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ARTICLE INFO ABSTRACT

Keywords: Aging is a significant risk factor for cognitive decline associated with neurodegenerative diseases, which makes
Brain understanding what promotes ‘healthy brain aging’ very important. Studies suggest that caloric restriction (CR)

Aging is a non-genetic intervention that reliably extends life- and healthspan. Here, we review the CR literature related
Calorie restriction . . . . . . . .

Neuroinflammation to both the subject of aging and alterations in cell cycle machinery, especially surrounding the regulation of the
Gell cycle E2F/DP1 complex, to elucidate the cellular protection mechanisms in the brain induced via dietary applications.

The alterations extending lifespan via CR appear to exert their effects by promoting survival of individual cells,
downregulating cell proliferation, and inducing stem cell quiescence, which results in keeping the stem cell
reserve for extreme needs. This survival instinct of cells is believed to cause some molecular adaptations for their
maintenance of the system. Avoiding energy waste of proliferation machinery promotes the long term survival of
the individual cells and this is due to adaptations to the limited nutrient supply in the environment. Such a
protective mechanism induced by diet could be promoted via the downregulation of crucial cell cycle-related
transcription activators. This review article aims to bring attention to the importance of molecular adapta-
tions induced by diet that promote healthy brain aging. It will provide insights into alternative targets for new

treatments or neuroprotective approaches against neurodegenerative pathophysiologies.

1. Introduction

Aging is an inevitable biological process and a very complex state.
Even in the healthy individual, it can induce numerous alterations such
as cellular senescence, telomere attrition, stem cell exhaustion, loss of
protein homeostasis; as well as creating complexities such as genomic
instability, epigenetic alterations, deregulated nutrient sensing, altered
intercellular communication, and mitochondrial dysfunction (Jones
et al., 2014; Lopez-Otin et al., 2013). Gene expression levels also have
been shown to become more variable during aging, not at the level of
individual genes, but being widespread throughout the transcriptome
level (Somel et al., 2006). Both genetic and environmental factors
contribute to brain aging, which is why scientific research keeps
searching for the most effective and easy to apply approaches to coun-
teract the aging process. Numerous studies have shown that caloric re-
striction has an effect on several cellular features related to normal aging
(Fig. 1). In this review we discuss the relationship of caloric restriction to
deregulated nutrient sensing, cellular senescence, stem cell exhaustion,

and altered intercellular communication. We will start by defining
different dietary interventions, and then summarize the findings
observed following aging and caloric restriction, and lastly, we will
focus on a transcription factor, DP1, which we consider worthy of
further investigation.

2. Dietary regimens

A great deal of work has focused on dietary interventions, which in
this review, we will classify into three types: 1) caloric restriction (CR),
2) intermittent fasting (IF), and 3) ketogenic diet (KD). While caloric
restriction is being classified into its own category, it is related to both IF
and KD. In the IF dietary regimen, the fasting period usually results in a
total reduction of daily caloric intake and in the KD, since carbohydrates
are not included and protein based food has less calories, this also results
in a caloric reduction. However it is clear from the current research that
both IF and KD dietary interventions have their own exclusive health
benefits.
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2.1. Caloric restriction

Caloric restriction (CR) is typically a daily decreased nutrient uptake
intervention that is reached by applying a diet with a 30-40% reduction
in overall caloric intake without causing malnutrition for a particular
duration. Effects of CR on increased life- and healthspan, as well as
cellular senescence, have been studied in diverse species such as
budding yeast, flies, spiders, worms, fish, and monkeys (Al-Regaiey,
2016; Arslan-Ergul et al., 2013; Pani, 2015; Weithoff, 2007). It was re-
ported that CR helps not only to slow down the aging process but also
increases cognitive performance, protects against the deterioration of
tissue structure and function, as well as maintaining stem cell function
that otherwise declines sharply with age. Moreover, it reduces DNA
damage and promotes an anticancer response along with applied
chemotherapeutic drugs during cancer treatment (Cerletti et al., 2012;
Meynet and Ricci, 2014). The effects of CR also have been shown to
present differential effects on different tissues (Arslan-Ergul et al.,
2016). Such cell protective responses induced via CR present in nearly
all organs, including the brain.

The overall effectiveness of CR seems to be modulated by several
factors, including dietary composition, the duration of the applied di-
etary regimen, and the time of initiation of the diet. In terms of the di-
etary composition, specific lipid profiles and signals have been
suggested to delay aging (de Diego et al., 2019), and these emphasize the
role of dietary composition and metabolism in affecting aging in the
brain. Several scientific reports on the outcomes related to the initiation
and duration of CR have also been tested, and the conclusion is that CR
applied in the first or second half of life was more effective than appli-
cation during both halves (Feldman, 2013). A study using rotifer species
demonstrated that increases in the length of CR to more than the median
age of the animal extends the lifespan by a concomitant decrease in the
lifetime reproduction (Weithoff, 2007). Therefore, CR has been pro-
posed to be a beneficial approach that should be investigated further to
improve healthy brain aging.

2.2. Intermittent fasting

Intermittent fasting (IF) is a regimen in which there are repeating
cycles of ad libitum eating and fasting. The fasting period might be as
long as 20 h. There are various types of IF with durations of 12 h eating
and 12 h fasting, to 4 h eating and 20 h fasting or it can be applied
weekly with 5 days eating and 2 days fasting. During the periods of
fasting, cells activate the pathways that otherwise may remain latent
such as glucose regulation, stress resistance, and control of reactive
oxygen species (ROS), as well as the downregulation of inflammation
(de Cabo and Mattson, 2019). IF resembles the feeding regimen of
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prehistoric humans since they did not have constant access to food and
had to endure long fasting periods. This is in contrast to modern civili-
zation where people have constant access to food, which can be a risk
factor for aging-related disorders, including neurodegenerative disor-
ders (Mattson et al., 2017). For example, IF has the potential to reduce
cognitive defects and improve memory performance by increasing brain
plasticity through the regulation of synaptic proteins and the increase in
the production of brain derived neurotrophic factor (BDNF), the major
mediator of neuroplasticity and neuronal maintenance (Mattson, 2005;
Cherif et al., 2016; Liu et al., 2019). After a period of an IF regimen, the
body adapts to evolutionary-conserved metabolism that is mediated
through GABAergic synaptic activity (Liu et al., 2019). Another appli-
cation of IF is time-controlled fasting (TCF), which have extended pe-
riods of fasting followed by periods of normal diet. This has been tested
in mice, and as opposed to a ketogenic diet, which is discussed below,
TCF reduces glucose and insulin levels and increases mitochondrial
flexibility through the regulation of the rate-limiting enzyme of cellular
triglyceride hydrolysis (Lettieri-Barbato et al., 2018). Taken together IF
has the possibility to have multiple beneficial effects on deterring brain
aging, and this type of dietary regimen may be easier for translation to
human populations.

2.3. Ketogenic diets

After the application of a ketogenic diet (KD), a high-fat, low-car-
bohydrate regimen, the body switches into starvation mode. In this
situation the body uses fat as the energy source, and produces ketones. A
KD has long been a treatment option for drug resistant epilepsy, and
been prescribed to children and adults with this disorder (Lyons et al.,
2020). KDs were suggested to be neuroprotective on the aging brain cells
by reducing inflammation (Rusek et al., 2019). For this reason, recently
ketone-inducing therapies have been suggested as a treatment options to
alleviate some of the Alzheimer’s disease symptoms (Taylor et al.,
2019). With advancing age, the hippocampus and prefrontal cortex
show altered functions. KDs have been tested in its potential to reverse
the effects of aging on these two brain regions. KD-fed rats show better
performance on a bi-conditional association test, which requires the use
of both brain regions (Hernandez et al., 2018). Also in rats, KDs change
the gene expression levels in the CA3 region of hippocampus, which is
known to impact cognitive abilities during brain aging (Hernandez et al.,
2019). These data suggest that KD have the potential to impact the aging
brain.

3. CR and altered intercellular communication

It has long been noted in the clinical literature that both aging and
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Fig. 1. Caloric restriction and its effects on the hallmarks of aging.
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the nutritional status of the organism, independently, have direct re-
lationships on systemic inflammation, which makes studies related to
nutritional interventions critical for alleviating age-related de-
teriorations (Fig. 2). In terms of the impact of inflammation in the brain,
aging was found to be highly associated with microglial activation,
accumulation of ROS, increases in the levels of proinflammatory cyto-
kines, and decreases in autophagy (Lopez-Otin et al., 2013). Not sur-
prisingly, it has also been associated with a high prevalence of memory
impairments and neuroinflammation-related disease phenotypes such as
Alzheimer’s, Huntington’s, Parkinson’s, and prion diseases, as well as in
frontotemporal dementia, amyotrophic lateral sclerosis, and chronic
traumatic encephalopathy (Guzman-Martinez et al., 2019; Hickman
etal., 2018; Si and Liu, 2014; Ward et al., 2015). Microglial sensitization
has become a hallmark for the increased neuroinflammatory response in
the healthy aging brain and therefore is thought to contribute to the
neurodegenerative disease progression (Barrientos et al., 2015). This
process occurs even though the primary role of microglia is to protect
the brain in response to a specific stimulus, injuries or neuro-
inflammation. Nevertheless, it also has the potential to harm and kill the
neurons when encountering misguided signaling due to altered nutri-
tional status.

With respect to cellular metabolism, ROS elements are produced as
byproducts (Chong et al., 2017), whose toxic accumulation increases
oxidative stress in the cells with advancing age, and has been associated
with endoplasmic reticulum (ER) stress, a state that is induced via
accumulation of misfolded proteins, and observed in various diseases
(Nishitoh, 2012). Well-known instances for the toxicity resulting from
misfolded and unfolded proteins are accumulations of amyloid fibrils
and tau proteins in Alzheimer’s disease, huntingtin protein in Hun-
tington disease, and « synuclein protein in Parkinson’s disease (Martinez
et al.,, 2017; Selkoe, 2003). Creative interventions, which include
physical exercise and lowering insulin levels via CR, have been observed
to be among some of the efficient approaches to reverse the detrimental
processes following increase in ER-stress (Bergamini et al., 2004;
Estébanez et al., 2018), and this is in addition to their anti-oxidant and
anti-inflammatory properties (Caracciolo et al., 2014; Csiszar et al.,
2009; Mohammadi et al., 2014; Santos et al., 2018; Speakman and
Mitchell, 2011; Tucsek et al., 2013). One of the mechanisms proposed
related to CR-mediated anti-inflammatory effects comes from upregu-
lating nuclear factor-erythroid-2-related factor 2 (Nrf2)-dependent
cytoprotective mechanisms that confers protection of the genetic ma-
terial inside cells as well as integrity of the blood brain barrier (BBB)
(Ungvari et al., 2019). Nrf2 regulates the transcription of an array of
pro-survival, antioxidant and damage repair genes. Thus its dysregula-
tion by one of the conditions such as aging, obesity or diabetes will in
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turn induce cellular senescence, which is a cellular response resulting in
an inability of cells to continue to divide. As opposed to CR, obesity
pathogenesis is associated with harmful side effects on the brain such as
hypothalamic inflammation as well as affecting other brain structures
like the hippocampus, cortex, brainstem, and amygdala. Gliosis, the
brain’s injury response, induction of synaptic stripping by microglia,
disrupted connectivity, BBB damage, impairment of hippocampal plas-
ticity, and cognitive dysfunction have all been previously associated
with obesity and its aging-like symptoms due to systemic inflammation
(de Git and Adan, 2015; Dorfman and Thaler, 2015; Guillemot-Legris
and Muccioli, 2017; Miller and Spencer, 2014; Fig. 3). One study found
that impairment of hippocampal function due to the presence of obesity
was correlated with microglial activation, which in turn drives neuro-
inflammation (Hao et al., 2016). Another study emphasized the
anti-aging, health- and lifespan inducing effects of NAD™, a molecule
required for mitochondrial ATP production, because declines in cellular
NAD™ levels are observed with ageing, obesity and diabetes (Csiszar
et al., 2019). To counteract obesity-induced pathology, CR has been
proposed as an anti-aging strategy that ameliorates or reverses these
symptoms by reducing inflammation in the brain alongside of other
health benefits such as modifications in oxidative stress, insulin sensi-
tivity, autophagy, and neuroendocrine function (Ellis et al., 2013; Testa
et al., 2014).

4. Deregulated nutrient sensing and CR

Autophagy, derived from the Latin words for ‘self” and ‘eating’, is the
mechanism of lysosome-mediated remodeling of eukaryotic cells by the
degradation or recycling of their damaged or dysfunctional components
(Tanida, 2011). The role of autophagy in the brain, which delivers toxic
molecules to the lysosome, is critical for neuronal health and mainte-
nance. Its involvement in neuroinflammation has drawn scientific in-
terest recently suggesting that impairments in autophagy contribute to
the pathogenesis of neurobiological diseases (Cho et al., 2020). Ac-
cording to a large amount of evidence, autophagic system defects in
microglia affect inflammation, and immune functions such as phago-
cytosis in the brain. Autophagic systems must be maintained in balance
to provide cellular homeostasis, as too much activation or inhibition
would damage the cell. The role of autophagy in processing apoptotic
cells, beta amyloids, synaptic materials, myelin wastes, etc. on microglia
phagocytosis has been reviewed in the work by Plaza-Zabala et al.
(2017). Previous research also found that aging, ER stress, and oxidative
stress affect the autophagic function, and alterations in this process are
correlated with neurodegeneration found in the aged brain, neurological
diseases, and brain injuries (Yin et al., 2017). As a result, increased
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Fig. 2. Aging is accompanied by an increase in ROS production, proinflammatory cytokines, inflammation, and microglial activation. Autophagy, on the other hand,
is decreased in aged cells. Nutritional status has a direct effect on inflammation, which eventually leads to neurodegenerative disease progression, together with

microglial activation and increased cellular aging.
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Fig. 3. Caloric restriction has been shown to combat obesity-related changes in inflammation, as an antiaging strategy to reverse the symptoms.

inflammation in the brain is thought to be the leading cause of the
pathophysiology behind aging and neurodegenerative diseases. There-
fore finding ways for reducing oxidative stress and stimulating auto-
phagy are essential for neuroprotection.

Intermittent fasting or CR has been shown to promote autophagy.
The mechanism related to this process and nutrient sensing pathways
are believed to be intersecting with the mammalian target of rapamycin
(mTOR) pathway, which is thought to be the target of regulation by CR.
mTOR is a serine/threonine kinase that is named after its sensitivity to
rapamycin, which directly inhibits mTOR activity and its downstream
targets (Celebi-Birand et al., 2016). The nutrient deficiency that occurs
during fasting or CR also inhibits the mTOR pathway. mTOR complexes
are of two distinct protein groups: the target of rapamycin complex 1
(mTORC1) and 2 (mTORC2). CR is known to downregulate mTORC1
(Escobar et al.,, 2019). mTORCL1 is primarily involved in proteome
related processes, which also inhibit autophagy through phosphoryla-
tion and inhibition of unc 51-like kinase complex (ULK, which is the
mammalian equivalent of the autophagy-related protein Atgl; Yin et al.,
2017). The ULK complex, ULK1/2 and Atgl3, is involved in pre-
autophagosomal formation. Thus, inhibition of mTOR will, in turn,
cause stimulation of phagophore formation. Furthermore, as opposed to
CR, diabetes has been linked to blockade and defects in autophagy
(Muriach et al., 2014). Overall, CR or the mimicking of CR appears to be
a desirable and feasible therapeutic intervention to decrease inflam-
mation in the brain by reducing cytokine and ROS levels, promoting
autophagy, and correcting the imbalance among microglial phenotypes
with a switch from M1 to M2. The cellular mechanisms elongating
lifespan through CR seem to be doing this by downregulating cell pro-
liferation, and inducing stem cell quiescence in order to achieve the
ultimate aim of saving the stem cell reserve for extreme needs (Cav-
allucci et al., 2016). Such processes protecting against cellular aging will
be reviewed under the cell cycle regulation section.

5. Stem cell exhaustion

While cell proliferation is defined as making a copy of one cell after
another, in the case of neurons, this does not happen. This is due to the
fact that these types of cells become postmitotic after their differentia-
tion. For these cells, the differentiation process is called neurogenesis,
which is generating new neurons from neuronal precursors. Neuro-
genesis continues in a limited fashion into adult life with a decreased
rate as compared to earlier developmental periods and being restricted
to some discrete areas of the mammalian brain, i.e., subventricular zone
(SVZ) of the lateral ventricle, the dentate gyrus of the hippocampus and

rostral migratory stream of the olfactory bulb (Eriksson et al., 1998;
Apple et al., 2017; Ming and Song, 2011; Taupin, 2006). We also
recently showed via RNA sequencing and qPCR validations that stem
cell markers were significantly decreasing in the brains of zebrafish with
advancing age (Erbaba et al., 2020). Therefore an inverse relationship
between aging and stem cell functioning appears to exist.

Alterations in adult neurogenesis have been linked to neurological
diseases, brain injury, and stress as well as aging (Apple et al., 2017;
Bergmann et al., 2015; Kempermann, 2015; Lee et al., 2000). Previous
research studies documented the decline in neuronal generation and
turnover rates arising from increased age in rats, mice, and humans
(Encinas et al., 2011; Knoth et al., 2010; Kuhn et al., 1996; Lugert et al.,
2010; Luo et al., 2006; Maslov et al., 2004; Rao et al., 2006; Sanai et al.,
2011). Consequently, decreased progenitor cell proliferation and
neuronal differentiation during aging is thought to contribute to reduced
plasticity and aging-associated cognitive impairments (Apple et al.,
2017).

In order to overcome age-related decreases in overall cell func-
tioning, the literature reviewing neural stem cell (NSC) aging promotes
CR and physical exercise as a protective therapy for healthy brain aging
along with improving insulin sensitivity and glucose tolerance,
enhancing anti-inflammatory properties, decreasing disease markers,
and increasing neuronal plasticity (Apple et al., 2017; Cherif et al., 2016;
Kempermann, 2015; Lee et al., 2002; Pani, 2015; Van Praag et al., 1999;
Van Praag et al., 2014). The effects of long- and short-term CR have
demonstrated the promotion of stem/progenitor cell proliferation in the
hippocampus of adult mice and rats, as well as aged animals in several
studies (Hornsby et al., 2016; Park et al., 2013). Research shows that
there is an increase in the rate of neurogenesis with CR, but the data
suggest that these results are due to a decreasing rate of death of newly
produced cells rather than an increase in overall cell proliferation (Lee
et al., 2000). The mechanisms of how CR exerts its protective effects on
the brain and whether there is any direct relationship with neurogenesis
is an important question for researchers aimed at discovering potential
therapeutic targets. One proposed mechanism to unravel is whether or
not the fine tuning of NSCs follows quiescence or proliferation path-
ways. More specifically, lower nutrient intake or enhanced energy
expenditure lead to the quiescence of the NSCs, while elevated calorie
intake and anabolic growth signals cause excessive proliferation of these
cells. In the case of obesity for example, this excessive proliferation
scenario will then eventually result in the depletion of the stem cell
reserve, which could be detrimental to the adult brain. This mechanism
seems to follow somehow the well-known “Live fast, die young” belief.
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6. Cellular senescence and CR

The question of whether or not CR influences cell cycle regulation
has been studied. Previous work demonstrated that CR inhibits cell
proliferation in the mice thymus, spleen, bone marrow, and kidney tis-
sues (Lu et al., 1993). The negative correlation between CR and cell
cycle was also found in a study analyzing human transcriptome datasets
on different tissues, and this was probably due to the energetically
expensive nature of cell proliferation, which likely requires higher food
consumption (Seim et al., 2016). Similarly, another article testing
skeletal muscle cells indicated that there is a metabolic shift from pro-
liferation to maintenance and repair, which guides the cells into a
younger transcriptional profile (Mercken et al., 2013). It has been hy-
pothesized that the decrease in cell proliferation with CR will increase
the time cells spend in the GO/G1 phase of the cell cycle, where the
damaged cells will have more time for DNA repair before entering into S
phase (Charnley and Tannenbaum, 1985). Conversely, increasing cell
proliferation has been associated with decreased time for DNA repair,
enhancing the risk for unrepaired DNA synthesis, which eventually in-
creases DNA damage and leads to cancer (Tudek et al., 2010). This
outcome of decreased proliferation suggests a unique protective mech-
anism promoted by CR against cancer as well as possibly aging, by
considering the association between DNA damage accumulation due to a
low DNA repair capacity that occurs with advanced age (Gensler and
Bernstein, 1981; Nicolai et al., 2015; Warner and Price, 1989). Thus it
seems that the benefits of CR on life- and healthspan are strongly asso-
ciated with its function on cell cycle regulation.

One interesting article written by Seim et al. (2016) examines tran-
scriptomes of 21 somatic cell types and tissues, including the brain from
publicly available RNA sequencing datasets for the assessment of
cell/tissue type-specific turnover rates and cellular lifespans. They
provide robust estimates on gene expression level differences between
exceptionally long-lived cells with the lowest turnover rates, such as
neurons and heart muscle, and the ones having shorter lifespans with
highest turnover rates, which include blood and epidermal skin cells.
They indicate a statistically significant reduction of the tumor suppres-
sion protein p53 (TP53) in neurons (p < 0.001) as compared to other cell
types. Also according to their data, turnover rates were found to be
negatively correlated with cell cycle maintenance related factors like
CDK regulators such as CCNA2, CCNB2, CHEK1, CHEK2, the proteins
which support genomic integrity between cell cycle phases. These
statements are consistent with those suggesting a suppressive effect of
CR on cell cycle progression for promoting the cells to spend more time
for genomic stability, which in the end decreases the cancer risk.
Long-lived neurons having low turnover rates were found to possess a
gene expression profile of reduced protein metabolism, which is similar
to the expression levels of those associated with CR-mediated lifespan
extension (Mayer and Grummt, 2006; Stout et al., 2013). Thus, from this
point, the picture dictating the preservation mechanism of neurons that
provide them a long lifespan and protection from cancer could be related
to lowered amounts of cell cycle-related proteins due to reduced levels of
TP53, which in turn inhibits apoptosis for the survival of the differen-
tiated postmitotic cells (Campisi and Di Fagagna, 2007; Ferreira and
Kosik, 1996).

Disturbances in cell cycle protein expression are closely tied to
neurodegenerative disease progression (Copani et al., 2007; van Leeu-
wen and Hoozemans, 2015; Ting et al., 2014). The differentiated mature
neurons, which normally stay in phase GO cell cycle arrest, can reenter
the cell cycle due to some external or internal factors. This abnormal
process results in dedifferentiation and, according to one hypothesis,
leads to apoptosis and raises the phosphorylation of tau proteins, which
can then promote Alzheimer’s Disease progression (Ueberham and
Arendt, 2005). Thus, cell cycle regulators are an attractive marker to be
investigated further for a relationship to age-related brain pathology and
may be selected as markers of healthy versus accelerated brain aging.
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6.1. Transcription factor DP1 (TFDP1) as a possible regulator of brain
aging

In the search for identification of novel molecular signatures of
healthy versus flawed aging brain, here we suggest that the gene
encoding TFDP1, previously implicated as a factor in cell cycle regula-
tion, may play a key role. TFDP1 is a G1 cell cycle-related protein, whose
gene is known to encode a member of a family of transcription factors
that join and form a complex with E2F proteins, which are implicated in
promoting the S phase in the cell cycle. TFDP1 stimulates the E2F-
dependent transcription from a set of target genes by enhancing their
binding activity to DNA (Vaishnav and Pant, 1999). The resulting pro-
tein complex controls the transcription of many genes that have roles in
cell cycle progression from the G1 to S transition. The DP1 transcription
factor/E2F complex binds DNA through the E2 recognition site that is
found in the promoter region of several genes related to cell cycle
regulation and in DNA replication. Cell proliferation and apoptosis are
also mediated by the E2F1/DP complex (Chan et al., 2002; NCBI, 2018).

TFDP1-mediated cell cycle regulation could, therefore, be playing a
pivotal role in NSC proliferation adjustments via regulation of nutrient
uptake. Neurogenic cell fate decisions seem to play an essential role
during aging for stem cell reserve maintenance. So the answer to how CR
promotes life- and healthspan could be lying underneath this preserva-
tion mechanism. However, it needs to be verified via experimental
studies that investigate the effects of CR on cell cycle regulation mech-
anisms through a TFDP1-mediated transcriptional downregulation.

Although no association has been made neither between TFDP1 and
aging, nor TFDP1 and CR effects on the brain, there is an enormous
amount of studies pointing to the link between overexpression of TFDP1
and cancer rate incidence. TFDP1 expression was shown to be upregu-
lated in colorectal carcinoma when compared to normal mucosa (Pellatt
et al., 2018). In another study, higher expression of stathmins (STMN1),
oncoproteins that are critical for the regulation of the microtubule
cytoskeleton in nasopharyngeal carcinoma, were correlated with
advancing age, and their upregulation with aging is thought to be
attributed to E2F1 and TFDP1 transactivation (Hsu et al., 2014). Simi-
larly, Yasui et al. (2002) also mention about the possible role of TFDP1
and its downstream genes on hepatocellular carcinomas in their work.
These oncogenic regulations regarding elevated levels of transcription
factor DP1 are consistent with a finding suggesting a regulatory mech-
anism involving p53 and retinoblastoma, tumor suppressor proteins.
One study mentions the role of p53, which induces cell cycle arrest by
forcing the cell into G1 entry, in the regulation of transcription driven by
the E2F1/DP1 complex. According to their findings, p53 was suggested
to compete with E2F1, which induces entry into S phase by DP1 and
thereby reducing the DNA binding activity of the DP-1/E2F-1 hetero-
dimer which was shown with a band shift assay measuring DNA binding
activity of DP1 (Sgrensen et al., 1996; Fig. 4). The data suggests that p53
and E2F1 were cooperating for the homeostatic fine-tuning. If this
mechanism is valid, then this would provide a decision switch between
proliferation and cell cycle arrest, which puts the role of the TFDP1
protein at the center in controlling the outcome. Another study showed
that the retinoblastoma tumor suppressor protein (Rb) uses E2F, the
regulator of cell cycle passage, as an inhibitory control mechanism of
transcriptional activation (Wu et al., 1995). Other than its function in
cancer progression, induced levels of TFDP1 and its partner E2F were
also observed in rat hippocampus after global cerebral ischemia together
with its dimerization partner, the Rb binding protein, E2F1 (Jin et al.,
2001). Lastly, knockdown of TFDP1 was found to reduce PITX1, whose
loss of expression has been reported in patients suffering from osteoar-
thritis, a type of joint inflammation (Pellicelli et al., 2016).

Although thus far no study has provided a direct link between TFDP1
and aging, an indirect correlation between cancer incidence and aging
has been made in terms of sharing common mutational patterns
(Podolskiy et al., 2016). There is one study which demonstrated that
reducing E2F/DP activity leads to senescence-like cell cycle arrest by



B. Erbaba et al.

Oncogenic
Regulations

v

DP1

DP1 DP1
E2F p53

\ v

Induce entry into
S-phase

Cell cycle arrest

Fig. 4. TFDP1 competes with E2F and p53 depending on the cellular needs,
which results in either cell proliferation or cell cycle arrest and senescence.

decreasing the expression of many E2F target genes (Maehara et al.,
2005). This is in agreement with the definition of senescence which is a
permanent exit from the cell cycle Also there are several other studies
investigating senescence with the role of retinoblastoma (Rb) in
repressing E2F and a subset of E2F regulated genes involved in DNA
replication (Chandler and Peters, 2013; Chicas et al., 2010; Xie et al.,
2014). Similarly, Timchenko (2009) reviews the role of E2F in the
regeneration of aging livers by stating that silencing the E2F dependent
promoters reduces the regenerative capability of livers in aged mice.

Moreover, the search for inferring a relationship between TFDP1 and
aging has occurred in several microarray expression datasets that were
reviewed by our group. The whole transcriptome was spanned in order
to examine TFDP1 behavior against certain factors. A supportive insight
has been gathered by reanalysis of such data with the GEO2R tool with
respect to the connection among TFDP1 expression with aging and
nutritional status of the organism. One such study comes from a GEO
dataset (GSE36192; Hernandez et al., 2012), in which 911 frozen post
mortem human brain tissues from the cerebellum and frontal cortex
regions were collected from 396 human subjects. Since almost all age
ranges were covered in the study, the setup allows the user to choose the
age range of comparison groups for the analysis. A young male group
was chosen from ages that ranged between 13 to 25 years old and an
aged male group that was over 80 years old. The resulting GEO2R
analysis applied showed significant downregulation of TFDP1 with age
in the frontal cortex (p = 8.63e°9; Unpublished data). Another GEO2R
analysis applied to a different dataset (GSE26168; Karolina et al., 2011),
suggested that TFDP1 significantly upregulates in the blood of type2
diabetic patients as compared to healthy control samples, which sup-
ports the hypothesis of a downregulation of this gene with CR (p =
0.00336; Unpublished data).

While there is no known direct association between Alzheimer’s
disease and TFDP1 protein regulation in the literature, there is evidence
connecting neurodegenerative diseases and the role of TFDP1 in
neuronal cell cycle regulation. In one study, Cdk5 is presented as a
neuronal protective agent with a functional role in suppressing cell cycle
via disruption of the DP1/E2F1 dimerization that regulates cell cycle
activation, as well as suppressing neuronal cell death (Liu et al., 2016).
Cdk5 coupled with p35 inhibits the dimerization of TFDP1 and E2F1,
which gives rise to a pause in the cell cycle (Liu et al., 2016). When the
CdkS5 levels decrease, cell death is induced. However, high levels of Cdk5
have been found in the affected regions of Alzheimer’s disease brains.
Therefore, it has been hypothesized that the excess Cdk5 delays cell
death in Alzheimer’s disease (Zhang et al., 2010; Zhang and Herrup,
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2011). This statement may also provide support for the anticancer and
protective effects of TFDP1 downregulation with CR. Reanalysis of a
transcriptome dataset with the GEO2R tool for TFDP1 gene expression
was performed to assess whether there are any converging pathways of
Alzheimer’s disease with TFDP1. In the following GEO2R analysis we
used a dataset (GSE36980) comprising of 3 different brain regions of
both Alzheimer’s disease and non- Alzheimer’s disease human post-
mortem tissues (Hokama et al., 2014). According to this analysis, TFDP1
was significantly downregulated in the two brain regions of Alzheimer’s
disease patients, both the frontal cortex (p = 0.00062; Naop = 15, Npon-aD
= 18) and temporal cortex (p = 0.015; Nap = 10, Npon-ap = 19), as well
as showing there being a marginally significant downregulation in the
Alzheimer’s disease hippocampi samples (p = 0.0789; Nap = 7, Nyon-AD
= 10; Unpublished data). This result raises the question of whether it is
possible to induce the adult neural stem cells via TFDP1 promotion to
compensate for the neuronal loss due to Alzheimer’s disease, which
needs to be thoroughly investigated.

7. Concluding remarks

This review raises the following question of whether alterations in
TFDP1 gene expression and its downstream targets affect the course of
aging in the brain, and if so, can we mimic these alterations via dietary
strategies and design new therapeutic solutions. If we can find a way to
slow down the molecular aging transformations in the brain, then we
can also interfere with the increasing rate of the risks of neurodegen-
erative disease that come with advancing age during the normal life-
span. The main aim of this review is to identify the protective cell cycle
and cell proliferation mechanisms surrounding TfDp1-regulated genetic
pathways in the brain, by comparing the ones occurring during ad libi-
tum fed natural aging, versus aging following a CR intervention. This
investigation of the literature was made to help discover any potential
relationships that exist within the nutritional status on the rate of brain
aging from the perspective of CR-mediated mechanisms on cell cycle
regulations.

To our knowledge, there is no study that directly examines the
behavior of TFDP1 neither in the context of CR nor aging in the healthy
brain. Also, there is no work investigating the relationship between the
role of TFDP1 on NSC proliferation and the brain in the context of CR,
which is known to extend lifespan. TFDP1 has been predominantly
implicated in cell cycle regulation (Wu et al., 1995), developmental
proliferation (Dagnino et al., 1997; Kohn et al., 2003) and cancer pro-
gression in various tissues (Tilli et al., 2003; Yasui et al., 2003; Melchor
et al., 2009; Chen et al., 2014; Munro et al., 2014; Zhan et al., 2017; Lu
etal., 2016; Jibrim et al., 2019). Our review is aimed at merging some of
the known effects of CR and cell cycle maintenance on the aging brain.
However, more research is needed in making stronger connections be-
tween CR and cell cycle regulation, especially with respect to TFDP1, for
a better understanding of how they modulate lifespan extension, as well
as potentially reverse the neurobiological changes that occur during
brain aging and neurodegenerative disease progression.
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