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The impact of aging and
oxidative stress in metabolic
and nervous system disorders:
programmed cell death
and molecular signal
transduction crosstalk

Kenneth Maiese*

Innovation and Commercialization, National Institutes of Health, Bethesda, MD, United States
Life expectancy is increasing throughout the world and coincides with a rise in

non-communicable diseases (NCDs), especially for metabolic disease that

includes diabetes mellitus (DM) and neurodegenerative disorders. The

debilitating effects of metabolic disorders influence the entire body and

significantly affect the nervous system impacting greater than one billion people

with disability in the peripheral nervous system as well as with cognitive loss, now

the seventh leading cause of death worldwide. Metabolic disorders, such as DM,

and neurologic disease remain a significant challenge for the treatment and care of

individuals since present therapies may limit symptoms but do not halt overall

disease progression. These clinical challenges to address the interplay between

metabolic and neurodegenerative disorders warrant innovative strategies that can

focus upon the underlying mechanisms of aging-related disorders, oxidative

stress, cell senescence, and cell death. Programmed cell death pathways that

involve autophagy, apoptosis, ferroptosis, and pyroptosis can play a critical role in

metabolic and neurodegenerative disorders and oversee processes that include

insulin resistance, b-cell function, mitochondrial integrity, reactive oxygen species

release, and inflammatory cell activation. The silent mating type information

regulation 2 homolog 1 (Saccharomyces cerevisiae) (SIRT1), AMP activated

protein kinase (AMPK), and Wnt1 inducible signaling pathway protein 1 (WISP1)

are novel targets that can oversee programmed cell death pathways tied to b-
nicotinamide adenine dinucleotide (NAD+), nicotinamide, apolipoprotein E (APOE),

severe acute respiratory syndrome (SARS-CoV-2) exposure with coronavirus

disease 2019 (COVID-19), and trophic factors, such as erythropoietin (EPO). The

pathways of programmed cell death, SIRT1, AMPK, and WISP1 offer exciting

prospects for maintaining metabolic homeostasis and nervous system function

that can be compromised during aging-related disorders and lead to cognitive

impairment, but these pathways have dual roles in determining the ultimate fate of

cells and organ systems that warrant thoughtful insight into complex

autofeedback mechanisms.
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1 Introduction

Disorders such as diabetes mellitus (DM) and cellular metabolic

disease are increasing in prevalence throughout the world. Over a

thirty-five year course from the year 1980, the number of

individuals with DM increased from one hundred eight million to

over four hundred twenty-two million individuals (1, 2). By the year

2045, seven hundred million individuals may have DM (3, 4). From

the years 2013 to 2016, the prevalence of DM has risen from over

nine percent (5). DM is a chronic disorder that affects all organs of

the body leading to cardiac disease, retinal disease, hepatic injury,

cerebral ischemia, limb amputation, and renal failure (5–18).

Almost one half billion individuals have DM and at least half of

the four million deaths that occur per year with DM impact

individuals less than seventy years of age (1, 7, 19–22). Ten

percent of the population in the United States (US) are currently

reported to suffer from DM (23, 24). However, it is believed that

many additional individuals have disorders of metabolism or have

elevated risk to develop DM, but remain undiagnosed at present (3,

16, 21, 25–37). It is estimated that in individuals greater than

eighteen years old, seven million may not be correctly diagnosed

as having DM and more than thirty-five percent of US adults may

have prediabetes due to elevations in their fasting glucose and

hemoglobin A1c (HbA1c) parameters (7, 38). Globally, four

hundred million individuals are estimated to have metabolic

disease or be at risk for developing DM (3, 39–41).

Metabolic disease affects low and middle income countries

more than high income developed countries with approximately

eighty percent of people residing in low-income nations (3, 42).

This may be a result of the prevalence of DM being affected by a

number of parameters that include socioeconomic status,

comorbidities such as infection with the severe acute respiratory

syndrome coronavirus (SARS-CoV-2), and level of education (43–

54). In regard to education level, those individuals with less than a

high school education represent thirteen percent of DM patients,

individuals with a high school education equal ten percent of DM

patients, and those individuals with more than a high school

education represent approximately seven percent of DM patients

(2). Other factors that can contribute to the development and

progression of DM include l imited exercise , tobacco

consumption, high serum cholesterol, hypertension, and obesity

(8, 13, 48, 55–57). Obesity alters a number of pathways in the body

and can impact oxidative stress cell injury, stem cell survival,

inflammation, aging processes, and the maintenance of

mitochondrial function (21, 33, 40, 51, 56, 58–73). As a result, the

additional body weight fosters insulin insensitivity and glucose

intolerance that progresses to DM (19, 24, 28, 36, 74–80) (Table 1).

Additional challenges for the care of individuals with DM

involve financial expenditures. At least twenty thousand United

States Dollars (USD) on an annual basis is necessary for the basic

care of people with DM that can involve the maintenance of glucose

homeostasis, wound care, and nutritional education (6, 9, 19, 20, 28,

41, 74, 81–87). Yet, the required resources for DM care is growing

and is greater than seven hundred sixty billion USD with an

additional seventy billion USD necessary for those with severe

disability and loss of function (3). Greater than seventeen percent
Frontiers in Immunology 02
of the Gross Domestic Product in the US is consumed for the care of

people with DM (88).

The debilitating nature of DM affects the entire body and leads

to the degeneration of all organ systems (6, 7, 12, 16, 19, 21, 24, 27,

31, 34, 36, 46, 60, 85, 89–94). In particular, the metabolic disorders

affect the nervous system and can lead to cognitive impairment,

peripheral neuropathies, demyelinating disorders, and risk for

developing infection as well as memory loss (Figure 1). An

additional risk that includes metabolic disease for the

development of neurodegenerative disorders is the observed rise

in lifespan (95–100). Life expectancy is increasing especially in

developed nations (101) and over the past fifty years the number of

people greater than the age of sixty-five has increased greater than

one hundred percent (4, 68, 96, 97, 102–113). Neurodegenerative

disorders comprise a portion of non-communicable diseases

(NCDs) and over seventy to seventy-five percent of the deaths

that occur each year are due to NCDs (8, 22, 56, 60, 114–116). The

increase in lifespan coincides with the rise of NCDs (91, 111, 117–

129). As a result, the increase in lifespan for the world’s population

has resulted in an increased prevalence for diseases of the nervous

system (117, 130–133). Nervous system disorders comprise greater

than six hundred disease entities, lead to the death of over seven

million people annually, and can impact greater than one billion

people (111, 117, 134–146). In relation to financial exposure, more

than eight hundred billion USD in the US is required annually to
TABLE 1 Highlights The Impact of Aging and Oxidative Stress in
Metabolic and Nervous System Disorders: Programmed Cell Death and
Molecular Signal Transduction Crosstalk.

•With the increase in global lifespan and non-communicable diseases, metabolic
disease affects low and middle income countries more than high income
developed countries and by the year 2045, it is estimated that over seven
hundred million individuals will have diabetes mellitus (DM).

•Metabolic disorders are intimately tied to the development and progression of
neurodegenerative disorders that comprise over six hundred disease entities,
impact greater than one billion people, and can lead to dementia as the 7th

leading cause of death.

•Aging processes, oxidative stress, dysfunction in telomere processing, and cell
senescence are underlying mechanisms for the progression of metabolic disorders
and neurodegenerative disease.

•Programmed cell death pathways of autophagy, apoptosis, ferroptosis, and
pyroptosis can oversee a number of critical cellular functions that include
reactive oxygen species (ROS) generation, the proliferation and size of pancreatic
b-cells, insulin resistance, mitochondrial integrity, b-amyloid (Ab) and tau brain
deposition, and inflammatory cell activation.

•The silent mating type information regulation 2 homolog 1 (Saccharomyces
cerevisiae) (SIRT1), AMP activated protein kinase (AMPK), and Wnt1 inducible
signaling pathway protein 1 (WISP1) are novel targets that can oversee
programmed cell death pathways tied to b-nicotinamide adenine dinucleotide
(NAD+), nicotinamide, apolipoprotein E (APOE), severe acute respiratory
syndrome (SARS-CoV-2) exposure with coronavirus disease 2019 (COVID-19),
and trophic factors, such as erythropoietin (EPO) that can oversee these
pathways such as with SIRT1 and AMPK.

•The pathways of programmed cell death, SIRT1, AMPK, and WISP1 offer
exciting insights for maintaining metabolic homeostasis and neurovascular cell
integrity that can be compromised during aging-related processes that can lead
to cognitive loss, but these pathways have dual roles in determining the ultimate
fate of cells and organ function that can have complex autofeedback
mechanisms.
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care for multiple neurological disorders that include stroke, trauma,

epilepsy, back pain, Parkinson’s disease (PD), Huntington’s disease

(HD), amyotrophic lateral sclerosis (ALS), and dementia (116).

Cognitive loss can be the most significant burden to the financial

system and these cost considerations do not include the expenses

required for companion care, social health programs, and senior

daily care with the additional greater than seventy million clinicians

and social workers needed to fill these unmet needs (22, 116, 147).

These additional services will reach 2 trillion USD annually in the

US and more than four million people will need over four billion

USD for treatment each year. The market for dementia could

exceed eleven billion USD (34, 141, 148). Furthermore, additional

significant costs involve other neurological disorders, such as PD

with greater than fifty-five billion USD necessary for care in the US

annually. In the year 2030, the number of those affected with PD is

predicted to double. Present expenses are currently at a large annual

cost per individual of approximately twenty-five thousand USD per

year (5, 97, 137, 144, 146, 149–165).
2 The intimate relationship
among metabolic disease,
oxidative stress, aging, and
neurodegenerative disorders

Metabolic disorders, such as DM, increase the risk for the onset

and progression of neurodegenerative disorders through multiple

pathways. DM is a primary mechanism for the onset of

cardiovascular disease that can ultimately lead to disorders of the

nervous system (8, 53, 166–170). When compared to people that do

not have DM, individuals with DM can have two times the risk of
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developing cardiac disability or cerebral ischemia (40, 43, 91, 108,

111). DM results in insulin resistance (9, 19, 24, 60, 80, 90, 171–

174), vascular injury (16, 19, 26, 27, 29, 30, 32, 33, 61, 74, 86, 87, 170,

175–182), alterations in cerebral blood flow (2, 7, 9, 53, 91, 176,

183), endothelial dysfunction (19, 27, 40, 83, 94, 184),

mitochondrial injury (13, 28, 53, 60, 115, 172, 178, 185, 186),

retinal disease (30, 66, 94, 187–189), stem cell loss (35, 38, 54, 66,

72, 77, 84, 111, 190), susceptibility to infections (34, 46, 48–51, 54,

92, 191, 192), and immune system dysfunction (30, 54, 64, 68, 84,

173, 178, 193–199).

DM and cellular metabolism also play a significant role in the

processes of oxidative stress and aging (7, 16, 47, 64, 75, 89–91, 108,

178, 196, 200). DM can lead to changes in transcriptional networks,

loss of mitochondrial homeostasis, inflammation, production of

reactive oxygen species (ROS), and cell senescence (7, 16, 20, 21, 30,

32, 66, 78, 79, 90, 91, 108, 174, 178, 193, 194, 201–203). ROS that are

generated during oxidative stress include hydrogen peroxide,

superoxide free radicals, nitric oxide, singlet oxygen, and

peroxynitrite (36, 37, 65, 90, 96, 113, 120, 137, 154, 180, 186,

204–218). During conditions that oversee the detrimental effects of

ROS, antioxidant systems are in play that involve glutathione

peroxidase, catalase, superoxide dismutase, and the nutrient

vitamins B, K, E, D, and C (20, 34, 42, 47, 53, 100, 132, 186, 202,

217, 219–225). If these systems are overwhelmed or unable to limit

excessive ROS production, mitochondrial injury, loss of DNA

integrity, and shortened lifespan can occur (8, 34, 69, 78, 96, 104,

120, 122, 162, 207, 209, 218, 226–229). Oxidative stress can result in

vascular endothelial cell injury (9, 40, 83, 230–234), neuronal cell

compromise (24, 66, 122, 123, 152, 156, 162, 233, 235–245),

alterations in neurotransmitters (69, 246, 247), myelin

degradation (79, 224, 248–252), cell senescence (8, 33, 55, 112,

253–255), loss of stem cell proliferation (34, 66, 168, 228, 241, 251,
FIGURE 1

The Clinical Implications of Metabolic Dysfunction and Neurodegenerative Disease. Loss of metabolic homeostasis can lead to multiple disorders.
Metabolic disorders affect both the peripheral and central nervous systems and can be affected by several risk factors. These disorders include
diabetes mellitus that affects all systems of the body, cognitive impairment, Alzheimer’s disease, Multiple Sclerosis, and peripheral neuropathies.
Additional entities such as the apolipoprotein E (APOE-e4) gene, severe acute respiratory syndrome coronavirus (SARS-CoV-2), and coronavirus
disease 2019 (COVID-19) can lead to memory loss, cognitive failure, and cortical vascular disease.
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256–259), and cognitive impairment (7, 10, 120, 121, 200, 223, 243,

245, 260–266).

In regard to aging and cellular metabolism, the shortening of

telomeres (TLs), complexes of deoxyribonucleic acid (DNA), can

lead to the increased risk for the development of DM (8, 267) and

greater cell senescence with the loss metabolic homeostasis (16, 33,

178, 190, 268). Changes in TL length can promote aging processes,

cellular senescence, and neurodegeneration as well (70, 112, 113,

118, 154, 255, 269–275). TLs are positioned on chromosome ends

and oversee replication of cells, preservation of the genomic DNA,

and cell survival (8, 16, 274, 276–279). More than two thousand

repetitions of double-stranded non-coding DNA with the

‘TTAGGG” sequence that is finalized with guanine rich single-

stranded DNA compose TLs (8, 70, 139, 265, 279). Complexes of

proteins that include CTC1-STN1-TEN1 (CST), shelterin, and

telosome are part of the TL family (7, 139, 252). To oversee the

division of cells, these proteins control function and stability of TLs

that can lose twenty-five to over two hundred base pairs during the

process of dividing cells. Telomerase protein can prevent the loss of

base pairs in TLs by providing tandem repeat ribonucleic acid

(RNA) templates (274, 276, 280). However, cell senescence

ultimately ensues when TLs become very short with less than five

hundred base pairs and telomerase function is impaired (33, 95,

102, 118, 134, 154, 221, 253, 255, 269, 272, 275, 281). At this point,

tissues and organs cannot undergo repair, the immune system is less

viable, and age-related disorders can progress (7, 73, 139, 164, 282–

286). These events with the shortening of TLs and cellular

senescence also promote oxidative stress and the release of ROS

that impairs cell organelles, such as mitochondria and cellular

energy homeostasis (7, 32, 104, 121, 122, 196, 282, 287, 288).
3 The clinical onset of metabolic
mediated neurodegenerative disease

Given the ability of DM to lead to aging processes tied to

oxidative stress, neuronal and vascular injury, mitochondrial

dysfunction, stem cell loss, and immune system disorders, it

becomes evident that loss of metabolic homeostasis with DM can

result in multiple neurodegenerative disorders. Metabolic disorders

can affect both the peripheral and central nervous systems

(Figure 1). In the peripheral nervous system in the presence of

DM, autonomic dysfunction (289–291) and neuropathies can be

common and affect more than seventy-five percent of individuals

(5, 38, 78, 79, 83, 290, 292).

In the central nervous system, cognitive loss with DM is a

significant co-morbidity. DM results in memory impairment (7, 10,

55, 115, 200, 263, 293–296) and can lead to the onset and

progression of Alzheimer’s disease (AD) (2, 6, 28, 44, 89, 153,

201, 266, 297–302) (Figure 1). Dementia is present in all nations

throughout the world and is now considered to be the seventh

primary reason for death (109, 116, 131, 141, 144, 161, 164, 223,

252, 266, 303–308). At least five percent of the world’s population

has dementia and by the year 2050 it is believed that over one

hundred fifty-five million people will have cognitive loss (2, 73, 97,

115, 126, 205, 226, 275, 309, 310). Of those individuals with
Frontiers in Immunology 04
dementia, approximately sixty percent of people have the

sporadic form of AD and greater than ten percent are over the

age of sixty-five (5, 110, 139, 148, 277, 311–313). Diagnosis for

dementia can fall significantly behind the onset of the disorder and

may not be recognized until twelve to twenty-four months after the

initial clinical presentation (38, 252, 314). Currently, more than six

million people in the US have the sporadic form of AD (5, 309, 315–

318), but this is expected to increase to thirty million people during

the next two decades (6, 7, 110, 205, 226, 245, 282, 319, 320). In

contrast, familial AD (FAD) is present in about two hundred

families in the world (6, 73, 110, 121, 134, 282, 311). FAD

represents an autosomal dominant version of amyloid precursor

protein (APP) gene that is mutated, occurs in variable single-gene

mutations on chromosomes 1, 14, and 21, and is usually clinical

present prior to fifty-five years of age (115, 321, 322).

Risk factors also exist for dementia that can have a metabolic

basis as well. In experimental models, insulin signaling can be

associated with AD pathology (71). Late-onset AD can result in the

presence of the ϵ4 allele of the apolipoprotein E (APOE-e4) gene (5,
7, 148, 161, 252, 323–325) (Figure 1). The risk for developing AD is

more than twenty times greater in those individuals with two

APOE-ϵ4 alleles. APOE is produced in liver cells and is vital for

metabolic cellular function to oversee the homeostasis of lipids

through the transport of triglycerides, phospholipids, and

cholesterol (7, 127, 161, 325–328). In the brain, astrocytes

produce APOE to modulate the transfer of cholesterol to neurons

through APOE receptors (7, 127, 252, 326, 328, 329). Interestingly,

b-amyloid (Ab) can be removed and destroyed by APOE through

apoptosis and the exposure of phosphatidylserine (PS) membranes

that are a part of the apoptotic cell death process (330, 331). Other

forms of APOE that do not involve APOE-e4 may inhibit Ab
aggregation during PS membrane exposure (332). However, Ab
aggregation is not believed to be blocked by APOE-ϵ4 which can

therefore allow amyloid deposition to proceed and potentially foster

the development of AD (44, 161, 323, 332–334). APOE-ϵ4 also may

assist with the infection of viral antigens and lead to cerebral

microhemorrhages during severe acute respiratory syndrome

(SARS-CoV-2) exposure with coronavirus disease 2019 (COVID-

19) (326) (Figure 1). SARS-CoV-2, a b-coronavirus family virion,

has resulted in a global pandemic (34, 46, 49, 50, 335, 336) and can

attach to nasal epithelial cells (337) and neurovascular cells in the

brain (54). These processes subsequently result in hyperactivation

of the immune system (335, 336, 338–340). Following SARS-CoV-2

infection, memory loss and cognitive failure can develop and lead to

long-COVID, also termed long-haul COVID, chronic COVID-19,

or post-acute COVID (34, 49, 50, 325, 336, 341–345). The

combination of APOE-ϵ4 and SARS-CoV-2 infection can lead to

cognitive loss and cortical vascular disease (57, 97, 181, 226, 326,

346–350).

Mult iple sc lerosis (MS), an addit ional s ignificant

neurodegenerative disorder, also may develop as a result of

metabolic disease, pathways of APOE-ϵ4, and Ab deposition (125,

252, 350–359) (Figure 1). MS impacts large portions of the global

population, affects greater than two and one-half million people,

and is a primary disease of myelin and myelin producing cells that is

immune system mediated (159, 351, 358, 360–364). MS appears to
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lead to disease in more women than men (357) and can markedly

impair cognitive function (252, 365, 366). The memory loss can be

progressive in nature and affect both women and men (367). At

least sixty-five percent of patients with MS have difficulty with

memory recall and executive ability (252). Cognitive loss in MS

patients may be tied to metabolic pathways and APOE-ϵ4 since

individuals with MS can demonstrate lower cognitive function and

delayed responses to stimuli (368). APOE serum levels are elevated

in individuals with demyelinating optic neuritis and the genotype of

APOE ϵ3/ϵ3 may lead to the male onset of optic neuritis (327). In

the setting of APOE risk factors and metabolic dysfunction similar

to AD that can increase susceptibility to viral infections, MS

patients may experience higher rates of death during SARS-CoV-

2 with COVID-19 (369). Treatment with metformin, commonly

used during DM, can reduce the degree of functional impairment in

obese individuals or those with DM during COVID-19 (52, 370).

MS also may have common pathways with AD and Ab (140, 252,

371). Tau seeding, also present in AD (7, 123, 311, 372–376), has

been reported in the brains of MS patients (140) and this tau

deposition may produce demyelination through injury to

oligodendrocytes (128). Alterations in Ab deposition similar to

those observed in AD may also indicate early memory impairment

in people with MS (371).
4 Addressing unmet clinical
avenues for metabolic and
neurodegenerative disorders

Multiple factors can impact the role of metabolic disorders that

can lead to the onset and progression of neurodegenerative disease.

If one focuses upon metabolic disease and DM, therapies that

improve nutritional intake that can be complemented by

pharmaceutical agents to assist with serum glucose homeostasis

and insulin resistance may limit periods of hyperglycemia and the

complications of hypoglycemia (6, 8, 16, 19–21, 25, 27–29, 49, 167,

175, 176, 370, 377–379). Yet, progression of DM even at a less

marked pace will ensue and can be affected by off-target treatment

effects that result in cellular injury, neuronal and vascular cell loss,

and the atrophy of organs (33, 87, 172, 380). In the nervous system,

a number of diverse pathways that involve inflammation, infection,

circadian rhythm, excitotoxicity, metabotropic receptors, tau, Ab,
mitochondrial injury, acetylcholine loss, heavy metal toxicity, and

oxidative stress can lead to cognitive loss (24, 33, 34, 42, 50, 63, 65,

66, 96, 106, 119, 121, 131, 165, 168, 175, 205, 223, 226, 261, 282, 286,

303, 330, 338, 346, 381–398). Current therapies for AD that employ

cholinesterase inhibitors may limit memory loss but these

treatments do not stop the progression of disease (115, 164, 299,

399, 400). Recent developments for AD to use immunotherapy to

decrease Ab load in the brain also may reduce memory loss, but

these therapies are currently limited to a small group of patients that

are not at risk for cerebral microhemorrhages and also such

treatments do not prevent overall disease progression (119, 126,

401). In regard to MS, disease modifying therapies (DMTs) can

reduce the frequency of relapses in relapsing–remitting MS, but
Frontiers in Immunology 05
disease progression can continue (252, 362, 371). For example,

despite the reduction in brain volume loss with DMTs, cognitive

impairment can continue unabated (402). These treatment

considerations that rest on the side of metabolic disorders as well

as neurodegenerative disease warrant new avenues of inquiry for the

development of innovative therapeutic strategies that may address

the onset and progression of these disorders. Novel pathways that

may offer new insights into these disorders involve programmed cell

death regulation, the silent mating type information regulation 2

homolog 1 (Saccharomyces cerevisiae) (SIRT1), AMP activated

protein kinase (AMPK), and Wnt1 inducible signaling pathway

protein 1 (WISP1) (Figure 2).
5 Programmed cell death in metabolic
and nervous system diseases

Programmed cell death that involves autophagy, apoptosis,

ferroptosis, and pyroptosis has a vital role in the determination of

both metabolic and neurodegenerative disorders (Figure 2). Recent

studies on exome sequence analysis indicate that metabolic cellular

dysfunction directly affects neuronal cell death through DNA and

apoptosis (403). In metabolic disorders, programmed cell death can

affect neuronal survival (24, 122, 310, 404–411), vascular integrity

(8, 40, 61, 87, 182, 188, 412–414), mitochondrial function (42, 61,

172, 186), and inflammation (36, 50, 87, 186, 415–418). In a similar

manner, programmed cell death in the nervous system can lead to

neuronal and non-neuronal cell injury (65, 121, 132–134, 143, 148,

155, 224, 240, 262, 376, 405, 419–428), cerebral ischemia (91, 122,

182, 405, 423, 427, 429–433), microglial cell loss (120, 125, 133, 152,

356, 421, 430, 434, 435), and dysfunction of pathways for cognitive

function (100, 120, 121, 141, 143, 148, 260–262, 275, 301, 421,

436–440).

During autophagy, organelles in the cytoplasm as well as other

subunits in the cell are recycled for future remodeling of tissues (5,

121, 376, 408, 409, 428, 441, 442). Of the different forms of

autophagy, macroautophagy is the prominent type of autophagy

that is usually described and consists of sequestering proteins and

organelles in the cytoplasm of cells into autophagosomes that will

be merged into lysosomes that can be degraded and recycled (117,

136, 141, 275, 443). During microautophagy, components of the

cytoplasm are sequestered for eventual digestion through

invagination of lysosomal membranes (97). In chaperone-

mediated autophagy, protein “chaperones” are created in the

cytoplasm to carry components of the cytoplasm over the

membranes of lysosomes (134, 136, 444, 445).

Autophagy can foster beneficial outcomes during metabolic and

neurodegenerative disorders. Activation of autophagy can be

necessary for fatty acid metabolism during obesity (62) and for

the oversight of muscle tissue generation (441). Autophagy can

oversee the proliferation and size of pancreatic b-cells (446), may

limit insulin resistance during inflammation with high serum lipids

in obesity models of autophagy Atg7 gene deletion (447), may

prevent diabetic nephropathy with maintenance of Atg7, Atg5, and

LC3 autophagy proteins (448), and can prevent DM progression
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through promoting b-cell function and eliminating misfolded

proteins and dysfunctional mitochondria (449). Increased

physical activity in murine models helps control glucose serum

regulation through autophagy pathways (450) that are tied to

greater insulin efficacy (451) and improved function of microglial

cells (416). In the brain, loss of autophagy activation can lead to

memory impairment in AD with the progression of DM (44). The

pathways that lead to the activation of autophagy may require

inhibition of the mechanistic target of rapamycin (mTOR) with

agents such as rapamycin or metformin (7, 49, 121, 284, 335, 359,

376, 393, 442, 452–457). In addition, activation of mTOR can

inhibit autophagy induction through the phosphorylation of the

autophagic related gene (Atg) protein Atg13 and UNC-51 like

kinases (ULKs) such as UNC-51 like kinase 1 (ULK1) to prevent

formation of the ULK-Atg13-FIP200 complex (97, 458). During

mTOR inhibition and autophagy activation, reduction in ROS

release occurs (459), dopamine cell survival is increased (460),

neuronal demise is blocked through pathways of glutamine (461),

and mitochondrial integrity is preserved (462). Autophagy

activation can limit tau deposition (463) and reduce Aß

accumulation with improved memory function and metabolic

homeostasis (464). Control of blood mononuclear cells in MS
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during inflammation can be mediated by autophagy activation

(465), induction of autophagy can improve the clinical outcome

of relapsing-remitt ing and experimental autoimmune

encephalomyelitis (466) and reduce retinal MS-induced

degeneration (189), cytokine release and microglial activation is

limited during autophagy activation in experimental autoimmune

encephalomyelitis (358), and the risk for developing MS may be

lessened during mTOR blockade and autophagy induction (359).

Autophagy activity with metformin treatment also may lead to

myelin repair with oligodendrocytes (356) and assist with the

reduction of viral susceptibility during DM in over-weight

individuals exposed to COVID-19 (52, 370).

However, there exists another side to autophagy that suggests

careful modulation of activity is required for clinical disease.

Cardiomyopathy (467), atherosclerosis (468), and endoplasmic

reticulum stress (469) can ensue with advanced glycation end

products (AGEs), elevated glucose exposure, and autophagy

activation. Induction of autophagy can lead to the reduction in

cardiac and liver tissue mass during treatments to improve glucose

regulation (380), promote neuronal cell death under some

conditions (470–472), prevent cerebral interneuron progenitor

cell growth (473), result in mitochondrial injury (61, 145, 172,
FIGURE 2

Innovative Avenues to Address Metabolic and Neurodegenerative Disease. Current therapies for metabolic and neurodegenerative disorders are
unable to prevent the onset and progression of these disorders. The clinical course of these disorders is closely tied to intracellular process that are
linked to aging-related disorders, telomere dysfunction, cellular senescence, and oxidative stress. Novel and innovative therapeutic strategies are
needed to address metabolic and neurodegenerative diseases. Pathways that may offer new insights into these disorders involve the silent mating
type information regulation 2 homolog 1 (Saccharomyces cerevisiae) (SIRT1), AMP activated protein kinase (AMPK), and Wnt1 inducible signaling
pathway protein 1 (WISP1). These pathways are closely interconnected, can form complexes, and involve ß-nicotinamide adenine dinucleotide
(NAD+), nicotinamide (NIC), and trophic factors such as erythropoietin (EPO). Ultimately these pathways serve to provide oversight of programmed
cell death mechanisms that involve autophagy, apoptosis, pyroptosis, and ferroptosis as well as mechanisms that can lead to mitochondrial stress
such as with nicotinamide adenine dinucleotide phosphate (NADPH) depletion.
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216, 306, 379, 474–479), reduce numbers of progenitor endothelial

cells (480), limit angiogenesis in the presence of elevated glucose

(480), and lead to cognitive loss (141, 148, 275, 361, 393, 437). In

addition, growth factor cell protection, such as with the trophic

factor erythropoietin (EPO) (114, 304, 385, 481–484), requires

decreases in autophagy activation in conjunction with modulation

of mTOR, protein kinase B (Akt), the proline rich Akt substrate 40

kDa (PRAS40), and mammalian forkhead transcription factors to

promote neuronal and vascular survival (145, 485–489).

Apoptotic cell injury can be initiated through pathways of

oxidative stress (40, 68, 96, 120, 201, 216, 244, 245, 256, 260, 261,

303, 490–495) and inflammation (7, 36, 120, 143, 169, 212, 225, 256,

260, 275, 303, 310, 425, 430, 496–501) as part of metabolic and

neurodegenerative disorders. Apoptotic cell death has early and late

components that can occur in this process (97, 122, 408, 409, 426).

The loss of PS membrane asymmetry is the early phase of apoptotic

cell death (502–506). Once cells become injured, the PS residues

become externalized on the cell membrane that attracts

inflammatory microglia to recognize these injured cells and

remove them from the central and peripheral nervous systems

(502, 507–510). However, injured cells may recover if they are not

engulfed by microglia. Treatments directed to restore PS membrane

asymmetry for injured cells can then prevent microglial attraction

and preserve the function of these necessary cells in the nervous

system (66, 511–513). In contrast, the later phase of apoptotic cell

death that consists of the destruction of nuclear deoxyribonucleic

acid (DNA) (18, 96, 113, 229, 483, 514–518) and a cascade of

caspase activation (65, 96, 130, 143, 347, 348, 405, 425, 483, 519) is

not reversible.

Reductions in apoptosis activation can prevent cell injury

during glial cell excessive activity and oxidative stress (120), limit

dopaminergic cell demise during inflammatory cell activation (152),

protect retinal cells during ischemia exposure (516), and increase

neuronal cell survival during Aß toxicity (320, 520–522).

Controlling apoptotic cell death also reduces inflammatory cell

pathways (50, 186, 212, 225, 256, 260, 261, 418, 496, 497, 499, 500,

523–525) and can limit memory loss (7, 100, 143, 262, 421, 439).

These pathways are significantly tied to microglial activity.

Microglia account for about fifteen percent of the cells in the

central nervous system and as noted can remove injured cells

during apoptosis (97, 120, 133, 134, 152, 155, 425, 430, 502, 503).

These inflammatory cells can release ROS to generate oxidative

stress (7, 18, 62, 121, 282, 526–528) through pathways that involve

Wnt signaling (2, 6, 97, 122, 181, 529–531), mammalian forkhead

transcription factors (17, 67, 68, 117, 426, 519, 532), and growth

factors with EPO (6, 145, 159, 482, 533–536). During cognitive

dysfunction, microglial activity may lead to increased risk for the

development of AD (141, 537) as well as endothelial

dysfunction (119).

Ferroptosis is a process in the programmed cell death pathway

that leads to the storage of iron in the cell that results in the inability

to maintain glutathione homeostasis (225, 538, 539). Once oxidative

defenses that require glutathione are lost, lipid peroxidation can

ensue to result in the demise of cells (224, 229, 540). Ferroptosis can

lead to cell death in multiple systems such as the musculoskeletal
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system (225), cardiovascular system (8, 540), and breast tissue

(229). In the nervous system, ferroptosis may lead to cognitive

impairment (7, 224, 274) and produce pathogenic T lymphocytes

that lead to dysfunction in neuronal and glial cells (252, 538).

Given the associations of autophagy, apoptosis, and ferroptosis

with inflammatory cell pathways, it is of interest to note that

pyroptosis is part of the programmed cell death pathway that can

specifically modulate inflammatory cell activity (5, 178, 410, 500,

541). The inflammasome, also known as the pyroptosome, is a

supramolecular entity that initiates the pyroptotic cell death

process. The inflammasome family of nucleotide-binding

oligomerization domain and leucine-rich repeat-containing

receptors (NLRs) has the members NLRP1, NLRP3, NLRP6, and

NLRC4. Pattern recognition receptors responding to damage

associated molecular pattern (DAMP) in host cells and pathogen-

associated molecular pattern (PAMP) in families of microbes lead to

the activation of inflammasomes and caspase 4, caspase 1, and

caspase 5 (7, 303, 358, 515, 541–545). DAMP molecules with DNA

and adenosine triphosphate (ATP) traverse through open cell

membranes and lead to NLRP3 canonical inflammasome activation

while caspase 5 and caspase 4 can result in noncanonical

inflammasome activation with lipopolysaccharide proteins in

infections with Gram-negative bacteria. For membranes to open,

pores are formed through the degradation of N-terminal domain

with the C-terminal domains as part of gasdermin proteins.

Cytokines such as interleukin-1 family members are released to

generate inflammatory reactions and require gasdermin since these

cytokines cannot alone result in pore formation (2, 212, 515).

Pyroptosis can result in cell injury as a result of cytokine release

(410, 411) and lead to neuronal and vascular cell dysfunction that

results in loss of memory and executive function (11, 60, 252, 263,

275, 298, 301, 344, 546). In addition, elevated cytokine release during

pyroptosis can affect immune cell activity in the body (358) and lead

to failed clinical outcomes, such as in MS patients, with elevated

inflammasome levels (541).
6 SIRT1 regulation of cellular
metabolism and neurodegeneration

The silent mating type information regulation 2 homolog 1

(Saccharomyces cerevisiae) (SIRT1) controls both cellular

metabolism (11, 60, 111, 263, 275, 294, 298, 344, 400, 546–549)

and neurodegeneration (98, 102, 117, 156, 210, 232, 240, 400, 438,

550–555). There exist mammalian homologues of Sir2 that are

SIRT1, SIRT2, SIRT3, SIRT4, SIRT5, SIRT6, and SIRT7 (6, 12, 13,

97, 134, 255, 333, 556). SIRT1 exists in the brain, liver, heart, skeletal

muscle, pancreas, adipose tissue, and spleen (16, 179, 210, 223, 440,

550, 557). SIRT1 is a histone deacetylase that controls transcription

of DNA that involves acetyl group transfer from ϵ-N-acetyl lysine
amino acids to DNA histones (6, 17, 70, 78, 106, 117, 223, 259, 309,

335, 558, 559) (Figure 2). Histone deacetylases oversee multiple

cellular processes such as aging, wound healing, neuronal function,

oxidative stress, transcription factor activity, cardiovascular

function, and cancer (8, 78, 98, 175, 550, 560–563). One substrate
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for SIRT1 is the coenzyme ß-nicotinamide adenine dinucleotide

(NAD+) (24, 42, 65, 70, 78, 96, 98, 111, 196, 330, 475, 550, 564).

SIRT1 regulation of cellular metabolic homeostasis can be

critical to the onset and progression of disorders in the nervous

system (13, 16, 17, 38, 98, 223, 259, 333, 544, 549, 565, 566). SIRT1

is dependent upon NAD+ and nicotinamide (24, 98, 210, 255, 417,

475, 514, 550). As a precursor for NAD+, nicotinamide is the amide

form of vitamin B3 (niacin) (8, 34, 42, 330, 378, 567–570).

Nicotinamide can be produced through SIRT1 transferring of the

acetyl residue of the histone acetyllysine residue to the ADP-ribose

moiety of NAD+. As part of a feedback pathway, nicotinamide can

limit the activity of SIRT1 through the interception of an ADP-

ribosyl-enzyme-acetyl peptide intermediate with the regeneration

of NAD+ (571). As a result, nicotinamide can bind to sirtuins

through NAD+ in the C pocket of sirtuins (572) and can

noncompetitively inhibit SIRT1 (560) and prevent anti-

inflammatory gene expression (573). In addition, SIRT1

activation through nicotinamide phosphoribosyltransferase

(NAMPT) can occur with periods of glucose restriction. This

leads to increases in NAD+ and reduction in nicotinamide levels

that become ineffective to block SIRT1 (574). Replenishment of

NAD+ can assist with cardiovascular health (53) with SIRT1

activation limiting inflammation, metabolic dysfunction, and cell

injury (111, 113, 203). As an example during hyperglycemia, SIRT1

can increase vascular cell survival (575).

SIRT1 can oversee insulin sensitivity (8, 61, 78, 417, 576–578)

and mitochondrial function (13, 34, 70, 240, 475, 558). SIRT1

expression is reduced in the liver and pancreas during high fat

diets that can lead to insulin resistance (579). Elevated SIRT1

activity can modulate glucose and hepatic lipid processing to

prevent metabolic syndrome dysfunction (580). SIRT1 controls

insulin sensitivity via protein tyrosine phosphatase (PTP) (335,

581). SIRT1 also is a positive feedback system for insulin signaling

through Akt and can lead to the activity of Akt through

phosphotidylinositide 3-kinase (PI 3-K) (532, 581).

In the nervous system, SIRT1 activity can lead to neurite

outgrowth and enhance neuronal survival in environments that

limit nutrients (582). SIRT1 can foster survival for photoreceptor

cells (583), prevent the senescence of endothelial cells (584), and

enhance the function of mitochondria in embryonic stem cells

during oxidative stress (585). The absence of SIRT1 activity may

lead to dysregulation in the immune system such as during MS

(406). SIRT1 activity may be required for limiting the toxicity of

oxidative stress and preserving memory (262), fostering Ab
degradation (586), increase lifespan in higher level organisms

(587), and protecting neuronal and vascular cells against oxidative

stress (98, 134, 232, 240, 438, 502, 510, 550, 551, 554, 555, 588).

SIRT1 also functions through trophic factor regulation in

metabolic and neurological disorders that is linked to NAD+

activity (34, 145, 203, 499, 533–535, 589). The trophic factor EPO

employs SIRT1 to block depolarization of mitochondrial, release of

cytochrome c, induction of BCL2 associated agonist of cell death

(Bad) activation, and caspase cleavage (510). EPO through SIRT1

can protect neurons (590) that may be responsible for SIRT1

synaptic memory improvement (223). As a result of SIRT1

activity, EPO prevents mitochondrial injury (483, 521, 536, 591–
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593), increases microglial survival (594), blocks caspase activity

(520), protects human cardiomyocytes (592), and oversees cellular

metabolism (304, 482, 595, 596).
7 Oversight of metabolic and nervous
system disorders through AMPK

AMP-activated protein kinase (AMPK) is an important

component of the mTOR pathway, is intimately associated with

SIRT1, and is a significant target for metabolic and

neurodegenerative disorders (2, 30, 38, 112, 113, 118, 218, 229,

452, 558, 559, 597–600) (Figure 2). AMPK can lead to the

generation of adenosine triphosphate (ATP), improve insulin

sensitivity, oversee the oxidation of fatty acids, and reduce levels

of oxidative stress (30, 34, 229, 230, 234, 288, 309). Increased AMPK

activity is present in diets high in fish oil that can prevent

endothelial cell injury (601) and improve insulin sensitivity (451).

In the nervous system, AMPK can limit stroke damage in animal

models of DM (602), reduce tau deposition (463), regulate

neuroinflammation (134, 226, 603), reduce Aß brain

accumulation (604), block Aß toxicity (605), oversee mitophagy

with ULK1 (606, 607) and improve cognition in experimental

models with DM and AD (608). Pain sensation that can become

problematic with peripheral neuropathies in DM can be attenuated

in experimental models with AMPK (292).

A number of agents that are involved in metabolic homeostasis

also rely upon AMPK. Nicotinamide can protect mitochondria with

the activation of AMPK (288). In addition, metformin and

biguanides control autophagy through AMPK. DM cardiac cell

injury through the activation of autophagy with AMPK is reduced

during treatment with metformin (609). As previously noted,

activation of autophagy under some circumstances can reduce

toxicity from oxidative stress (33, 121, 145, 189, 216, 226, 306,

309, 540) and may shift to beneficial oxidative metabolism (610). In

addition, other pathways such as Wnt family members may require

AMPK activity to reduce neuronal brain injury (611). AMPK

signaling is necessary with inhibition of mTOR pathways for the

maintenance of electrical activity of the brain for control of behavior

(597), for the acceleration of myelin brain recovery during

treatment with metformin (356), and for mitochondrial

preservation during ferroptotic cell death (229). Without AMPK

activity, cell death, cell senescence, and mitochondrial loss can

result (16, 113).

Bidirectional pathways of modulation of activity also exist for

SIRT1 and AMPK. SIRT1 expression leads to deacetylation of

serine-threonine liver kinase B1 (LKB1) that may be through

indirect or direct means and can result in AMPK activation (612).

Although AMPK does not directly activate SIRT1, SIRT1 activity

can increase with AMPK either by elevating the cellular NAD+/

NADH ratio that leads to deacetylation and downstream SIRT1

target activity changes to involve peroxisome proliferator-activated

receptor-gamma coactivator-1a (PGC-1a) and forkhead

transcription factors (613) or through increasing NAMPT to raise

NAD+ and lower SIRT1 inhibitors such as nicotinamide (574).

Resveratrol, an activator of SIRT1, can elevate AMPK activity
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through SIRT1 dependent or independent pathways (613, 614).

Through combined pathways, AMPK and SIRT1 block

mitochondrial loss (61) and limit endothelial cell death during

elevated glucose exposure (575).
8 WISP1 in metabolic homeostasis and
nervous system function

Closely coordinated with the pathways AMPK in metabolic and

neurodegenerative disease is the Wnt1 inducible signaling pathway

protein 1 (WISP1) (6, 75, 529, 615–618). WISP1 is a downstream

target of the wingless pathway of Wnt proteins. Wnt proteins are

cysteine-rich glycosylated proteins that can control cellular

metabolism, stem cell proliferation, new vascular cell growth,

musculoskeletal disease, nervous system sensation, and neuronal

cell development (57, 83, 122, 181, 203, 346, 349, 350, 530, 531, 619,

620). Wnt signaling that includes Wnt1 can control autophagy

(621–624), prevent endothelial cell death in experimental models of

DM (412), limit dopaminergic neuron cell loss in PD (625), oversee

repair of wounds during DM (626), assist with human b-cell
proliferation (627), foster growth in the musculoskeletal system

(57, 497, 628), and inhibit cognitive loss with DM and aging (629).

WISP1 is a CCN family member that consists of six secreted

extracellular matrix associated proteins that are termed by the first

three members of the family that include Cysteine-rich protein 61,

Connective tissue growth factor, and Nephroblastoma over-

expressed gene (130, 630) (Figure 2). WISP1 can be influenced by

increased weight in humans, becomes elevated with insulin

resistance in children and adolescents (616, 631), and is elevated

during gestational DM (632). WISP1 may be vital for glucose

homeostasis since it is over-expressed during regeneration of the

pancreas (633), controls b-cell proliferation (75), and can control

cellular senescence (634). WISP1 can stabilize atherosclerotic

plaques (347) that can ultimately lead to cerebrovascular disease,

can limit lipopolysaccharide-induced cell injury through pathways

of Akt (348), can attenuate blood-brain barrier disruption (635),

and decrease toxicity of oxidative stress and Aß exposure (97, 520,

522). However, it should be noted that WISP1, a trophic agent, also

can promote tumorigenesis (281, 529, 636–642).

WISP1 is dependent upon the pathways of AMPK for glucose

homeostasis and the ability to affect neuronal survival. WISP1 can

oversee AMPK post-translational phosphorylation during cellular

metabolism (6, 33, 455, 643–645). WISP1 controls the activation of

AMPK activation by differentially decreasing phosphorylation of

tuberous sclerosis 2 (TSC2) at serine1387, an AMPK target, and

increasing phosphorylation of TSC2 at threonine1462, an Akt target

(522). This process allows WISP1 to provide a minimal level of

TSC2 and AMPK activity to offer a proper biological balance for

optimum metabolic homeostasis and survival of cells. This balance

in AMPK activation and levels is critical. Although AMPK

activation can limit insulin resistance and oxidative stress (451)
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and assist with differentiation of adipocytes during lipid

accumulation in obesity (646), under other conditions AMPK

through autophagy may lead to cell injury. A fine balance of

AMPK activity is necessary to increase basal autophagy activity

and maintain neuronal and endothelial cell survival during periods

of metabolic homeostasis loss (230, 234, 575, 584). AMPK can

modulate apoptosis and autophagy during coronary artery disease

(647) and ROS release (234, 648). This is also seen with the growth

factor EPO. EPO controls AMPK during oxidative stress (522),

inflammation (114, 385, 649), angiogenesis (650, 651), and

modulation of endothelial nitric oxide synthase (652). The

concentration of EPO and duration of treatment can influence a

specific level of AMPK activity, as well as the activity of mTOR (114,

653–655). If this activity is not balanced, elevated EPO and AMK

activity can lead to cell injury (656).
9 Discussion

With the increase in lifespan and NCDs, disorders of cellular

metabolism that include DM and neurodegenerative disorders are

increasing in prevalence throughout the world. These disorders may

be significantly under diagnosed with estimates of at least thirty-five

percent of individuals in developed countries not receiving

appropriate care to slow the progression of metabolic and

neurodegenerative disease. Metabolic and neurodegenerative

disorders also impose a significant financial challenge for the

treatment and care of individuals. It is expected that additional

care costs for current unmet clinical and staffing needs will exceed

over two trillion USD per year.

The clinical onset and progression of metabolic and

neurodegenerative disorders is closely tied to aging, dysfunction

in telomere processing, and the processes of cellular senescence and

oxidative stress (Table 1). These underlying processes not only lead

to neuronal and vascular death, mitochondrial loss, stem cell injury,

and immune system dysfunction, but also result in significant co-

morbidities in the nervous system leading autonomic dysfunction

and peripheral neuropathies as well as cognitive loss. In fact,

cognitive loss is now the seventh cause throughout the world for

death and it is estimated that close to two hundred million

individuals may have dementia by the year 2050. Although

dementia may present in multiple neurological disorders, AD

encompasses almost sixty percent of individuals with cognitive

loss and it is estimated that more than sixty-five percent of

people with MS have cognitive impairment. The cognitive loss in

neurological disorders has an important metabolic basis and

involves risk factors with APOE that can lead to the cognitive loss

present in AD and MS as well as increase susceptibility to viral

infections, such as during SARS-CoV-2 with COVID-19.

Metabolic disorders, such as DM, and neurologic disease

remain a significant challenge for the treatment and care of

individuals. Although strategies that address nutritional intake
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and the use of pharmaceutical agents to control glucose homeostasis

can slow disease progression of DM, clinical off-target effects can

lead to progressive neuronal and vascular cell loss and the atrophy

of organs in the body. To a similar degree, present therapies for AD

assist with symptoms of memory loss, but do not halt disease

progression. In addition, recently approved therapies and DMTs for

AD andMS that involve immunotherapies may be suited for a small

subset of people, such as with AD, and can achieve some decrease in

disease progression but the overall course of cognitive loss in these

disorders will continue unabated. These clinical challenges to

address the interplay between metabolic and neurodegenerative

disorders require innovative strategies that can focus upon the

underlying mechanisms of aging, oxidative stress, cell senescence,

and cell death.

Programmed cell death pathways that involve autophagy,

apoptosis, ferroptosis, and pyroptosis can play an important role in

DM and neurodegenerative disorders. Autophagy can regulate the

proliferation and size of pancreatic b-cells, reduce insulin resistance,

prevent diabetic nephropathy, and limit progression of DM through

promoting b-cell function and eliminating misfolded proteins and

dysfunctional mitochondria. Autophagy activation in conjunction with

mTOR inhibition can reduce ROS release, protect dopamine cells,

preserve mitochondrial integrity, reduce inflammatory processes that

may lead to clinical relapses, limit Aß and tau brain deposition, reduce

cytokine release and microglial activity, and repair myelin in the

nervous system. In regard to apoptotic cell death, strategies that can

limit apoptosis activation can prevent cell injury during excessive glial

activity during oxidative stress, limit ischemic toxicity to retinal cells,

preserve dopaminergic cells during inflammation, and block cell

demise during Aß exposure. Similar to apoptotic cell injury but

involving iron accumulation in the cell with the loss of glutathione

homeostasis, ferroptosis leads to cognitive impairment, immune

dysfunction in T lymphocytes that can injure neuronal and glial

cells, and cell death in the musculoskeletal system, cardiovascular

system, and breast tissue. Pyroptosis cell death involves

inflammasome activation that yields cytokine release, cell injury,

inflammatory cell dysfunction, and neurovascular injury with

cognitive loss.

Given that pathways of programmed cell death play a dual role in

determining the fate of cellular survival and organ systems, it is

important to recognize that a balance among these pathways is

essential to optimize clinical outcome. For example, activation of

autophagy can lead to cardiac disease, atherosclerosis, block

interneuron progenitor cell growth, foster neuronal death, lead to

memory impairment, and prevent neurovascular protection with

growth factors. As a result, the basal activity of autophagy should be

considered since changes in the autophagic flux have been shown to

limit the induction of cell senescence. With apoptosis, it can be equally

as crucial to control early apoptotic pathways that involve PS

membrane asymmetry in an effort to block the later phase

progression of the apoptotic cascade and prevent nuclear DNA
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degradation that leads to cell death. In addition, apoptotic pathways

are tightly linked to inflammatory cell activity. Although increased glial

cell activity may contribute to oxidative stress and apoptosis, microglial

cells can be beneficial at times with autophagy induction to maintain

cholesterol homeostasis (133), provide protection during amyotrophic

lateral sclerosis (657), and for the clearance of amyloid in the brain

(598). Triggering receptor expressed on myeloid cells 2 (TREM2) that

can foster microglial survival can prevent inflammation during AD

through forkhead transcription factors (FoxOs), Wnt signaling, and

microglial activation (323, 658).

Pathways with SIRT1, AMPK, and WISP1 also provide us with

clues for maintaining a proper environmental homeostasis for cells

especially during aging processes that can lead to cognitive loss.

SIRT1 is dependent upon NAD+ and nicotinamide and can control

insulin sensitivity, prevent cell senescence, modulate immune

system activity, promote Ab degradation, and increase lifespan in

higher organisms. In addition, mitochondrial oxidative stress can be

dependent upon nicotinamide adenine dinucleotide phosphate

(NADPH) depletion and increase of aldose reductase. These

pathways are important in the pentose phosphate pathway that

involves transaldolase, which is encoded by the TALDO1 gene (659)

and has been linked to Parkinson ’s disease (660). Such

mitochondrial dysfunction can be mediated through mTOR

pathways that lead to antiphospholipid antibodies (661). Yet,

feedback pathways are required at times through nicotinamide

and Akt for replenishment of NAD+ and effective modulation of

cellular pathways, such as those involving insulin signaling and

inflammation. AMPK activation can improve insulin sensitivity,

reduce oxidative stress toxicity, limit tau and Aß cell injury, and

lead to cognitive improvement in conjunction with autophagy

activation. Yet, during periods when autophagy activation can be

detrimental, AMPK may require modulation to limit its activity.

This loss of AMPK activity to alter autophagy pathways may

negatively impact other pathways such as with SIRT1. There exist

conditions when SIRT1 in conjunction with AMPK is required to

prevent mitochondrial loss and vascular cell death. WISP1 also

requires AMPK pathways to offer glucose homeostasis and

protection of neuronal and vascular cells. The ability for WISP1

to effectively promote metabolic stability and cell survival is

dependent upon WISP1 providing a proper biological balance of

AMPK activity to foster cell survival, control inflammatory

pathways, assist with growth factor protection, and prevent cell

injury that can occur through autophagic and apoptotic

mechanisms. The pathways of programmed cell death, SIRT1,

AMPK, and WISP1 offer vital insights and are extremely

attractive for identifying processes that can contribute to the

onset and progression of metabolic and neurodegenerative

diseases that can be linked to multiple entities such as APOE,

SARS-CoV-2, NAD+, nicotinamide, and trophic factors, such as

EPO, but will require further insight into the elaborate relationship

of these pathways for effective clinical translation.
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Insulin resistance and diabetes mellitus in alzheimer’s disease. Cells (2021) 10(5):1236.
doi: 10.3390/cells10051236

29. Chen Y, Huang C, Zhu SY, Zou HC, Xu CY, Chen YX. Overexpression of hotair
attenuates pi-induced vascular calcification by inhibiting wnt/b-catenin through
regulating mir-126/klotho/sirt1 axis. Mol Cell Biochem (2021) 476(10):3551–61.
doi: 10.1007/s11010-021-04164-8

30. Gong Q, Wang H, Yu P, Qian T, Xu X. Protective or harmful: the dual roles of
autophagy in diabetic retinopathy. Front Med (Lausanne) (2021) 8:644121.
doi: 10.3389/fmed.2021.644121

31. Karamzad N, Faraji E, Adeli S, Sullman MJM, Pourghassem Gargari B. The effect
of menaquinone-7 supplementation on dp-ucmgp, pivkaii, inflammatory markers, and
body composition in type 2 diabetes patients: A randomized clinical trial. Nutr Diabetes
(2022) 12(1):15. doi: 10.1038/s41387-022-00192-5

32. Maiese K. New insights for oxidative stress and diabetes mellitus. Oxid Med Cell
Longev (2015) 2015:875961. doi: 10.1155/2015/875961
frontiersin.org

https://doi.org/10.1016/bs.irn.2020.01.009
https://doi.org/10.1016/bs.irn.2020.01.009
https://doi.org/10.1177/0091270010362904
https://doi.org/10.1177/0091270010362904
https://doi.org/10.2174/1567202620666230721122957
https://doi.org/10.1080/17512433.2020.1698288
https://doi.org/10.1080/17512433.2020.1698288
https://doi.org/10.3390/biom13050816
https://doi.org/10.17179/excli2023-6306
https://doi.org/10.1155/2020/7489795
https://doi.org/10.1155/2020/1298691
https://doi.org/10.1007/s12035-021-02390-1
https://doi.org/10.1016/j.phymed.2022.154276
https://doi.org/10.1016/j.phymed.2022.154276
https://doi.org/10.3390/nu13113824
https://doi.org/10.3967/bes2020.090
https://doi.org/10.3389/fcell.2021.701547
https://doi.org/10.1111/acel.13894
https://doi.org/10.1089/met.2022.0078
https://doi.org/10.3390/cells12121607
https://doi.org/10.1080/10408398.2022.2159317
https://doi.org/10.7759/cureus.36815
https://doi.org/10.1007/s11010-022-04496-z
https://doi.org/10.1007/s11010-022-04496-z
https://doi.org/10.2174/1567202617999210104220334
https://doi.org/10.2174/1567202617999210104220334
https://doi.org/10.1007/s40200-020-00515-2
https://doi.org/10.1177/1479164119865885
https://doi.org/10.1038/s41598-022-24999-5
https://doi.org/10.1038/s41598-022-24999-5
https://doi.org/10.3390/cells10051236
https://doi.org/10.1007/s11010-021-04164-8
https://doi.org/10.3389/fmed.2021.644121
https://doi.org/10.1038/s41387-022-00192-5
https://doi.org/10.1155/2015/875961
https://doi.org/10.3389/fimmu.2023.1273570
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Maiese 10.3389/fimmu.2023.1273570
33. Maiese K. Prospects and perspectives for wisp1 (Ccn4) in diabetes mellitus. Curr
Neurovasc Res (2020) 17(3):327–31. doi: 10.2174/1567202617666200327125257

34. Maiese K. Nicotinamide: oversight of metabolic dysfunction through sirt1, mtor,
and clock genes. Curr Neurovasc Res (2020) 17(5):765–83. doi: 10.2174/
1567202617999201111195232

35. O’Donnell BT, Monjure TA, Al-Ghadban S, Ives CJ, L’Ecuyer MP, Rhee C, et al.
Aberrant expression of cox-2 and foxg1 in infrapatellar fat pad-derived ascs from pre-
diabetic donors. Cells (2022) 11(15):2367. doi: 10.3390/cells11152367

36. Ren L. Circular rna pip5k1a act as microrna-552-3p sponge to regulates
inflammation, oxidative damage in glucolipotoxicity-induced pancreatic ins-1 b-cells
via janus kinase 1. Bioengineered (2022) 13(3):5724–36. doi: 10.1080/
21655979.2021.2022076

37. Zuo J, Zhang Z, Luo M, Zhou L, Nice EC, Zhang W, et al. Redox Signaling at the
Crossroads of Human Health And disease. MedComm (2020) (2022) 3(2):e127.
doi: 10.1002/mco2.127

38. Maiese K. Novel nervous and multi-system regenerative therapeutic strategies
for diabetes mellitus with mtor. Neural regeneration Res (2016) 11(3):372–85.
doi: 10.4103/1673-5374.179032

39. Harris MI, Eastman RC. Early detection of undiagnosed diabetes mellitus: A us
perspective. Diabetes Metab Res Rev (2000) 16(4):230–6. doi: 10.1002/1520-7560(2000)
9999:9999<::aid-dmrr122>3.0.co;2-w

40. Maiese K. Mtor: driving apoptosis and autophagy for neurocardiac
complications of diabetes mellitus. World J Diabetes (2015) 6(2):217–24.
doi: 10.4239/wjd.v6.i2.217

41. Maiese K, Chong ZZ, Shang YC. Mechanistic insights into diabetes mellitus and
oxidative stress. Curr Med Chem (2007) 14(16):1729–38. doi: 10.2174/
092986707781058968

42. Maiese K. New insights for nicotinamide: metabolic disease, autophagy, and
mtor. Front bioscience (Landmark edition) (2020) 25:1925–73. doi: 10.2741/4886

43. Bahorik A, Bobrow K, Hoang T, Yaffe K. Increased risk of dementia in older
female us veterans with alcohol use disorder. Addiction (2021) 116(8):2049–55.
doi: 10.1111/add.15416

44. Caberlotto L, Nguyen TP, Lauria M, Priami C, Rimondini R, Maioli S, et al.
Cross-disease analysis of alzheimer’s disease and type-2 diabetes highlights the role of
autophagy in the pathophysiology of two highly comorbid diseases. Sci Rep (2019) 9
(1):3965. doi: 10.1038/s41598-019-39828-5

45. Karamzad N, Maleki V, Carson-Chahhoud K, Azizi S, Sahebkar A, Gargari BP. A
systematic review on the mechanisms of vitamin K effects on the complications of
diabetes and pre-diabetes. BioFactors (Oxford England) (2019) 46(1):21–37.
doi: 10.1002/biof.1569

46. Pinchera B, Scotto R, Buonomo AR, Zappulo E, Stagnaro F, Gallicchio A, et al.
Diabetes and covid-19: the potential role of mtor. Diabetes Res Clin Pract (2022)
186:109813. doi: 10.1016/j.diabres.2022.109813

47. Orkaby AR, Dushkes R, Ward R, Djousse L, Buring JE, Lee IM, et al. Effect of
vitamin D3 and omega-3 fatty acid supplementation on risk of frailty: an ancillary study
of a randomized clinical trial. JAMA Network Open (2022) 5(9):e2231206. doi: 10.1001/
jamanetworkopen.2022.31206
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F, Martıńez-Heredia L, Garcıá-Fontana B, et al. The contribution of wnt signaling to
vascular complications in type 2 diabetes mellitus. Int J Mol Sci (2022) 23(13):6995.
doi: 10.3390/ijms23136995

84. Sun ZY, Yu TY, Jiang FX, Wang W. Functional maturation of immature b Cells:
A roadblock for stem cell therapy for type 1 diabetes. World J Stem Cells (2021) 13
(3):193–207. doi: 10.4252/wjsc.v13.i3.193

85. Tan S, Zang G, Wang Y, Sun Z, Li Y, Lu C, et al. Differences of angiogenesis
factors in tumor and diabetes mellitus. Diabetes Metab Syndr Obes (2021) 14:3375–88.
doi: 10.2147/dmso.S315362

86. Zaiou M. Circrnas signature as potential diagnostic and prognostic biomarker
for diabetes mellitus and related cardiovascular complications. Cells (2020) 9(3):659.
doi: 10.3390/cells9030659

87. Zarneshan SN, Fakhri S, Farzaei MH, Khan H, Saso L. Astaxanthin targets pi3k/
akt signaling pathway toward potential therapeutic applications. Food Chem Toxicol
(2020) 145:111714. doi: 10.1016/j.fct.2020.111714

88. Centers for Medicare and Medicaid Services. National health expenditure
projections 2018-2027 (Baltimore, Maryland, USA). (2019).

89. Sonsalla MM, Lamming DW. Geroprotective interventions in the 3xtg mouse
model of alzheimer’s disease. Geroscience (2023) 45(3):1343–81. doi: 10.1007/s11357-
023-00782-w

90. Singh A, Kukreti R, Saso L, Kukreti S. Mechanistic insight into oxidative stress-
triggered signaling pathways and type 2 diabetes. Molecules (2022) 27(3):950.
doi: 10.3390/molecules27030950

91. Liu L, Cao Q, Gao W, Li BY, Zeng C, Xia Z, et al. Melatonin ameliorates cerebral
ischemia-reperfusion injury in diabetic mice by enhancing autophagy via the sirt1-
bmal1 pathway. FASEB J (2021) 35(12):e22040. doi: 10.1096/fj.202002718RR

92. Heer CD, Sanderson DJ, Voth LS, Alhammad YMO, Schmidt MS, Trammell
SAJ, et al. Coronavirus infection and parp expression dysregulate the nad metabolome:
an actionable component of innate immunity. J Biol Chem (2020) 295(52):17986–96.
doi: 10.1074/jbc.RA120.015138

93. Li J, Lin FH, Zhu XM, Lv ZM. Impact of diabetic hyperglycaemia and insulin
therapy on autophagy and impairment in rat epididymis. Andrologia (2020) 52(11):
e13889. doi: 10.1111/and.13889

94. Tomita Y, Lee D, Tsubota K, Kurihara T. Ppara Agonist oral therapy in diabetic
retinopathy. Biomedicines (2020) 8(10):433. doi: 10.3390/biomedicines8100433

95. Maiese K. Driving neural regeneration through the mammalian target of
rapamycin. Neural regeneration Res (2014) 9(15):1413–7. doi: 10.4103/1673-
5374.139453

96. Maiese K. The bright side of reactive oxygen species: lifespan extension without
cellular demise. J Transl Sci (2016) 2(3):185–7. doi: 10.15761/jts.1000138

97. Maiese K. The mechanistic target of rapamycin (Mtor) and the silent mating-
type information regulation 2 homolog 1 (Sirt1): oversight for neurodegenerative
disorders. Biochem Soc Trans (2018) 46(2):351–60. doi: 10.1042/bst20170121

98. Ministrini S, Puspitasari YM, Beer G, Liberale L, Montecucco F, Camici GG.
Sirtuin 1 in endothelial dysfunction and cardiovascular aging. Front Physiol (2021)
12:733696. doi: 10.3389/fphys.2021.733696

99. Olejniczak I, Pilorz V, Oster H. Circle(S) of life: the circadian clock from birth to
death. Biol (Basel) (2023) 12(3):383. doi: 10.3390/biology12030383

100. Yamamoto H, Shimomura N, Oura K, Hasegawa Y. Nacre extract from pearl
oyster shell prevents D-galactose-induced brain and skin aging. Mar Biotechnol (NY)
(2023) 25(4):503–18. doi: 10.1007/s10126-022-10192-2

101. National Center for Health Statistics.National vital statisitcs system. Hyattsville,
Maryland, USA: National Center for Health Statistics Fact Sheet (2019) p. 1–2.

102. BegumMK, Konja D, Singh S, Chlopicki S, Wang Y. Endothelial sirt1 as a target
for the prevention of arterial aging: promises and challenges. J Cardiovasc Pharmacol
(2021) 78(Suppl 6):S63–s77. doi: 10.1097/fjc.0000000000001154

103. Braidy N, Liu Y. Nad+ Therapy in age-related degenerative disorders: A benefit/
risk analysis. Exp Gerontol (2020) 132:110831. doi: 10.1016/j.exger.2020.110831

104. Castro-Portuguez R, Sutphin GL. Kynurenine pathway, nad(+) synthesis, and
mitochondrial function: targeting tryptophan metabolism to promote longevity and
healthspan. Exp Gerontol (2020) 132:110841. doi: 10.1016/j.exger.2020.110841

105. Chong ZZ, Maiese K. Mammalian target of rapamycin signaling in diabetic
cardiovascular disease. Cardiovasc Diabetol (2012) 11(1):45. doi: 10.1186/1475-2840-
11-45

106. Chong ZZ, Shang YC, Wang S, Maiese K. Sirt1: new avenues of discovery for
disorders of oxidative stress. Expert Opin Ther Targets (2012) 16(2):167–78.
doi: 10.1517/14728222.2012.648926

107. De Nobrega AK, Luz KV, Lyons LC. Resetting the aging clock: implications for
managing age-related diseases. Adv Exp Med Biol (2020) 1260:193–265. doi: 10.1007/
978-3-030-42667-5_9

108. Fischer F, Grigolon G, Benner C, Ristow M. Evolutionarily conserved
transcription factors as regulators of longevity and targets for geroprotection. Physiol
Rev (2022) 102(3):1449–94. doi: 10.1152/physrev.00017.2021
Frontiers in Immunology 13
109. Ji JS, Liu L, Zeng Y, Yan LL. Effect of foxo3 and air pollution on cognitive
function: A longitudinal cohort study of older adults in China from 2000 to 2014. J
Gerontol A Biol Sci Med Sci (2022) 77(8):1534–41. doi: 10.1093/gerona/glac016

110. Lathe R, St Clair D. Programmed ageing: decline of stem cell renewal,
immunosenescence, and alzheimer’s disease. Biol Rev Cambridge Philos Soc (2023)
98(4):1424–58. doi: 10.1111/brv.12959

111. Maiese K. Sirt1 and stem cells: in the forefront with cardiovascular disease,
neurodegeneration and cancer. World J Stem Cells (2015) 7(2):235–42. doi: 10.4252/
wjsc.v7.i2.235

112. Tabibzadeh S. Signaling pathways and effectors of aging. Front bioscience
(Landmark edition) (2021) 26:50–96. doi: 10.2741/4889

113. Watroba M, Szukiewicz D. Sirtuins at the service of healthy longevity. Front
Physiol (2021) 12:724506. doi: 10.3389/fphys.2021.724506

114. Maiese K. Erythropoietin and mtor: A “One-two punch” for aging-related
disorders accompanied by enhanced life expectancy. Curr Neurovasc Res (2016) 13
(4):329–40. doi: 10.2174/1567202613666160729164900

115. Maiese K. Sirtuins: developing innovative treatments for aged-related memory
loss and alzheimer’s disease. Curr Neurovasc Res (2018) 15(4):367–71. doi: 10.2174/
1567202616666181128120003

116. World Health Organization. Global action plan on the Public Health Response
to Dementia 2017-2025 (Geneva, Switzerland). (2017). pp. 1–44.

117. Maiese K. Targeting the core of neurodegeneration: foxo, mtor, and sirt1.
Neural regeneration Res (2021) 16(3):448–55. doi: 10.4103/1673-5374.291382

118. Yu M, Zhang H, Wang B, Zhang Y, Zheng X, Shao B, et al. Key signaling
pathways in aging and potential interventions for healthy aging. Cells (2021) 10(3):660.
doi: 10.3390/cells10030660

119. Adhikari UK, Khan R, Mikhael M, Balez R, David MA, Mahns D, et al.
Therapeutic Anti-Amyloid b Antibodies Cause Neuronal Disturbances. Alzheimer’s &
dementia: the journal of the Alzheimer’s Association (2022). doi: 10.1002/alz.12833

120. Ahmad R, Khan A, Rehman IU, Lee HJ, Khan I, Kim MO. Lupeol Treatment
Attenuates activation of glial cells and oxidative-stress-mediated neuropathology in
mouse model of traumatic brain injury. Int J Mol Sci (2022) 23(11):6086. doi: 10.3390/
ijms23116086

121. Amini J, Sanchooli N, Milajerdi MH, Baeeri M, Haddadi M, Sanadgol N. The
interplay between tauopathy and aging through interruption of upr/nrf2/autophagy
crosstalk in the alzheimer’s disease transgenic experimental models. Int J Neurosci
(2023), 1–27. doi: 10.1080/00207454.2023.2210409

122. Guo T, Chen M, Liu J, Wei Z, Yuan J, Wu W, et al. Neuropilin-1 promotes
mitochondrial structural repair and functional recovery in rats with cerebral ischemia. J
Trans Med (2023) 21(1):297. doi: 10.1186/s12967-023-04125-3

123. Jarero-Basulto J, Rivera-Cervantes M, Gasca-Martıńez D, Garcıá-Sierra F,
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R. Effect on adipose tissue of diabetic mice supplemented with N-3 fatty acids extracted
from microalgae. Endocr Metab Immune Disord Drug Targets (2020) 20(5):728–35.
doi: 10.2174/1871530320666200213111452

194. Li S, Vaziri ND, Swentek L, Takasu C, Vo K, Stamos MJ, et al. Prevention of
autoimmune diabetes in nod mice by dimethyl fumarate. Antioxidants (Basel
Switzerland) (2021) 10(2):193. doi: 10.3390/antiox10020193

195. Maiese K, Chong ZZ, Hou J, Shang YC. The “O” Class: crafting clinical care
with foxo transcription factors. Adv Exp Med Biol (2009) 665:242–60. doi: 10.1007/978-
1-4419-1599-3_18

196. Maiese K, Chong ZZ, Hou J, Shang YC. The vitamin nicotinamide: translating
nutrition into clinical care. Molecules (2009) 14(9):3446–85. doi: 10.3390/
molecules14093446

197. Rashidi S, Mansouri R, Ali-Hassanzadeh M, Mojtahedi Z, Shafiei R,
Savardashtaki A, et al. The host mtor pathway and parasitic diseases pathogenesis.
Parasitol Res (2021) 120(4):1151–66. doi: 10.1007/s00436-021-07070-6

198. Wen S, Jiang W, Zhou L. Islet autoantibodies in the patients with sjogren’s
syndrome and thyroid disease and risk of progression to latent autoimmune diabetes in
adults: A case series. Diabetes Metab Syndr Obes (2021) 14:1025–33. doi: 10.2147/
dmso.S295847

199. Zhuang X, Magri A, Hill M, Lai AG, Kumar A, Rambhatla SB, et al. The
circadian clock components bmal1 and rev-erba Regulate flavivirus replication. Nat
Commun (2019) 10(1):377. doi: 10.1038/s41467-019-08299-7

200. Zhang Y, Yuan Y, Zhang J, Zhao Y, Zhang Y, Fu J. Astragaloside iv
supplementation attenuates cognitive impairment by inhibiting neuroinflammation
and oxidative stress in type 2 diabetic mice. Front Aging Neurosci (2022) 14:1004557.
doi: 10.3389/fnagi.2022.1004557

201. Maiese K, Chong ZZ, Wang S, Shang YC. Oxidant stress and signal
transduction in the nervous system with the pi 3-K, akt, and mtor cascade. Int J Mol
Sci (2013) 13(11):13830–66. doi: 10.3390/ijms131113830

202. Liu C, Zhong C, Chen R, Zhou X, Wu J, Han J, et al. Higher dietary vitamin C
intake is associated with a lower risk of gestational diabetes mellitus: A longitudinal
cohort study. Clin Nutr (2020) 39(1):198–203. doi: 10.1016/j.clnu.2019.01.015

203. Maiese K. Triple play: promoting neurovascular longevity with nicotinamide,
wnt, and erythropoietin in diabetes mellitus. BioMed Pharmacother (2008) 62(4):218–
32. doi: 10.1016/j.biopha.2008.01.009

204. Akila Parvathy Dharshini S, Taguchi YH, Michael Gromiha M. Exploring the
selective vulnerability in alzheimer disease using tissue specific variant analysis.
Genomics (2019) 111(4):936–49. doi: 10.1016/j.ygeno.2018.05.024

205. Amanollahi M, Jameie M, Heidari A, Rezaei N. The dialogue between
neuroinflammation and adult neurogenesis: mechanisms involved and alterations in
neurological diseases. Mol Neurobiol (2022) 60(2):923–59. doi: 10.1007/s12035-022-
03102-z
Frontiers in Immunology 15
206. Barnett JA, Bandy ML, Gibson DL. Is the use of glyphosate in modern
agriculture resulting in increased neuropsychiatric conditions through modulation of
the gut-brain-microbiome axis? Front Nutr (2022) 9:827384. doi: 10.3389/
fnut.2022.827384

207. Chen Z, He Y, Hu F, Li M, Yao Y. Genkwanin alleviates mitochondrial
dysfunction and oxidative stress in a murine model of experimental colitis: the
participation of sirt1. Ann Clin Lab Sci (2022) 52(2):301–13.

208. Lee SH, Lee JJ, Kim GH, Kim JA, Cho HS. Role of reactive oxygen species at
reperfusion stage in isoflurane preconditioning-induced neuroprotection. Brain Res
(2019) 1723:146405. doi: 10.1016/j.brainres.2019.146405

209. Ponzetti M, Rucci N, Falone S. Rna methylation and cellular response to
oxidative stress-promoting anticancer agents. Cell Cycle (2023) 22(8):870–905.
doi: 10.1080/15384101.2023.2165632

210. Teertam SK, Prakash Babu P. Differential role of sirt1/mapk pathway during
cerebral ischemia in rats and humans. Sci Rep (2021) 11(1):6339. doi: 10.1038/s41598-
021-85577-9

211. Wawi MJ, Mahler C, Inguimbert N, Marder TB, Ribou AC. A new
mitochondrial probe combining pyrene and a triphenylphosphonium salt for cellular
oxygen and free radical detection via fluorescence lifetime measurements. Free Radic
Res (2022) 56(3-4):258–272. doi: 10.1080/10715762.2022.2077202

212. Wu L, Xiong X, Wu X, Ye Y, Jian Z, Zhi Z, et al. Targeting oxidative stress and
inflammation to prevent ischemia-reperfusion injury. Front Mol Neurosci (2020) 13:28.
doi: 10.3389/fnmol.2020.00028

213. Xiong J, Bonney S, Gonçalves RV, Esposito D. Brassinosteroids control the
inflammation, oxidative stress and cell migration through the control of mitochondrial
function on skin regeneration. Life Sci (2022) 307:120887. doi: 10.1016/
j.lfs.2022.120887

214. Zadeh-Haghighi H, Simon C. Magnetic field effects in biology from the
perspective of the radical pair mechanism. J R Soc Interface (2022) 19
(193):20220325. doi: 10.1098/rsif.2022.0325

215. Zhang Y, Zhu X, Wang G, Chen L, Yang H, He F, et al. Melatonin rescues the ti
particle-impaired osteogenic potential of bone marrow mesenchymal stem cells via the
sirt1/sod2 signaling pathway. Calcif Tissue Int (2020) 107(5):474–88. doi: 10.1007/
s00223-020-00741-z

216. Zhao HY, Li HY, Jin J, Jin JZ, Zhang LY, Xuan MY, et al. L-carnitine treatment
attenuates renal tubulointerstitial fibrosis induced by unilateral ureteral obstruction.
Korean J Intern Med (2020) 36(Suppl 1):S180–95. doi: 10.3904/kjim.2019.413

217. Zheng Z, Xie J, Ma L, Hao Z, Zhang W, Li L. Vitamin D receptor activation
targets ros-mediated crosstalk between autophagy and apoptosis in hepatocytes in
cholestasis mice. Cell Mol Gastroenterol Hepatol (2022) 15(4):887–901. doi: 10.1016/
j.jcmgh.2022.10.011

218. Zhuang X, Ma J, Xu G, Sun Z. Shp-1 knockdown suppresses mitochondrial
biogenesis and aggravates mitochondria-dependent apoptosis induced by all trans
retinal through the sting/ampk pathways. Mol Med (2022) 28(1):125. doi: 10.1186/
s10020-022-00554-w

219. Nikooyeh B, Zahedirad M, Kalayi A, Shariatzadeh N, Hollis BW, Neyestani TR.
Improvement of vitamin D status through consumption of either fortified food
products or supplement pills increased hemoglobin concentration in adult subjects:
analysis of pooled data from two randomized clinical trials. Nutr Health (2023) 29
(3):567–74. doi: 10.1177/02601060221085351

220. Zheng Y, Chen ZY, Ma WJ, Wang QZ, Liang H, Ma AG. B vitamins
supplementation can improve cognitive functions and may relate to the
enhancement of transketolase activity in a rat model of cognitive impairment
associated with high-fat diets. Curr Med Sci (2021) 41(5):847–56. doi: 10.1007/
s11596-021-2456-5

221. Zhou J, Chen H, Wang Q, Chen S, Wang R, Wang Z, et al. Sirt1 overexpression
improves senescence-associated pulmonary fibrosis induced by vitamin D deficiency
through downregulating il-11 transcription. Aging Cell (2022) 21(8):e13680.
doi: 10.1111/acel.13680

222. Doroftei B, Ilie OD, Cojocariu RO, Ciobica A, Maftei R, Grab D, et al.
Minireview exploring the biological cycle of vitamin B3 and its influence on
oxidative stress: further molecular and clinical aspects. Molecules (2020) 25(15):3323.
doi: 10.3390/molecules25153323

223. Jahan R, Yousaf M, Khan H, Shah SA, Khan AA, Bibi N, et al. Zinc ortho
methyl carbonodithioate improved pre and post-synapse memory impairment via
sirt1/P-jnk pathway against scopolamine in adult mice. J neuroimmune Pharmacol
(2023) 18(1-2):183–94. doi: 10.1007/s11481-023-10067-w

224. Qin D, Li D, Wang C, Guo S. Ferroptosis and central nervous system
demyelinating diseases. J Neurochem (2023) 165(6):759–71. doi: 10.1111/jnc.15831

225. Zhao C, Sun G, Li Y, Kong K, Li X, Kan T, et al. Forkhead box O3 attenuates
osteoarthritis by suppressing ferroptosis through inactivation of nf-kb/mapk signaling.
J Orthop Translat (2023) 39:147–62. doi: 10.1016/j.jot.2023.02.005

226. Maiese K. Moving to the rhythm with clock (Circadian) genes, autophagy,
mtor, and sirt1 in degenerative disease and cancer. Curr Neurovasc Res (2017) 14
(3):299–304. doi: 10.2174/1567202614666170718092010

227. Mladenovic Djordjevic A, Loncarevic-Vasiljkovic N, Gonos ES. Dietary
restriction and oxidative stress: friends or enemies? Antioxid Redox Signal (2020) 34
(5):421–38. doi: 10.1089/ars.2019.7959
frontiersin.org

https://doi.org/10.1080/1061186x.2021.1882470
https://doi.org/10.1080/1061186x.2021.1882470
https://doi.org/10.1007/s00210-018-1537-x
https://doi.org/10.1038/s41598-020-78676-6
https://doi.org/10.1530/eje-17-0832
https://doi.org/10.1016/j.jsbmb.2020.105595
https://doi.org/10.1016/j.jsbmb.2020.105595
https://doi.org/10.2337/db17-0996
https://doi.org/10.3390/cells9040905
https://doi.org/10.3390/cells9040905
https://doi.org/10.3389/fmed.2022.973856
https://doi.org/10.1038/s42003-022-03266-3
https://doi.org/10.1007/s40618-020-01236-2
https://doi.org/10.1016/j.jamda.2020.10.031
https://doi.org/10.2174/1871530320666200213111452
https://doi.org/10.3390/antiox10020193
https://doi.org/10.1007/978-1-4419-1599-3_18
https://doi.org/10.1007/978-1-4419-1599-3_18
https://doi.org/10.3390/molecules14093446
https://doi.org/10.3390/molecules14093446
https://doi.org/10.1007/s00436-021-07070-6
https://doi.org/10.2147/dmso.S295847
https://doi.org/10.2147/dmso.S295847
https://doi.org/10.1038/s41467-019-08299-7
https://doi.org/10.3389/fnagi.2022.1004557
https://doi.org/10.3390/ijms131113830
https://doi.org/10.1016/j.clnu.2019.01.015
https://doi.org/10.1016/j.biopha.2008.01.009
https://doi.org/10.1016/j.ygeno.2018.05.024
https://doi.org/10.1007/s12035-022-03102-z
https://doi.org/10.1007/s12035-022-03102-z
https://doi.org/10.3389/fnut.2022.827384
https://doi.org/10.3389/fnut.2022.827384
https://doi.org/10.1016/j.brainres.2019.146405
https://doi.org/10.1080/15384101.2023.2165632
https://doi.org/10.1038/s41598-021-85577-9
https://doi.org/10.1038/s41598-021-85577-9
https://doi.org/10.1080/10715762.2022.2077202
https://doi.org/10.3389/fnmol.2020.00028
https://doi.org/10.1016/j.lfs.2022.120887
https://doi.org/10.1016/j.lfs.2022.120887
https://doi.org/10.1098/rsif.2022.0325
https://doi.org/10.1007/s00223-020-00741-z
https://doi.org/10.1007/s00223-020-00741-z
https://doi.org/10.3904/kjim.2019.413
https://doi.org/10.1016/j.jcmgh.2022.10.011
https://doi.org/10.1016/j.jcmgh.2022.10.011
https://doi.org/10.1186/s10020-022-00554-w
https://doi.org/10.1186/s10020-022-00554-w
https://doi.org/10.1177/02601060221085351
https://doi.org/10.1007/s11596-021-2456-5
https://doi.org/10.1007/s11596-021-2456-5
https://doi.org/10.1111/acel.13680
https://doi.org/10.3390/molecules25153323
https://doi.org/10.1007/s11481-023-10067-w
https://doi.org/10.1111/jnc.15831
https://doi.org/10.1016/j.jot.2023.02.005
https://doi.org/10.2174/1567202614666170718092010
https://doi.org/10.1089/ars.2019.7959
https://doi.org/10.3389/fimmu.2023.1273570
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Maiese 10.3389/fimmu.2023.1273570
228. Oyefeso FA, Muotri AR, Wilson CG, Pecaut MJ. Brain organoids: A promising
model to assess oxidative stress-induced central nervous system damage. Dev Neurobiol
(2021) 81(5):653–70. doi: 10.1002/dneu.22828

229. Zhong S, Chen W, Wang B, Gao C, Liu X, Song Y, et al. Energy stress
modulation of ampk/foxo3 signaling inhibits mitochondria-associated ferroptosis.
Redox Biol (2023) 63:102760. doi: 10.1016/j.redox.2023.102760

230. Maiese K. Warming up to new possibilities with the capsaicin receptor trpv1:
mtor, ampk, and erythropoietin. Curr Neurovasc Res (2017) 14(2):184–9. doi: 10.2174/
1567202614666170313105337

231. Meng J, Chen Y, Wang J, Qiu J, Chang C, Bi F, et al. Egcg protects vascular
endothelial cells from oxidative stress-induced damage by targeting the autophagy-
dependent pi3k-akt-mtor pathway. Ann Transl Med (2020) 8(5):200. doi: 10.21037/
atm.2020.01.92

232. Piao S, Lee I, Jin SA, Kim S, Nagar H, Choi SJ, et al. Sirt1 activation attenuates
the cardiac dysfunction induced by endothelial cell-specific deletion of crif1.
Biomedicines (2021) 9(1):52. doi: 10.3390/biomedicines9010052

233. Wang F, Cao Y, Ma L, Pei H, RauschWD, Li H. Dysfunction of cerebrovascular
endothelial cells: prelude to vascular dementia. Front Aging Neurosci (2018) 10:376.
doi: 10.3389/fnagi.2018.00376

234. Zhao D, Sun X, Lv S, Sun M, Guo H, Zhai Y, et al. Salidroside attenuates
oxidized lowdensity lipoproteininduced endothelial cell injury via promotion of the
ampk/sirt1 pathway. Int J Mol Med (2019) 43(6):2279–90. doi: 10.3892/
ijmm.2019.4153

235. Aksenov MY, Aksenova MV, Butterfield DA, Geddes JW, Markesbery WR.
Protein oxidation in the brain in alzheimer’s disease. Neuroscience (2001) 103(2):373–83.
doi: 10.1016/s0306-4522(00)00580-7

236. Chen GJ, Xu J, Lahousse SA, Caggiano NL, de la Monte SM. Transient hypoxia
causes alzheimer-type molecular and biochemical abnormalities in cortical neurons:
potential strategies for neuroprotection. J Alzheimers Dis (2003) 5(3):209–28.
doi: 10.3233/jad-2003-5305

237. Dai C, Xiao X, Li J, Ciccotosto GD, Cappai R, Tang S, et al. Molecular
mechanisms of neurotoxicity induced by polymyxins and chemo-prevention. ACS
Chem Neurosci (2018) 10(1):120–31. doi: 10.1021/acschemneuro.8b00300

238. Fanoudi S, Hosseini M, Alavi MS, Boroushaki MT, Hosseini A, Sadeghnia HR.
Everolimus, a mammalian target of rapamycin inhibitor, ameliorated streptozotocin-
induced learning and memory deficits via neurochemical alterations in male rats. Excli J
(2018) 17:999–1017. doi: 10.17179/excli2018-1626

239. Feng HX, Li CP, Shu SJ, Liu H, Zhang HY. A11, a novel diaryl acylhydrazone
derivative, exerts neuroprotection against ischemic injury in vitro and in vivo. Acta
Pharmacol Sin (2018) 40(2):160–9. doi: 10.1038/s41401-018-0028-4

240. Groen CM, Podratz JL, Pathoulas J, Staff N, Windebank AJ. Genetic reduction
of mitochondria complex I subunits is protective against cisplatin-induced
neurotoxicity in drosophila. J Neurosci (2021) 42(5):922–37. doi: 10.1523/
jneurosci.1479-20.2021

241. Jaganjac M, Milkovic L, Zarkovic N, Zarkovic K. Oxidative stress and regeneration.
Free Radic Biol Med (2022) 181:154–65. doi: 10.1016/j.freeradbiomed.2022.02.004

242. Li P, Liu H, Shi X, Prokosch V. Hydrogen sulfide: novel endogenous and
exogenous modulator of oxidative stress in retinal degeneration diseases. Molecules
(2021) 26(9):2411. doi: 10.3390/molecules26092411

243. Maiese K, Chong ZZ. Insights into oxidative stress and potential novel
therapeutic targets for alzheimer disease. Restor Neurol Neurosci (2004) 22(2):87–104.

244. Samaiya PK, Krishnamurthy S, Kumar A. Mitochondrial dysfunction in
perinatal asphyxia: role in pathogenesis and potential therapeutic interventions. Mol
Cell Biochem (2021) 476(12):4421–34. doi: 10.1007/s11010-021-04253-8

245. Sharma VK, Singh TG, Singh S, Garg N, Dhiman S. Apoptotic pathways and
alzheimer’s disease: probing therapeutic potential. Neurochem Res (2021) 46(12):3103–
22. doi: 10.1007/s11064-021-03418-7

246. El-Missiry MA, Othman AI, Amer MA, Sedki M, Ali SM, El-Sherbiny IM.
Nanoformulated ellagic acid ameliorates pentylenetetrazol-induced experimental
epileptic seizures by modulating oxidative stress, inflammatory cytokines and
apoptosis in the brains of male mice. Metab Brain Dis (2019) 35(2):385–99.
doi: 10.1007/s11011-019-00502-4

247. Motawi TK, Darwish HA, Hamed MA, El-Rigal NS, Naser AF. A therapeutic
insight of niacin and coenzyme Q10 against diabetic encephalopathy in rats. Mol
Neurobiol (2017) 54(5):3924. doi: 10.1007/s12035-016-9765-x
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Tuñón MJ. Melatonin modulates mitophagy, innate immunity and circadian clocks in a
model of viral-induced fulminant hepatic failure. J Cell Mol Med (2020) 24(13):7625–
36. doi: 10.1111/jcmm.15398

544. Park MH, Gutierrez-Garcia AK, Choudhury M. Mono-(2-ethylhexyl) phthalate
aggravates inflammatory response via sirtuin regulation and inflammasome activation
in raw 264.7 cells. Chem Res Toxicol (2019) 32(5):935–42. doi: 10.1021/
acs.chemrestox.9b00101

545. Vaamonde-Garcia C, Lopez-Armada MJ. Role of mitochondrial dysfunction on
rheumatic diseases. Biochem Pharmacol (2019) 165:181–95. doi: 10.1016/
j.bcp.2019.03.008

546. Qian D, Dai S, Sun Y, Yuan Y, Wang L. Mir-128-3p attenuates the
neurotoxicity in rats induced by isoflurane anesthesia. Neurotox Res (2022) 40
(3):714–20. doi: 10.1007/s12640-022-00512-8

547. Toniolo S, Scarioni M, Di Lorenzo F, Hort J, Georges J, Tomic S, et al. Dementia
and covid-19, a bidirectional liaison: risk factors, biomarkers, and optimal health care. J
Alzheimers Dis (2021) 82(3):883–98. doi: 10.3233/jad-210335

548. Hassanein EHM, Saleh FM, Ali FEM, Rashwan EK, Atwa AM, Abd El-Ghafar
OAM. Neuroprotective effect of canagliflozin against cisplatin-induced cerebral cortex
injury is mediated by regulation of ho-1/ppar-G, sirt1/foxo-3, jnk/ap-1, tlr4/inos, and
ang ii/ang 1-7 signals. Immunopharmacol Immunotoxicol (2023) 45(3):304–16.
doi: 10.1080/08923973.2022.2143371

549. Maiese K. Sirtuins in metabolic disease: Innovative Therapeutic Strategies with
Sirt1, Ampk, Mtor, and Nicotinamide. In: Maiese K, editor. Sirtuin Biology in Cancer
and Metabolic Disease: Cellular Pathways for Clinical Discovery. Academic Press,
Elsevier (2021), Cambridge, MA, USA; Elsevier, Amsterdam, The Netherlands: ISBN.

550. Fangma Y, Wan H, Shao C, Jin L, He Y. Research progress on the role of sirtuin
1 in cerebral ischemia. Cell Mol Neurobiol (2022) 43(5):1769–83. doi: 10.1007/s10571-
022-01288-3

551. Kang X, Li C, Xie X, Zhan KB, Yang SQ, Tang YY, et al. Hydrogen sulfide
inhibits homocysteine-induced neuronal senescence by up-regulation of sirt1. Int J Med
Sci (2020) 17(3):310–9. doi: 10.7150/ijms.38602

552. Li H, Peng D, Zhang SJ, Zhang Y, Wang Q, Guan L. Buyang huanwu decoction
promotes neurogenesis via sirtuin 1/autophagy pathway in a cerebral ischemia model.
Mol Med Rep (2021) 24(5):791. doi: 10.3892/mmr.2021.12431

553. Maiese K. Novel treatment strategies for the nervous system: circadian clock
genes, non-coding rnas, and forkhead transcription factors. Curr Neurovasc Res (2018)
15(1):81–91. doi: 10.2174/1567202615666180319151244

554. Yin Q, Wang JF, Xu XH, Xie H. Effect of lycopene on pain facilitation and the
sirt1/mtor pathway in the dorsal horn of burn injury rats. Eur J Pharmacol (2020)
889:173365. doi: 10.1016/j.ejphar.2020.173365

555. Lee Y, Im E. Regulation of mirnas by natural antioxidants in cardiovascular
diseases: focus on sirt1 and enos. Antioxidants (Basel Switzerland) (2021) 10(3):377.
doi: 10.3390/antiox10030377
frontiersin.org

https://doi.org/10.2174/156720209789630302
https://doi.org/10.1007/s12031-012-9900-8
https://doi.org/10.2174/156720211796558069
https://doi.org/10.3390/molecules20021904
https://doi.org/10.3390/molecules20021904
https://doi.org/10.1038/srep07645
https://doi.org/10.1007/s11064-015-1516-2
https://doi.org/10.2174/1567202619666220729093449
https://doi.org/10.3892/ijmm.2020.4711
https://doi.org/10.3389/fmed.2022.1017650
https://doi.org/10.1023/A:1007070311203
https://doi.org/10.1007/s00726-023-03275-4
https://doi.org/10.2174/156720212803530618
https://doi.org/10.18632/aging.100440
https://doi.org/10.18632/aging.100440
https://doi.org/10.2174/156720213804806007
https://doi.org/10.1007/s00109-019-01851-4
https://doi.org/10.1016/j.brainresrev.2004.11.005
https://doi.org/10.3390/nu13020387
https://doi.org/10.1007/s13577-023-00883-w
https://doi.org/10.1038/s41598-023-42333-5
https://doi.org/10.1016/j.exer.2023.109498
https://doi.org/10.1007/s12079-023-00761-y
https://doi.org/10.1093/cvr/cvad054
https://doi.org/10.1080/09513590.2023.2181637
https://doi.org/10.1080/09513590.2023.2181637
https://doi.org/10.1007/s10787-023-01305-x
https://doi.org/10.1590/1678-4685-gmb-2021-0249
https://doi.org/10.1021/acsbiomaterials.2c00690
https://doi.org/10.1007/s00221-022-06331-9
https://doi.org/10.2741/4408
https://doi.org/10.1016/j.cell.2023.08.037
https://doi.org/10.3389/fimmu.2023.1137635
https://doi.org/10.2174/1567202620666230706160056
https://doi.org/10.2174/1567202620666230706160056
https://doi.org/10.3892/mmr.2021.12307
https://doi.org/10.1212/nxi.0000000000200100
https://doi.org/10.23812/conti-e
https://doi.org/10.1111/jcmm.15398
https://doi.org/10.1021/acs.chemrestox.9b00101
https://doi.org/10.1021/acs.chemrestox.9b00101
https://doi.org/10.1016/j.bcp.2019.03.008
https://doi.org/10.1016/j.bcp.2019.03.008
https://doi.org/10.1007/s12640-022-00512-8
https://doi.org/10.3233/jad-210335
https://doi.org/10.1080/08923973.2022.2143371
https://doi.org/10.1007/s10571-022-01288-3
https://doi.org/10.1007/s10571-022-01288-3
https://doi.org/10.7150/ijms.38602
https://doi.org/10.3892/mmr.2021.12431
https://doi.org/10.2174/1567202615666180319151244
https://doi.org/10.1016/j.ejphar.2020.173365
https://doi.org/10.3390/antiox10030377
https://doi.org/10.3389/fimmu.2023.1273570
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Maiese 10.3389/fimmu.2023.1273570
556. Mori M, Cazzaniga G, Meneghetti F, Villa S, Gelain A. Insights on the
modulation of sirt5 activity: A challenging balance. Molecules (2022) 27(14):4449.
doi: 10.3390/molecules27144449

557. Rong Y, Ren J, Song W, Xiang R, Ge Y, Lu W, et al. Resveratrol suppresses
severe acute pancreatitis-induced microcirculation disturbance through targeting sirt1-
foxo1 axis. Oxid Med Cell Longev (2021) 2021:8891544. doi: 10.1155/2021/8891544

558. Guimera AM, Clark P, Wordsworth J, Anugula S, Rasmussen LJ, Shanley DP.
Systems modelling predicts chronic inflammation and genomic instability prevent
effective mitochondrial regulation during biological ageing. Exp Gerontol (2022)
166:111889. doi: 10.1016/j.exger.2022.111889

559. Sadria M, Seo D, Layton AT. The mixed blessing of ampk signaling in cancer
treatments. BMC Cancer (2022) 22(1):105. doi: 10.1186/s12885-022-09211-1

560. Bitterman KJ, Anderson RM, Cohen HY, Latorre-Esteves M, Sinclair DA.
Inhibition of silencing and accelerated aging by nicotinamide, a putative negative
regulator of yeast sir2 and human sirt1. J Biol Chem (2002) 277(47):45099–107. doi:
10.1074/jbc.M205670200

561. Guerra J, Devesa J. Usefulness of melatonin and other compounds as
antioxidants and epidrugs in the treatment of head and neck cancer. Antioxidants
(Basel Switzerland) (2021) 11(1):35. doi: 10.3390/antiox11010035

562. Maiese K, Chong ZZ, Shang YC, Wang S. Translating cell survival and cell
longevity into treatment strategies with sirt1. Rom J Morphol Embryol (2011) 52
(4):1173–85.

563. Penteado AB, Hassanie H, Gomes RA, Silva Emery FD, Goulart Trossini GH.
Human sirtuin 2 inhibitors, their mechanisms and binding modes. Future Med Chem
(2023) 15(3):291–311. doi: 10.4155/fmc-2022-0253

564. Giacalone S, Spigariolo CB, Bortoluzzi P, Nazzaro G. Oral nicotinamide: the
role in skin cancer chemoprevention. Dermatol Ther (2021) 34(3):e14892. doi: 10.1111/
dth.14892

565. Chong MC, Silva A, James PF, Wu SSX, Howitt J. Exercise increases the release
of nampt in extracellular vesicles and alters nad(+) activity in recipient cells. Aging Cell
(2022) 21(7):e13647. doi: 10.1111/acel.13647

566. Potthast AB, Nebl J, Wasserfurth P, Haufe S, Eigendorf J, Hahn A, et al. Impact
of nutrition on short-term exercise-induced sirtuin regulation: vegans differ from
omnivores and lacto-ovo vegetarians. Nutrients (2020) 12(4):1004. doi: 10.3390/
nu12041004

567. AlSaleh A, Shahid M, Farid E, Bindayna K. The effect of ascorbic acid and
nicotinamide on panton-valentine leukocidin cytotoxicity: an ex vivo study. Toxins
(Basel) (2023) 15(1):38. doi: 10.3390/toxins15010038

568. Kumar A, Ou Y. From bench to behaviour: the role of lifestyle factors on
intraocular pressure, neuroprotection, and disease progression in glaucoma. Clin Exp
Ophthalmol (2023) 51(4):380–94. doi: 10.1111/ceo.14218

569. Li M, Zhang L, Pan L, Zhou P, Yu R, Zhang Z, et al. Nicotinamide efficiently
suppresses porcine epidemic diarrhea virus and porcine deltacoronavirus replication.
Viruses (2023) 15(7):1591. doi: 10.3390/v15071591

570. Tai S-H, Chao L-C, Huang S-Y, Lin H-W, Lee A-H, Chen Y-Y, et al.
Nicotinamide deteriorates post-stroke immunodepression following cerebral
ischemia–reperfusion injury in mice. Biomedicines (2023) 11(8):2145. doi: 10.3390/
biomedicines11082145

571. Jackson MD, Schmidt MT, Oppenheimer NJ, Denu JM. Mechanism of
nicotinamide inhibition and transglycosidation by sir2 histone/protein deacetylases. J
Biol Chem (2003) 278(51):50985–98. doi: 10.1074/jbc.M306552200

572. Avalos JL, Bever KM, Wolberger C. Mechanism of sirtuin inhibition by
nicotinamide: altering the nad(+) cosubstrate specificity of a sir2 enzyme. Mol Cell
(2005) 17(6):855–68. doi: 10.1016/j.molcel.2005.02.022

573. Zhang XM, Jing YP, Jia MY, Zhang L. Negative transcriptional regulation of
inflammatory genes by group B3 vitamin nicotinamide. Mol Biol Rep (2012) 39
(12):10367–71. doi: 10.1007/s11033-012-1915-2

574. Fulco M, Cen Y, Zhao P, Hoffman EP, McBurney MW, Sauve AA, et al. Glucose
restriction inhibits skeletal myoblast differentiation by activating sirt1 through ampk-
mediated regulation of nampt. Dev Cell (2008) 14(5):661–73. doi: 10.1016/
j.devcel.2008.02.004

575. Pal PB, Sonowal H, Shukla K, Srivastava SK, Ramana KV. Aldose reductase
regulates hyperglycemia-induced huvec death via sirt1/ampk-alpha1/mtor pathway. J
Mol Endocrinol (2019) 63(1):11–25. doi: 10.1530/jme-19-0080

576. Geng C, Xu H, Zhang Y, Gao Y, Li M, Liu X, et al. Retinoic acid ameliorates
high-fat diet-induced liver steatosis through sirt1. Sci China Life Sci (2017) 60
(11):1234–41. doi: 10.1007/s11427-016-9027-6

577. Ghiasi R, Naderi R, Sheervalilou R, Alipour MR. Swimming training by
affecting the pancreatic sirtuin1 (Sirt1) and oxidative stress, improves insulin
sensitivity in diabetic male rats. Hormone Mol Biol Clin Invest (2019) 40(3).
doi: 10.1515/hmbci-2019-0011

578. Xue P, Zhao J, Zheng A, Li L, Chen H, Tu W, et al. Chrysophanol alleviates
myocardial injury in diabetic db/db mice by regulating the sirt1/hmgb1/nf-kappab
signaling pathway. Exp Ther Med (2019) 18(6):4406–12. doi: 10.3892/etm.2019.8083

579. Chen YR, Fang SR, Fu YC, Zhou XH, Xu MY, Xu WC. Calorie restriction on
insulin resistance and expression of sirt1 and sirt4 in rats. Biochem Cell Biol (2010) 88
(4):715–22. doi: 10.1139/O10-010
Frontiers in Immunology 23
580. Caron AZ, He X, Mottawea W, Seifert EL, Jardine K, Dewar-Darch D, et al. The
sirt1 deacetylase protects mice against the symptoms of metabolic syndrome. FASEB J
(2014) 28(3):1306–16. doi: 10.1096/fj.13-243568

581. Frojdo S, Durand C, Molin L, Carey AL, El-Osta A, Kingwell BA, et al.
Phosphoinositide 3-kinase as a novel functional target for the regulation of the
insulin signaling pathway by sirt1. Mol Cell Endocrinol (2011) 335(2):166–76.
doi: 10.1016/j.mce.2011.01.008

582. Guo W, Qian L, Zhang J, Zhang W, Morrison A, Hayes P, et al. Sirt1
overexpression in neurons promotes neurite outgrowth and cell survival through
inhibition of the mtor signaling. J Neurosci Res (2011) 89(11):1723–36. doi: 10.1002/
jnr.22725

583. Pan YR, Song JY, Fan B, Wang Y, Che L, Zhang SM, et al. Mtor may interact
with parp-1 to regulate visible light-induced parthanatos in photoreceptors. Cell
Commun Signal (2020) 18(1):27. doi: 10.1186/s12964-019-0498-0

584. Zhang H, Yang X, Pang X, Zhao Z, Yu H, Zhou H. Genistein Protects against
Ox-Ldl-Induced Senescence through Enhancing Sirt1/Lkb1/Ampk-Mediated
Autophagy Flux in Huvecs. Mol Cell Biochem (2019) 455((1-2):127–34. doi: 10.1007/
s11010-018-3476-8

585. Ou X, Lee MR, Huang X, Messina-Graham S, Broxmeyer HE. Sirt1 positively
regulates autophagy and mitochondria function in embryonic stem cells under
oxidative stress. Stem Cells (2014) 32(5):1183–94. doi: 10.1002/stem.1641

586. Li MZ, Zheng LJ, Shen J, Li XY, Zhang Q, Bai X, et al. Sirt1 facilitates amyloid
beta peptide degradation by upregulating lysosome number in primary astrocytes.
Neural regeneration Res (2018) 13(11):2005–13. doi: 10.4103/1673-5374.239449

587. Balan V, Miller GS, Kaplun L, Balan K, Chong ZZ, Li F, et al. Life span
extension and neuronal cell protection by drosophila nicotinamidase. J Biol Chem
(2008) 283(41):27810–9. doi: 10.1074/jbc.M804681200

588. Wang S, Chong ZZ, Shang YC, Maiese K. Wisp1 neuroprotection requires
foxo3a post-translational modulation with autoregulatory control of sirt1. Curr
Neurovasc Res (2013) 10(1):54–60. doi: 10.2174/156720213804805945

589. Maiese K, Shang YC, Chong ZZ, Hou J. Diabetes mellitus: channeling care
through cellular discovery. Curr Neurovasc Res (2010) 7(1):59–64. doi: 10.2174/
156720210790820217

590. Wu H, Wang H, Zhang W, Wei X, Zhao J, Yan P, et al. Rhepo affects apoptosis
in hippocampus of aging rats by upregulating sirt1. Int J Clin Exp Pathol (2015) 8
(6):6870–80.

591. Chong ZZ, Kang JQ, Maiese K. Erythropoietin fosters both intrinsic and
extrinsic neuronal protection through modulation of microglia, akt1, bad, and
caspase-mediated pathways. Br J Pharmacol (2003) 138(6):1107–18. doi: 10.1038/
sj.bjp.0705161

592. Cui L, Guo J, Zhang Q, Yin J, Li J, Zhou W, et al. Erythropoietin activates sirt1
to protect human cardiomyocytes against doxorubicin-induced mitochondrial
dysfunction and toxicity. Toxicol Lett (2017) 275:28–38. doi: 10.1016/
j.toxlet.2017.04.018

593. Rey F, Ottolenghi S, Giallongo T, Balsari A, Martinelli C, Rey R, et al.
Mitochondrial metabolism as target of the neuroprotective role of erythropoietin in
parkinson’s disease. Antioxidants (Basel Switzerland) (2021) 10(1):121. doi: 10.3390/
antiox10010121

594. Shang YC, Chong ZZ, Wang S, Maiese K. Erythropoietin and wnt1 govern
pathways of mtor, apaf-1, and xiap in inflammatory microglia. Curr Neurovasc Res
(2011) 8(4):270–85. doi: 10.2174/156720211798120990

595. Entezari M, Flavarjani ZK, Ramezani A, Nikkhah H, Karimi S, Moghadam HF,
et al. Combination of intravitreal bevacizumab and erythropoietin versus intravitreal
bevacizumab alone for refractory diabetic macular edema: A randomized double-blind
clinical trial. Graefes Arch Clin Exp Ophthalmol (2019) 257(11):2375–80. doi: 10.1007/
s00417-019-04383-2

596. Montesano A, Bonfigli AR, De Luca M, Crocco P, Garagnani P, Marasco E,
et al. Erythropoietin (Epo) haplotype associated with all-cause mortality in a cohort of
italian patients with type-2 diabetes. Sci Rep (2019) 9(1):10395. doi: 10.1038/s41598-
019-46894-2

597. Kim SH, Yu HS, Huh S, Kang UG, Kim YS. Electroconvulsive seizure inhibits
the mtor signaling pathway via ampk in the rat frontal cortex. Psychopharmacology
(2022) 239(2):443–54. doi: 10.1007/s00213-021-06015-2

598. Li X, Li K, Chu F, Huang J, Yang Z. Graphene oxide enhances b-amyloid
clearance by inducing autophagy of microglia and neurons. Chem Biol Interact (2020)
325:109126. doi: 10.1016/j.cbi.2020.109126

599. Nejabati HR, Samadi N, Shahnazi V, Mihanfar A, Fattahi A, Latifi Z, et al.
Nicotinamide and its metabolite N1-methylnicotinamide alleviate endocrine and
metabolic abnormalities in adipose and ovarian tissues in rat model of polycystic
ovary syndrome. Chem Biol Interact (2020) 324:109093. doi: 10.1016/j.cbi.2020.109093

600. Chong ZZ, Maiese K. The src homology 2 domain tyrosine phosphatases shp-1
and shp-2: diversified control of cell growth, inflammation, and injury. Histol
Histopathol (2007) 22(11):1251–67. doi: 10.14670/HH-22.1251

601. Chiu SC, Chao CY, Chiang EI, Syu JN, Rodriguez RL, Tang FY. N-3
polyunsaturated fatty acids alleviate high glucose-mediated dysfunction of
endothelial progenitor cells and prevent ischemic injuries both in vitro and in vivo. J
Nutr Biochem (2017) 42:172–81. doi: 10.1016/j.jnutbio.2017.01.009
frontiersin.org

https://doi.org/10.3390/molecules27144449
https://doi.org/10.1155/2021/8891544
https://doi.org/10.1016/j.exger.2022.111889
https://doi.org/10.1186/s12885-022-09211-1
https://doi.org/10.1074/jbc.M205670200
https://doi.org/10.3390/antiox11010035
https://doi.org/10.4155/fmc-2022-0253
https://doi.org/10.1111/dth.14892
https://doi.org/10.1111/dth.14892
https://doi.org/10.1111/acel.13647
https://doi.org/10.3390/nu12041004
https://doi.org/10.3390/nu12041004
https://doi.org/10.3390/toxins15010038
https://doi.org/10.1111/ceo.14218
https://doi.org/10.3390/v15071591
https://doi.org/10.3390/biomedicines11082145
https://doi.org/10.3390/biomedicines11082145
https://doi.org/10.1074/jbc.M306552200
https://doi.org/10.1016/j.molcel.2005.02.022
https://doi.org/10.1007/s11033-012-1915-2
https://doi.org/10.1016/j.devcel.2008.02.004
https://doi.org/10.1016/j.devcel.2008.02.004
https://doi.org/10.1530/jme-19-0080
https://doi.org/10.1007/s11427-016-9027-6
https://doi.org/10.1515/hmbci-2019-0011
https://doi.org/10.3892/etm.2019.8083
https://doi.org/10.1139/O10-010
https://doi.org/10.1096/fj.13-243568
https://doi.org/10.1016/j.mce.2011.01.008
https://doi.org/10.1002/jnr.22725
https://doi.org/10.1002/jnr.22725
https://doi.org/10.1186/s12964-019-0498-0
https://doi.org/10.1007/s11010-018-3476-8
https://doi.org/10.1007/s11010-018-3476-8
https://doi.org/10.1002/stem.1641
https://doi.org/10.4103/1673-5374.239449
https://doi.org/10.1074/jbc.M804681200
https://doi.org/10.2174/156720213804805945
https://doi.org/10.2174/156720210790820217
https://doi.org/10.2174/156720210790820217
https://doi.org/10.1038/sj.bjp.0705161
https://doi.org/10.1038/sj.bjp.0705161
https://doi.org/10.1016/j.toxlet.2017.04.018
https://doi.org/10.1016/j.toxlet.2017.04.018
https://doi.org/10.3390/antiox10010121
https://doi.org/10.3390/antiox10010121
https://doi.org/10.2174/156720211798120990
https://doi.org/10.1007/s00417-019-04383-2
https://doi.org/10.1007/s00417-019-04383-2
https://doi.org/10.1038/s41598-019-46894-2
https://doi.org/10.1038/s41598-019-46894-2
https://doi.org/10.1007/s00213-021-06015-2
https://doi.org/10.1016/j.cbi.2020.109126
https://doi.org/10.1016/j.cbi.2020.109093
https://doi.org/10.14670/HH-22.1251
https://doi.org/10.1016/j.jnutbio.2017.01.009
https://doi.org/10.3389/fimmu.2023.1273570
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Maiese 10.3389/fimmu.2023.1273570
602. Liu P, Yang X, Hei C, Meli Y, Niu J, Sun T, et al. Rapamycin reduced ischemic
brain damage in diabetic animals is associated with suppressions of mtor and erk1/2
signaling. Int J Biol Sci (2016) 12(8):1032–40. doi: 10.7150/ijbs.15624

603. Peixoto CA, de Oliveira WH, da Rocha Araujo SM, Nunes AKS. Ampk
activation: role in the signaling pathways of neuroinflammation and
neurodegeneration. Exp Neurol (2017) 298(PtA):31–41. doi: 10.1016/
j.expneurol.2017.08.013

604. Zhao H, Wang ZC, Wang KF, Chen XY. Abeta peptide secretion is reduced by
radix polygalaeinduced autophagy via activation of the ampk/mtor pathway. Mol Med
Rep (2015) 12(2):2771–6. doi: 10.3892/mmr.2015.3781

605. Lin CL, Huang WN, Li HH, Huang CN, Hsieh S, Lai C, et al. Hydrogen-rich
water attenuates amyloid beta-induced cytotoxicity through upregulation of sirt1-
foxo3a by stimulation of amp-activated protein kinase in sk-N-mc cells. Chem Biol
Interact (2015) 240:12–21. doi: 10.1016/j.cbi.2015.07.013

606. An T, Zhang X, Li H, Dou L, Huang X, Man Y, et al. Gpr120 facilitates
cholesterol efflux in macrophages through activation of ampk signaling pathway. FEBS
J (2020) 287(23):5080–95. doi: 10.1111/febs.15310

607. Hung CM, Lombardo PS, Malik N, Brun SN, Hellberg K, Van Nostrand JL,
et al. Ampk/ulk1-mediated phosphorylation of parkin act domain mediates an early
step in mitophagy. Sci Adv (2021) 7(15):eabg4544. doi: 10.1126/sciadv.abg4544

608. Du LL, Chai DM, Zhao LN, Li XH, Zhang FC, Zhang HB, et al. Ampk activation
ameliorates alzheimer’s disease-like pathology and spatial memory impairment in a
streptozotocin-induced alzheimer’s disease model in rats. J Alzheimers Dis (2015) 43
(3):775–84. doi: 10.3233/jad-140564

609. He C, Zhu H, Li H, Zou MH, Xie Z. Dissociation of bcl-2-beclin1 complex by
activated ampk enhances cardiac autophagy and protects against cardiomyocyte
apoptosis in diabetes. Diabetes (2013) 62(4):1270–81. doi: 10.2337/db12-0533

610. Moroz N, Carmona JJ, Anderson E, Hart AC, Sinclair DA, Blackwell TK.
Dietary restriction involves nad -dependent mechanisms and a shift toward oxidative
metabolism. Aging Cell (2014) 13(6):1075–85. doi: 10.1111/acel.12273

611. Gao J, Yao M, Chang D, Liu J. Mtor (Mammalian target of rapamycin): hitting
the bull’s eye for enhancing neurogenesis after cerebral ischemia? Stroke (2022) 54
(1):279–85. doi: 10.1161/strokeaha.122.040376

612. Lan F, Cacicedo JM, Ruderman N, Ido Y. Sirt1 modulation of the acetylation
status, cytosolic localization, and activity of lkb1. Possible role in amp-activated protein
kinase activation. J Biol Chem (2008) 283(41):27628–35. doi: 10.1074/jbc.M805711200

613. Canto C, Auwerx J. Caloric restriction, sirt1 and longevity. Trends Endocrinol
Metab (2009) 20(7):325–31. doi: 10.1016/j.tem.2009.03.008

614. Herranz D, Serrano M. Sirt1: recent lessons from mouse models. Nat Rev
Cancer (2010) 10(12):819–23. doi: 10.1038/nrc2962

615. Barchetta I, Cimini FA, Capoccia D, De Gioannis R, Porzia A, Mainiero F, et al.
Wisp1 is a marker of systemic and adipose tissue inflammation in dysmetabolic
subjects with or without type 2 diabetes. J Endocr Soc (2017) 1(6):660–70. doi: 10.1210/
js.2017-00108

616. Liu L, Hu J, Yang L, Wang N, Liu Y, Wei X, et al. Association of wisp1/ccn4
with risk of overweight and gestational diabetes mellitus in chinese pregnant women.
Dis Markers (2020) 2020:4934206. doi: 10.1155/2020/4934206

617. Murahovschi V, Pivovarova O, Ilkavets I, Dmitrieva RM, Docke S, Keyhani-
Nejad F, et al. Wisp1 is a novel adipokine linked to inflammation in obesity. Diabetes
(2015) 64(3):856–66. doi: 10.2337/db14-0444

618. Maiese K. Wnt1 inducible Signaling Pathway Protein 1 (Wisp1). In:
Encyclopedia of Signaling Molecules (2017) (Cham, Switzerland). doi: 10.1007/978-1-
4614-6438-9_101926-1

619. Gao J, Xu H, Rong Z, Chen L. Wnt family member 1 (Wnt1) overexpression-
induced M2 polarization of microglia alleviates inflammation-sensitized neonatal brain
injuries. Bioengineered (2022) 13(5):12409–20. doi: 10.1080/21655979.2022.2074767

620. Li P, Wu C, Guo X, Wen Y, Liu L, Liang X, et al. Integrative analysis of genome-
wide association studies and DNA methylation profile identified genetic control genes
of DNA methylation for kashin-beck disease. Cartilage (2021) 13(1_suppl):780s–8s.
doi: 10.1177/1947603519858748

621. Fu Y, Chang H, Peng X, Bai Q, Yi L, Zhou Y, et al. Resveratrol inhibits breast
cancer stem-like cells and induces autophagy via suppressing wnt/beta-catenin
signaling pathway. PloS One (2014) 9(7):e102535. doi: 10.1371/journal.pone.0102535

622. Geng Y, Ju Y, Ren F, Qiu Y, Tomita Y, Tomoeda M, et al. Insulin receptor
substrate 1/2 (Irs1/2) regulates wnt/beta-catenin signaling through blocking autophagic
degradation of dishevelled2. J Biol Chem (2014) 289(16):11230–41. doi: 10.1074/
jbc.M113.544999

623. Ortiz-Masia D, Cosin-Roger J, Calatayud S, Hernandez C, Alos R, Hinojosa J,
et al. Hypoxic macrophages impair autophagy in epithelial cells through wnt1:
relevance in ibd. Mucosal Immunol (2014) 7(4):929–38. doi: 10.1038/mi.2013.108

624. Wang S, Chong ZZ, Shang YC, Maiese K. Wisp1 (Ccn4) autoregulates its
expression and nuclear trafficking of beta-catenin during oxidant stress with limited
effects upon neuronal autophagy. Curr Neurovasc Res (2012) 9(2):91–101. doi: 10.2174/
156720212800410858

625. L’Episcopo F, Tirolo C, Testa N, Caniglia S, Morale MC, Deleidi M, et al.
Plasticity of subventricular zone neuroprogenitors in mptp (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) mouse model of parkinson’s disease involves cross talk between
inflammatory and wnt/beta-catenin signaling pathways: functional consequences for
Frontiers in Immunology 24
neuroprotection and repair. J Neurosci (2012) 32(6):2062–85. doi: 10.1523/
jneurosci.5259-11.2012

626. Sun TJ, Tao R, Han YQ, Xu G, Liu J, Han YF. Therapeutic potential of umbilical
cord mesenchymal stem cells with wnt/beta-catenin signaling pathway pre-activated for
the treatment of diabetic wounds. Eur Rev Med Pharmacol Sci (2014) 18(17):2460–4.

627. Aly H, Rohatgi N, Marshall CA, Grossenheider TC, Miyoshi H, Stappenbeck
TS, et al. A novel strategy to increase the proliferative potential of adult human beta-
cells while maintaining their differentiated phenotype. PloS One (2013) 8(6):e66131.
doi: 10.1371/journal.pone.0066131

628. Cai D, Hong S, Yang J, San P. The effects of microrna-515-5p on the toll-like
receptor 4 (Tlr4)/jnk signaling pathway and wnt1-inducible-signaling pathway protein
1 (Wisp-1) expression in rheumatoid arthritis fibroblast-like synovial (Rafls) cells
following treatment with receptor activator of nuclear factor-kappa-B ligand (Rankl).
Med Sci Monit (2020) 26:e920611. doi: 10.12659/msm.920611

629. Bayod S, Felice P, Andres P, Rosa P, Camins A, Pallas M, et al. Downregulation
of canonical wnt signaling in hippocampus of samp8 mice. Neurobiol Aging (2015) 36
(2):720–39. doi: 10.1016/j.neurobiolaging.2014.09.017

630. Krupska I, Bruford EA, Chaqour B. Eyeing the cyr61/ctgf/nov (Ccn) group of
genes in development and diseases: highlights of their structural likenesses and
functional dissimilarities. Hum Genomics (2015) 9(1):24. doi: 10.1186/s40246-015-
0046-y

631. Wang AR, Yan XQ, Zhang C, Du CQ, Long WJ, Zhan D, et al. Characterization
of wnt1-inducible signaling pathway protein-1 in obese children and adolescents. Curr
Med Sci (2018) 38(5):868–74. doi: 10.1007/s11596-018-1955-5

632. Sahin Ersoy G, Altun Ensari T, Subas S, Giray B, Simsek EE, Cevik O.Wisp1 is a
novel adipokine linked to metabolic parameters in gestational diabetes mellitus. J
Matern Fetal Neonatal Med (2016) 30(8):942–6. doi: 10.1080/14767058.2016.1192118

633. Lim HW, Lee JE, Shin SJ, Lee YE, Oh SH, Park JY, et al. Identification of
differentially expressed mrna during pancreas regeneration of rat by mrna differential
display. Biochem Biophys Res Commun (2002) 299(5):806–12. doi: 10.1016/s0006-291x
(02)02741-9

634. Du J, Klein JD, Hassounah F, Zhang J, Zhang C, Wang XH. Aging increases
ccn1 expression leading to muscle senescence. Am J Physiol Cell Physiol (2014) 306(1):
C28–36. doi: 10.1152/ajpcell.00066.2013

635. He W, Lu Q, Sherchan P, Huang L, Hu X, Zhang JH, et al. Activation of
Frizzled-7 Attenuates Blood-Brain Barrier Disruption through Dvl/b-Catenin/Wisp1
Signaling Pathway after Intracerebral Hemorrhage in Mice. Fluids Barriers CNS (2021)
18(1):44. doi: 10.1186/s12987-021-00278-9

636. Gaudreau PO, Clairefond S, Class CA, Boulay PL, Chrobak P, Allard B, et al.
Wisp1 is associated to advanced disease, emt and an inflamed tumor
microenvironment in multiple solid tumors. Oncoimmunology (2019) 8(5):e1581545.
doi: 10.1080/2162402x.2019.1581545

637. Li Y, Wang F, Liu T, Lv N, Yuan X, Li P. Wisp1 induces ovarian cancer via the
igf1/avb3/wnt axis. J Ovarian Res (2022) 15(1):94. doi: 10.1186/s13048-022-01016-x

638. Li Y, Zhu Z, Hou X, Sun Y. Lncrna afap1-as1 promotes the progression of
colorectal cancer through mir-195-5p and wisp1. J Oncol (2021) 2021:6242798.
doi: 10.1155/2021/6242798

639. Liu Y, Qin W, Zhang F, Wang J, Li X, Li S, et al. Association between wnt-1-
inducible signaling pathway protein-1 (Wisp1) genetic polymorphisms and the risk of
gastric cancer in guangxi chinese. Cancer Cell Int (2021) 21(1):405. doi: 10.1186/
s12935-021-02116-2

640. Wang QY, Feng YJ, Ji R. High expression of wisp1 promotes metastasis and
predicts poor prognosis in hepatocellular carcinoma. Eur Rev Med Pharmacol Sci
(2020) 24(20):10445–51. doi: 10.26355/eurrev_202010_23396

641. Wang Y, Yang SH, Hsu PW, Chien SY, Wang CQ, Su CM, et al. Impact of
wnt1-inducible signaling pathway protein-1 (Wisp-1) genetic polymorphisms and
clinical aspects of breast cancer. Medicine (2019) 98(44):e17854. doi: 10.1097/
md.0000000000017854

642. Zhu Y, Li W, Yang Y, Li Y, Zhao Y. Wisp1 indicates poor prognosis and
regulates cell proliferation and apoptosis in gastric cancer via targeting akt/mtor
signaling pathway. Am J Transl Res (2020) 12(11):7297–311.

643. Chong ZZ, Shang YC, Zhang L, Wang S, Maiese K. Mammalian target of
rapamycin: hitting the bull’s-eye for neurological disorders. Oxid Med Cell Longev
(2010) 3(6):374–91. doi: 10.4161/oxim.3.6.14787

644. Kopp C, Hosseini A, Singh SP, Regenhard P, Khalilvandi-Behroozyar H,
Sauerwein H, et al. Nicotinic acid increases adiponectin secretion from differentiated
bovine preadipocytes through G-protein coupled receptor signaling. Int J Mol Sci
(2014) 15(11):21401–18. doi: 10.3390/ijms151121401

645. Martinez de Morentin PB, Martinez-Sanchez N, Roa J, Ferno J, Nogueiras R,
Tena-Sempere M, et al. Hypothalamic mtor: the rookie energy sensor. Curr Mol Med
(2014) 14(1):3–21. doi: 10.2174/1566524013666131118103706

646. Lai CS, Tsai ML, Badmaev V, Jimenez M, Ho CT, Pan MH. Xanthigen
suppresses preadipocyte differentiation and adipogenesis through down-regulation of
ppargamma and C/ebps and modulation of sirt-1, ampk, and foxo pathways. J Agric
Food Chem (2012) 60(4):1094–101. doi: 10.1021/jf204862d

647. Dong Y, Chen H, Gao J, Liu Y, Li J, Wang J. Molecular machinery and interplay
of apoptosis and autophagy in coronary heart disease. J Mol Cell Cardiol (2019) 136:27–
41. doi: 10.1016/j.yjmcc.2019.09.001
frontiersin.org

https://doi.org/10.7150/ijbs.15624
https://doi.org/10.1016/j.expneurol.2017.08.013
https://doi.org/10.1016/j.expneurol.2017.08.013
https://doi.org/10.3892/mmr.2015.3781
https://doi.org/10.1016/j.cbi.2015.07.013
https://doi.org/10.1111/febs.15310
https://doi.org/10.1126/sciadv.abg4544
https://doi.org/10.3233/jad-140564
https://doi.org/10.2337/db12-0533
https://doi.org/10.1111/acel.12273
https://doi.org/10.1161/strokeaha.122.040376
https://doi.org/10.1074/jbc.M805711200
https://doi.org/10.1016/j.tem.2009.03.008
https://doi.org/10.1038/nrc2962
https://doi.org/10.1210/js.2017-00108
https://doi.org/10.1210/js.2017-00108
https://doi.org/10.1155/2020/4934206
https://doi.org/10.2337/db14-0444
https://doi.org/10.1007/978-1-4614-6438-9_101926-1
https://doi.org/10.1007/978-1-4614-6438-9_101926-1
https://doi.org/10.1080/21655979.2022.2074767
https://doi.org/10.1177/1947603519858748
https://doi.org/10.1371/journal.pone.0102535
https://doi.org/10.1074/jbc.M113.544999
https://doi.org/10.1074/jbc.M113.544999
https://doi.org/10.1038/mi.2013.108
https://doi.org/10.2174/156720212800410858
https://doi.org/10.2174/156720212800410858
https://doi.org/10.1523/jneurosci.5259-11.2012
https://doi.org/10.1523/jneurosci.5259-11.2012
https://doi.org/10.1371/journal.pone.0066131
https://doi.org/10.12659/msm.920611
https://doi.org/10.1016/j.neurobiolaging.2014.09.017
https://doi.org/10.1186/s40246-015-0046-y
https://doi.org/10.1186/s40246-015-0046-y
https://doi.org/10.1007/s11596-018-1955-5
https://doi.org/10.1080/14767058.2016.1192118
https://doi.org/10.1016/s0006-291x(02)02741-9
https://doi.org/10.1016/s0006-291x(02)02741-9
https://doi.org/10.1152/ajpcell.00066.2013
https://doi.org/10.1186/s12987-021-00278-9
https://doi.org/10.1080/2162402x.2019.1581545
https://doi.org/10.1186/s13048-022-01016-x
https://doi.org/10.1155/2021/6242798
https://doi.org/10.1186/s12935-021-02116-2
https://doi.org/10.1186/s12935-021-02116-2
https://doi.org/10.26355/eurrev_202010_23396
https://doi.org/10.1097/md.0000000000017854
https://doi.org/10.1097/md.0000000000017854
https://doi.org/10.4161/oxim.3.6.14787
https://doi.org/10.3390/ijms151121401
https://doi.org/10.2174/1566524013666131118103706
https://doi.org/10.1021/jf204862d
https://doi.org/10.1016/j.yjmcc.2019.09.001
https://doi.org/10.3389/fimmu.2023.1273570
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Maiese 10.3389/fimmu.2023.1273570
648. Shokri Afra H, Zangooei M, Meshkani R, Ghahremani MH, Ilbeigi D,
Khedri A, et al. Hesperetin is a potent bioactivator that activates sirt1-ampk
signaling pathway in hepg2 cells. J Physiol Biochem (2019) 75(2):125–33.
doi: 10.1007/s13105-019-00678-4

649. Tsai CF, Kuo YH, Yeh WL, Wu CY, Lin HY, Lai SW, et al. Regulatory effects of
caffeic acid phenethyl ester on neuroinflammation in microglial cells. Int J Mol Sci
(2015) 16(3):5572–89. doi: 10.3390/ijms16035572

650. Chen GH, Li XL, Deng YQ, Zhou FM, ZouWQ, Jiang WX, et al. The Molecular
Mechanism of Epo Regulates the Angiogenesis after Cerebral Ischemia through Ampk-
Klf2 Signaling Pathway. Crit Rev Eukaryot Gene Expr (2019) 29(2):105–12.
doi: 10.1615/CritRevEukaryotGeneExpr.2019029018

651. Wang D, Song Y, Zhang J, Pang W, Wang X, Zhu Y, et al. Ampk-klf2 signaling
pathway mediates the proangiogenic effect of erythropoietin in endothelial colony-
forming cells. Am J Physiol Cell Physiol (2017) 313(6):C674–c85. doi: 10.1152/
ajpcell.00257.2016

652. Su KH, Yu YB, Hou HH, Zhao JF, Kou YR, Cheng LC, et al. Amp-activated
protein kinase mediates erythropoietin-induced activation of endothelial nitric oxide
synthase. J Cell Physiol (2012) 227(8):3053–62. doi: 10.1002/jcp.23052

653. Jang W, Kim HJ, Li H, Jo KD, Lee MK, Yang HO. The neuroprotective effect of
erythropoietin on rotenone-induced neurotoxicity in sh-sy5y cells through the
induction of autophagy. Mol Neurobiol (2015) 53(6):3812–21. doi: 10.1007/s12035-
015-9316-x

654. Maiese K. Charting a course for erythropoietin in traumatic brain injury. J
Transl Sci (2016) 2(2):140–4. doi: 10.15761/JTS.1000131
Frontiers in Immunology 25
655. Wang L, Di L, Noguchi CT. Ampk is involved in mediation of erythropoietin
influence on metabolic activity and reactive oxygen species production in white
adipocytes. Int J Biochem Cell Biol (2014) 54:1–9. doi: 10.1016/j.biocel.2014.06.008

656. Andreucci M, Fuiano G, Presta P, Lucisano G, Leone F, Fuiano L, et al.
Downregulation of cell survival signalling pathways and increased cell damage in
hydrogen peroxide-treated human renal proximal tubular cells by alpha-
erythropoietin. Cell Prolif (2009) 42(4):554–61. doi: 10.1111/j.1365-2184.2009.00617.x

657. Kubat Oktem E, Aydin B, Yazar M, Arga KY. Integrative analysis of motor neuron
and microglial transcriptomes from sod1(G93a) mice models uncover potential drug
treatments for als. J Mol Neurosci (2022) 72(11):2360–76. doi: 10.1007/s12031-022-02071-1

658. Wang Y, Lin Y, Wang L, Zhan H, Luo X, Zeng Y, et al. Trem2 ameliorates
neuroinflammatory response and cognitive impairment via pi3k/akt/foxo3a signaling
pathway in alzheimer’s disease mice. Aging (Albany NY) (2020) 12:20862–79.
doi: 10.18632/aging.104104

659. Oaks Z, Patel A, Huang N, Choudhary G, Winans T, Faludi T, et al. Cytosolic
aldose metabolism contributes to progression from cirrhosis to hepatocarcinogenesis.
Nat Metab (2023) 5(1):41–60. doi: 10.1038/s42255-022-00711-9

660. Monti C, Colugnat I, Lopiano L, Chiò A, Alberio T. Network analysis identifies
disease-specific pathways for parkinson’s disease. Mol Neurobiol (2018) 55(1):370–81.
doi: 10.1007/s12035-016-0326-0

661. Oaks Z, Winans T, Caza T, Fernandez D, Liu Y, Landas SK, et al. Mitochondrial
dysfunction in the liver and antiphospholipid antibody production precede disease
onset and respond to rapamycin in lupus-prone mice. Arthritis Rheumatol (Hoboken
NJ) (2016) 68(11):2728–39. doi: 10.1002/art.39791
frontiersin.org

https://doi.org/10.1007/s13105-019-00678-4
https://doi.org/10.3390/ijms16035572
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2019029018
https://doi.org/10.1152/ajpcell.00257.2016
https://doi.org/10.1152/ajpcell.00257.2016
https://doi.org/10.1002/jcp.23052
https://doi.org/10.1007/s12035-015-9316-x
https://doi.org/10.1007/s12035-015-9316-x
https://doi.org/10.15761/JTS.1000131
https://doi.org/10.1016/j.biocel.2014.06.008
https://doi.org/10.1111/j.1365-2184.2009.00617.x
https://doi.org/10.1007/s12031-022-02071-1
https://doi.org/10.18632/aging.104104
https://doi.org/10.1038/s42255-022-00711-9
https://doi.org/10.1007/s12035-016-0326-0
https://doi.org/10.1002/art.39791
https://doi.org/10.3389/fimmu.2023.1273570
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The impact of aging and oxidative stress in metabolic and nervous system disorders: programmed cell death and molecular signal transduction crosstalk
	1 Introduction
	2 The intimate relationship among metabolic disease, oxidative stress, aging, and neurodegenerative disorders
	3 The clinical onset of metabolic mediated neurodegenerative disease
	4 Addressing unmet clinical avenues for metabolic and neurodegenerative disorders
	5 Programmed cell death in metabolic and nervous system diseases
	6 SIRT1 regulation of cellular metabolism and neurodegeneration
	7 Oversight of metabolic and nervous system disorders through AMPK
	8 WISP1 in metabolic homeostasis and nervous system function
	9 Discussion
	Author contributions
	Funding
	References


