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1. Abstract

Introduction: Dementia and cognitive loss im-
pact a significant proportion of the global population and
present almost insurmountable challenges for treatment
since they stem from multifactorial etiologies. Innovative
avenues for treatment are highly warranted. Methods and
results: Novel work with biological clock genes that over-
see circadian rhythm may meet this critical need by fo-
cusing upon the pathways of the mechanistic target of ra-
pamycin (mTOR), the silent mating type information reg-
ulation 2 homolog 1 (Saccharomyces cerevisiae) (SIRT1),
mammalian forkhead transcription factors (FoxOs), the
growth factor erythropoietin (EPO), and the wingless Wnt
pathway. These pathways are complex in nature, inti-
mately associated with autophagy that can maintain cir-
cadian rhythm, and have an intricate relationship that can
lead to beneficial outcomes that may offer neuroprotec-
tion, metabolic homeostasis, and prevention of cognitive
loss. However, biological clocks and alterations in circa-
dian rhythm also have the potential to lead to devastating
effects involving tumorigenesis in conjunction with path-
ways involving Wnt that oversee angiogenesis and stem
cell proliferation. Conclusions: Current work with biolog-
ical clocks and circadian rhythm pathways provide exciting
possibilities for the treating dementia and cognitive loss, but
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also provide powerful arguments to further comprehend the
intimate and complex relationship among these pathways to
fully potentiate desired clinical outcomes.

2. Introduction

Neurodegenerative disorders pose a significant
challenge for diagnosis, preventing disease progression,
and providing treatment. Cognitive loss in relation to
Alzheimer’s disease (AD) is an excellent example since dis-
eases that include AD are the result of multiple underlying
mechanisms [1-6] (Table 1). For example, many pathways
may lead to memory loss and involve neuronal and vascular
cell injury related to metabotropic receptors, lipid dysfunc-
tion, cellular metabolic dysfunction with diabetes mellitus
(DM), astrocytic cell injury, S-amyloid (A/3), heavy metal
disease, loss of access to bright light, tau, mitochondrial
damage, oxidative stress, acetylcholine loss, and excitotox-
icity [1, 3, 6-30].

In addition, cognitive disorders raise significant
financial concerns [1, 31-34]. Greater than 800 billion
United States dollars (USD) per year are required to treat
dementia equaling approximately 2 percent of the global
Gross Domestic Product. Social and medical services by
the year 2030 may possibly equal 2 trillion USD per year in
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Table 1. Highlights.

Neurodegeneration and dementia: circadian rhythm biological clock gene pathways

e Cognitive loss in relation to Alzheimer’s disease is an excellent example of complex disorders that are the result of multiple underlying mecha-
nisms and may involve several pathways as etiologies that include mitochondrial damage, 3-amyloid cell injury, tau, excitotoxicity, lipid dysfunction,
loss of access to bright light, acetylcholine loss, metabotropic receptors, oxidative stress, and metabolic dysfunction with diabetes mellitus.

e Current strategies to treat cognitive loss are limited and cannot completely address disease onset and progression. Innovative work with biological
clock genes that oversee circadian rhythm can offer new strategies for the treatment of dementia that employ the pathways of the mechanistic
target of rapamycin (mTOR), the silent mating type information regulation 2 homolog 1 (Saccharomyces cerevisiae) (SIRT1), mammalian forkhead
transcription factors (FoxOs), the growth factor erythropoietin (EPO), and the wingless Wnt/B-catenin pathway.

e Autophagy in combination with biological clock gene pathways are dependent upon mTOR. Studies suggest that a basal circadian rhythm that
modulates autophagy and mTOR pathways involving mTOR Complex 1 (mTORC1) and mTOR Complex 2 (mTORC2) may be necessary to prevent
cognitive decline and cellular toxicity with amyloid deposition. mTOR also holds an inverse relationship with SIRT1 and these pathways may be
necessary to support circadian components CLOCK and BMAL]1 to prevent loss of cellular metabolic homeostasis.

e SIRT1, a histone deacetylase, regulates R-nicotinamide adenine dinucleotide (NAD™) cellular NAD* pools that fluctuate with circadian rhyth-
micity and impact cell function, metabolism, and loss of cognitive function. Oversight with SIRT1 of circadian rhythm pathways may be required
for growth factor EPO cellular production and protection.

e FoxOs that can control circadian rhythmicity, such as through the modulation of Clock, can also bind to SIRT1 promoter regions to use auto-
feedback pathways to control SIRT1 activity. SIRT1 and FoxOs can work in unison to block cognitive loss and prevent amyloid toxicity, mitochon-
drial dysfunction, and oxidative stress injury.

e Wnt proteins are cysteine-rich glycosylated proteins that can affect development of neurons, immune system function, tissue fibrosis, angiogen-
esis, stem cell development, and cancer. Wnt pathways that function in conjunction with circadian clock gene pathways, such as TIMELESS, may
promote new angiogenesis and tumorigenesis. Furthermore, disruption of circadian rhythms with sleep fragmentation may increase the risk for de-
veloping cancer and other circadian genes that include hClock also may metastatic colorectal cancer through the promotion of angiogenesis-related

gene activity and vascular cell growth.

the United States. Currently, greater than 5 million patients
have AD and it is estimated that 4 million receive care at
a yearly cost of 3.8 billion USD. Furthermore, the market
revenue to provide treatments for AD may not be fully ap-
preciated, but at minimum it may be greater than 11 billion
USD. Many new social and medical services will be neces-
sary to meet this challenge such that 60 million additional
care workers will be needed [35-37]. These projections do
not consider that all cases of dementia may not have been
identified and diagnosed at this time [38, 39].

Cognitive loss impacts a large spectrum of the
population. Dementia in the United States affects greater
than 5 million people [4]. Many of these cases, 60 percent,
are diagnosed as AD [4, 6, 17, 40-43]. Case of AD that are
familial in origin comprise under 2% of all cases [4]. In fa-
milial AD that affects 200 families worldwide, mutations in
the presenilin 1 or 2 genes occurs and an autosomal domi-
nant mutated amyloid precursor protein (APP) gene exists.
In these familial AD patients, illness can present prior to
55 years of age [44—46]. Familial AD can be the result of
mutations in chromosome 21 leading to changes in APP,
mutations in chromosome 14 causing changes in presenilin
1, and mutations in chromosomes 1, 14, and 21 such that
mutations in chromosome 1 lead to changes in presenilin
2. However, it is the sporadic version of AD that leads to
illness in patients over age 65 and represents the cases of
AD in ten percent of the population in the world. The €4
allele of the apolipoprotein E (APOE) gene represents an
additional risk of developing AD in the sporadic group.

3. Biological clocks and circadian rhythm
pathways for dementia treatment

Current attempts to treat dementia such as with
cholinesterase inhibitors may lead to a decrease in the pre-
senting symptoms but ultimately do not block the progres-
sion of the disease, such as in AD [27, 45, 47, 48]. Other
treatments for cognitive loss can focus on metabolic disor-
ders, such as diabetes mellitus (DM) [1, 20, 27, 41, 49, 50],
and on vascular disease [19, 45, 51-53]. Yet, there exist
other risks for developing vascular cognitive loss that can
affect the efficacy of treatments such as tobacco use, alco-
hol consumption, hypertension, and a low level of educa-
tion [20, 39, 54-57]. With reference to metabolic disease,
tight glucose control in the serum in combination with early
diagnosis of DM may assist to limit the progression of the
disease, but complications from DM can still ensue [6, 58—
69]. Given the need for novel strategies directed against
memory loss and dementia, exciting new avenues of de-
velopment are now focusing upon biological clock mech-
anisms and include the pathways of the mechanistic target
of rapamycin (mTOR), its associated pathways of mTOR
Complex 1 (mTORC1), mTOR Complex 2 (mTORC2),
the silent mating type information regulation 2 homolog
1 (Saccharomyces cerevisiae) (SIRT1), mammalian fork-
head transcription factors (FoxOs), the growth factor ery-
thropoietin (EPO), and the wingless pathway of Wnt path-
way (Fig. 1).
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Fig. 1. Biological Clock Pathways Are Complex and May Yield Variable Outcomes. The circadian biological clock gene pathways are intricately

related but complex in nature. The pathways of the mechanistic target of rapamycin (mTOR), the silent mating type information regulation 2 homolog

1 (Saccharomyces cerevisiae) (SIRT1), mammalian forkhead transcription factors (FoxOs), the growth factor erythropoietin (EPO), and the wingless

Wnt/3-catenin pathway can lead to beneficial outcomes and employ autophagy induction that may provide cellular protection, metabolic homeostasis,

and prevent dementia and cognitive loss. Yet, biological clocks and alterations in circadian rhythm, such as during sleep disruption and fragmentation, also

have the potential to lead to devastating effects involving tumorigenesis in conjunction with pathways involving Wnt that oversee angiogenesis and stem

cell proliferation. Circadian rhythm disruption can result from shift work, exposure to artificial lighting, and from sleep fragmentation. A fine balance in

the oversight of circadian biological clock gene pathways is required to foster safe and efficacious clinical outcomes for the treatment of dementia and

cognitive loss.

Biological clocks and circadian rhythm pathways
are vital components in the onset of nervous system disor-
ders, memory loss, and dementia [6, 34, 39, 70-76] (Ta-
ble 1). Changes in the function of biological clock path-
ways can impact cellular metabolic homeostasis [6, 76—
85], cancer [6, 80, 81, 84, 86—89], energy metabolism and
aging [70, 74, 77, 84, 90], mitochondrial energy mainte-
nance [76, 81, 91, 92], renal disease [78, 86], and viral dis-
eases [72, 93—-101]. Circadian rhythm in mammals is con-
trolled in a region over the optic chiasm that detects light
with retinal photosensitive ganglion cells in the suprachi-
asmatic nucleus (SCN) [6, 84, 98]. With the exposure to
external light, biological clock genes oversee biochemical
cell transmissions, physiological process in the body, and
changes in behavior. The SCN controls the temperature
of the body, cortisol and melatonin release, and oxidative
stress responses through a connected system among the hy-

pothalamic nuclei, pineal gland, and vasoactive intestinal
peptide [88, 102, 103]. As part of the biological clock gene
group, members of the basic helix-loop-helix-PAS (Period-
Arnt-Single-minded) transcription factor family, that in-
clude CLOCK and BMAL1 [104], control gene expres-
sion of Cryptochrome (Cryl and Cry2) and Period (Perl,
Per2, and Per3) [6, 78, 84, 86, 105-107]. Modulation
of these pathways and auto-feedback interactions are con-
trolled by PER:CRY heterodimers that block transcription
during nuclear translocation promoted by CLOCK:BMAL1
complexes. Other regulatory pathways that can be ac-
tivated by CLOCK:BMALI1 heterodimers include ROR«
and retinoic acid-related orphan nuclear receptors REV-
ERBq, also termed NR1D1 (nuclear receptor subfamily 1,
group D, member 1). The REV-ERB« and ROR« recep-
tors attach to retinoic acid-related orphan receptor response
elements (RORESs) that exist in the BMAL1 promoter to
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block and promote rhythmic transcription of BMAL1 by
RORs and REV-ERBs, respectively. REV-ERBs can in-
hibit transcription to lead to circadian oscillation of BMAL1
[74, 105].

With neurodegeneration and aging studies, ex-
perimental studies with Parkinson’s disease (PD) using
6-hydroxydopamine (6-OHDA) during chronic treatment
with levodopa show depressed levels of BMAL1 and
ROR¢, indicating that memory loss in PD patients also may
be a result of medication that alters circadian rhythm clock
genes [106]. Cognitive impairment with memory loss and
neuronal injury may occur as a result of sleep fragmentation
during extended space flight which alters circadian rhythm
[108, 109]. Changes in the DNA methylation of biological
clock genes may foster memory loss and changes in behav-
ior since rhythmic methylation of BMAL1 has been shown
in the brains of individuals with AD [70]. In experimen-
tal studies AD using mice, significant alterations have been
observed in RNA clock gene expression that may suggest
a dysfunction in the clock pathways during cognitive loss
[110].

4. Circadian rhythm disruption and the
wingless wnt pathway

Lifespan can be affected by biological clock
genes. Lifespan in Drosophila melanogaster is decreased
through three arrhythmic mutants involving CIkAR, cycO
and tim0O. In addition, mutations in CIkAR with increas-
ing age can result in dysfunction with ambulation. Through
the promotion of Clk function, the locomotor deficits in
Drosophila were reversed. This loss of function appears
linked to the absence of dopaminergic neurons instead of in-
sults from oxidative stress [75]. Other studies in Drosophila
also suggest negative effects with alterations in circadian
rhythm [6, 80, 84] (Table 1). For example, TIMELESS, a
mammalian homolog of Drosophila circadian rhythm gene,
can lead to cell death and has increased expression in na-
sopharyngeal carcinoma. During increased TIMELESS ex-
pression, cell growth pathways are fostered that involve the
wingless pathway of Wnt/3-catenin and resistance against
chemotherapy to lead to cell apoptosis, such as with cis-
platin, is increased [89]. Wnt proteins are cysteine-rich
glycosylated proteins that can affect development of neu-
rons, immune system function, tissue fibrosis, angiogen-
esis, stem cell development, and cancer [111-114]. Yet,
detrimental effects with Wnt pathways can result to pro-
mote increased vascular growth of tumors [111, 115, 116]
and tumorigenesis [40, 117—121]. As a result, these mech-
anisms may work in conjunction with TIMELESS. There
also is evidence for sleep fragmentation and disruption of
biological clock genes with shift work to indicate that these
environments may raise the risk for cancer. Artificial light-
ing and international travel are other examples that can lead
to circadian rhythm disturbance [79]. Sleep deprivation af-

fects circadian rhythm and can prevent the clearance of A3,
a-synuclein, and tau that are tied to the progression of ner-
vous system disorders that include AD and PD [34, 109].
Some work suggests that female healthcare workers with
extended night shift work may be at enhanced risk for breast
cancer [122]. The circadian gene hClock during increased
expression also can lead to cancer and colorectal cancer
metastatic disease through promotion genes that activate
angiogenesis [123].

5. The mechanistic target of rapamycin
(mTOR) and autophagy

Circadian clock genes rely upon pathways of
both autophagy and the mechanistic target of rapamycin
(mTOR) [6, 84, 124-126] (Table 1). Circadian rhythm dys-
function can lead to changes in the induction of autophagy
especially during cognitive loss [72, 81, 84, 92, 127-129].
Autophagy plays a vital role in multiple diseases of the
nervous system and can sequester and remove intracellu-
lar deposits during AD [19, 41, 130, 131], amyotrophic lat-
eral sclerosis [48, 132, 133], Huntington’s disease (HD)
[19, 134], traumatic brain injury [135-137], and PD [83,
130, 135, 138-140]. This removal of toxic intracellular
substances may be important to maintain memory and cog-
nition. As part of a programmed cell death pathway, au-
tophagy is tied to oxidative stress [2, 29, 66, 67, 71, 141—
145]. Autophagy pathways can recycle cytoplasmic or-
ganelles and components for tissue remodeling [19, 146]
and can eliminate non-functional organelles [6, 71, 142,
147]. Macroautophagy reuses organelles in cells and pack-
ages cytoplasmic proteins into cellular components termed
autophagosomes. Once associated with lysosomes, the au-
tophagosomes are degraded to begin another process for the
recycling of organelles [19]. Microautophagy promotes in-
vagination of lysosomal membranes to allow for the diges-
tion of cell cytoplasm components. Chaperone-mediated
autophagy employs cytosolic chaperones to transport cyto-
plasmic cell components across lysosomal membranes.

Previous studies also suggest in experimental stud-
ies with AD that a baseline cyclic circadian rhythm that
controls autophagy is necessary to reduce AS deposition
and prevent memory loss [129, 148]. Alterations in envi-
ronmental homeostasis [82, 129, 149] can alter circadian
rhythm that results in loss of cognitive ability [2, 19, 49,
50, 84, 150]. Sleep fragmentation also can produce changes
in hippocampal autophagy proteins and decrease memory
function [4, 127, 151-154]. Cellular protection is depen-
dent on the activation of autophagy with circadian clock
proteins during insults with stroke, since loss in the func-
tion of the PER1 circadian clock protein can increase cere-
bral ischemia [128].

In regard to the mTOR pathway, mTOR is a 289-
kDa serine/threonine protein kinase and is vital during ner-
vous system disease and memory loss [2, 19, 20, 25, 49,
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155-157]. mTOR is also known as the mammalian target
of rapamycin and the FK506-binding protein 12-rapamycin
complex-associated protein 1 [19, 85, 158, 159]. mTOR is
the main component of the protein complexes mMTOR Com-
plex 1 (mTORC1) and mTOR Complex 2 (mTORC2) [160-
162]. mTORC1 and mTORC?2 are then divided into addi-
tional components [2, 107, 163—165]. mTORCI1 is com-
posed of Raptor, Deptor (DEP domain-containing mTOR
interacting protein), the proline rich Akt substrate 40 kDa
(PRAS40), and mammalian lethal with Sec13 protein 8,
termed mLST8 (mLST8) [20, 40, 166]. mTORCI activ-
ity is controlled through a number of pathways that in-
cludes PRAS40 by blocking the association of p70 ribo-
somal S6 kinase (p70S6K) and the eukaryotic initiation
factor 4E (elF4E)-binding protein 1 (4EBP1) with Raptor
[167, 168]. Rapamycin is an agent that can inhibit mTOR
activity [164, 169-172]. Rapamycin blocks the activity
of mTORCI1 through its association with immunophilin
FK-506-binding protein 12 (FKBP12) that attaches to the
FKBP12 -rapamycin-binding domain (FRB) at the carboxy
(C) -terminal of mTOR to impede the FRB domain of
mTORC1 [4]. mTORC2 is composed of Rictor, Deptor,
mLST8, the mammalian stress-activated protein kinase in-
teracting protein (mSIN1), and the protein observed with
Rictor-1 (Protor-1) [167, 173, 174]. mTORC2 oversees re-
modeling of the cytoskeleton through PKC« and the mi-
gration of cells through the Rac guanine nucleotide ex-
change factors P-Rex1 and P-Rex2 and through Rho sig-
naling [175]. Cognitive decline can be associated with the
loss of mTOR activity and altered circadian rhythm during
extended space flight [108]. Ischemia in the brain that leads
to stroke may be altered by alteration in circadian rhythm
genes and fluctuations in the activity of mTOR [124, 128].
Other studies suggest that the absence of period2 (PER2),
a mammalian circadian clock protein, can increase mTOR
activity and chemotherapy drug resistance [125].

mTOR also maintains a relationship with the silent
mating type information regulation 2 homolog 1 (Saccha-
romyces cerevisiae) (SIRT1). SIRT1 maintains an inverse
relationship with mTOR [19, 176-180]. SIRT1 can also af-
fect pathways of autophagy [49, 65, 163, 178, 181-186].
SIRT1 activity can lead to the expansion of neurites and
promote the survival of neurons during conditions that limit
nutrients that involves mTOR inhibition [187]. SIRT1 can
foster growth of tumors during autophagy induction that
requires the blockade of mTOR, indicating that autophagy
and SIRT1 can be targeted to control tumorigenesis [183].
SIRT1 is necessary to foster autophagy and mTOR inhibi-
tion during oxidative stress to preserve mitochondrial func-
tion in embryonic stem cells [188]. During periods of el-
evated serum glucose, SIRT1 can block mTOR to offer
vascular cell protection [189]. SIRT1 with the blockade
of mTOR activity can increase photoreceptor cell survival
[177] and limit cell senescence [190]. It is also impor-
tant to note that some pathways that lead to nerve cell in-

jury require a relationship between mTOR and SIRT1 that
is symbiotic. During the loss of dopaminergic neuronal
cells, it has been observed that a balance in activities of
SIRT1, mTOR, and forkhead transcription factors are re-
quired to promote neuronal cell survival [191]. It also has
been demonstrated that SIRT1 and mTOR absence during
obesity can suppress core circadian components CLOCK
and BMAL1 and lead to loss of metabolic cellular home-
ostasis. The agent metformin, an inhibitor of mTOR activ-
ity [4, 65, 72], can prevent such processes during obesity
in experimental mouse models and can reverse the loss of
SIRT1 function during inhibition of the circadian compo-
nents CLOCK and BMAL1 [192].

6. The silent mating type information
regulation 2 homolog 1 (Saccharomyces
cerevisiae) (SIRT1)

Biological clock pathways closely rely upon
SIRT1[6, 84, 85,91, 193, 194] (Table 1). SIRT1 is a histone
deacetylase that can transfer acetyl groups from e-N-acetyl
lysine amino acids to the histones of deoxyribonucleic acid
(DNA) to control transcription [19, 45, 48, 84, 85, 152, 195—
200]. Asnoted above, SIRT1 plays a critical role in nervous
system diseases [164, 199, 201, 202] that also are dependent
upon autophagy regulation [113, 178, 185, 186, 190, 203].
Other work focuses on SIRT1 to control the expression of
clock genes through PER2 deacetylation [204]. SIRT1 its
ability to control multiple biological clock gene pathways
indicates that loss of SIRT can impact circadian rhythm cy-
cles and result in memory loss and AD [110].

Through SIRT1 pathways, the coenzyme [-
nicotinamide adenine dinucleotide (NAD™) has an impor-
tant function with clock genes that is linked to mTOR
[20, 66, 72, 192, 205]. Control of circadian rhythm by
SIRT1 and melatonin can impact glucose tolerance in cells
[102]. Dementia onset can be dependent upon melatonin, a
pineal hormone that controls circadian rhythm [81, 88, 95],
as well as mTOR through autophagy induction [90, 206].
During the process of aging, circadian rhythm cycles in-
volving melatonin can affect infection with coronavirus
disease of 2019 (COVID-19) [94], cellular metabolism
[90, 103], mitochondrial dysfunction [81], oxidative stress
[207, 208], and inflammatory mediators [206, 209]. In ad-
dition, STIRT1 can affect biological clock rhythm through
stem cell function [210] and inflammation during obesity
[91] and neurodegeneration [209]. Cellular NAD* pools
fluctuate with circadian rhythmicity and with aging [72].
SIRT1 in connection with CLOCK:BMAL1 can control
the circadian expression of nicotinamide phosphoribosyl-
transferase (NAMPT) that is required for NAD™ produc-
tion. SIRT1 also through the NAMPT promoter can pro-
mote the circadian synthesis of its own coenzyme [211].
Yet, NAD™ cellular pools can become depleted during
impairment of mitochondrial function to result in cell in-
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jury with cellular NAD* pools oscillating with free nicoti-
namide levels and promoting cell injury, metabolic dys-
function, and loss of cognitive function [205].

SIRT1 regulation of biological clock genes also
can affect cognitive function though growth factors, such
as EPO [161, 197, 212-214]. The EPO gene is present on
chromosome 7 and represents a single copy in a 5.4 kb re-
gion of the genomic DNA [215, 216]. The gene encodes
for a polypeptide chain protein that has 193 amino acids
[64, 217]. EPO later undergoes the removal of a carboxy-
terminal arginine'®® in the mature human and recombinant
human EPO (thEPO). A protein with a molecular weight
of 30.4 kDa and 165 amino acids is generated as the ma-
ture protein [218-221]. EPO expression occurs in the brain,
uterus, and liver [64, 161, 164, 215, 216, 222, 223], but the
principal site for the production and secretion of EPO is the
peritubular interstitial cells of the kidney [216, 217, 224—
227]. Tt is important to note that expression of EPO is over-
seen by oxygen tension changes and not by the concentra-
tion of red blood cells [64, 228, 229].

In relation to SIRT1, EPO prevents metabolic
dysfunction by modulating adipose energy homeostasis
in adipocytes through the combined activation of per-
oxisome proliferator-activated receptor-a (PPAR-a) and
SIRT1 [213] (Table 1). EPO promotes vascular cell protec-
tion in the brain through SIRT1 nuclear subcellular traffick-
ing and blocks mitochondrial depolarization, cytochrome
c release, BCL2 associated agonist of cell death (Bad) ac-
tivity, and caspase activation [212]. EPO can increase hu-
man cardiomyocyte survival through SIRT1 activation dur-
ing chemotherapy toxicity [197] and prevent brain neuronal
cell loss through the up-regulation of SIRT1 [214]. EPO can
block memory loss during AD [5, 43], control metabolic
pathways [230, 231], and block mitochondrial dysfunction
[197, 216, 222, 232-234]. However, control of biologi-
cal clock gene pathways appear to be necessary for EPO
and SIRT1 to offer cellular protection. Some studies indi-
cate that during hypoxia specific clock genes, that include
BMAL1 and PER2, are required for the production of EPO
[235].

EPO also relies upon mTOR to affect cellular sur-
vival. EPO employs mTOR to foster neuronal regeneration
through autophagy and apoptotic pathways [20, 203, 236—
239]. EPO prevents apoptosis during A exposure with
mTOR activation to prevent caspase activation [240]. EPO
can increase the survival of microglia during oxidative
stress through mTOR signaling pathways [241]. EPO over-
sees mTOR, protein kinase B (Akt) [232, 242, 243], and
proline rich Akt substrate 40 kDa (PRAS40) to promote
the survival of neurons during oxygen-glucose deprivation
[244].

7. Mammalian forkhead transcription factors
(FoxOs)

Mammalian FOXO proteins of the O class are
transcription factors and play a significant role in the ner-
vous system. FoxO family members include FOXO1,
FOXO03, FOX04, and FOXO6 [67, 164, 245-247] (Ta-
ble 1). FoxO proteins bind to deoxyribonucleic acid (DNA)
through the FoxO-recognized element in the C-terminal ba-
sic region of the forkhead DNA binding domain. With
the binding to DNA by FoxOs, target gene expression is
blocked or promoted through fourteen protein-DNA con-
tacts with the primary recognition site located at a-helix
H3. Phosphorylation or acetylation of FoxOs can change
the binding of the C-terminal basic region to DNA to inhibit
FoxO transcriptional activity [48, 152, 199, 248]. FoxOs
are intimately connected circadian rhythm since they are
linked to SIRT1 [4, 34, 48, 85, 248-252]. For example,
insulin-phosphatidylinositol 3-kinase (PI3K) signaling that
occurs in the liver is overseen by FoxO3 control of circadian
rhythmicity through modulation of Clock. Loss of FoxO3
impairs the circadian amplitude and rhythmicity [253]. Au-
tophagy induction also is dependent on mammalian FOXO
proteins of the O class [12, 164, 202, 254, 255]. FoxO1 tran-
scription factors [256] oversee the myelination of nerves
that requires oligodendrocyte progenitor cells and deter-
mine the progression of disorders that include multiple
sclerosis [257]. Additional studies indicate that epige-
netic changes in DNA methylation and genetic variations
of FoxO3a and FoxO1 also can affect demyelinating disor-
ders [258]. Yet, it is important to state that a fine balance in
FoxO activity is necessary to lead to the protection of cells
since activation of FoxOs with autophagy can be beneficial.
Sequestering and clearance of detrimental intracellular ac-
cumulations by FoxOs and autophagy can lead to increased
survival of neurons [246, 259, 260].

In regard to SIRT1, blockade of the activity of
FoxOs by SIRT1 can promote cell survival [19, 67, 249—
251]. However, FoxOs can attach to the SIRT1 promoter
region to further change forkhead transcription [181]. This
mechanism permits FoxOs to use auto-feedback mecha-
nisms to regulate the activity of SIRT1. FoxO proteins,
including FoxO1, can oversee SIRT1 transcription and in-
crease the expression of SIRT1[261]. These studies suggest
an intimate relationship between SIRT1 and FoxOs. Inter-
estingly, SIRT1 and FoxOs can synergistically increase cell
survival. SIRT1 and FoxO3a can work in unison to block
memory loss and A5 brain toxicity, mitochondrial dysfunc-
tion, and oxidative stress [5, 152, 262, 263].

8. Future perspectives

Neurodegenerative disorders that involve cogni-
tive loss and dementia impact a significant proportion of the
world’s population and lead to a large financial burden for
all nations. Adding to these concerns is the knowledge that



620

cognitive disorders present almost insurmountable chal-
lenges for treatment since they are multifactorial in origin
and can result from multiple pathways that involve Ap,
tau, metabotropic receptors, excitotoxicity, lipid dysfunc-
tion, mitochondrial damage, astrocyte injury, loss of access
to bright light, heavy metal disease, acetylcholine loss, ox-
idative stress, and metabolic dysfunction that involves DM.
Novel new therapeutic strategies are desperately warranted.
New investigations may meet this need with work that high-
lights biological clock genes that oversee circadian rhythm
and involve the pathways of mTOR, SIRT1, FoxOs, EPO,
and the Wnt/3-catenin pathway (Fig. 1). These pathways
are complex in nature and intimately tied to autophagy in-
duction that can sequester intracellular accumulations and
potentially reduce cognitive loss under some conditions.
Dysfunctional changes in biological clock genes and cir-
cadian rhythm can result in motor deficits, memory im-
pairment, and the progression of dementia. Even chronic
treatment regimens that occur during PD can alter circa-
dian rhythm function and foster dementia. The pathways
of autophagy may be one mechanism to oversee circadian
rhythm homeostasis that can become lost during conditions
of chronic sleep fragmentation.

The pathways that impact circadian rhythm have
an intricate relationship that can lead to both beneficial as
well as detrimental clinical effects. For example, block-
ade of mTOR activity can change circadian rhythm, affect
memory function, and increase neuronal cell injury such
as during stroke. SIRT1 can oversee the production of
NAD™ pools that have been tied to circadian rhythmicity
and if these cellular pools become depleted, cell injury and
metabolic dysfunction can ensue with cognitive loss. Fur-
thermore, without circadian rhythm control, the protective
capability of EPO and SIRT1 may become absent and lead
to mitochondrial dysfunction and the loss of cognition. In
regard to FoxOs, SIRT1 and FoxOs may be required to work
in unison to limit cognitive loss, mitochondrial dysfunc-
tion, and oxidative stress. Yet, it is important to remem-
ber that Wnt pathways that function in conjunction with
circadian clock gene pathways, such as TIMELESS, may
promote new angiogenesis and tumorigenesis. In addition,
other circadian genes that include hClock also may pro-
mote metastatic colorectal cancer through the promotion of
angiogenesis-related gene activity and vascular cell growth.

These observations serve to form a strong founda-
tion for the further investigation of biological clock genes
and circadian rhythm in regards to their significant role in
neurodegenerative disorders such as dementia. The circa-
dian pathways involving mTOR, SIRT1, FoxOs, EPO, and
the Wnt can offer considerable potential for the understand-
ing and treatment of memory loss and neurodegnerative
disorders. Yet, it is the intimate and complex relationship
among these pathways that is most intriguing and poten-
tially offers the greatest insight to harness this knowledge
for the innovative treatment of dementia.
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