoma [26].
p16 is evaluated not only in solid but also in hematologic malignancies such as acute
myeloid leukemia (AML) and acute lymphoid leukemia (ALL).

Taniguchi et al. described the expression of p16 and p14ARF in various types of
hematologic malignancies including AML, ALL, follicular lymphoma and diffuse large
B-cell lymphoma. Patients with ALL, AML or blastic crisis chronic myelogenous leukemia
expressed higher levels of p16 mRNA more often than patients with other diseases [27]. In
the mouse AML model, the reduction of p16 expression can improve survival [28].

The p21 marker is also of interest to scientists in the context of senescence and cancer.
Huang et al. investigated the role of the subcellular expression of p21 in gastric cancer.
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Nuclear p21 levels were reduced, whereas cytoplasmic levels increased compared with
non-cancerous tissues. The authors described that nuclear p21 inhibits but cytoplasmic p21
drives cell migration and invasivity. High cytoplasmic levels of p21 correlated with the
severity of cancer and shorter overall survival [29].

Increased senescence is associated with both aging and carcinogenesis. Targeting this
phenomenon, the use of senolytics may be beneficial in slowing the aging process as well
as reducing the risk of cancer.

3. Proteostasis

Proteostasis is essential for the proper functioning of any cell. It is a complex of pro-
cesses that maintain proteome homeostasis, including protein synthesis, folding, assembly,
turnover and degradation. Proteostasis is disturbed during aging. Any step involved in
proteostasis can be disrupted. This leads to the production of dysfunctional proteins and
insufficient elimination and accumulation of proteins in the cell and its organelles, e.g., the
endoplasmic reticulum [30].

3.1. Protein Synthesis and Quality Control

Protein synthesis depends on the quality of the mRNA transcript and ribosomal func-
tions (translation). Aging is associated with genomic changes, DNA damage and epigenetic
modifications that can lead to the alteration of transcription. Transcription of certain genes
can be silenced, whereas others can be transcribed at a more extensive level [31]. There is
also a decrease in ribosome function, translation (initiation and elongation) and the quality
control of synthesized proteins [30,32].

The synthesized protein chain undergoes conformational changes, i.e., folding, in
which chaperons and the endoplasmic reticulum are involved. During folding, the protein
gains stability and its specific function. Aging is associated with increased endoplasmic
reticular stress and increased production of unfolded or misfolded proteins (Figure 2) [33].
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Figure 2. Protein control mechanisms. Legend: The ribosome translates the template mRNA into
a polypeptide chain (unfolded protein) that is subsequently bound by heat shock proteins (Hsp)
and ubiquitinases, allowing the chain to be modified and transported to the endoplasmic reticulum
(ER). Here, they are processed into final functional proteins or degraded. Aging is associated with a
reduction in ribosome number, translation and the quality control of produced proteins. Transfer
of proteins to the ER and ER functions are also limited, which leads to accumulation of defective,
unfunctional proteins.
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3.2. Protein Degradation

We have briefly mentioned the first step and will focus more on the degradation of
dysfunctional proteins. Several mechanisms are involved in protein degradation. The
most important are autophagy (autophagic lysosomal degradation) and the ubiquitin–
proteasome system (UPS) and the processes occurring in the endoplasmic reticulum,
the unfolded protein response (UPR) and endoplasmic-reticulum-associated degradation
(ERAD). All these protein degradation processes are altered during aging and tumorige-
nesis. Aging is associated with a decrease in the efficiency of protein degradation and
protein-accumulation-induced proteotoxicity [34–37]. On the other hand, in cancer, the ac-
tivity and efficiency of protein degradation processes are increased and serve as protection
against cell damage [38,39]. We will describe autophagy and its role in aging and cancer in
more detail.

Autophagy is an intracellular multistep process responsible for the catabolic degrada-
tion of cytoplasmic macromolecules, protein aggregates, damaged organelles (mitophagy,
lysophagy), pathogens and even whole cells (cell death type). It is essential to maintain
protein homeostasis, reduce oxidative stress, maintain immune memory, nutrient-sensing,
cell survival, preserve genome integrity, etc. It can be induced by various stimuli, such as
oxidative stress, inflammation, cellular starvation/nutrient depletion, the presence of patho-
logical cytoplasmic material and mitochondrial of endoplasmic reticulum stress [40,41].

Autophagy is known to decrease during aging and maintenance of autophagy, or
its induction, can delay aging and prolong lifespan, as we see in laboratory animals [42].
The importance of maintaining or inducing autophagy is demonstrated through various
studies. Activation of autophagy in adult animals can prevent an age-related decline in
brain functions and stimulate neurogenesis and axonal regeneration after injury [43,44].
It can also promote self-renewal of the salivary gland and liver or muscle regeneration,
so autophagy activators could be promising anti-aging therapeutics and could even find
potential in the treatment of myopathies [42,45,46]. Interestingly, autophagy can be induced
by a well-known drug used in the treatment of type II diabetes, metformin [47].

Human studies determining the assembly of autophagosomes and their fusion with
lysosomes analyze autophagy markers that reflect a particular phase of the autophagy
process (LC3, p62, Atg members, LAMP2). The levels of markers reflecting autophagosome
formation are decreased in older people compared with younger people [48]. The levels
of a marker responsible for autophagosome–lysosome fusion (LAMP2) are also reduced.
Thus, paradoxically, autophagosomes may accumulate in cells since they are not degraded
after fusion with the lysosome [49].

Autophagy is also closely related to cancer (Figure 3). In a similar way to aging, the
activation of autophagy is often diminished. The basal level of autophagy functions as a
mechanism of tumor suppression by reducing damaged cellular parts and proteins and
maintaining cellular homeostasis. It also reduces invasivity and metastasis and main-
tains sensitivity to treatment. Disruption of autophagy, therefore, allows accumulation
of pathologies in the cell and facilitates malignant transformation, cell proliferation and
survival. Autophagy can be a therapeutic target [50]. However, autophagy can also
drive tumorigenesis.

The tumor microenvironment is characterized by a lack of nutrients and oxygen.
This triggers autophagy, which helps meet nutritional demands and maintain viability
and proliferation. Thus, changes in autophagy occur in cancer cells depending on the
environment in which the cell is located. Increased autophagy also ensures the removal
of potentially pathogenic proteins and prevents their accumulation. Although a decrease
in autophagy in the early stages can promote tumor progression, an increase in the later
stages can lead to survival and resistance of the cancer cell to treatment [51,52]. Autophagy
markers such as LC3, members of the Atg family or p62 can serve as prognostic factors in
various types of tumors, including both solid and hematologic malignancies. Elevation
of p62 in patients with non-small cell lung cancer, glioma or gastric cancer is associated
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with proliferation, migration, tumor invasivity, resistance to chemotherapy and poor
prognosis [53–55].
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Figure 3. Dual role of autophagy in tumorigenesis. Legend: autophagy has a dual role in tumorigene-
sis. It controls cell growth, mitochondrial health, prevents DNA damage, mediates physiological cell
death, induces cell death induced by external factors such as anticancer therapy, inhibits neovascular-
ization and enhances immune system function and antitumor immunity; in contrast, autophagy is
also responsible for the increased survival of cancer cells in environments with low levels of oxygen
and nutrients, induces resistance to anticancer therapy and protects cells from apoptosis.

The results obtained from studies on colorectal cancer have shown the opposite.
Higher levels of LC3 and p62 are associated with better overall survival.

Mohamadimaram et al. tested the expression of the Atg7 and LC3 genes in patients
with acute myeloid leukemia. The decrease in LC3 expression was 75.55%. Interestingly,
LC3 overexpression was detected in 11.33% of 55 patients [56].

As is evident from these few studies cited, changes in autophagy, and thus changes
in the expression of mRNAs and proteins related to autophagy, occur in cancer. These
changes, which can be easily detected, are specific to certain types and can be used as
markers to monitor cancer progression and the presence of resistance to treatment.

3.3. Posttranslational Protein Modifications—AGEs

When describing proteostasis, we cannot avoid the topic of the pathological modi-
fication of proteins, which changes the nature and function of proteins and can activate
inflammatory reactions and the production of reactive oxygen species. The most significant
process is glycation.

Glycation is a non-enzymatic process in which glucose, or another carbohydrate, binds
to a protein, nucleoside or lipid. Glycation-modified compounds are referred to as AGEs
(advanced glycation end products). DNA is also very sensitive to glycation, especially in
the presence of glyoxal and methylglyoxal, resulting in so-called nucleotide AGEs [57].

AGEs in the organism have a dual origin. They can be exogenous from the food we
consume or endogenous, those that are formed in the body, for example, in conditions with
higher glucose concentrations and during nonpathological metabolic processes [57–59].

AGEs can accumulate both intracellularly and extracellularly. Intracellular AGEs
negatively affect cell functions, can stimulate aberrant protein glycation, cause abnormal
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protein folding, protein aggregation and increase oxidative stress and activate signaling
pathways associated with inflammation and apoptosis, mitochondrial and endoplasmic
reticular stress. Cross-linking of AGE proteins in the mitochondrial respiratory chain
disrupts the production of ATP [60].

The concern is not only intracellular AGEs but also extracellular ones. Glycated
proteins are also proteins with long half-lives, such as laminin, collagen or elastin, and
form part of many tissues, including blood vessels, muscle, cartilage, eye lens, etc. We
cannot ignore the fact that IgG antibodies are also glycated, thus changing their function
and their ability to bind antigen and induce effector cell activity. AGEs bind to their
RAGE receptors, triggering intracellular JNK and ERK/MAPKp38 signaling pathways with
activation of NF-κB transcription factors, AP-1 and STAT3. This increases the production of
pro-inflammatory cytokines [61–63].

The concentration of AGEs in the body depends not only on uptake and production but
also on degradation. The glyoxalase system is responsible for this: glyoxalase 1, glyoxalase
2 and the cofactor glutathione [64].

Aging is associated with increased levels of AGEs that depend on the increased
production and degradation activity of glyoxalases [64–66].

The involvement of AGEs and RAGEs in the aging process is indisputable. These
molecules also play an important role in carcinogenesis. Their importance in carcinogen-
esis is reflected by the fact that many researchers have described that AGEs and RAGEs
can serve as markers of the presence and progression of tumors and, at the same time,
these molecules have become targets for anticancer therapy. Cancer cells show a higher
expression of RAGEs and AGEs [67,68].

Peng et al. measured the levels of AGEs and RAGEs in patients with breast carcinoma
and controls. Higher levels of AGEs and the AGEs/RAGE ratio were associated with an
increased risk of breast cancer. The authors also documented a positive association between
AGEs and poor prognosis [69].

Maintaining proteostasis, the balance between protein production and degradation,
is essential to maintain health and reduce the risk of age-related disease, e.g., cancer. Its
disruption accelerates aging, the development of chronic diseases and cancer.

4. Deregulated Nutrient Sensing

To describe the issue of deregulation of nutrient sensing, we must first explain what
nutrient sensing is.

Nutrient sensing is the ability of a cell to sense and respond to fluctuations in the
levels of nutrients, the substrates necessary for survival. Each nutrient (glucose, fatty
acids, amino acids, etc.) is sensed by different sensors and processed through different
pathways. Nutrient sensors and their signaling regulate the extension of lifespan, since
various sensors are products of “longevity genes”. These pathways are deregulated in
aging cells, in metabolic diseases and, evidently, in cancer [70].

There are four main nutrient-sensing pathways that are strongly influenced by ag-
ing. They are associated with insulin-like growth factor 1 (IGF-1), mammalian target of
rapamycin (mTOR), sirtuins and AMP-activated kinase (AMPK). Several nutrients can
activate different pathways.

4.1. Insulin/IGF-1→ PI3K/AKT and mTOR

Insulin and IGF-1 levels increase when glucose levels are elevated and then the
expression of the IGF-1 receptor increases (Figure 4). The involvement of IGF-1 with
its receptor activates PI3K, and PI3K in turn activates AKT, which phosphorylates and
activates mTOR and inhibits FOXO. These signaling pathways play an important role in
many processes (cell growth, survival, metabolism) by triggering various intracellular
processes [70]. Disruption of the insulin/IGF-1 signaling pathway is associated with
several diseases (cardiovascular and neurodegenerative diseases, type II, cancer) and aging.
Various in vivo studies in Caenorhabditis elagans, Drosophila melanogaster or rodents showed
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that a loss of function mutation or blockade of members of the insulin/IGF-1 pathway
can prolong life [71–73]. However, the results of these preclinical studies are not in full
agreement with the results of clinical studies. In studies with centenarians, which are an
appropriate model of aging, elevated and lower IGF-1 levels have been measured. High
and low levels are associated with insulin resistance [74]. This reflects the complexity of
this pathway and its involvement in many processes in the body [73].

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 10 of 31 
 

 

 

Figure 4. mTOR activation pathway. Legend: The IGF1 pathway: the receptor for IGF-1 (insulin 

growth factor 1), IGF-R1, is associated with molecules such as Janus kinase 1, insulin receptor sub-

strate, etc.; its activation results in the activation of phosphoinositide 3-kinase, which activates py-

ruvate dehydrogenase kinase 1 and then AKT (protein kinase B) is activated. AKT can induce the 

activation of the nuclear transcription factor NF-κB and transcriptional factor STAT3 and therefore 

induce the production of inflammatory cytokines and mTOR (mammalian target of rapamycin). 

In general, IGF-1 levels decrease with age [75]. Milman and Vitale et al. evaluated 

IGF-1 levels in centenarians, who have lower levels of IGF-1 than elderly non-centenarian 

people [76,77]. Paolisso et al. confirmed that IGF-1 levels declined dramatically until 74 

years of age, after which the decline stopped (75 to 99 years). However, in centenarians, 

there is a decline in IGFBP-3 (insulin-like growth factor binding protein 3) and there is an 

increase in the IGF-1/IGFBP-3 ratio that improves insulin sensitivity [78]. Lower activity 

of the IGF-1 pathway is also detected in the children of centenarians compared with age-

matched controls [79]. The results suggest that a decline in IGF-1 with age is desirable but 

a certain level must be maintained, which is what happens in centenarians. The levels do 

not drop further. 

Importantly, the insulin/IGF-1 pathway is regulated by miRNA (nutrimiRNA and 

nutrimiRNA aging) and the let-7 miRNA family, which can regulate activity of any mem-

ber of this pathway and improve insulin sensitivity. For example, miRNA-1 is upregu-

lated in progeria livers in models and regulates IGF-1/PI3K/AKT/mTOR; miRNA-383 is 

also upregulated and targets IGF-1 and its receptor [80]. 

mTOR is considered a master regulator of aging and a negative regulator of lifespan. 

TOR is a serine/threonine kinase with multiple functions. It also senses nutrients and plays 

a role in senescence, proteostasis maintenance, mitochondrial functions, etc., [81]. 

A variety of in vivo studies have demonstrated the effect of mTOR in aging, e.g., 

Wang et al. evaluated the expression and activity of proteins involved in the activation of 

mTOR in a zebrafish model. Expression of mTOR and AKT was elevated in aging animals 

compared with young animals [82]. An anti-aging effect for rapamycin administration, 

Figure 4. mTOR activation pathway. Legend: The IGF1 pathway: the receptor for IGF-1 (insulin
growth factor 1), IGF-R1, is associated with molecules such as Janus kinase 1, insulin receptor
substrate, etc.; its activation results in the activation of phosphoinositide 3-kinase, which activates
pyruvate dehydrogenase kinase 1 and then AKT (protein kinase B) is activated. AKT can induce the
activation of the nuclear transcription factor NF-κB and transcriptional factor STAT3 and therefore
induce the production of inflammatory cytokines and mTOR (mammalian target of rapamycin).

In general, IGF-1 levels decrease with age [75]. Milman and Vitale et al. evaluated
IGF-1 levels in centenarians, who have lower levels of IGF-1 than elderly non-centenarian
people [76,77]. Paolisso et al. confirmed that IGF-1 levels declined dramatically until
74 years of age, after which the decline stopped (75 to 99 years). However, in centenarians,
there is a decline in IGFBP-3 (insulin-like growth factor binding protein 3) and there is an
increase in the IGF-1/IGFBP-3 ratio that improves insulin sensitivity [78]. Lower activity
of the IGF-1 pathway is also detected in the children of centenarians compared with age-
matched controls [79]. The results suggest that a decline in IGF-1 with age is desirable but
a certain level must be maintained, which is what happens in centenarians. The levels do
not drop further.

Importantly, the insulin/IGF-1 pathway is regulated by miRNA (nutrimiRNA and
nutrimiRNA aging) and the let-7 miRNA family, which can regulate activity of any member
of this pathway and improve insulin sensitivity. For example, miRNA-1 is upregulated
in progeria livers in models and regulates IGF-1/PI3K/AKT/mTOR; miRNA-383 is also
upregulated and targets IGF-1 and its receptor [80].
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mTOR is considered a master regulator of aging and a negative regulator of lifespan.
TOR is a serine/threonine kinase with multiple functions. It also senses nutrients and plays
a role in senescence, proteostasis maintenance, mitochondrial functions, etc., [81].

A variety of in vivo studies have demonstrated the effect of mTOR in aging, e.g.,
Wang et al. evaluated the expression and activity of proteins involved in the activation of
mTOR in a zebrafish model. Expression of mTOR and AKT was elevated in aging animals
compared with young animals [82]. An anti-aging effect for rapamycin administration,
which blocks mTOR, has also been described, even in progeroid mice, and this may alleviate
age-related changes in progenitors [83,84].

Proteins belonging to the insulin/IGF-1 pathway are also deregulated in cancer. IGF-1
acts as a growth factor; thus, it has the capacity to induce proliferation, survival, and
inhibit cell apoptosis. Furthermore, it suppresses antitumor immunity through the STAT3
pathway [85]. An association between IGF-1 levels and cancer risk has been demonstrated.
Several studies are worth mentioning, e.g., the study by Murphy et al., who analyzed
data from 397,380 participants and evaluated whether levels of IGF-1 and IGFBP3 were
associated with the risk of colorectal cancer. They found that higher levels of IGF-1 and
IGFB3 were associated with the risk of colorectal cancer [86].

4.2. AMPK↔ SIRT

AMPK (adenosine monophosphate activated protein kinase) activity is regulated by
hormonal and metabolic signals, for example, glycemia, and is a natural sensor of the
amount of energy in the cell. It is activated when intracellular adenosine monophosphate
and adenosine diphosphate levels increase following a decrease in ATP levels. Activated
AMPK has a wide functional range, controls autophagy, participates in fatty acid catabolism
and glycolysis, blocks mTOR, reduces glucose uptake or inhibits NF-κB. During aging,
AMPK activity decreases, and preservation of its activity extends lifespan. Metformin has
been found to activate the AMPK/brain-derived neurotrophic factor/PI3K pathway and
alleviate the neurocognitive decline associated with aging. A similar anti-aging effect also
has polyphenols that activate AMPK. It is important to mention that the decrease in AMPK
can be alleviated by physical activity (Figure 5) [87–90].
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Figure 5. AMPK and SIRT1. Legend: AMPK (adenosine monophosphate activated protein kinase)
and SIRT1 (sirtuin 1) activated by specific stimuli (green outer arrows); both can activate each other
(grey double arrow). AMPK and SIRT1 support expression and activity of different proteins and genes
(green plus), whereas they also inhibit other proteins and genes (red x). Abbr.: NAD, nicotinamide
adenine dinucleotide; AMP, adenosine monophosphate; ADP, adenosine diphosphate; LKB1, serine-
threonine kinase 11; FOXO, forkhead box O; ULK1, unc-51-like kinase 1; mTOR, mammalian target
of rapamycin.
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In the context of AMPK, we also mention sirtuins, which are NAD+ deacetylases that
mutually activate each other. In this regard, SIRT1 is the most involved, responding to the
amount of nutrients but also to NAD+ levels, which, as we have already mentioned, decrease
with age. Therefore, the concentration and activity of SIRT1 also decrease. Sirtuin activity
delays telomere shortening, promotes the maintenance of genome integrity, enhances DNA
repair, promotes autophagy, ameliorates insulin resistance, maintains an impermeable
blood–brain barrier, can mitigate age-related senescence in stem cells, etc., [91–94].

Kilic et al. described SIRT1 gene polymorphisms and their association with aging.
The highest levels of SIRT1 are in the elderly with the genotype rs7895833, which was
associated with a lower level of oxidative stress [95].

De Arellano et al. measured the levels of SIRTT1 and SIRT 3 in human ventricular
tissue in young (17 to 40 years) and old (50 to 68 years) participants. In the hearts of older
women, the expression of both sirtuins was significantly lower than in younger women.
It was associated with a decrease in the expression of the antioxidative protein SOD2
and infiltration of heart tissue with macrophages and the production of pro-inflammatory
cytokines. Interestingly, the authors did not find the described changes in men’s heart
tissues [96].

Although aging is associated with a decrease in AMPK and sirtuins, cancer is more
likely to exhibit an increase in activity, which may have both pro- and anticancer effects. In
the absence of cancer, before a tumor develops, AMPK activity has an anti-tumor effect.
However, if cancer has already developed, AMPK promotes further tumor growth as it
enhances cancer cell survival, metabolism and proliferation [97,98].

Similarly, higher levels of sirtuins were observed in various cancer cell lines and are
associated with disease severity, poor prognosis, increased angiogenesis and resistance to
therapy [99–101].

Thus, it is evident that aging and cancer are associated with changes in nutrient-
sensing pathways and that altering them may have a therapeutic effect. Increasing the
activity of nutrient-sensing pathways may slow aging, whereas reducing their activity may
limit tumor development.

5. Intercellular Communication

Intercellular communication includes all agents and molecules (soluble and mem-
branes) that are produced by cells. As we have already described, aging cells undergo
significant changes that lead to changes in the expression of surface and soluble molecules.
Typically, we see this in the SASP phenotype, which is associated with senescence or
inflammaging. Therefore, the dynamics of intercellular communication changes during
aging [102–104].

IL-6 is often evaluated in the context of aging and intercellular communication. IL-6 is
involved in various processes, including inflammation, autoimmune reactions, metabolism
and cancer, and its levels increase during aging and in the presence of cancer [105,106].

In this respect, it is very difficult to focus on certain molecules. For example, IL-
6 detection is widely used. However, we will look at extracellular vesicles. These are
secretory double membrane vesicles that contain the cargo produced by cells, reflecting
their transcriptomes, proteomes and metabolomes, which are different in aged and cancer
cells compared with young, healthy cells.

They are found in all body fluids and can interact with cellular receptors, as well
as endocytose, and affect intracellular processes. EVs not only transmit signals to the
immediate environment but, together with the flow of fluids such as blood, they travel
from the parent cell to the whole body. EVs can modulate all the mentioned hallmarks
of aging, including genetic hallmarks such as telomere length, genomic stability and
epigenetics [107].

Studies show that aging is associated with a decrease in EV production, although
senescent cells and cells exposed to pro-inflammatory stimuli (age affects immune function
and there is a shift towards inflammatory responses) produce higher numbers of EVs.
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However, there appears to be an increase in EV endocytosis, resulting in their levels not
being elevated [108].

Eitan et al. examined the levels of EVs in participants divided into groups according
to age (30–35; 40–55; 55–64 years) and found that EV levels decreased with age, whereas
internalization of EVs by B cells increased. EVs endocytosed by monocytes increased MHC
II expression, especially EVs from older donors [109]. There are specific changes in the cargo
composition in aged EVs. For example, aged-cell EVs express a lower level of galectin 3
and mitochondria and their components [110,111]. Interestingly, expression of CD63 in EVs
differs in the cerebrospinal fluid (CSF) and plasma with age, as shown by de Andrade et al.
in a mouse model [112]. Whereas the expression increases in the CSF, it decreases in plasma.
In plasma, levels of IL-1β increased with age. Geotzl et al. showed that platelets from older
subjects express a higher level of alarmin HMBG1 (high mobility group box 1) [113].

Non-coding mRNAs have good potential as biomarkers of aging in EVs [114,115].
D’Anca et al. defined sets of miRNAs related to physiological aging and sets related to
age-related degenerative diseases [116]. One of the age-related mRNAs is, according to
Machida et al., miR-24-3p, which is positively correlated with age [117]. As we know,
during aging, the number of senescent cells that produce specific EVs increases. Mensà
et al. revealed that these EVs have elevated levels of miRNA-21-9 and miR-271, which
target SIRT1 and DNA (cytosine-5)-methyltransferase 1 and induce senescence in other
cells, particularly in the endothelium [118].

We could go on and on with the list of miRNAs and other components of EVs; it is a
very broad topic.

In cancer, the intensity of production and the cargo of EVs differs from healthy cells.
The levels of EVs increased in both in vivo models and clinical trials [119]. Matsumoto
measured EV levels in patients with esophageal squamous cell carcinoma. The levels were
higher in cancer patients than in noncancer patients but there was no correlation between
EV levels and tumor progression [120]. EVs can serve as a biomarker of tumor progression,
especially EVs expressing specific molecules [121]. Non-small cell lung carcinoma is
associated with increased production of EVs expressing miRNA-126, which are capable of
inducing angiogenesis and malignant transformation in human bronchial cells [122].

In patients with breast cancer, elevation of the levels of EVs expressing miRNA-182
was documented, whereas EVs from patients with laryngeal squamous cell carcinoma
expressed higher levels of miRNA-941, which in cell culture promoted cell proliferation
and invasion [123,124]. Liu et al. identified exosomal miRNA-139-3p as a biomarker of
colorectal cancer. Its expression was significantly decreased in patients compared with
healthy controls, and there were even lower levels of exosomal miRNA-139-3p in patients
with metastatic cancer [125].

In both aging and cancer, changes in intercellular communication led to the progression
of aging and age-related diseases in aging, whereas in cancers it promoted their progression.
By targeting this hallmark, as well as others mentioned previously, it is possible to intervene
in aging and promote cancer treatment.

6. Immune System Dysfunction

Aging and tumorigenesis are associated with changes in immune system reactivity.
Changes in the immune system can be both a cause and a consequence of ongoing processes
and drive and accelerate pathological processes. During aging, even healthy aging, there
are typical changes in the immune system that are termed collectively as inflammaging
and immunosenescence. Senescence is a pro-inflammatory factor, as are changes in the
immune system that occur in both innate and adaptive immunity and lead to low-grade
inflammation, altered resolution of inflammation, increased susceptibility to autoimmune
reaction, suppressed anti-infective and antitumor immunity [126].

As the years progress, there are changes in the number of immune cells. Aging is
accompanied by an alteration in bone marrow function and a decrease in hematopoiesis.
Interestingly, it is mainly the production of lymphoid cells (T, B and NK cells) that is affected
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by aging, whereas the production of myeloid lineages (monocytes, neutrophils) remains
unchanged or even increases [127].

6.1. Aging and Adaptive Immunity

In adaptive immunity, the changes affect both T and B lymphocytes. The production
and proper development (training) of T and B cells are significantly altered. Training of
T cells depends on the thymus, which undergoes progressive atrophy, whereas training
of B cells occurs in the bone marrow. By training, we mean the ability of T and B cells to
recognize foreign antigens and tolerate self-antigens. Disrupted elimination of autoreactive
T and B cells leads to autoimmune diseases [128].

Typical changes in the population include a decrease in the number of naive T cells
with a concomitant increase in the number of memory phenotypes, which is associated
with a decrease in the repertoire of TCRs (diversity of TCRs). The ability to differentiate into
different subsets and activation is also limited. The main subsets that increase in number
are Th1, Th17 and Treg cells, whereas the number of CD8+ cells rapidly decreases [129–131].

Unconventional T cells, γδ T cells, iNKT cells and MAIT cells, decline rapidly with
age and their proliferative capacity and susceptibility to apoptosis is enhanced. However,
the numbers and activity of some subsets of these cells may be increased, e.g., only in some
organs. Changes in the number of these cells are also sex dependent [132].

In terms of B lymphocytes, the most important changes during aging are a decrease in
B lymphocyte production, a decrease in their response to stimuli and a decrease in antibody
production [133,134].

6.2. Aging of the Innate Immunity

In innate immunity, changes in the number of cells are not so significant; however,
their functions are altered. Changes affect all representatives of innate cellular immunity.
Cytotoxic NK cells show a decrease in cytotoxicity and therefore in the ability to remove
damaged, infected or tumor cells [135].

Monocytes and macrophages differentiate into proinflammatory subsets, whereas
phagocytosis, the degradation of engulfed material, antigen presentation and the ability to
stimulate T lymphocytes decrease. We cannot omit the fact that macrophages have a lower
capacity to terminate and resolve inflammation [136,137].

Hearps et al. showed that older monocytes have upregulated expression of activation
markers such as CXCL10, neopterin and sCD163. They also exhibit impaired phagocytosis,
shortened telomeres and increased concentration of intracellular TNFα after stimulation
with TLR4 agonist [138].

Aging also affects dendritic cells, which present of antigens, prime T cells and produce
large amounts of cytokines. In the elderly, the number of conventional dendritic cells is
lower than in younger people, and the levels of plasmacytoid dendritic cells remain stable.
However, the production of IFNγ, TNFα, IL-6, IL-12 and IL-10 and phagocytosis is altered.
IL-12 is crucial for the development and function of NK and T cells [139].

Other important cells in innate immunity are neutrophils, which phagocytose and kill
pathogens, recruit and activate dendritic cells, monocytes and lymphocytes and migrate
to the site of damage. Neutrophil counts do not fluctuate significantly in the elderly.
However, there is a decrease in chemotaxis, phagocytosis and the destruction of engulfed
pathogens as oxygen radical production is reduced. Neutrophils are also more susceptible
to apoptosis [140,141].

Mast cells, eosinophils and basophils are involved not only in hypersensitive reactions
but also in maintaining homeostasis in the mucosal layer and protection against infection.
In these cell types, activation and degranulation decrease with aging; however, numbers
can increase in distinct locations [142,143]. The number of mastocytes increases in tissues,
whereas the number of basophils in mice is elevated in the bone marrow and spleen and
the cells exhibit a changed phenotype [144]. Mathur et al. described changes in eosinophils
in participants with asthma. They found that degranulation in response to IL-5 stimulation
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and superoxide anion production by eosinophils decreased in older patients. Thus, they
confirmed that eosinophils undergo age-dependent changes [145].

We cannot fail to mention, at least briefly, innate lymphoid cells. Studies with human
cells are lacking but through mouse studies we know that aging also affects innate lymphoid
cells, especially ILC2 cells. They are located in the tissue and epithelium and support the
maintenance of mucosal barrier function. ILC2 cell production increases but the number
of ILC2 cells in peripheral tissue (airways) decreases. It is documented that their function
also declines. Transfer of rejuvenated ILC2 cells to the aged brain leads to an increase in
cognitive function [146,147].

6.3. Aging and Humoral Immunological Parameters

During aging, not only are the cells of the immune system affected but also the humoral
components, that is, the complement. The complement system consists of nine proteins
that activate each other in a cascade and are involved in the antimicrobial protection and
activation of other immune responses. Since many changes and damage occur during
aging, the complement system can be overactivated. According to studies, C3 and C4 levels
correlate with age. In the case of longevity, this correlation is negative. The C3/C4 ratio is
important; higher levels of C3 are thought to “shorten” life. Complement is involved in
many disorders typical for older age, such as macular degeneration, Alzheimer’s disease,
cardiovascular disease and osteoarthritis [148].

Inflammation, however mild, remains ongoing in the body and is a source of oxidative
stress and tissue damage. This is associated with higher levels of TNFα, IL-1β, IL-6 and
CRP, etc. Subsequently, these changes accelerate the process of aging, the development
of frailty syndrome and (even in younger people) neurodegenerative, cardiovascular and
autoimmune diseases and cancer [149–151].

6.4. Cancer and Immune System

The main players in antitumor immunity are cytotoxic cells: NK and CD8+ T cells.
These cells directly kill tumor cells and release cytokines that activate other immune
cells. Antigen-presenting cells, mainly dendritic cells, are also involved in the immune
response to cancers and induce adaptive immune reactions, including the production of
specific antibodies.

The aged immune system and increased inflammatory activity cannot control tumor
cells, which, in addition, influence the activity of the immune system to their advantage and
evade immune system surveillance. The tumor microenvironment can inhibit immune cell
activity and induce the differentiation of immune cells into inhibitory and tolerogenic phe-
notypes (tolerogenic DC, T and B regulatory cells, M2 macrophages) and trigger immune
cell apoptosis and senescence [152,153].

The presence of cancer further increases inflammation [154]. Inflammation and im-
munosenescence are therefore risk factors for cancer. On the other hand, the presence
of cancer and anticancer treatments in children and young people can trigger low-grade
inflammation—inflammaging—that can induce premature aging and damage to vital
organs [155,156].

6.5. Clinical Immune Markers of Aging and Cancer

Martínez de Toda et al. measured the parameters of immune function in three groups
of volunteers: adult (30 to 49 years), mature (50 to 64 years), old (65 to 79 years), and
long-lived (90 to 103). They isolated lymphocytes, neutrophils, NK cells and macrophages
and evaluated their functions. Functions, such as activity, proliferation, phagocytosis
and chemotaxis declined with age; however, in long-lived groups, the parameters were
more similar to those of adults. The function remained preserved. Therefore, maintaining
immune function is a factor that can prolong life [157].

The presence of low-grade inflammation was documented by Puzianowska-Kuźnicka
et al., who analyzed blood samples from 4979 individuals ≥65 years old. IL-6 levels
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increased with age and healthy aging was associated with lower levels of CRP and IL-6
compared with aging with chronic diseases. CRP and IL-6 levels are good predictors of
mortality risk and chronic disease in the elderly [158]. Milan-Mattos et al. also measured
IL-6 and hsCRP and added TNFα. They revealed a positive correlation between age and
hsCRP and IL-6. The increase was more pronounced in the group with individuals aged
51 to 60 years. Gender differences were found, with older women having higher levels of
hsCRP and IL-6 compared with similarly aged men [159].

Evidence that IL-6 plays a crucial role in inflammaging and could be a potential
therapeutic target was provided by Squarzoni et al. They showed that neutralization of
IL-6 can ameliorate symptoms in progeroid mice. The application of tocilizumab stabilized
nuclear envelope chromatin and the limited hyperactivated DNA damage response in vitro
and in vivo led to a reduction in aortic lesions and adipose tissue dystrophy, prevented
motor disability and improved life quality [160].

The increase in IL-6 and CRP is typical for inflammaging, and both proteins are also
elevated in cancer and their levels are associated with tumor progression and prognosis.
This was confirmed, for example, in patients with colorectal cancer and melanoma [161–163].

7. Stem Cell Exhaustion

Stem cells are a unique cell type that are capable of self-renewal, proliferation and
differentiation into multiple cell types due to their potency (monopotent, multipotent).
Stem cells are found in all tissues and are involved in regeneration processes and, in the
case of hematopoietic stem cells, hematopoiesis. However, during life, stem cells are gradu-
ally depleted and exhausted and lose their regenerative potential and clonogenity [164].
Their damage is mainly due to mitochondrial disruption, shortening of the telomere,
DNA damage, induction of senescence, disruption of proteostasis and the influence of the
microenvironment in which the cells are located [165,166].

7.1. Stem Cells and Aging

Stem cell aging is accepted as confirmed, as we also see in the case of donor selection
for transplantation. For hematopoietic stem cells, donor ages range from 18 to 40 years.
Since mesenchymal stem cell therapy is not part of standard treatment but is part of
experimental or clinical trials, the age of the donors is not determined [167].

Aged hematopoietic cells preferentially differentiate into myeloid cells, which are re-
lated to the increased incidence of myeloid leukemia in the elderly compared with younger
people, in whom lymphoid types of hematologic malignancies are more common [168].

Studies show that, in vitro, aged mesenchymal cells preferentially differentiate into
certain cell lines, such as adipocytes [169].

Zaim et al. conducted a study with individuals ranging in age from 0 to over
60 years of age. They found that the potential for adipogenic, osteogenic and neurogenic
differentiation declines with age, whereas chondrogenic differentiation is preserved [170].

Stem cells are not only exhausted but can also transition into a state of senescence.
Senescent stem cells undergo morphological and, more importantly, functional changes.
The most typical is a significant decline in proliferation and migration.

Although young stem cells have more immunomodulatory and anti-inflammatory
potential, older senescent cells have an SASP and produce more pro-inflammatory agents.
An SASP can drive the premature senescence of neighboring cells [171,172].

It is obvious that, in the case of aging, it is important to maintain stem cells in a
condition to prevent the decline in the number of cells and their functions.

7.2. Stem Cells and Cancer

Cancer stem cells are a small heterogeneous tumor cell population that can initiate tu-
mor development. Cancer stem cells can arise either from stem cells or by the differentiation
(dedifferentiation) of cancer cells that acquire stemness. They are immortal and have higher
proliferative potential, higher resistance to treatment and lower immunogenicity. They
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are a cause of relapse after treatment [173]. Anticancer treatment can induce senescence
in healthy and cancer cells; however, cancer stem cells can escape senescence. They can
undergo other additional mutations that can deactivate tumor suppressors, e.g., p53, p16,
p19ink4d, and overexpress CDC2/CDK1. Senescent cells can also experience this process
and gain stemness [172,174]. For anticancer treatment to be successful, it is necessary to
target cancer stem cells and block senescence-associated stemness [175].

It is obvious that, in the case of aging, it is important to maintain stem cells in a
condition to prevent the decline in the number of cells and their functions, whereas in the
case of cancer stem cells, it is necessary to eliminate these cells.

8. Mitochondrial Dysfunctions

Mitochondria are intracellular organelles that produce energy. They are involved in
intracellular signaling; they use reactive oxygen species (ROS), regulate cellular metabolism
and induce apoptosis. Mitochondrial DNA (mtDNA) is a maternally inherited autonomous
genome of mitochondria. Mitochondria are found in large numbers in the cell. mtDNA
encodes 13 OXPHOS proteins, which are part of the enzyme complex in the respiratory
chain, 22 tRNAs and 2 rRNAs. During aging, the number, morphology and functions of
mitochondria change (Figure 6).
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Figure 6. Difference between aged and cancer mitochondria. Legend: Comparison of the differences
between mitochondria from normal cells and mitochondria from aged and cancer cells. Changes in
mitochondrial function lead to changes that can be bidirectional (arrows). Abbreviations: UPRmt,
mitochondrial unfolded protein response; ATP, adenosine triphosphate; TCA, tricarboxylic acid; ROS,
reactive oxygen species; DAMP, danger associated molecular pattern.

8.1. Morphological Changes in Mitochondria in Aging and Cancer

The mitochondria in aged cells tend to be more fragmented, circular, shorter and
smaller. Hyperfused mitochondria occur more frequently and there are defects in mito-
chondrial division and mitochondrial biogenesis. Although mitochondrial biogenesis is
reduced, the total number of mitochondria in the cell increases. This is due to reduced
mitophagy, by which damaged mitochondria are removed [176,177].

The accumulation of altered mitochondria is due not only to a higher incidence but
also to a reduction in their removal by mitophagy (an autophagic process that removes
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mitochondria), which maintains the homeostasis of these organelles in the cell [178]. The
mitochondria in a tumor cell must adapt to a change in environment, with less oxygen
and more energy demand. There are changes in morphology and function. Changes
include reduction of elongation, the filamentous phenotype changing into aggregated and
mitochondria being localized mainly perinuclearly; therefore, the mitochondrial network
morphology is significantly disrupted and the membrane potential decreased [179,180].

8.2. Changes in Mitochondrial DNA (mtDNA) in Aging and Cancer

Morphological changes are accompanied by a higher incidence of mutations in
mtDNA. As the years pass, mtDNA heteroplasmy occurs, where both normal and mu-
tant mtDNAs are present in the cell and the proportion of mutant mtDNA gradually
increases [181]. The presence of mutant mtDNA is associated with a decrease in mitochon-
drial DNA polymerase activity or dysfunction [182,183]. In addition to mtDNA mutations,
the decline in mtDNA levels plays significant roles in chronic diseases such as diabetes,
overweight and obesity [184].

As with aging, mutations in mtDNA occur in cancer cells. Deletions and single
nucleotide polymorphisms of mtDNA are widespread in various tumor types and are often
associated with OXPHOS deficits. Changes in mtDNA are also associated with tumor
invasivity and metastasis [185].

8.3. Changes in Respiratory Chains in Aging and Cancer

Functional changes in mitochondria during aging include decreased respiratory chain
efficiency, increased ROS production and decreased ATP production. This is due to the
disruption of the membrane potential and the reduction of OXPHOS activity and thus the
activity of individual protein complexes in the respiratory chain. This defect is often caused
by mutations in mtDNA. Bowman et al. confirmed electron transport chain dysfunction and
increased ROS production, but not all cells are affected. They analyzed human fibroblasts
and keratinocytes from donors aged 6 to 72 years. Complex II was significantly lower in
aged fibroblasts but not in keratinocytes [186].

Boffoli et al. proved that this decline also affected skeletal muscle cells. They measured
respiratory chain activity in the skeletal muscles of participants aged 17 to 91 years and found
that the activity of complexes I, II and IV decreased with age [187]. The decline in respiratory
chain was also documented in the crypts in the colon and intestinal mucosa [188,189].

In cancer cells, the production of ROS is limited, since low and moderate levels drive
cell proliferation. The products of oncogenes (Ras, myc) regulate respiratory chain activity.
Wall et al. showed that the transcription factor Singleminded-2, which facilitates the
function of the respiratory chain, is deleted in breast cancer cells [190,191].

8.4. Aging and Mitochondrial NAD+

Mitochondrial dysfunction can be detected using many markers, as we showed in the
previous text: mtDNA, OXPHOS proteins, ROS production and other markers including
GDF-15, mitomiR (miRNA localized within mitochondria) and NAD+.

In mitochondria, NAD+ plays a crucial role in the tricarboxylic acid cycle, oxidative
phosphorylation and ATP production. NAD+ is synthesized in the cell cytosol and trans-
ported to the mitochondria. In mitochondria, NAD+ accepts free electrons that are formed
during its metabolic processes. Thus, proper mitochondrial function depends upon a
sufficient quantity of NAD+ [192,193].

NAD+ levels have been evaluated in relation to aging in many studies. The key finding
is that there may be a decline during aging. In the context of aging, it should be mentioned
that NAD+ regulates sirtuin activity, which is discussed in the text on nutrient sensing.

NAD+ levels can be detected both in tissues and in plasma. It has been proven that
the levels of NAD+ decline with age in plasma, skin or the brain [194–196]. Karas et al. also
confirmed age-dependent reduction in NAD+ levels and the negative correlation of this
with AGEs [197].
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In cancer cells, the levels of NAD+ are higher than in healthy cells [198]. Increased
levels of NAD+ are associated with enhanced DNA repair capacity and the resistance to
chemotherapy [199].

8.5. GDF-15, a Marker of Mitochondrial Stress, in Aging and Cancer

GDF-15 (growth/differentiation factor 15) can serve as a marker of mitochondrial
dysfunction. Its levels are zero or very low during adulthood and increase during aging
or in the presence of chronic diseases, since its expression is induced by cellular stress,
inflammation and oxidative stress. Elevated levels of GDF-15 in children and young
adults are associated with mitochondrial diseases such as mitochondrial myopathies [200].
Elevated levels in adults are associated with myopathies and muscle weakness [201].

Liu et al. evaluated GDF-15 levels in participants of different ages (23- to 83-year-old
males). The results showed that GDF-15 levels were higher in older participants and
positively correlated with age. The authors suggested that GDF-15 is a potential biomarker
of aging [202].

Welsh et al. measured serum GDF-15 concentrations in 19,462 participants and set
reference values for specific age groups according to the measured values. The authors
also confirmed the association of GDF-15 levels with diabetes and cardiovascular disease
(stroke, heart failure) and their markers such as cardiac troponins I and T and N-terminal
pro B-type natriuretic peptide [203].

GDF-15 has both a pro-tumorigenic and anti-tumorigenic effects. In certain types
of tumors, the values reach 200 times the expected values (melanoma, breast, colorectal,
pancreatic, cervical or prostate cancer) [204,205]. Vocka et al. suggested that GDF-15 can
serve as a prognostic marker in patients with metastatic colorectal cancer. GDF-15 levels
were significantly higher in patients than healthy controls and were correlated with the
severity of the disease [206]. Suzuki et al. tested GDF-15 levels in patients with advanced
pancreatic cancer. The cut-off level was determined to be 3356.6 pg/mL. In the high GDF-15
group, there were patients with more severe conditions, inflammation, loss of appetite and
cachexia [207].

8.6. Noncoding Mitochondrial RNA in Aging and Cancer

Other interesting markers of mitochondrial dysfunction are noncoding RNAs, mito-
miRNAs. They are mostly cytoplasmic RNAs that enter the mitochondria and orchestrate
mitochondrial functions. Therefore, there is a difference between the composition of cytoso-
lic and mitochondrial miRNAs. Although several mitomiRNAs originate in the nucleus,
there are some that are coded from mtDNA. The composition and expression of mitomR-
NAs change during aging and disease. Several of them are involved in aging, inflammaging
and cancer [208].

Numerous mitomiRNAs play a role in aging and age-related diseases [209,210]. How-
ever, there is not the space to list individual miRNAs but rather to inform the reader about
their existence and their connection to aging. Unsurprisingly, changes in mitomiRNAs
are also found in cancer cells. Several mitomiRNAs are responsible for cancer develop-
ment and metastasis, e.g., miRNA-195 is associated with breast cancer, miR-210-5p with
colon cancer, miRNA-125a is expressed in cisplatin-resistant laryngeal cell carcinoma and
miRNAs 17 and 20 in chemoresistant leukemia [211]. These mitomiRNAs can change
mitochondrial genes and reprogram mitochondrial metabolism, respiratory chain activity
and the resistance to apoptosis [211,212].

There is a close link between mitochondria, aging and carcinogenesis. The individual
steps potentiate each other. The question is, as with other hallmarks of aging, whether
damage or alteration of mitochondrial function is a cause or a consequence.

9. Dysbiosis

The microbiota is the community of microorganisms (bacteria, viruses, fungi and
parasites) that affect human health. Microorganisms inhabit all parts of our body, and each
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area has a different composition of microbiota. The most studied is the gut microbiota.
The composition of the microbiota can vary during life. It is influenced by lifestyle, for
example, diet, medications (especially antibiotics), physical activity, sleep and circadian
rhythms, the use of cosmetics and the presence of chronic diseases. Aging also plays an
important role (Figure 7) [213,214]. Aging is associated with a microbiome disturbance,
dysbiosis. The main feature of this process is the shift in microbial populations and the loss
of their diversity. The main aging-related changes include the loss of dominant commensal
taxa such as Faecalibacterium, Prevotella, Eubacterium, Lachnospira and Bifidobacterium and the
increase in commensal taxa such as Akkermansia, Butyricimonas, Odoribacter and Oscillospira
and pathobionts such as Streptococcus, Bilophila, Eggarthella, Escherichia, Fusobacterium and
Clostridum. Interestingly, centenarians have typical patterns of microbiome composition.
Certain bacterial species seem to promote longevity [215]. Importantly, young adults and
centenarians have higher microbial diversity than the elderly, especially if they have an
associated chronic disease [216,217].
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Refs. [216,217]. Wilmanski et al. conducted a study involving 9000 participants and
showed that aging is associated with distinct changes in the microbiota that differ between
healthy aging and aging associated with the presence of disease. Healthy aging leads to
the depletion of core genera, especially Bacteroides. The absence of a natural decline in
Bacteroides during aging or a significant decrease in diversity reduced survival over the
4-year period the study lasted [218].

Various studies have evaluated the effect of the microbiota and its changes on the
development and progression of different types of cancer. The results show that the
microbiota plays an important role in oncogenesis. Changes in its composition can induce
inflammation, oxidative stress, DNA damage to cells, etc. Some pathological bacteria found
in the disrupted microbiota are directly linked to cancer, e.g., Helicobacter pylori is linked
to gastric adenocarcinoma. Chlamydia trachomatis, Chlamydia pneumonia, Escherichia coli,
Bacteroides fragilis and Salmonella enterica can be involved in cervical, lung, colorectal and
gallbladder cancers [219,220].

Modulation of the composition of the microbiota may act to prevent cancer. Zhang
et al. revealed that the presence of tissue-resident Lachnospiraceae family bacteria protects



Int. J. Mol. Sci. 2023, 24, 15468 20 of 29

against colorectal carcinoma. Bacteria maintain and facilitate the immune surveillance
functions of CD8+ T cells [221].

Therefore, the composition of the microbiota, its diversity and the number of individ-
ual bacterial species play an important role in both the aging process and the pathogenesis
of cancer. Influencing its composition has therapeutic potential.

10. Conclusions

Aging is an inevitable process. It is a gradual decline that causes changes in the many
processes taking place in the body. These changes occur at different rates according to the
genetic predisposition of the individual but are largely due to the individual’s lifestyle
and the influence of the external environment. Changes associated with aging predispose
individuals to the development of cancer.

In this review article, we have described the most important non-genomic hallmarks
of aging and the research studies aimed at elucidating these hallmarks, how they function
and how they can be influenced and be beneficial in clinical practice, in procedures to slow
down aging and in the treatment of age-related diseases such as cancer.

Author Contributions: P.B. and L.B. conceptualized the review; D.H., P.B., H.P. and T.S. wrote the
original draft of the publication; M.V., L.H., Z.F. and L.B. reviewed and edited the manuscript; M.V.,
Z.F. and L.B. supervised. All authors have read and agreed to the published version of the manuscript.

Funding: Supported by MH CZ NU23J-07-00018. All rights reserved.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Figures were partly generated using Servier Medical Art, provided by Servier,
licensed under a Creative Commons Attribution 3.0 unported licence.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. United Nations Department of Economic and Social Affairs. World Social Report 2023: Leaving No One Behind in an Ageing World;

World Social Report; United Nations Department of Economic and Social Affairs: New York, NY, USA, 2023.
2. Ganguly, P.; Toghill, B.; Pathak, S. Aging, Bone Marrow and Next-Generation Sequencing (NGS): Recent Advances and Future

Perspectives. Int. J. Mol. Sci. 2021, 22, 12225. [CrossRef] [PubMed]
3. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

4. López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. Hallmarks of Aging: An Expanding Universe. Cell 2023, 186,
243–278. [CrossRef]

5. Hanahan, D.; Weinberg, R.A. The Hallmarks of Cancer. Cell 2000, 100, 57–70. [CrossRef]
6. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The next Generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
7. Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022, 12, 31–46. [CrossRef]
8. Garber, J.E.; Offit, K. Hereditary Cancer Predisposition Syndromes. J. Clin. Oncol. 2005, 23, 276–292. [CrossRef]
9. Campisi, J. Senescent Cells, Tumor Suppression, and Organismal Aging: Good Citizens, Bad Neighbors. Cell 2005, 120, 513–522.

[CrossRef]
10. Mylonas, A.; O’Loghlen, A. Cellular Senescence and Ageing: Mechanisms and Interventions. Front. Aging 2022, 3, 866718.

[CrossRef]
11. González-Gualda, E.; Baker, A.G.; Fruk, L.; Muñoz-Espín, D. A Guide to Assessing Cellular Senescence in Vitro and in Vivo. FEBS

J. 2021, 288, 56–80. [CrossRef]
12. Ohtani, N. The Roles and Mechanisms of Senescence-Associated Secretory Phenotype (SASP): Can It Be Controlled by Senolysis?

Inflamm. Regen. 2022, 42, 11. [CrossRef] [PubMed]
13. Di Micco, R.; Krizhanovsky, V.; Baker, D.; di Fagagna, F.A. Cellular Senescence in Ageing: From Mechanisms to Therapeutic

Opportunities. Nat. Rev. Mol. Cell Biol. 2021, 22, 75. [CrossRef] [PubMed]
14. Pan, Y.; Gu, Z.; Lyu, Y.; Yang, Y.; Chung, M.; Pan, X.; Cai, S. Link between senescence and cell fate: Senescence-associated secretory

phenotype and its effects on Stem cell fate transition. Rejuvenation Research 2022, 25, 160–172. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms222212225
https://www.ncbi.nlm.nih.gov/pubmed/34830107
https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1016/S0092-8674(00)81683-9
https://doi.org/10.1016/j.cell.2011.02.013
https://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1200/JCO.2005.10.042
https://doi.org/10.1016/j.cell.2005.02.003
https://doi.org/10.3389/fragi.2022.866718
https://doi.org/10.1111/febs.15570
https://doi.org/10.1186/s41232-022-00197-8
https://www.ncbi.nlm.nih.gov/pubmed/35365245
https://doi.org/10.1038/s41580-020-00314-w
https://www.ncbi.nlm.nih.gov/pubmed/33328614
https://doi.org/10.1089/rej.2022.0021
https://www.ncbi.nlm.nih.gov/pubmed/35658548


Int. J. Mol. Sci. 2023, 24, 15468 21 of 29

15. Milanovic, M.; Fan, D.N.Y.; Belenki, D.; Däbritz, J.H.M.; Zhao, Z.; Yu, Y.; Dörr, J.R.; Dimitrova, L.; Lenze, D.; Monteiro Barbosa,
I.A.; et al. Senescence-Associated Reprogramming Promotes Cancer Stemness. Nature 2017, 553, 96–100. [CrossRef]

16. Eid, R.A.; Alaa Edeen, M.; Shedid, E.M.; Kamal, A.S.S.; Warda, M.M.; Mamdouh, F.; Khedr, S.A.; Soltan, M.A.; Jeon, H.W.; Zaki,
M.S.A.; et al. Targeting Cancer Stem Cells as the Key Driver of Carcinogenesis and Therapeutic Resistance. Int. J. Mol. Sci. 2023,
24, 1786. [CrossRef]

17. Ressler, S.; Bartkova, J.; Niederegger, H.; Bartek, J.; Scharffetter-Kochanek, K.; Jansen-Dürr, P.; Wlaschek, M. P16INK4A Is a
Robust in Vivo Biomarker of Cellular Aging in Human Skin. Aging Cell 2006, 5, 379–389. [CrossRef]

18. Waaijer, M.E.C.; Parish, W.E.; Strongitharm, B.H.; van Heemst, D.; Slagboom, P.E.; de Craen, A.J.M.; Sedivy, J.M.; Westendorp,
R.G.J.; Gunn, D.A.; Maier, A.B. The Number of P16INK4a Positive Cells in Human Skin Reflects Biological Age. Aging Cell 2012,
11, 722–725. [CrossRef]

19. Jiang, D.; de Vries, J.C.; Muschhammer, J.; Schatz, S.; Ye, H.; Hein, T.; Fidan, M.; Romanov, V.S.; Rinkevich, Y.; Scharffetter-
Kochanek, K. Local and Transient Inhibition of P21 Expression Ameliorates Age-Related Delayed Wound Healing. Wound Repair.
Regen. 2020, 28, 49–60. [CrossRef]

20. Idda, M.L.; Mcclusky, W.G.; Lodde, V.; Munk, R.; Abdelmohsen, K.; Rossi, M.; Gorospe, M. Survey of Senescent Cell Markers
with Age in Human Tissues. Aging 2020, 12, 4052–4066. [CrossRef]

21. Wicher, S.A.; Roos, B.B.; Teske, J.J.; Fang, Y.H.; Pabelick, C.; Prakash, Y.S. Aging Increases Senescence, Calcium Signaling, and
Extracellular Matrix Deposition in Human Airway Smooth Muscle. PLoS ONE 2021, 16, e0254710. [CrossRef]

22. Wyld, L.; Bellantuono, I.; Tchkonia, T.; Morgan, J.; Turner, O.; Foss, F.; George, J.; Danson, S.; Kirkland, J.L. Senescence and Cancer:
A Review of Clinical Implications of Senescence and Senotherapies. Cancers 2020, 12, 2134. [CrossRef]

23. Schmitt, C.A.; Wang, B.; Demaria, M. Senescence and Cancer–Role and Therapeutic Opportunities. Nat. Rev. Clin. Oncol. 2022, 19,
619–636. [CrossRef] [PubMed]

24. Azazmeh, N.; Assouline, B.; Winter, E.; Ruppo, S.; Nevo, Y.; Maly, A.; Meir, K.; Witkiewicz, A.K.; Cohen, J.; Rizou, S.V.; et al.
Chronic Expression of P16INK4a in the Epidermis Induces Wnt-Mediated Hyperplasia and Promotes Tumor Initiation. Nat.
Commun. 2020, 11, 2711. [CrossRef] [PubMed]

25. Shen, J.; Song, R.; Fuemmeler, B.F.; McGuire, K.P.; Chow, W.H.; Zhao, H. Biological Aging Marker P16INK4a in T Cells and Breast
Cancer Risk. Cancers 2020, 12, 3122. [CrossRef] [PubMed]

26. Tsiambas, E.; Riziotis, C.; Mastronikolis, N.S.; Peschos, D.; Mortakis, A.; Kyroysis, G.; Mastronikolis, S.N.; Batistatou, A.; Lazaris,
A.C.; Patsouris, E.; et al. Comparative P16IKN4A Expression in Laryngeal Carcinoma and Cervical Cancer Precursors: A
Real-Time Grid-Based Immunocytochemistry Analysis. Anticancer Res. 2018, 38, 5805–5810. [CrossRef] [PubMed]

27. Taniguchi, T.; Chikatsu, N.; Takahashi, S.; Fujita, A.; Uchimaru, K.; Asano, S.; Fujita, T.; Motokura, T. Expression of P16INK4A
and P14ARF in Hematological Malignancies. Leukemia 1999, 13, 1760–1769. [CrossRef]

28. Abdul-Aziz, A.M.; Sun, Y.; Hellmich, C.; Marlein, C.R.; Mistry, J.; Forde, E.; Piddock, R.E.; Shafat, M.S.; Morfakis, A.; Mehta, T.;
et al. Acute Myeloid Leukemia Induces Protumoral P16INK4a-Driven Senescence in the Bone Marrow Microenvironment. Blood
2019, 133, 446–456. [CrossRef]

29. Huang, Y.; Wang, W.; Chen, Y.; Huang, Y.; Zhang, J.; He, S.; Tan, Y.; Qiang, F.; Li, A.; Røe, O.D.; et al. The Opposite Prognostic
Significance of Nuclear and Cytoplasmic P21 Expression in Resectable Gastric Cancer Patients. J. Gastroenterol. 2014, 49, 1441–1452.
[CrossRef]

30. Santra, M.; Dill, K.A.; De Graff, A.M.R. Proteostasis Collapse Is a Driver of Cell Aging and Death. Proc. Natl. Acad. Sci. USA 2019,
116, 22173–22178. [CrossRef]

31. Stegeman, R.; Weake, V.M. Transcriptional Signatures of Aging. J. Mol. Biol. 2017, 429, 2427–2437. [CrossRef]
32. Kim, H.S.; Pickering, A.M. Protein Translation Paradox: Implications in Translational Regulation of Aging. Front. Cell Dev. Biol.

2023, 11, 1129281. [CrossRef]
33. Wang, M.; Kaufman, R.J. Protein Misfolding in the Endoplasmic Reticulum as a Conduit to Human Disease. Nature 2016, 529,

326–335. [CrossRef] [PubMed]
34. Frankowska, N.; Lisowska, K.; Witkowski, J.M. Proteolysis Dysfunction in the Process of Aging and Age-Related Diseases. Front.

Aging 2022, 3, 85. [CrossRef] [PubMed]
35. Sacramento, E.K.; Kirkpatrick, J.M.; Mazzetto, M.; Baumgart, M.; Bartolome, A.; Sanzo, S.; Di Caterino, C.; Sanguanini, M.;

Papaevgeniou, N.; Lefaki, M.; et al. Reduced Proteasome Activity in the Aging Brain Results in Ribosome Stoichiometry Loss and
Aggregation. Mol. Syst. Biol. 2020, 16, e9596. [CrossRef] [PubMed]

36. Pomatto, L.C.D.; Wong, S.; Carney, C.; Shen, B.; Tower, J.; Davies, K.J.A. The Age- and Sex-Specific Decline of the 20s Proteasome
and the Nrf2/CncC Signal Transduction Pathway in Adaption and Resistance to Oxidative Stress in Drosophila melanogaster.
Aging 2017, 9, 1153–1185. [CrossRef]

37. Wodrich, A.P.K.; Scott, A.W.; Shukla, A.K.; Harris, B.T.; Giniger, E. The Unfolded Protein Responses in Health, Aging, and
Neurodegeneration: Recent Advances and Future Considerations. Front. Mol. Neurosci. 2022, 15, 831116. [CrossRef]

38. Morozov, A.V.; Karpov, V.L. Proteasomes and Several Aspects of Their Heterogeneity Relevant to Cancer. Front. Oncol. 2019, 9,
761. [CrossRef]

39. Madden, E.; Logue, S.E.; Healy, S.J.; Manie, S.; Samali, A. The Role of the Unfolded Protein Response in Cancer Progression: From
Oncogenesis to Chemoresistance. Biol. Cell 2019, 111, 1–17. [CrossRef]

https://doi.org/10.1038/nature25167
https://doi.org/10.3390/ijms24021786
https://doi.org/10.1111/j.1474-9726.2006.00231.x
https://doi.org/10.1111/j.1474-9726.2012.00837.x
https://doi.org/10.1111/wrr.12763
https://doi.org/10.18632/aging.102903
https://doi.org/10.1371/journal.pone.0254710
https://doi.org/10.3390/cancers12082134
https://doi.org/10.1038/s41571-022-00668-4
https://www.ncbi.nlm.nih.gov/pubmed/36045302
https://doi.org/10.1038/s41467-020-16475-3
https://www.ncbi.nlm.nih.gov/pubmed/32483135
https://doi.org/10.3390/cancers12113122
https://www.ncbi.nlm.nih.gov/pubmed/33114473
https://doi.org/10.21873/anticanres.12920
https://www.ncbi.nlm.nih.gov/pubmed/30275203
https://doi.org/10.1038/sj.leu.2401557
https://doi.org/10.1182/blood-2018-04-845420
https://doi.org/10.1007/s00535-013-0900-4
https://doi.org/10.1073/pnas.1906592116
https://doi.org/10.1016/j.jmb.2017.06.019
https://doi.org/10.3389/fcell.2023.1129281
https://doi.org/10.1038/nature17041
https://www.ncbi.nlm.nih.gov/pubmed/26791723
https://doi.org/10.3389/fragi.2022.927630
https://www.ncbi.nlm.nih.gov/pubmed/35958270
https://doi.org/10.15252/msb.20209596
https://www.ncbi.nlm.nih.gov/pubmed/32558274
https://doi.org/10.18632/aging.101218
https://doi.org/10.3389/fnmol.2022.831116
https://doi.org/10.3389/fonc.2019.00761
https://doi.org/10.1111/boc.201800050


Int. J. Mol. Sci. 2023, 24, 15468 22 of 29

40. Parzych, K.R.; Klionsky, D.J. An Overview of Autophagy: Morphology, Mechanism, and Regulation. Antioxid. Redox Signal 2014,
20, 460–473. [CrossRef]

41. Hollenstein, D.M.; Kraft, C. Autophagosomes Are Formed at a Distinct Cellular Structure. Curr. Opin. Cell Biol. 2020, 65, 50–57.
[CrossRef]

42. Xu, F.; Tautenhahn, H.M.; Dirsch, O.; Dahmen, U. Modulation of Autophagy: A Novel “Rejuvenation” Strategy for the Aging
Liver. Oxid. Med. Cell Longev. 2021, 2021, 6611126. [CrossRef] [PubMed]

43. Yang, N.; Liu, X.; Niu, X.; Wang, X.; Jiang, R.; Yuan, N.; Wang, J.; Zhang, C.; Lim, K.L.; Lu, L. Activation of Autophagy Ameliorates
Age-Related Neurogenesis Decline and Neurodysfunction in Adult Mice. Stem Cell Rev. Rep. 2022, 18, 626–641. [CrossRef]
[PubMed]

44. Ko, S.H.; Apple, E.C.; Liu, Z.; Chen, L. Age-Dependent Autophagy Induction after Injury Promotes Axon Regeneration by
Limiting NOTCH. Autophagy 2020, 16, 2052–2068. [CrossRef]

45. Orhon, I.; Rocchi, C.; Villarejo-Zori, B.; Serrano Martinez, P.; Baanstra, M.; Brouwer, U.; Boya, P.; Coppes, R.; Reggiori, F.
Autophagy Induction during Stem Cell Activation Plays a Key Role in Salivary Gland Self-Renewal. Autophagy 2022, 18, 293–308.
[CrossRef]

46. Chen, W.; Chen, Y.; Liu, Y.; Wang, X. Autophagy in Muscle Regeneration: Potential Therapies for Myopathies. J. Cachexia
Sarcopenia Muscle 2022, 13, 1673–1685. [CrossRef] [PubMed]

47. Xie, F.; Xu, S.; Lu, Y.; Wong, K.F.; Sun, L.; Hasan, K.M.M.; Ma, A.C.H.; Tse, G.; Manno, S.H.C.; Tian, L.; et al. Metformin Accelerates
Zebrafish Heart Regeneration by Inducing Autophagy. NPJ Regen. Med. 2021, 6, 62. [CrossRef] [PubMed]

48. Versaci, F.; Valenti, V.; Forte, M.; Cammisotto, V.; Nocella, C.; Bartimoccia, S.; Schirone, L.; Schiavon, S.; Vecchio, D.; D’ambrosio,
L.; et al. Aging-Related Decline of Autophagy in Patients with Atrial Fibrillation—A Post Hoc Analysis of the ATHERO-AF Study.
Antioxidants 2022, 11, 698. [CrossRef]

49. Huang, J.; Xu, J.; Pang, S.; Bai, B.; Yan, B. Age-Related Decrease of the LAMP-2 Gene Expression in Human Leukocytes. Clin.
Biochem. 2012, 45, 1229–1232. [CrossRef]

50. Towers, C.G.; Thorburn, A. Therapeutic Targeting of Autophagy. EBioMedicine 2016, 14, 15. [CrossRef]
51. Mulcahy Levy, J.M.; Thorburn, A. Autophagy in Cancer: Moving from Understanding Mechanism to Improving Therapy

Responses in Patients. Cell Death Differ. 2020, 27, 843–857. [CrossRef]
52. Chavez-Dominguez, R.; Perez-Medina, M.; Lopez-Gonzalez, J.S.; Galicia-Velasco, M.; Aguilar-Cazares, D. The Double-Edge

Sword of Autophagy in Cancer: From Tumor Suppression to Pro-Tumor Activity. Front. Oncol. 2020, 10, 578418. [CrossRef]
53. Schläfli, A.M.; Adams, O.; Galván, J.A.; Gugger, M.; Savic, S.; Bubendorf, L.; Schmid, R.A.; Becker, K.F.; Tschan, M.P.; Langer, R.;

et al. Prognostic Value of the Autophagy Markers LC3 and P62/SQSTM1 in Early-Stage Non-Small Cell Lung Cancer. Oncotarget
2016, 7, 39544–39555. [CrossRef]

54. Deng, D.; Luo, K.; Liu, H.; Nie, X.; Xue, L.; Wang, R.; Xu, Y.; Cui, J.; Shao, N.; Zhi, F. P62 Acts as an Oncogene and Is Targeted by
MiR-124-3p in Glioma. Cancer Cell Int. 2019, 19, 280. [CrossRef]

55. Masuda, G.; Yashiro, M.; Kitayama, K.; Miki, Y.; Kasashima, H.; Kinoshita, H.; Morisaki, T.; Fukuoka, T.; Hasegawa, T.; Sakurai,
K.; et al. Clinicopathological Correlations of Autophagy-Related Proteins LC3, Beclin 1 and P62 in Gastric Cancer. Anticancer Res.
2016, 36, 129–136. [PubMed]

56. Mohamadimaram, M.; Farsani, M.A.; Mirzaeian, A.; Shahsavan, S.; Hajifathali, A.; Parkhihdeh, S.; Mohammadi, M.H. Evaluation
of ATG7 and Light Chain 3 (LC3) Autophagy Genes Expression in AML Patients. Iran. J. Pharm. Res. 2019, 18, 1060–1066.
[CrossRef] [PubMed]

57. Twarda-clapa, A.; Olczak, A.; Białkowska, A.M.; Koziołkiewicz, M. Advanced Glycation End-Products (AGEs): Formation,
Chemistry, Classification, Receptors, and Diseases Related to AGEs. Cells 2022, 11, 1312. [CrossRef]

58. Poulsen, M.W.; Hedegaard, R.V.; Andersen, J.M.; de Courten, B.; Bügel, S.; Nielsen, J.; Skibsted, L.H.; Dragsted, L.O. Advanced
Glycation Endproducts in Food and Their Effects on Health. Food Chem. Toxicol. 2013, 60, 10–37. [CrossRef] [PubMed]

59. Aragonès, G.; Rowan, S.; Francisco, S.G.; Whitcomb, E.A.; Yang, W.; Perini-Villanueva, G.; Schalkwijk, C.G.; Taylor, A.; Bejarano, E.
The Glyoxalase System in Age-Related Diseases: Nutritional Intervention as Anti-Ageing Strategy. Cells 2021, 10, 1852. [CrossRef]

60. Patel, S.H.; Yue, F.; Saw, S.K.; Foguth, R.; Cannon, J.R.; Shannahan, J.H.; Kuang, S.; Sabbaghi, A.; Carroll, C.C. Advanced Glycation
End-Products Suppress Mitochondrial Function and Proliferative Capacity of Achilles Tendon-Derived Fibroblasts. Sci. Rep. 2019,
9, 12614. [CrossRef]

61. Rungratanawanich, W.; Qu, Y.; Wang, X.; Essa, M.M.; Song, B.J. Advanced Glycation End Products (AGEs) and Other Adducts in
Aging-Related Diseases and Alcohol-Mediated Tissue Injury. Exp. Mol. Med. 2021, 53, 168–188. [CrossRef]

62. Davis, K.E.; Prasad, C.; Vijayagopal, P.; Juma, S.; Imrhan, V. Advanced Glycation End Products, Inflammation, and Chronic
Metabolic Diseases: Links in a Chain? Crit. Rev. Food Sci. Nutr. 2016, 56, 989–998. [CrossRef] [PubMed]

63. Wei, B.; Berning, K.; Quan, C.; Zhang, Y.T. Glycation of Antibodies: Modification, Methods and Potential Effects on Biological
Functions. mAbs 2017, 9, 586. [CrossRef] [PubMed]

64. He, Y.; Zhou, C.; Huang, M.; Tang, C.; Liu, X.; Yue, Y.; Diao, Q.; Zheng, Z.; Liu, D. Glyoxalase System: A Systematic Review of Its
Biological Activity, Related-Diseases, Screening Methods and Small Molecule Regulators. Biomed. Pharmacother. 2020, 131, 110663.
[CrossRef] [PubMed]

65. Farrera, D.O.; Galligan, J.J. The Human Glyoxalase Gene Family in Health and Disease. Chem. Res. Toxicol. 2022, 35, 1766–1776.
[CrossRef] [PubMed]

https://doi.org/10.1089/ars.2013.5371
https://doi.org/10.1016/j.ceb.2020.02.012
https://doi.org/10.1155/2021/6611126
https://www.ncbi.nlm.nih.gov/pubmed/33628363
https://doi.org/10.1007/s12015-021-10265-0
https://www.ncbi.nlm.nih.gov/pubmed/34546510
https://doi.org/10.1080/15548627.2020.1713645
https://doi.org/10.1080/15548627.2021.1924036
https://doi.org/10.1002/jcsm.13000
https://www.ncbi.nlm.nih.gov/pubmed/35434959
https://doi.org/10.1038/s41536-021-00172-w
https://www.ncbi.nlm.nih.gov/pubmed/34625572
https://doi.org/10.3390/antiox11040698
https://doi.org/10.1016/j.clinbiochem.2012.06.016
https://doi.org/10.1016/j.ebiom.2016.10.034
https://doi.org/10.1038/s41418-019-0474-7
https://doi.org/10.3389/fonc.2020.578418
https://doi.org/10.18632/oncotarget.9647
https://doi.org/10.1186/s12935-019-1004-x
https://www.ncbi.nlm.nih.gov/pubmed/26722036
https://doi.org/10.22037/IJPR.2019.1100682
https://www.ncbi.nlm.nih.gov/pubmed/31531087
https://doi.org/10.3390/cells11081312
https://doi.org/10.1016/j.fct.2013.06.052
https://www.ncbi.nlm.nih.gov/pubmed/23867544
https://doi.org/10.3390/cells10081852
https://doi.org/10.1038/s41598-019-49062-8
https://doi.org/10.1038/s12276-021-00561-7
https://doi.org/10.1080/10408398.2012.744738
https://www.ncbi.nlm.nih.gov/pubmed/25259686
https://doi.org/10.1080/19420862.2017.1300214
https://www.ncbi.nlm.nih.gov/pubmed/28272973
https://doi.org/10.1016/j.biopha.2020.110663
https://www.ncbi.nlm.nih.gov/pubmed/32858501
https://doi.org/10.1021/acs.chemrestox.2c00182
https://www.ncbi.nlm.nih.gov/pubmed/36048613


Int. J. Mol. Sci. 2023, 24, 15468 23 of 29

66. Chaudhuri, J.; Bains, Y.; Guha, S.; Kahn, A.; Hall, D.; Bose, N.; Gugliucci, A.; Kapahi, P. The Role of Advanced Glycation End
Products in Aging and Metabolic Diseases: Bridging Association and Causality. Cell Metab. 2018, 28, 337–352. [CrossRef]

67. Azizian-Farsani, F.; Abedpoor, N.; Hasan Sheikhha, M.; Gure, A.O.; Nasr-Esfahani, M.H.; Ghaedi, K. Receptor for Advanced
Glycation End Products Acts as a Fuel to Colorectal Cancer Development. Front. Oncol. 2020, 10, 552283. [CrossRef]

68. Schröter, D.; Höhn, A. Role of Advanced Glycation End Products in Carcinogenesis and Their Therapeutic Implications. Curr.
Pharm. Des. 2019, 24, 261. [CrossRef]

69. Peng, Y.; Liu, F.; Qiao, Y.; Wang, P.; Du, H.; Si, C.; Wang, X.; Chen, K.; Song, F. Genetically Modified Circulating Levels of
Advanced Glycation End-Products and Their Soluble Receptor (AGEs-RAGE Axis) with Risk and Mortality of Breast Cancer.
Cancers 2022, 14, 6124. [CrossRef]

70. Efeyan, A.; Comb, W.C.; Sabatini, D.M. Nutrient-Sensing Mechanisms and Pathways. Nature 2015, 517, 302–310. [CrossRef]
71. Lee, H.; Lee, S.J.V. Recent Progress in Regulation of Aging by Insulin/IGF-1 Signaling in Caenorhabditis Elegans. Mol. Cells 2022,

45, 763. [CrossRef]
72. Altintas, O.; Park, S.; Lee, S.J.V. The Role of Insulin/IGF-1 Signaling in the Longevity of Model Invertebrates, C. Elegans and D.

Melanogaster. BMB Rep. 2016, 49, 81–92. [CrossRef] [PubMed]
73. Vitale, G.; Pellegrino, G.; Vollery, M.; Hofland, L.J. Role of IGF-1 System in the Modulation of Longevity: Controversies and New

Insights from a Centenarians’ Perspective. Front. Endocrinol. 2019, 10, 27. [CrossRef]
74. Friedrich, N.; Thuesen, B.; Jrøgensen, T.; Juul, A.; Spielhagen, C.; Wallaschofksi, H.; Linneberg, A. The Association Between IGF-I

and Insulin ResistanceA General Population Study in Danish Adults. Diabetes Care 2012, 35, 768–773. [CrossRef] [PubMed]
75. Zhu, H.; Xu, Y.; Gong, F.; Shan, G.; Yang, H.; Xu, K.; Zhang, D.; Cheng, X.; Zhang, Z.; Chen, S.; et al. Reference Ranges for Serum

Insulin-like Growth Factor I (IGF-I) in Healthy Chinese Adults. PLoS ONE 2017, 12, e0185561. [CrossRef]
76. Vitale, G.; Barbieri, M.; Kamenetskaya, M.; Paolisso, G. GH/IGF-I/Insulin System in Centenarians. Mech. Ageing Dev. 2017, 165,

107–114. [CrossRef] [PubMed]
77. Milman, S.; Atzmon, G.; Huffman, D.M.; Wan, J.; Crandall, J.P.; Cohen, P.; Barzilai, N. Low Insulin-like Growth Factor-1 Level

Predicts Survival in Humans with Exceptional Longevity. Aging Cell 2014, 13, 769–771. [CrossRef] [PubMed]
78. Paolisso, G.; Ammendola, S.; Del Buono, A.; Gambardella, A.; Riondino, M.; Tagliamonte, M.R.; Rizzo, M.R.; Carella, C.; Varricchio,

M. Serum Levels of Insulin-Like Growth Factor-I (IGF-I) and IGF-Binding Protein-3 in Healthy Centenarians: Relationship with
Plasma Leptin and Lipid Concentrations, Insulin Action, and Cognitive Function. J. Clin. Endocrinol. Metab. 1997, 82, 2204–2209.
[CrossRef]

79. Vitale, G.; Brugts, M.P.; Ogliari, G.; Castaldi, D.; Fatti, L.M.; Varewijck, A.J.; Lamberts, S.W.; Monti, D.; Bucci, L.; Cevenini, E.;
et al. Low Circulating IGF-I Bioactivity Is Associated with Human Longevity: Findings in Centenarians’ Offspring. Aging 2012, 4,
580–589. [CrossRef]

80. Micó, V.; Berninches, L.; Tapia, J.; Daimiel, L. NutrimiRAging: Micromanaging Nutrient Sensing Pathways through Nutrition to
Promote Healthy Aging. Int. J. Mol. Sci. 2017, 18, 915. [CrossRef]

81. Papadopoli, D.; Boulay, K.; Kazak, L.; Pollak, M.; Mallette, F.A.; Topisirovic, I.; Hulea, L. MTOR as a Central Regulator of Lifespan
and Aging. F1000Research 2019, 8, 998. [CrossRef]

82. Wang, N.; Luo, Z.; Jin, M.; Sheng, W.; Wang, H.T.; Long, X.; Wu, Y.; Hu, P.; Xu, H.; Zhang, X. Exploration of Age-Related
Mitochondrial Dysfunction and the Anti-Aging Effects of Resveratrol in Zebrafish Retina. Aging 2019, 11, 3117–3137. [CrossRef]
[PubMed]

83. Zhang, Y.; Zhang, J.; Wang, S. The Role of Rapamycin in Healthspan Extension via the Delay of Organ Aging. Ageing Res. Rev.
2021, 70, 101376. [CrossRef] [PubMed]

84. Kawakami, Y.; Hambright, W.S.; Takayama, K.; Mu, X.; Lu, A.; Cummins, J.H.; Matsumoto, T.; Yurube, T.; Kuroda, R.; Kurosaka,
M.; et al. Rapamycin Rescues Age-Related Changes in Muscle-Derived Stem/Progenitor Cells from Progeroid Mice. Mol. Ther.
Methods Clin. Dev. 2019, 14, 64–76. [CrossRef] [PubMed]

85. Salminen, A.; Kaarniranta, K.; Kauppinen, A. Insulin/IGF-1 Signaling Promotes Immunosuppression via the STAT3 Pathway:
Impact on the Aging Process and Age-Related Diseases. Inflamm. Res. 2021, 70, 1043–1061. [CrossRef] [PubMed]

86. Murphy, N.; Carreras-Torres, R.; Song, M.; Chan, A.T.; Martin, R.M.; Papadimitriou, N.; Dimou, N.; Tsilidis, K.K.; Banbury,
B.; Bradbury, K.E.; et al. Circulating Levels of Insulin-like Growth Factor 1 and Insulin-like Growth Factor Binding Protein 3
Associate with Risk of Colorectal Cancer Based on Serologic and Mendelian Randomization Analyses. Gastroenterology 2020, 158,
1300–1312.e20. [CrossRef]

87. Stancu, A.L. AMPK Activation Can Delay Aging. Discoveries 2015, 3, e53. [CrossRef]
88. Ameen, O.; Samaka, R.M.; Abo-Elsoud, R.A.A. Metformin Alleviates Neurocognitive Impairment in Aging via Activation of

AMPK/BDNF/PI3K Pathway. Sci. Rep. 2022, 12, 17084. [CrossRef]
89. Xu, W.; Luo, Y.; Yin, J.; Huang, M.; Luo, F. Targeting AMPK Signaling by Polyphenols: A Novel Strategy for Tackling Aging. Food

Funct. 2023, 14, 56–73. [CrossRef]
90. Campos, J.C.; Marchesi Bozi, L.H.; Krum, B.; Grassmann Bechara, L.R.; Ferreira, N.D.; Arini, G.S.; Albuquerque, R.P.; Traa, A.;

Ogawa, T.; van der Bliek, A.M.; et al. Exercise Preserves Physical Fitness during Aging through AMPK and Mitochondrial
Dynamics. Proc. Natl. Acad. Sci. USA 2023, 120, e2204750120. [CrossRef]

91. Chen, H.; Liu, X.; Zhu, W.; Chen, H.; Hu, X.; Jiang, Z.; Xu, Y.; Wang, L.; Zhou, Y.; Chen, P.; et al. SIRT1 Ameliorates Age-Related
Senescence of Mesenchymal Stem Cells via Modulating Telomere Shelterin. Front. Aging Neurosci. 2014, 6, 103. [CrossRef]

https://doi.org/10.1016/j.cmet.2018.08.014
https://doi.org/10.3389/fonc.2020.552283
https://doi.org/10.2174/1381612825666190130145549
https://doi.org/10.3390/cancers14246124
https://doi.org/10.1038/nature14190
https://doi.org/10.14348/molcells.2022.0097
https://doi.org/10.5483/BMBRep.2016.49.2.261
https://www.ncbi.nlm.nih.gov/pubmed/26698870
https://doi.org/10.3389/fendo.2019.00027
https://doi.org/10.2337/dc11-1833
https://www.ncbi.nlm.nih.gov/pubmed/22374641
https://doi.org/10.1371/journal.pone.0185561
https://doi.org/10.1016/j.mad.2016.12.001
https://www.ncbi.nlm.nih.gov/pubmed/27932301
https://doi.org/10.1111/acel.12213
https://www.ncbi.nlm.nih.gov/pubmed/24618355
https://doi.org/10.1210/jcem.82.7.4087
https://doi.org/10.18632/aging.100484
https://doi.org/10.3390/ijms18050915
https://doi.org/10.12688/f1000research.17196.1
https://doi.org/10.18632/aging.101966
https://www.ncbi.nlm.nih.gov/pubmed/31105084
https://doi.org/10.1016/j.arr.2021.101376
https://www.ncbi.nlm.nih.gov/pubmed/34089901
https://doi.org/10.1016/j.omtm.2019.05.011
https://www.ncbi.nlm.nih.gov/pubmed/31312666
https://doi.org/10.1007/s00011-021-01498-3
https://www.ncbi.nlm.nih.gov/pubmed/34476533
https://doi.org/10.1053/j.gastro.2019.12.020
https://doi.org/10.15190/d.2015.45
https://doi.org/10.1038/s41598-022-20945-7
https://doi.org/10.1039/D2FO02688K
https://doi.org/10.1073/pnas.2204750120
https://doi.org/10.3389/fnagi.2014.00103


Int. J. Mol. Sci. 2023, 24, 15468 24 of 29

92. Di Emidio, G.; Falone, S.; Vitti, M.; D’Alessandro, A.M.; Vento, M.; Di Pietro, C.; Amicarelli, F.; Tatone, C. SIRT1 Signalling
Protects Mouse Oocytes against Oxidative Stress and Is Deregulated during Aging. Hum. Reprod. 2014, 29, 2006–2017. [CrossRef]
[PubMed]

93. Wang, C.; Wang, F.; Li, Z.; Huang, L.; Cao, Q.; Chen, S. MeCP2 Mediated Dysfunction in Senescent EPCs. Oncotarget 2017, 8,
78289–78299. [CrossRef]

94. Chen, C.; Zhou, M.; Ge, Y.; Wang, X. SIRT1 and Aging Related Signaling Pathways. Mech. Ageing Dev. 2020, 187, 111215.
[CrossRef] [PubMed]

95. Kilic, U.; Gok, O.; Erenberk, U.; Dundaroz, M.R.; Torun, E.; Kucukardali, Y.; Elibol-Can, B.; Uysal, O.; Dundar, T. A Remarkable
Age-Related Increase in SIRT1 Protein Expression against Oxidative Stress in Elderly: SIRT1 Gene Variants and Longevity in
Human. PLoS ONE 2015, 10, e0117954. [CrossRef] [PubMed]

96. de Arellano, M.L.B.; Pozdniakova, S.; Kühl, A.A.; Baczko, I.; Ladilov, Y.; Regitz-Zagrosek, V. Sex Differences in the Aging Human
Heart: Decreased Sirtuins, pro-Inflammatory Shift and Reduced Anti-Oxidative Defense. Aging 2019, 11, 1918. [CrossRef]

97. Vara-Ciruelos, D.; Russell, F.M.; Grahame Hardie, D. The Strange Case of AMPK and Cancer: Dr Jekyll or Mr Hyde? Open Biol.
2019, 9, 190099. [CrossRef]

98. Hsu, C.C.; Peng, D.; Cai, Z.; Lin, H.K. AMPK Signaling and Its Targeting in Cancer Progression and Treatment. Semin. Cancer Biol.
2022, 85, 52–68. [CrossRef]

99. Edatt, L.; Poyyakkara, A.; Raji, G.R.; Ramachandran, V.; Shankar, S.S.; Kumar, V.B.S. Role of Sirtuins in Tumor Angiogenesis.
Front. Oncol. 2019, 9, 1516. [CrossRef]

100. Huang, S.; Li, Y.; Sheng, G.; Meng, Q.; Hu, Q.; Gao, X.; Shang, Z.; Lv, Q. Sirtuin 1 Promotes Autophagy and Proliferation of
Endometrial Cancer Cells by Reducing Acetylation Level of LC3. Cell Biol. Int. 2021, 45, 1050–1059. [CrossRef]

101. Carafa, V.; Altucci, L.; Nebbioso, A. Dual Tumor Suppressor and Tumor Promoter Action of Sirtuins in Determining Malignant
Phenotype. Front. Pharmacol. 2019, 9, 38. [CrossRef]

102. Dominiak, A.; Chełstowska, B.; Olejarz, W.; Nowicka, G. Communication in the Cancer Microenvironment as a Target for
Therapeutic Interventions. Cancers 2020, 12, 1232. [CrossRef] [PubMed]

103. Ribeiro-Rodrigues, T.M.; Kelly, G.; Korolchuk, V.I.; Girao, H. Intercellular Communication and Aging. Aging: Fundam. Biol. Soc.
Impact 2023, 257–274. [CrossRef]

104. Fafián-Labora, J.A.; O’Loghlen, A. Classical and Nonclassical Intercellular Communication in Senescence and Ageing. Trends Cell
Biol. 2020, 30, 628–639. [CrossRef] [PubMed]
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