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The relationship between sleep and metabolism has emerged as a critical factor in
aging and age-related diseases, including Alzheimer’s disease and dementia.
Mitochondrial oxidative phosphorylation, essential for neuronal energy
production, also generates reactive oxygen species (ROS), which increase with
age and contribute to oxidative stress. Sleep plays a vital role in modulating redox
balance, facilitating the clearance of free radicals, and supporting mitochondrial
function. Disruptions in sleep are closely linked to redox imbalances, and
emerging evidence suggests that pharmacological interventions, such as dual
orexin receptor antagonists and antioxidant-based therapies, may help restore
redox homeostasis. Furthermore, antioxidant-rich diets and supplements have
shown promise in improving both sleep quality and metabolic health in aging
populations. Neurons, with their high energy demands, are particularly vulnerable
to oxidative damage, making redox regulation crucial in maintaining brain
integrity. This review explores the bidirectional relationship between sleep and
redox metabolism through five key areas: (1) sleep’s role in free radical regulation,
(2) ROS as mediators of age-related sleep disturbances, (3) feedback loops
between impaired sleep and brain metabolism, (4) sleep, redox, and aging in
peripheral systems, and (5) therapeutic strategies to restore redox balance and
improve aging outcomes. Understanding these mechanisms may provide new
targets for interventions aimed at mitigating age-associated diseases.
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1 Introduction

Within the field of aging research, the intricate relationship between sleep architecture
and metabolism has emerged as a significant contributor to age-related health changes and
pathological aging conditions, such as Alzheimer’s disease and dementia (Carroll and
Macauley, 2019; Zhang W. et al., 2024). Studies have shown that oxidative phosphorylation
of glucose, along with electron transfer chain reactions used to generate energy, also
produces substantial free radicals, which are further elevated in the aging brain (Gemma
et al,, 2007; Butterfield and Halliwell, 2019). Neuronal mitochondrial redox biology and its
optimization are essential for overall brain function, and sleep has been shown to regulate
and play an important role in scavenging free radicals (Yin et al.,, 2014; Hill et al., 2018;
Richardson and Mailloux, 2023). Imbalances in the brain’s redox potential within the
mitochondria can be directly linked to sleep disturbances, and studies have demonstrated
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that improving sleep with medications like dual orexin receptor
antagonists and benzodiazepine-like drugs can help restore redox
balance (Singh and Kumar, 2008; Zhang W. et al, 2024).
Furthermore, recent clinical and animal studies have shown that
oxidative stress can be mitigated by consuming antioxidant-rich
foods, supplements, and specialized diets which can, in turn,
improve both sleep and overall health (Lei et al., 2023).

As humans, we spend about one-third of our lives sleeping, yet
much of the underlying physiology and mechanisms of sleep remain
elusive. Sleep plays a critical role in regulating the body’s
bioenergetics, particularly in the brain (Richardson and Mailloux,
2023). Studies have highlighted many of sleep’s unique functions:
restoring energy levels, synthesizing biomolecules for tissue
regeneration, and clearing free radicals, all of which promote an
optimized physiological state (Adam and Oswald, 1977; Benington
and Heller, 1995; Siegel, 2005; Mackiewicz et al., 2007; Davinelli
et al, 2024). Deciphering the bidirectional relationship between
sleep and redox bioenergetics and understanding their impacts on
aging and age-associated pathologies, is both timely and highly
relevant to addressing the current disease burden. These studies will
offer vital insights into the complexities of aging and its connection
to sleep and metabolism, providing new opportunities for
developing better drug targets to reduce age-related health
disparities.

Reactive oxygen species (ROS), traditionally viewed as damaging
metabolic byproducts, are now recognized as critical signaling
molecules in the brain, where they modulate various neural
functions including synaptic plasticity, neurogenesis, and
circadian rhythm regulation. At physiological levels, ROS play an
essential role in redox signaling by influencing the activity of
transcription factors such as NF-kB and Nrf2, and modulating
pathways like MAPK and PI3K/Akt, which are vital for neuronal
survival and adaptation (Finkel and Holbrook, 2000; Sies and Jones,
2020). This redox signaling plays a critical role in maintaining
cellular homeostasis and responding to environmental cues.
However, when ROS production exceeds the cellular antioxidant
capacity, oxidative stress ensues, leading to damage of proteins,
lipids, and DNA. In the central nervous system, mitochondria in
neurons and astrocytes are key sources of ROS, which help fine-tune
neurotransmitter release, long-term potentiation, and cognitive
functions like learning and memory (Massaad and Klann, 2011).
However, due to the brain’s high oxygen consumption and lipid-rich
environment, it is particularly vulnerable to oxidative stress when
ROS levels exceed antioxidant defenses. This delicate balance, where
low to moderate ROS levels facilitate neuronal signaling and
plasticity, ~ but  excessive  accumulation  contributes  to
neurodegeneration, highlights the brain’s reliance on tightly
regulated redox homeostasis (Schieber and Chandel, 2014;
Angelova and Abramov, 2016).

Neurons are highly energy-demanding, and their mitochondria
are key producers and modulators of oxidative stress, which can
have severe consequences if not neutralized by antioxidant
2018).

mitochondrial function changes, leading to an increase in ROS

mechanisms (Angelova and Abramov, As we age,
production over time, along with impairments in antioxidant
processes (Cui et al., 2012; Chistiakov et al., 2014; Giorgi et al.,
2018; Stefanatos and Sanz, 2018). These changes contribute to ROS-

mediated aging and associated sleep-wake disturbances (Davalli
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et al, 2016). Over time, such changes can lead to several life-

threatening  diseases,  including  neurodegeneration  and
cardiovascular abnormalities (Cappuccio et al, 2011; Feng et al,
20225 Zhang W. et al., 2024). Understanding how redox metabolism
is altered in sleep disorders, such as insomnia, neurodegenerative
diseases, and aging, may provide crucial insights into maintaining
brain integrity as we age.

In this review, we explore the complex interplay between sleep,
metabolism, and aging across five core themes: (1) the role of sleep in
maintaining optimal free radical levels, (2) whether ROS directly
contribute to or mediate sleep disturbances in aging, (3) how age-
related sleep disturbances may, in turn, contribute to impaired brain
metabolism and exacerbate age-related changes, (4) the role of sleep,
redox, and aging in peripheral systems, and (5) the evidence that
improving mitochondrial redox potential restores sleep and slows
aging, as well as the potential benefits of interventions like exercise,
antioxidant-rich foods, supplements, and specialized diets that
enhance sleep and/or metabolic efficiency, and their effects on

aging markers (summarized in Figure 1).

2 The role of sleep in regulating free
radicals in the brain: from Reimund’s
free radical flux theory to

modern insights

Reimund’s free radical flux theory of sleep, proposed in the
1990s, received significant attention for suggesting that ROS
accumulate in the brain during wakefulness, when energy
consumption is high, and are subsequently cleared during sleep
through a scavenging process that also suppresses their production
(Reimund, 1994; Liochev, 2013). This theory suggests that sleep is
one of the many antioxidant defense systems employed in
mammalian species that restores the redox status of cells and
tissues to its equilibrium. Reimund also proposed that oxidative
stress acts as a sleep-inducing factor like the catabolic reaction
byproduct adenosine diphosphate. In 2007, Savage and West
extended this work using mathematical modeling to demonstrate
that sleep duration correlates more strongly with brain metabolic
rate than whole-body metabolic rate, reinforcing the hypothesis that
sleep need is primarily driven by the brain’s metabolic and
restorative demands (Savage and West, 2007). Further support of
this hypothesis comes from work in drosophila suggesting that
overexpressing antioxidant genes specifically in the neurons of
wildtype flies reduces the amount of time sleeping (Hill et al,
2018). Sleep has many restorative functions and plays a crucial
role in scavenging free radicals within the brain. Sleep is categorized
into two broad types: non-rapid eye movement (NREM) and rapid
eye movement (Mapamba et al, 2022) sleep (Schulz, 2008;
Rosenberg and Hout, 2013) based on the power in different
frequency bands in the electroencephalogram and level of muscle
tone. During NREM sleep the metabolic rate is reduced by
approximately 5%-15% compared to wakefulness in the body
and brain glucose metabolism also decreases. This creates a
restorative period where energy demands are lower, allowing for
clearance of metabolic waste like ROS and replenishment of energy
stores (Ramanathan et al., 2002; Sharma and Kavuru, 2010; Schmidt,
20145 Aalling et al., 2018; Mir et al., 2019). The hypometabolic state
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FIGURE 1

chronic stress

A schematic model of pro-aging and anti-aging pathways modulated by sleep, diet, lifestyle, exercise, oxidative stress, and other metabolic
processes at the system and cellular levels. (A) The left panel illustrates the effects of interventions and biological processes such as optimal sleep,
antioxidant-rich foods, supplements, and exercise in promoting mitochondrial and cellular bioenergetic optimization that enhances longevity. These
factors improve free radical scavenging within the cytoplasm and mitochondria, thereby preventing oxidative stress-mediated DNA damage and
cellular senescence. Antioxidant ROS scavengers also enhance mitochondrial efficiency by inducing the expression of genes involved in mitochondrial
biogenesis, includingPGC-1a (Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1-alpha) and NRF-2 (Nuclear Factor Erythroid 2-Related
Factor 2), which together protect against ROS-induced macromolecular damage. Sleep and exercise engage overlapping signaling pathways that
regulate mitochondrial biogenesis, redox-sensitive gene expression, and neuroinflammation. Anti-aging factors shown on the left panel also support
nuclear maintenance and chromatin remodeling, including DNA repair and preservation of telomere length, thereby promoting cellular health and
longevity. (B) The right panel depicts pathological aging, which accelerates pro-aging cellular pathways including mitochondrial ROS production, DNA
damage, neuroinflammation, and neurodegeneration, ultimately impairing brain health and shortening lifespan. Pathological aging is exacerbated by
various factors, including sleep disruption, metabolic disorders (e.g., obesity and diabetes), and adverse lifestyle behaviors such as alcohol consumption,
smoking, and diets high in processed foods. Chronic sleep loss, metabolic dysfunction, environmental toxins, stress, and physical inactivity elevate
systemic inflammation and ROS-mediated cellular damage. These factors impair mitochondrial function and trigger cytochrome-c release, initiating
apoptosis and neurodegeneration. Sleep disturbances and obesity also exacerbate insulin resistance, which promotes neuroinflammation, impairs Ap
clearance, and disrupts blood brain barrier integrity, culminating in neurodegeneration.

of the brain during NREM sleep inhibits neurons allowing for
clearance of toxins, including harmful metabolites and
accumulated free radicals during prolonged wakefulness (Xie
et al, 2013; Vaccaro et al., 2020). Sleep promotes antioxidant
production including melatonin as well as the antioxidant
enzymes superoxide dismutase, catalase, and glutathione
peroxidase (Gulec et al., 2012; Chang et al., 2016; Monteiro et al.,
2024). Finally, repair and regenerative processes during sleep
promote efficiency of cellular processes and mitochondrial
function, reducing ROS production (Richardson and Mailloux,
2023). Specifically, slow wave activity and delta power during
NREM sleep have been shown to promote mitochondrial health,
including enhancing mitophagy, increased cisternae surface area
(crucial for efficient adenosine triphosphate (ATP) production), and
division of mitochondria (Mauri et al., 2022; Hartmann and

Kempf, 2023).

Frontiers in Aging

Sleep deprivation studies have provided firsthand evidence in
support of the free radical flux theory that sleep promotes clearance
of overloaded free radicals, protecting the brain against cellular
damage and neurodegenerative diseases as well as age-associated
pathology (Hill et al., 2018; Trist et al., 2019). Therefore, current
therapeutic strategies targeting sleep disturbances in aged
individuals could foster resilience against oxidative stress and
support overall cognitive function (Davinelli et al, 2024). The
bidirectionality of oxidative stress and sleep has also been
highlighted in sleep-wake and sleep-breathing disorders where
oxidative stress is the
pathophysiology. Reports suggest that even one night of sleep
deprivation in human subjects alters systemic redox metabolites

increased  with progression  of

including plasma antioxidant levels such as glutathione (Trivedi
et al,, 2017; Chen et al., 2022). Sleep deprivation might also impair
the balance of free radical generation by altering mitochondrial
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metabolic pathways resulting in spiked ROS generation (Cirelli,
2006; Hill et al., 2018; Hartmann and Kempf, 2023).

3 Changes in sleep-wake architecture
with aging: do reactive oxygen species

mediate sleep disturbances in
the elderly?

3.1 Changes in sleep with aging

Sleep serves a restorative role, allowing the brain and body to
recover from the oxidative and metabolic demands of wakefulness.
In the elderly, sleep architecture becomes increasingly fragmented,
characterized by difficulties in sleep initiation, frequent nocturnal
awakenings, and reduced sleep efficiency (Ohayon et al., 2004;
Mander et al., 2017). These disruptions are not limited to sleep
quantity but extend to qualitative aspects, such as diminished delta
power during slow-wave activity, fewer and shorter NREM/REM
episodes, and increased latency to these stages (Mander et al,
2017). Importantly, these changes are strongly associated with
cognitive decline and age-related neurological disorders (Ohayon
et al., 2004; Lupi et al,, 2024). In elderly individuals, circadian
rhythms as well as sleep-wake regulation are weakened, leading to
phase advances, decreased ability to adjust to phase shifts, and
reduced amplitude of circadian rhythms (Duffy et al., 2015). These
changes are attributed to reduced output of clock gene expression
in the suprachiasmatic nucleus (SCN) (Musiek and Holtzman,
2016), neuronal loss, and imbalances in neurohormonal and
neurotransmitter systems arising from age-mediated changes in
the central nervous system (Zhong et al., 2019). Circadian phase
delays and shifting chronotypes to an earlier phase with aging have
been associated with shorter telomere length of chromosomes in
leukocytes, indicating cellular senescence (Wynchank et al., 2019).
Further supporting this notion of the bidirectional relationship
between age and sleep-wake disruption, studies have noted that
behavioral or genetic manipulation of circadian rhythms also
(Hood and 2017).
Importantly, age-related changes in sleep-wake patterns exhibit

causes aging-like phenotypes Amir,
significant sex differences, which are shaped by biological factors
(e.g., steroid hormones and genetic differences) as well as
(Kostin et al.,, 2020;

Taporoski et al., 2024). In humans, significant sex differences in

environmental and dietary factors
sleep architecture emerge after middle age, with women more
frequently self-reporting sleep disturbances than men. However,
the validity of these findings is limited by inconsistencies in
objective measurement criteria (van den Berg et al.,, 2009; Bailey
and Silver, 2014; Taporoski et al,, 2024). Understanding these sex
differences is critical for developing sex-specific geriatric and
chronomedicine-based interventions for sleep and age-related
disorders (Wiranto et al., 2024). Furthermore, women are
approximately 41% more likely than men to develop insomnia
or related sleep disturbances, such as delayed sleep onset, difficulty
maintaining sleep, and excessive daytime sleepiness, which tend to
worsen with age (Zhang and Wing, 2006; Sidani et al., 2019; Alosta
et al, 2024). Collectively, these findings confirm that sex
significantly influences age-related changes in sleep architecture,
driven by sex-specific hormonal, genetic, and physiological factors

Frontiers in Aging

10.3389/fragi.2025.1605070

that must be considered when developing therapeutic strategies for
sleep and age-related health conditions.

3.2 Age-associated changes in oxidative
stress and metabolism

Aging is accompanied by increased oxidative stress due to
elevated ROS levels and a concurrent decline in endogenous
This imbalance  disrupts
neurochemical signaling and damages sleep-regulating brain

antioxidant  defenses. redox
regions thereby impairing circadian rhythms and sleep-wake
regulation (Carroll and Prather, 2021). Melatonin, a sleep-
promoting hormone with antioxidant properties, declines with
age, leading to increased mitochondrial ROS production and
diminished regulation of the electron transport chain (Wurtman,
2000; Karasek, 2004; Petrosillo et al., 2008; Paradies et al., 2010). Age
associated failure of antioxidant machinery such as reduced
expression of antioxidant enzymes including catalase, superoxide
dismutase and glutathione peroxidase significantly contributes to
the age-associated ROS accumulation (Semsei et al., 1991; Finkel and
Holbrook, 2000; Barouki, 2006; Gemma et al., 2007). Moreover,
sleep deprivation and aging share similar oxidative profiles; both
increase ROS accumulation in key regions like the gut and brain,
contributing to cellular senescence, neuroinflammation, and
cognitive dysfunction (Wang et al., 2010; Vaccaro et al., 2020).
This creates a feedback loop in which sleep impairments not only
accelerate the aging process by promoting cellular senescence and
DNA damage, but also elevate ROS levels, leading to the
accumulation of wunfolded or misfolded proteins in the
endoplasmic reticulum and increased activity of ROS generating
NADPH oxidase,
phospholipase A2 (Xu et al., 2020). These changes further disrupt

enzymes such as xanthine oxidase and
antioxidant defense mechanisms in the brain, exacerbating age-
related pathologies, including neurodegeneration and memory
impairments (Singh and Kumar, 2008; Alzoubi et al, 2012
Villafuerte et al., 2015; Kanazawa et al., 2016; Hill et al., 2018).
Aging profoundly impairs brain energy metabolism and
diminishes antioxidant defense mechanisms, leading to excessive
accumulation of ROS, which play a central role in sleep disturbances
among older adults (Camandola and Mattson, 2017; Blaszczyk,
2020). One key contributor to this metabolic inefficiency is the
age-related decline in nicotinamide adenine dinucleotide (Lananna
et al.) levels in the mitochondrial salvage pathway, which disrupts
the Krebs cycle, reduces ATP production, and impairs DNA
neuronal  stress

repair—cascading into

(Blaszczyk, 2020). The brain, being highly dependent on glucose

and degeneration

and oxygen delivered via cerebral blood flow, becomes especially
vulnerable when cerebral blood flow declines due to aging or sleep
deprivation, resulting in metabolic instability and overproduction of
ROS (Leithner and Royl, 2014; Tarumi and Zhang, 2018; Mokhber
etal., 2021; Graff et al,, 2023). Accumulated ROS contributes to both
sleep deterioration and aging by driving macromolecular damage,
including DNA and protein degradation. In addition, elevated ROS
levels impair neurogenesis and promote neuroinflammation, which
in turn lead to age-associated neurological disorders and cognitive
decline (Wang et al., 2010; Yuan et al, 2015; Hill et al,, 2018;
Chiricosta et al., 2019).
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3.3 Age-associated changes in
circadian rhythms

Age-associated circadian desynchrony has been shown to
negatively impact metabolic function, contributing to increased
oxidative stress and impaired sleep. However, interventions such
as time-restricted feeding can help realign circadian rhythms, reduce
oxidative stress, improve sleep quality, and potentially extend
lifespan (Tevy et al, 2013; Hood and Amir, 2017; Acosta-
Rodriguez et al., 2021). Interestingly, nutrient-sensing pathways
which exhibit dynamic responses to dietary interventions, play a
central role in aging-related cellular signaling and are also
modulated by both circadian rhythms and the sleep-wake cycle
(Lépez-Otin et al., 2016; Acosta-Rodriguez et al, 2021). These
pathways include pro-aging regulators such as mTOR, PI3K,
IGF-1, and AKT as well as anti-aging factors like SIRT1, PGC-
la, and AMPK. Notably, SIRT1 acts as a key integrator of metabolic
and circadian signals by regulating core clock genes, including
BMALI and CLOCK, within the SCN (Tevy et al, 2013). With
age, SIRT1 levels decline, disrupting the molecular clock in the SCN
and thereby impairing both circadian and metabolic homeostasis
(Chang and Guarente, 2013; Acosta-Rodriguez et al., 2021).

3.4 Effects of aging and sleep on the
glymphatic system and neuron-glial redox
coupling in brain health

Aging also impairs the glymphatic system, a crucial brain-wide
clearance network responsible for removing interstitial waste
products, including neurotoxic and ROS-generating protein
aggregates such as amyloid-p, a-synuclein, and neurofibrillary
tangles (Rasmussen et al., 2018; Benveniste et al., 2019; Hablitz
and Nedergaard, 2021). The glymphatic system primarily functions
during NREM sleep, when cerebrospinal fluid influx increases and
facilitates the convective removal of metabolic byproducts. This
clearance mechanism is essential for maintaining redox balance, as
the accumulation of protein aggregates can enhance mitochondrial
dysfunction and promote excessive generation of ROS, creating a
pro-oxidative and inflammatory environment. With aging, multiple
structural and functional alterations such as decreased
cerebrovascular pulsatility, reduced aquaporin-4 polarization on
astrocyte end feet, and impaired perivascular cerebrospinal fluid
exchange significantly reduce glymphatic efficiency. Additionally,
age-associated declines in cerebral blood flow and increased
blood-brain barrier permeability further compromise glymphatic
transport, allowing inflammatory mediators and ROS to accumulate
in the brain parenchyma (Banks et al., 2021; Xiong et al., 2024).
These alterations not only exacerbate oxidative stress but also fuel
chronic neuroinflammation, accelerating neuronal apoptosis and
degeneration. Importantly, sleep fragmentation and deprivation
themselves have been shown to acutely disrupt glymphatic
clearance. Sleep loss decreases the depth and continuity of slow-
wave sleep, limiting the time during which glymphatic transport is
most active. This creates a vicious cycle, where impaired waste
clearance contributes to ROS buildup, which in turn promotes
neuroinflammation, alters sleep architecture, and leads to further

fragmentation of sleep (Gu et al., 2022; Yi et al., 2022). Studies show
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that even short-term sleep disruption can reduce the removal of
amyloid-, while chronic sleep loss leads to its accumulation, both of
which are strongly associated with increased ROS levels and
subsequent damage to neurons.

Sleep disruption not only accelerates the production of ROS but
also impairs their clearance by compromising glymphatic system
function (Gu et al., 2022). A dysfunctional glymphatic system leads
to ROS accumulation across cellular compartments, triggering
injury pathways and
NLRP3 inflammasome in microglial cells, thereby amplifying

signaling activating the
neuroinflammation and promoting neurodegeneration and brain
aging. Amyloid-p (AP) plaques further exacerbate this process by
generating ROS after entering mitochondria through the translocase
of the outer membrane, causing mitochondrial dysfunction (Chen
and Yan, 2007). Sleep deprivation worsens this cascade by hindering
glymphatic clearance of AP peptides, compounding oxidative
2009; 2018).
Glymphatic activity, particularly in clearing metabolic waste, is

damage (Kang et al, Shokri-Kojori et al,
heightened during sleep. Proteins such as aquaporin-4 are

essential for this clearance; aquaporin-4 knockout models
demonstrate over a 50% reduction in AP removal (Iliff et al,
2012; Kope¢ et al, 2023). Postmortem analyses of Alzheimer’s
disease brain tissue reveal abnormal aquaporin-4 expression and
mislocalization, supporting a bidirectional relationship between
impaired glymphatic clearance and AP accumulation that
accelerates brain aging and cellular degeneration (Zeppenfeld
et al.,, 2017; Rasmussen et al., 2018).

Beyond waste clearance, neurons and glia constantly exchange
metabolic signals, with glial cells, particularly astrocytes, playing a
critical role in redox homeostasis. Astrocytes supply neurons with
antioxidants like glutathione and facilitate cerebrospinal and
interstitial fluid movement to remove metabolic waste. This
astrocyte-neuron redox coupling is highly sensitive to sleep
which alters the

mitochondrial efficiency. Astrocytes exert robust antioxidant

disruption, brain’s oxidative state and
effects via the glutathione system and the glutamine, glutamate
shuttle, both essential for maintaining neuronal mitochondrial
function and ATP production. Disruption of redox coupling can
be seen in experimental models where astrocyte-specific mutations
in the superoxide dismutase gene lead to enhanced motor neuron
degeneration, an effect mitigated by mitochondrial-targeted
antioxidants like MitoQ (Cassina et al, 2008). These findings
underscore that redox imbalance impairs astrocyte-neuron
metabolic interactions, contributing to neurodegeneration and
age-related cognitive decline. Finally, emerging evidence suggests
a fundamental metabolic divergence between neurons and glia:
neurons exhibit lower glycolytic rates and rely more heavily on
This

specialization highlights the importance of glia in supporting

oxidative phosphorylation than glial cells. metabolic
neuronal bioenergetics, particularly under conditions of oxidative
stress and sleep disruption. In summary, age-related changes in sleep
architecture are closely intertwined with elevated oxidative stress
and declining antioxidant capacity in the aging brain. ROS emerge as
a central mediator in this process, disrupting circadian regulation,
impairing glymphatic clearance, altering metabolism and damaging
sleep-regulating neural circuits. As sleep disruption further impairs
redox balance and waste clearance, a self-reinforcing loop is
established thus linking disrupted sleep, oxidative stress, and
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aging. Understanding these interdependent mechanisms offers
critical insight into therapeutic strategies aimed at preserving
sleep quality and mitigating neurodegenerative risk in the elderly.

4 Sleep disturbances and impaired
brain metabolism are closely

interconnected, both contributing
significantly to the aging process

Sleep is an active process initiated and supported by distinct
neural populations within the brain. The aging process and sleep are
both significantly influenced by the dynamics of brain bioenergetics.
During sleep, the brain undergoes several restorative processes,
including energy preservation, DNA
clearance of toxins, and rejuvenation of the immune system,

repair, tissue repair,
ensuring optimal physiological functions. However, as we age,
these processes begin to slow down and deviate from their
optimal efficiency. Cellular repair mechanisms rely heavily on
energy availability. Neuroimaging studies have shown that aging
and Alzheimer’s disease brains exhibit a hypometabolic state, which
may compromise these repair processes and contribute to
accumulating cellular damage. (Womack et al, 2011; Mertens
et al,, 2021; Xue et al, 2022). Humans spend roughly one-third
of their lives sleeping, highlighting the significant role sleep plays in
our overall wellbeing (Aminoff et al., 2011). Mitochondria play a
crucial role in neurocognitive function and the survival of neuroglial
cells by supplying the energy necessary for essential physiological
Mitochondrial
dyshomeostasis, altered mitophagy as well as impaired redox
potential which contribute to neurodegeneration and cognitive

processes. pathologies  include  calcium

decline often seen with aging. Interestingly, disrupted sleep has
been found to promote mitochondrial dysfunction, increasing
oxidative stress in the brain (Hill et al, 2018). Understanding
this complex interaction between sleep physiology and brain
metabolism could reveal vital insights about aging and its impact
on brain health. Prioritizing restorative sleep may be a crucial
strategy for supporting healthier aging pathways in the brain.
Since aging is a multifactorial and highly complex biological
process, many factors including genetic mutations, epigenetic
alterations and metabolic dysregulation play a significant role in
the process. Brain metabolism along with sleep impairment play a
crucial role in deteriorating cellular and system homeostasis that
contributes to cognitive decline as well as aging trajectories
(Gonzales et al., 2022; Mukherjee et al., 2024). Current research
has significantly explored the bidirectional relationship between
dysregulated brain metabolism and sleep
influencing aging as well as age-associated neurocognitive deficits,

impairments in

and suggests that alterations in any one of them exacerbate the other,
leading to accelerated aging and neurodegeneration (Bah et al,
2019). Aging has a significant impact on brain metabolism and
vice versa, since impaired glucose utilization, lipid metabolism as
well as oxidative stress in the mitochondria, are altered as we age and
conversely, exacerbated ROS and a decline in bioenergetics in
neuroglial cells, aggravates aging and cognition (Bratic and
Larsson, 2013; Bartman et al, 2024). Additionally, studies from
the last decade have suggested that mitochondrial dysfunction
caused by mutations in the mitochondrial DNA (mtDNA) as
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well as impairments in the respiratory chain are the most
important molecular determinants of aging and could be vital
therapeutic targets (Bratic and Larsson, 2013; Srivastava, 2017).
Therefore, age-related diseases and strategies to mitigate them
must account for sleep impairments and the restoration of the
brain’s bioenergetic balance in order to develop effective
therapeutics that slow the aging process. We will review how
sleep impairments and brain metabolism affect each other and
contribute to the aging process.

4.1 Impaired brain metabolism leads to sleep
disturbances

Sleep is a physiologically active and regulated state during which
consciousness and sensory processing are temporarily reduced to
support essential homeostatic functions such as cellular repair,
memory consolidation, and metabolic detoxification.
Electrophysiologically, sleep is broadly divided into NREM and
REM sleep stages, which differ in neurochemical profiles,
neuronal activity patterns, and metabolic demands (Savage and
West, 2007; Schmidt, 2014). NREM sleep, particularly its deeper
stages, is considered a hypometabolic state characterized by reduced
cardiorespiratory output, reduced energic demands, and rhythmic
slow oscillations. This phase is critical for DNA damage repair,
immune memory and homeostasis, synaptic downscaling, and
clearance of debris and metabolic waste including byproducts of
oxidative stress from brain tissue (Tononi and Cirelli, 20065 Tliff
et al,, 2012; Xie et al., 2013; Besedovsky et al., 2019; Nedergaard and
Goldman, 2020; Zada et al., 2021).

Aging compromises the brain’s metabolic efficiency, primarily
due to mitochondrial dysfunction and cumulative oxidative damage
to mtDNA (Bhatti et al, 2017; Bartman et al., 2024). These
alterations impair ATP synthesis, which is essential for sustaining
synchronized neuronal activity during NREM sleep. ATP deficits
reduce the ability of sleep-regulating circuits—such as those in the
ventrolateral preoptic nucleus, to maintain deep, consolidated sleep,
leading to frequent arousals and fragmented sleep patterns in the
1995; Scharf et al, 2008).
Interestingly, the ventrolateral preoptic nucleus and other sleep-

elderly (Benington and Heller,

promoting regions can detect glucose levels in cerebrospinal fluid,
further linking central energy sensing to sleep regulation (Mavanji
et al, 2015; Varin et al,, 2015). Age-related metabolic impairment
also disrupts neuro-glial interactions critical for brain homeostasis.
For example, astrocyte-neuron metabolic shuttles, such as the
glutamate-glutamine cycle, are affected by mitochondrial
inefficiency and oxidative stress, reducing synaptic plasticity and
impairing glymphatic clearance during sleep (Vyazovskiy and
Harris, 2013; Edison, 2024). These dysfunctions not only impact
sleep architecture but also accelerate neurodegenerative processes.

In addition to aging, several metabolic disorders underscore the
strong bidirectional relationship between disrupted metabolism and
sleep
metabolism leads

impairment. In phenylketonuria, altered amino acid

to deficiencies in neurotransmitters like
serotonin, dopamine, and norepinephrine, resulting in delayed
sleep onset, prolonged latency, and excessive daytime sleepiness
(Bruinenberg et al., 2017). Similarly, chronic metabolic diseases such

as diabetes impair glucose transport, increase oxidative stress, and
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trigger neuroinflammation, factors that are known to impair sleep-
wake regulation and exacerbate age-related cognitive decline
(Muriach et al, 2014; Al-Sayyar et al, 2023). Lifestyle-related
metabolic stressors, including alcohol consumption, smoking,
obesity, and poor dietary choices, are additional contributors to
metabolic dysfunction in the brain and are commonly associated
with sleep disorders such as insomnia, sleep apnea, and circadian
misalignment (Romero-Corral et al., 2010; Simou et al., 2018; Liu
et al., 2021). These conditions further underscore how disrupted
brain metabolism, whether due to aging or disease, is a central factor
in the pathophysiology of sleep disturbances.

4.2 Sleep disruption contributes to
dysregulated brain redox and altered
metabolism: a bidirectional relationship
dictating longevity and neurodegeneration

Sleep plays an essential role in energy optimization and
replenishing carbon sources not only for the brain but at a
systematic level. Metabolic demands are high during wake to
support different body movements, food seeking, reproduction as
well as survival of the organism from predators (Ding et al., 2018;
Lesku and Schmidt, 2022). Sleep deprivation studies have provided
first-hand information about the metabolic changes including the
oxidative stress that occurs in the brain as well as peripheral organs
as a result of insufficient or total lack of sleep (Vaccaro et al., 20205
Davinelli et al., 2024). Positron emission tomography studies
revealed that lack of sleep also causes inefficient glucose
utilization especially in higher-order brain regions such as
prefrontal cortex, thalamus, hippocampus and cortex that
ultimately lead to impairments in cognitive functions (Wu et al.,
19915 Shin et al., 2024). Sleep and metabolic disruption including
impairments in sleep quality, delta power, spindle density, and
altered mitochondrial bioenergetics are intricately linked to aging
and age-related dementia (Xie et al., 2013; Zielinski and Gibbons,
2022; Shin et al., 2024). Among several essential factors accelerating
age-associated  neuropathology, oxidative stress, impaired
mitochondrial function, neuroinflammation, and compromised
blood-brain barrier integrity are significantly modulated by sleep
disruption often observed in elderly subjects (Brunetti et al.,, 2021;
Melhuish Beaupre et al., 2021; Zielinski and Gibbons, 2022). Studies
have suggested that the sleep-wake cycle is profoundly affected with
age marked by insomnia, sleep fragmentation, and daytime
sleepiness that trigger the neurodegeneration and significantly
affects the mental health and longevity in elderly subjects
2022; Parhizkar and Holtzman, 2025).

aging and co-variable

(Casagrande et al,

Moreover, sleep impairments are
physiological processes that cause a significant reduction in the
metabolic efficiency of the brain, especially impacting mitochondrial
integrity and function (Tevy et al., 2013; Srivastava, 2017; Zhong
et al., 2019). Several studies have reported that targeting metabolic
impairments could be a potential tool to mitigate age-mediated
changes in sleep, cognition, and longevity by reducing oxidative
stress and inflammatory signaling pathways (Brown-Borg et al,
2012; Brunetti et al., 2021; Melhuish Beaupre et al., 2022; Zegarra-
Valdivia et al., 2025). Since sleep regulates the brain’s clearance of

metabolic toxins such as tau and AB-42 peptides via the glymphatic
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system, age-related sleep disruption may impair this clearance,
thereby exacerbating neuronal pathology through increased ROS
production and ultimately triggering neuronal apoptosis (Xie et al.,
2013; Chong et al., 2022). Therefore, enhancing sleep quality,
optimizing metabolism, and reducing ROS may represent
promising pharmaceutical targets for managing age-related
cognitive decline. These interventions could help mitigate
molecular pathologies such as microglial activation, oxidative
stress, and mitochondrial dysfunction, which accelerate aging and
neurodegeneration, ultimately affecting longevity. Although the
complex relationship between oxidative stress and sleep
regulation remains under active investigation, numerous studies
suggest that wakefulness increases ROS levels, as mitochondria must
continuously produce ATP to sustain arousal. This ROS
accumulation may, in turn, promote sleep by modulating key
signaling pathways (Hill et al, 2018; Davinelli et al, 2024).
Studies have linked ROS-mediated gene expression changes in
SCN, especially clock and period genes, that influence sleep-wake
architecture and cause sleep disturbances (Rutter et al., 2001;

Lananna et al., 2018; Davinelli et al., 2024).

4.3 Mitochondrial redox signaling as a
bidirectional regulator of sleep and cellular
homeostasis

Mitochondria are the primary source of intracellular ROS,
generating approximately 90% of cellular ROS as byproducts of
oxidative phosphorylation (Balaban et al., 2005). Importantly, ROS
are not merely metabolic waste, they serve as signaling molecules
that regulate essential cellular processes, including autophagy,
immune function, differentiation, and responses to hypoxia (Sena
and Chandel, 2012; Dai et al, 2014). Emerging evidence also
implicates ROS in the regulation of sleep and circadian rhythms.
Low levels of ROS promote sleep, whereas excessive ROS disrupt
sleep architecture (Tkeda et al., 2005; Wilking et al., 2012; Fagiani
et al, 2022). Sleep disruption, in turn, impairs mitochondrial
function, reduces antioxidant defenses, elevates ROS production,
and leads to the release of mtDNA, calcium dyshomeostasis, and
ATP depletion, changes that trigger inflammation and contribute to
fragmented NREM sleep (Hartmann and Kempf, 2023; Hu et al,
2024; Zhang Q. et al., 2024).

Sleep loss further compromises mitochondrial health by
reducing activity in complexes I and IV of the electron
transport chain and dysregulating mitochondrial dynamics.
This includes increased phosphorylation of dynamin-related
protein 1 (DRP1) at serine-616, promoting mitochondrial
fragmentation, and decreased expression of fusion proteins
such as mitofusins (MFN1/2) and optic atrophy 1 (OPAI)
(Andreazza et al., 2010; Vaccaro et al., 2020; Dai et al., 2021;
Mauri et al., 2022; Sarnataro et al., 2025). Sleep deprivation also
inhibits mitophagy by suppressing the PINK1/Parkin pathway,
allowing the accumulation of damaged mitochondria that further
increase ROS and inflammation, accelerating neurodegeneration
(Chakravorty et al., 2019; Covarrubias et al., 2021). These
mitochondrial impairments are accompanied by reductions in
sirtuins, NAD"-dependent deacetylases that govern metabolism,
stress responses, and circadian gene expression, and altered
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NAD*/NADH
et al., 2024).
In Drosophila, a mechanistic link between mitochondrial ROS

ratios (Covarrubias et al., 2021; Zhuang

and sleep regulation has been demonstrated. Sleep deprivation
increases mitochondrial ROS in dorsal fan-shaped body neurons,
where the B-subunit of Shaker potassium channels (Hyperkinetic)
senses redox status via its NADPH cofactor. Oxidation of NADPH
slows A-type K*
excitability, optogenetic
suppression of ROS in these neurons reduces sleep, establishing a

current inactivation, enhances neuronal

and promotes sleep. Genetic or
bidirectional feedback loop: wakefulness elevates oxidative burden,
which triggers sleep, and sleep in turn reduces ROS levels (Kempf
et al, 2019). Additional mechanisms linking oxidative stress and
sleep include the accumulation of extracellular adenosine, resulting
from inhibition of adenosine kinase, that activates adenosine
A1l receptors to promote sleep (Park and Gupta, 2013; Correia
and Vale, 2024). ROS also affect the activity and gene expression of
sleep-regulatory neuronal populations, including orexinergic
neurons and the SCN, where redox-sensitive transcriptional
feedback loops modulate circadian timing (Wilking et al., 2012;
Lananna et al., 2018; Pardillo-Diaz et al., 2022). Notably, REM sleep
deprivation has been associated with increased mitochondrial
biogenesis in the hippocampus and the emergence of manic-like
behaviors in rodent models (Kim et al., 2022).

Collectively, these findings support a bidirectional relationship
in which sleep promotes mitochondrial redox homeostasis, while
mitochondrial oxidative status shapes sleep quantity, quality, and
circadian stability, processes with broad implications for aging and
neurodegenerative diseases. While Drosophila models provide
compelling evidence for a causal, bidirectional relationship
between oxidative stress and sleep, further work is needed to
determine whether these mechanisms are conserved in mammals.

4.4 Sleep disruption including jet lag,
shiftwork, and sleep apnea contribute to
impaired metabolism

Shift work, where an individual’s schedule overlaps with their
typical sleep time, is linked to various health issues and contributes
to the development of shift work disorder in approximately 25% of
affected individuals. This condition is characterized by chronic or
recurrent insomnia and excessive daytime sleepiness. Shift-work is
associated with cardiovascular disease, diabetes, obesity, cancer, and
mood disorders. Studies have shown that limiting food consumption
to daytime hours can reduce circadian misalignment, prevent
impaired glucose tolerance and pancreatic beta-cell function,
reduce cardiovascular risk factors and impaired mood associated
with shift work. At the molecular level, feeding during the inactive
phase has been shown to abolish the daily rhythm in skeletal muscle
mitochondria respiration (de Goede et al, 2022). Moreover,
essential mitochondrial processes such as fission, fusion,
mitophagy, and NAD + production are regulated or influenced
by circadian timing (de Goede et al, 2018). Collectively, these
findings suggest that sleep disruption associated with circadian
misalignment may impair mitochondrial function and
compromise cellular health, leading to redox imbalance and
contributing to accelerated aging phenotypes.
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Sleep apnea, particularly obstructive sleep apnea, is
characterized by recurrent episodes of intermittent hypoxia
during sleep due to upper airway collapse. These hypoxic
episodes are followed by rapid reoxygenation, which triggers a
surge in the production of ROS through mechanisms such as
mitochondrial dysfunction and activation of NADPH oxidase
pathways (Stanek et al, 2021). This pattern of hypoxemia,
hypercapnia, and reoxygenation mimics an ischemia-reperfusion
injury, leading to significant oxidative stress and inflammatory
responses that have been strongly linked to accelerated biological
aging and increased risk of neurodegenerative disease (Li and Wang,
2021). Moreover, intermittent hypoxia leads to repeated micro-
arousals, resulting in sleep fragmentation, with individuals
experiencing between 10 and 43 micro-arousals per hour (Martin
et al, 1997). These frequent arousals disrupt the continuity and
depth of slow-wave sleep, reducing the restorative functions of sleep
and further impairing glymphatic clearance of metabolic waste
products, including ROS-generating aggregates such as beta-
amyloid. Over time, this results in increased ROS accumulation,
neuronal stress, and a decline in redox homeostasis. High-frequency
sleep fragmentation in obstructive sleep apnea has been shown to
induce outcomes similar to chronic sleep deprivation, including
reduced antioxidant enzyme activity (e.g., superoxide dismutase,
glutathione peroxidase), aberrant mitochondrial morphology, and
diminished ATP production, all of which impair neuronal
2003).

contribute to neuronal

metabolism (Bonnet and Arand, These metabolic

disturbances inflammation, cellular
senescence, and cognitive dysfunction, hallmark features of

brain aging.

5 Sleep and mitochondrial health affect
peripheral systems including the
Immune system and gut

5.1 Mitochondrial decline, inflammaging,
and sleep

The concept of “inflammaging,” first introduced by Claudio
Franceschi in 2000, refers to the chronic, low-grade systemic
inflammation that characterizes biological aging (Franceschi
et al., 2000; Franceschi and Campisi, 2014). This age-associated
inflammatory state arises from a complex interplay of internal and
external stressors, including poor diet, psychosocial or physical
stress, environmental toxins, persistent infections, and disrupted
circadian rhythms. Chronic exposure to these factors leads to
sustained immune cell activation, which in turn drives
mitochondrial dysfunction and elevated ROS levels further
amplifying immune activation and inflammatory signaling (Allen
etal., 2021; Kaliszewska et al., 2021; Li et al., 2021; Shang et al., 2021;
Reddam et al., 2022; Pollicino et al., 2023).

Mitochondria play a pivotal role in immune cell metabolism and
function. As immune cells age, particularly T cells, mitochondrial
efficiency declines, leading to reduced ATP production, increased
ROS generation, and impaired mitophagy. These changes drive
T cells toward senescence, a state of irreversible cell cycle arrest
accompanied by the senescence-associated secretory phenotype,
characterized by inappropriate activation, poorer function and
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enhanced secretion of proinflammatory cytokines such as IL-6,
TNF-a, and IFN-y (Olivieri et al., 2018; Lee et al, 2022). This
not only contributes to systemic inflammation but also impairs
immune surveillance and responsiveness. Experimental models have
further highlighted the causal role of mitochondrial dysfunction in
immune aging. For instance, targeted deletion of mitochondrial
transcription factor A, known as TFAM, is important for mtDNA
stability leading to decreased mtDNA copy number and impaired
oxidative phosphorylation. This results in elevating ROS and
oxidative damage ultimately inducing early mitochondrial failure
in T cells. This mitochondrial failure results in the immune
senescence of those same T cells and a systemic accelerated aging
phenotype, marked by motor deficits, cardiovascular dysfunction,
and cognitive decline (Desdin-Mico et al., 2020). These findings
underscore the centrality of mitochondrial health in maintaining
immune competence and delaying age-related degeneration.

Sleep supports mitochondrial restoration through enhanced
antioxidant defenses, autophagy, and bioenergetic recovery (Mauri
et al., 2022; Richardson and Mailloux, 2023; Lei et al., 2024). In
immune cells, these processes are essential for preventing
metabolic exhaustion and maintaining immunological vigilance
(Angajala et al.,, 2018; Steinert et al., 2021). Sleep, particularly deep
slow-wave NREM sleep, emerges as a critical modulator of
immune function and a potential buffer against inflammaging.
Beyond its restorative effects, sleep actively shapes immune
responses and is essential for immunological memory
consolidation. During NREM, antigen-presenting cells interact
more effectively with helper T cells to reinforce adaptive
This
consolidation in the brain and is thought to optimize long-term
immune defense (Lange et al., 2011; Besedovsky et al., 2012;

immune  responses. process resembles memory

Besedovsky et al., 2019). Hence, sleep disruption may not only
impair the acute immune response but also weaken the long-term
immunological repertoire, increasing susceptibility to infections
and impairing vaccination efficacy.

The immune system is also a critical regulator of
sleep. Cytokines such as IL-1p and TNF-a, which are pivotal in
inflammation, also serve as sleep-regulating molecules, promoting
NREM sleep at physiological levels but contributing to sleep
fragmentation when chronically elevated (Besedovsky et al., 2019;
Zielinski and Gibbons, 2022). Conversely, sleep deprivation skews
immune balance, reducing the number and function of natural killer
cells (De Lorenzo et al, 2015), impairing T-cell responsiveness
(Tune et al, 2021), and elevating circulating proinflammatory
cytokines, thus mimicking an inflammaging-like profile even in
younger individuals (Garbarino et al., 2021).

Sex-based differences in mitochondrial physiology add an
important layer of complexity when considering mitochondrial-
targeted interventions for sleep, aging, and age-related
inflammation. Studies in Fischer rats have shown that female
skeletal muscle exhibits greater mitochondrial resilience and
sustained function following oxidative stress, likely due to the
protective effects of estrogen (Farhat et al, 2017). In sedentary
animals, female muscle fibers maintained more efficient respiration
and ATP production in response to ROS compared to males;
however, this advantage diminished with exercise, where males
showed improvements, indicating a sex-specific interplay between

physical activity and redox regulation. Estrogen is proposed to exert

Frontiers in Aging

10.3389/fragi.2025.1605070

its effects through activation of the MAP kinase pathway and
transcription factor NF-«kB, leading to increased expression of
antioxidant enzymes such as superoxide dismutase (Farhat et al,
2017; Guajardo-Correa et al., 2022). It also enhances mitochondrial
respiratory chain activity, improves membrane potential, and
reduces hydrogen peroxide production (Stirone et al, 2005;
2020).
interactions differ by sex, influencing longevity and stress

Klinge, Moreover, nuclear-mitochondrial ~ genome
adaptation, with females exhibiting more robust mitochondrial
maintenance—again, largely attributed to estrogenic signaling
(Tower, 2015). Together, these findings underscore significant sex
differences in mitochondrial function that contribute to disparities
in aging trajectories, cellular senescence, sleep impairments, and
dementia risk. As such, sex should be carefully considered when
developing mitochondrial-targeted therapeutics or supplements for
aging and sleep-related disorders.

In summary, the immune system is a pivotal mediator of aging
where disruptions in sleep and mitochondrial function form a self-
that

Mitochondria are at the nexus of this interaction, both as

reinforcing loop accelerates inflammaging processes.
generators of ROS and as regulators of immune cell function.
Sleep, by modulating redox balance and supporting immune
homeostasis, acts as a critical counterbalance. Disruption of this
equilibrium, whether through poor sleep, chronic inflammation, or
mitochondrial dysfunction, propels the aging process and increases
vulnerability to age-related diseases. Addressing sleep quality,
mitochondrial health, and sex differences may therefore represent
a powerful strategy to delay immunosenescence and mitigate

inflammaging.

5.2 The gut's role in mediating sleep and
redox balance during aging

The gastrointestinal tract has long been studied within the
context of aging and exhibits multiple hallmarks of physiological
decline, including altered microbial colonization, elevated low-grade
inflammation, compromised barrier integrity, and reduced
absorptive capacity. These changes contribute to broader issues
such as nutritional deficiencies, systemic inflammation, and gut
dysbiosis in aging individuals. Importantly, sleep disorders and
circadian misalignment have been shown to further disrupt gut
microbiota composition, leading to altered microbial metabolite
profiles (Lin et al, 2024), impaired antioxidant production, and
increased generation of ROS. Together, these fuel inflammatory
cascades and metabolic dysfunction. More recently, the gut has
emerged as a central organ at the intersection of sleep, redox biology,
and aging (Homolak, 2023). Groundbreaking work by Vaccaro et al.
(2020) demonstrated that chronic sleep deprivation in drosophila
and mice induces the most dramatic increase in ROS not in the
brain, but in the gut. Intriguingly, lifespan under sleep deprivation
conditions could be extended by the gut-specific expression of
antioxidant enzymes, whereas similar antioxidant interventions in
the brain had no protective effect. These findings suggest that gut
redox homeostasis is a key beneficiary of the restorative processes
associated with sleep but that the gut may also actively mediate the
systemic effects of sleep, including on longevity and aging (Vaccaro
et al,, 2020).
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The gut, being the largest mucosal interface between the external
environment and internal physiology, is a unique redox-sensitive
organ. Unlike the brain and other high-oxygen tissues where ROS
largely linked
phosphorylation, the gut’s redox balance is shaped by a more

generation  is to mitochondrial oxidative
complex interplay between host mitochondrial metabolism,
microbial ROS/antioxidant production, and immune cell activity.
Aging disturbs this delicate balance through mechanisms including
impaired epithelial turnover, immune senescence, and shifts in
microbial populations that favor pro-oxidant species. These age-
related changes impair mucosal integrity and nutrient sensing,
fostering a proinflammatory gut environment that can accelerate
systemic aging processes. Recent studies have also identified
microbial-host co-metabolites that link gut dysbiosis to sleep and
aging. For instance, phenylacetylglutamine, a metabolite derived
from microbial metabolism of dietary phenylalanine, has been
associated with short sleep duration, mitochondrial dysfunction,
and age-related comorbidities in humans (Fritz et al, 2023;
Krishnamoorthy et al, 2024; Yang et al., 2025). Mechanistically,
phenylacetylglutamine has been shown to induce mitochondrial
stress and elevate ROS levels, leading to cellular senescence and
tissue dysfunction (Yang et al., 2025). This suggests that microbial
metabolites can directly influence host redox signaling and aging
trajectories, potentially linking sleep disturbance-induced dysbiosis
to long-term health consequences. Altogether, these findings
underscore the gut as a metabolically and immunologically active
organ whose redox homeostasis is central to the aging process, and
which is highly sensitive to disruptions in sleep architecture. The
feedback loop between poor sleep, gut dysbiosis, redox imbalance,
and aging highlights a promising target for future interventions
aimed at promoting healthy aging and metabolic resilience.

6 How exercise, antioxidant-rich foods,
and supplements improve sleep, boost
metabolic efficiency, and

support longevity

Aging is a gradual loss of optimal physiological processes with
accumulated cellular and molecular damage that cannot be reversed
but certain factors, both intrinsic and extrinsic, play an important
role in its acceleration or slowing it down to delay cellular senescence
and aging (Tenchov et al, 2024). The fast-growing socioeconomic
uncertainties over the health burden of age-related diseases has put
significant research focus on the science of aging and longevity.
Gerontologists and ancient philosophers alike have long pondered
ways to reverse or slow the aging process, a pursuit that continues
into the 21st century, now empowered by cutting-edge technology.
In addition to the genetic basis of longevity and metabolic efficiency,
lifestyle factors including diet, sleep, stress, exercise as well as
supplements are essential tools to mitigate and improve
longevity. The world population above 60 years old will cross
2 billion by the end of 2050 making almost one-fourth of the
global population “aged and vulnerable” to multiple age-
associated comorbidities (Officer et al,, 2016; Tenchov et al,
2024). With this there will be a rise in age-related health
conditions including but not limited to Alzheimer’s disease,
cardiovascular, metabolic, cancer as well as other diseases that
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typically double in incidence after every 5 years after 60 years old
(Melzer et al., 2020). The history of anti-aging research is rich and
stretches back to ancient times, with early physicians and
philosophers from civilizations like Rome and China developing
a variety of strategies. These included herbal remedies, acupuncture,
and specialized diets featuring foods such as cabbage and berries,
which were believed to slow the aging process. We will now examine
briefly how exercise as well as antioxidant-rich diets along with
supplements improve brain metabolism, thereby improving sleep
and slowing age-associated diseases. The cellular mechanisms
behind exercise and diet induced improvements in sleep and
longevity are still being determined. Cutting-edge technologies
have advanced our understanding regarding the signaling
pathways that are activated by physical exercise and specific
nutrient uptake rich in antioxidants.

6.1 Evidence supporting the role of exercise
in regulating ROS, enhancing sleep, and
promoting longevity

Regular physical exercise offers multiple health benefits,
including improved sleep quality, regulation of blood glucose
levels, and mitigation of oxidative stress and metabolic
dysfunction in both humans and animal models. These include
optimal cardiovascular health and reduced risk of age-related
diseases like cancer, neurodegeneration promoting longevity
(Simioni et al, 2018). Physical exercise has been shown to
enhance the production of melatonin which is an antioxidant
and promotes sleep (Kruk et al, 2021; Alnawwar et al, 2023).
The indoleamine structure of melatonin helps it exert antioxidant
as well as anti-inflammatory effects in addition to acting on the SCN
(the circadian master clock) to synchronize day-night rhythms.
the

melatonin production remains complex and not fully understood.

However, relationship between physical exercise and
While exercise induces a mild increase in oxidative stress due to
heightened energy demands, melatonin counteracts this effect by
serving as a potent antioxidant and reducing oxidative stress (Kruk
20215 Alnawwar et al,, 2023). The type and duration of

exercise, chronic versus acute, short term versus long term, and

et al.,

timing of exercise are other factors that dictate whether the oxidative
stress is elevated or mitigated. However, the general consensus is
that long-term and moderate intensity exercise decrease ROS
production and also mitigate the age-mediated decrease in
antioxidant defense mechanisms and mitochondrial dysfunction
(Bouzid et al,, 2018; Jia et al., 2023). Physical exercise stimulates
tissue rejuvenation and repair as well as resets the circadian rhythms
altered by aging and age-mediated diseases especially cardiovascular,
neurodegeneration, cancer, obesity and liver dysfunction that are
primarily due to impairments in metabolic homeostasis (Silva et al.,
20215 Jia et al., 2023). Age-related sarcopenia with a significant loss
of skeletal muscle and overall body weight is a significant factor
contributing to loss of physical vigor in elderly. Physical exercise has
been shown to mitigate sarcopenia and improve vascular health in
the elderly largely by influencing inflammatory pathways as well as
clock genes that regulate circadian rhythms and sleep-wake
physiology (de Si Souza et al., 2022). Aging significantly elevates
ROS and inflammation that together exacerbate cardiometabolic
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and vascular diseases. Intense exercise including resistance training
decreases both ROS and inflammatory markers including
interlukin-6, C-reactive protein and tumor necrosis factor-alpha
(Sardeli et al., 2018). Exercise optimizes the antioxidant defense
pathways and simultaneously prevents protein oxidation and lipid
peroxidation both adults as well as the elderly (Bouzid et al., 2018).
These studies highlight the fact that exercise acts on various cell
signaling levels to limit the generation of ROS as well as enhance its
clearance when accumulated.

The literature on exercise as an intervention is extensive and has
demonstrated benefits across multiple systems affected by aging
including the immune system and gut (Mattson and Arumugam,
2018; Vecchio et al., 2018). One of the broadest benefits of exercise is
its ability to improve redox balance by upregulating antioxidant
genes, enhancing mitochondrial quality and function (Steiner et al.,
2011; Marques-Aleixo et al., 2015), and modulating redox-sensitive
signaling pathways. The improvement in redox balance has
important downstream effects, such as reducing DNA damage,
lowering  chronic  immune activation, and improving
vascular function.

In the brain, exercise mitigates aging-related decline by

supporting cellular repair and regenerative processes and
enhances molecular waste disposal.  Exercise  supports
neuroplasticity and repair by enhancing brain-derived

neurotrophic factor production (Yang et al.,, 2013; Szuhany et al,
2015), stimulating DNA repair processes (Yang et al., 2013; Soares
et al, 2015; Vilela et al, 2020), and boosting the expression of
neurogenesis-related and proliferative genes in aged animals
(Buckley et al., 2023). Crucial factors in aging are the reduction
of autophagy (Andreotti et al., 2020) and glymphatic clearance.
Exercise improves glymphatic function and molecular waste
disposal by reduced activation of glia, resulting in better
clearance of amyloid-f (He et al.,, 2017) and enhanced aquaporin
4 expression and localization to astrocytic end feet. Interestingly,
glymphatic clearance can be enhanced even during wakefulness, as
Holstein-Rathlou (2018) demonstrated
glymphatic flux during daytime, non-exercise awake periods,

von et al increased
suggesting a role for circadian regulation beyond sleep-dependent
mechanisms. (von Holstein-Rathlou et al., 2018).

Moderate exercise is associated with improved immune function
and reduced cellular senescence. It enhances key immune responses,
including natural killer cell cytotoxicity, neutrophil phagocytosis,
and monocyte activity (Simpson et al., 2015) while also promoting
2024). Additionally,

moderate exercise contributes to reduced immune senescence by

immunosurveillance (Baskerville et al,
rejuvenating aging immune cells (Lee et al., 2019), decreasing the
number of senescent cells (Spielmann et al., 2011), and suppressing
signaling pathways that promote stem cell exhaustion (Liu
et al.,, 2023).

The role of exercise in promoting gut health during aging is an
emerging but still underdefined area of research. Aging is commonly
associated with gut dysbiosis, marked by reduced microbial diversity
and a decline in beneficial bacterial populations, which has been
linked to cognitive decline and increased frailty (Claesson et al,
2012; O’Toole and Jeffery, 2015; Salazar et al., 2017). While several
studies suggest that regular exercise can enhance microbial diversity,
increase secretory IgA levels, and promote short-chain fatty acid
production, benefiting gut barrier integrity, reducing inflammation,
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and improving motility, these effects appear less consistent in older
adults (Clauss et al., 2021). Interventions in elderly populations have
shown more variable and often attenuated outcomes (Ramos et al.,
2022; Hernandez-Urban et al., 2023). This variability may stem from
differences in baseline microbiome composition, exercise type,
intensity, frequency, and individual factors such as age, diet, and
health
generalization of findings.

overall status, complicating the interpretation and

6.2 Evidence for antioxidant rich foods/diets
in regulating ROS, improving sleep, and
promoting longevity

Growing evidence from recent studies has shifted the focus from
sleep-promoting drugs with latent side effects to different
antioxidant-rich foods and dietary strategies, including fasting,
supplements, and ketogenic diets. These may improve sleep as
well as restore metabolic dysregulation, thereby mitigating age-
associated health conditions. Recent studies suggest that varying
the macronutrient fat and carbohydrate composition impacts the
quality of sleep, especially NREM sleep, delta power, and the
frequency of REM sleep (St-Onge et al., 2016; Mantantzis et al.,
2022). Since oxidative stress is prevalent in insomnia patients as well
as those with sleep-related disorders (Bin Heyat et al, 2022),
antioxidant rich foods and ketogenic diets have been shown to
improve sleep patterns. They reset metabolic dysregulation that in
turn promotes longevity by minimizing cardiovascular disease
(Pietrzak et al., 2022; Sarode and Nikam, 2023). The buildup of
free radicals with aging as well as sleep loss, exacerbates the
metabolic dysfunctions and risks for age-related morbidity due to
cardiovascular and neurodegenerative diseases (de Almeida et al.,
2022; David et al., 2023). Foods that are rich in antioxidants such as
vitamins, polyphenols, flavonoids, carotene and minerals have been
shown to mitigate age-associated pathologies in human and animal
models by reducing the cellular damage mediated by ROS
(Bakoyiannis et al., 2019; Rusu et al.,, 2020; Wang et al., 2023).
This signifies the need for maintaining good and balanced dietary
practices that largely include consuming whole nutrient dense foods
including fruits, nuts, seeds, vegetables, green tea and spices like
turmeric that have abundant amounts of antioxidants (Jiang and
Xiong, 2016; David et al., 2023) which have been shown to decrease
age-related illnesses (Jiang and Xiong, 2016; St-Onge et al., 2016;
Katsube et al., 2022; David et al., 2023). These studies suggest that
foods rich in antioxidants protect against age-related diseases,
improve metabolism and enhance sleep quality that together act
to increase longevity.

Studies using the ketogenic diet, which is high in fat and low in
carbohydrate, have shown that effective implementation of the
ketogenic diet regimen offers significant neuroprotective benefits,
including improved cognition in different psychiatric disorders and
decreased age-related symptoms (Hallbook et al., 2012; Choi et al.,
2024). Interestingly, various cellular signaling pathways modulated
by the ketogenic diet are implicated in sleep-wake regulation as well
as in circadian rhythm dynamics. The ketogenic diet improves
NREM sleep and resets the programming of circadian rhythms
mediated by the ketones bodies acetoacetate and B-hydroxybutyrate
(O’Hearn, 20215 Merlino et al., 2023). The ketogenic diet has a direct

frontiersin.org


https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2025.1605070

Mir et al.

effect on metabolism as the ketones generate fewer free radicals than
glucose in the mitochondria. Thereby preventing ROS-mediated
damage to cells and providing efficient ATP supply to neurons, both
necessary to support optimal sleep quality (Maalouf et al., 2007;
Robberechts et al., 2023). Moreover, the ketogenic diet has been
shown to improve and significantly increase median lifespan as well
as survival in mice compared to the control diet by enhancing and
preserving motor function and cognition as well as preventing
sarcopenia and tumor development in aged mice (Roberts et al,
2017). Sleep deprivation and aging are known to upregulate histone
deacetylases, which remove acetyl groups from histone proteins,
leading to chromatin condensation and suppressed expression of
genes critical for long-term potentiation and synaptic plasticity
(Wong et al, 2020). The ketone beta-hydroxybutyrate extends
lifespan and improves cognition in yeast and fly models by
directly inhibiting histone deacetylases as well as reducing ROS
2013; and 2014). Since
inflammation, alongside oxidative stress, is a major contributor

(Shimazu et al, Newman Verdin,
to aging and age-related neurodegeneration, ketone bodies have
also been shown to reduce both oxidative stress and inflammatory
markers, thereby promoting longevity and alleviating age-associated
health issues (Pinto et al., 2018; Monda et al., 2024). Collectively,
these studies highlight the positive health effects of ketogenic diets,
particularly in enhancing longevity and cognitive function in
the elderly.

In addition to antioxidant-rich foods and ketogenic diets,
another dietary intervention that has shown many benefits in
reducing age-related disease burden and improving metabolism is
neuroimmunomodulation, enhances
autophagy of dead tissues,

metabolism, thereby helping to increase lifespan (Shabkhizan

fasting. Fasting resets

and clearance and restores
et al, 2023). Various fasting regimens are currently being studied
to improve health, including alternate-day fasting, intermittent
fasting, 5:2 where one eats normal healthy meals 5 days and a
very calorie restricted diet 2 non-consecutive days a week, 16:8 time
restricted eating where one fasts for 16 h a day and only eats during
an 8 h window. These fasting interventions improve metabolic
health (Rozanski et al, 2021). Alternate-day fasting in middle-
aged humans improves physiology and reduces markers of aging
and metabolic impairments (Stekovic et al, 2019). Metabolic
dysregulation such as insulin resistance and diabetes are often
obesity

disease, inflammaging,

associated  with and are comorbid factors for

cardiovascular and shorter lifespan.
Fasting has been shown to improve these factors, thereby
delaying aging and age-related disorders (Longo and Mattson,
20145 Sutton et al, 2018; Hardiany et al., 2022). Interestingly, a
study found that a short-term modified fasting regimen in middle-
aged individuals reduced sleep arousals and periodic leg movements.
It also showed a trend to increased REM sleep, suggesting potential
benefits to overall sleep quality (Michalsen et al., 2003). Overall,
there is no clear consensus on the effects of fasting on sleep and
wakefulness. While some studies report improved sleep quality,
others have found reductions in sleep duration (Bohlman et al,
2024; Kerkeni et al., 2024). These discrepancies may be due to
variations in fasting regimens and individual factors such as
metabolic health, age, sex, and race. Future research is needed to
clarify the underlying mechanisms and cell signaling pathways
influenced by different types of fasting protocols.
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6.3 Evidence supporting the role of
antioxidant supplements in regulating ROS,
enhancing sleep, and promoting longevity

More than half of United States adults buy supplements
containing antioxidants including vitamins A, C, and E, as well
as lycopene, glutathione, flavonoids, lutein, and resveratrol aiming
to improve health (Poljsak et al, 2013). The effectiveness of
antioxidants in mitigating age-associated pathology and
improving sleep is still debated and an active area of research.
An ideal antioxidant must meet certain criteria to be effective
including a fast absorption rate, chelating redox metallic
compounds, work in cell membranes as well as in aqueous
medium, and induce changes in gene expression to help cells
mitigate ROS (Rahman, 2007; Di Meo et al., 2016). Antioxidants
can be synthetic or natural biomolecules that neutralize free radicals
and offer cellular protection against ROS-mediated senescence. The
use of antioxidant supplements to slow aging and promote optimal
health is gaining traction, driven by their unique properties and anti-
their

effectiveness in aging remain inconclusive, as ROS also play

inflammatory benefits. However, studies investigating
essential physiological roles, including functioning as signaling
molecules. Moreover, excessive use of certain antioxidants may
disrupt these processes and potentially cause harm to cellular
function (Poljsak et al, 2013; Di Meo et al, 2016). Several
antioxidants have improved sleep quality and reduced oxidative
the

ergothioneine mitigates anxiety and improves sleep quality in

stress. For example, mushroom-derived antioxidant
human subjects in a 4-week trial period (Katsube et al, 2022).
Antioxidant supplements hold significant potential in mitigating
ROS-mediated cellular and tissue damage, either by directly
neutralizing free radicals, as seen with vitamins C and E, or by
supporting enzymatic defense systems such as superoxide dismutase
and catalase, which actively scavenge free radicals (Poljsak et al.,
2013; Liu et al., 2018). Antioxidant supplements contain various
macronutrients, such as amino acids, and micronutrients that
individually or synergistically target ROS molecules, aiding in
their neutralization and helping restore a balanced redox state
that minimizes cellular risk.

Several studies have shown that antioxidant supplements can
alleviate sleep problems in both young and elderly populations,
primarily by targeting ROS-generating pathways and scavenging
free radicals, thereby preventing cellular damage (David et al., 2023;
Jiang et al., 2024). Many of these supplements are derived from
naturally occurring polyphenolic compounds, such as flavonoids,
which have been reported to reduce oxidative stress and
neuroinflammation (Bakoyiannis et al., 2019). Current evidence
suggests that polyphenol-based dietary supplements containing
flavonoids, including astragalin, may enhance sleep duration,
decrease sleep latency, and improve overall sleep quality,
ultimately reducing the health burden associated with sleep
disorders (Li et al., 2017; Wang et al, 2023). Additionally, a
found that

supplements improved sleep quality and reduced insomnia

randomized controlled trial isoflavone-based
symptoms in postmenopausal women, further supporting a
strong link between antioxidant supplementation and improved
sleep outcomes (Hachul et al, 2011). Another widely used

antioxidant supplement for sleep enhancement is melatonin, a
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naturally occurring hormone that regulates the sleep-wake cycle and
also functions as a potent antioxidant. Although exogenous
melatonin has not been officially approved by the United States
Food and Drug Administration, it is available over the counter as a
synthetic dietary supplement that mimics the effects of endogenous
melatonin. However, it is important to note that excessive use of
antioxidant supplements can lead to “antioxidant stress,” which may
counteract their benefits and potentially contribute to metabolic
disorders, including cancer (Mondul et al., 2011; Jabbari et al., 2024).
A randomized chemoprevention trial in Finland involving of
29,133 male smokers aged 50-69 years found that beta-carotene
supplementation increased the risk of lung cancer compared to
placebo, highlighting how antioxidant effects can be influenced by
confounding lifestyle factors such as tobacco and alcohol use
(Middha 2019). Similar concerns apply to other
supplements, including melatonin, where long-term safety

et al,
remains an area of active investigation. Thus, while antioxidant
supplements may offer benefits for sleep and oxidative stress, their
use should be guided by evidence-based recommendations to
minimize potential adverse effects.

7 Current challenges, future
perspectives, and conclusions

This review explores the complex relationship between sleep, redox
metabolism, and aging, highlighting their critical role in brain health
and longevity (Figure 1). Sleep is essential for regulating metabolism,
clearing free radicals, and maintaining neuronal function. However,
aging disrupts mitochondrial redox balance, leading to increased
oxidative stress, sleep disturbances, and a heightened risk of
neurodegenerative diseases like Alzheimer’s disease. Studies suggest
that interventions such as antioxidant-rich diets, sleep-enhancing
drugs, and exercise can improve mitochondrial function, mitigate
oxidative damage, and promote healthier aging. By understanding
these interactions, researchers can develop targeted therapies to reduce
age-related diseases and improve overall wellbeing.

Oxidative stress and mitochondrial dysfunction are central features
of aging, sleep-wake disruptions, and neurodegenerative disorders such
as Alzheimer’s disease. As mitochondrial efficiency declines and ROS
accumulate with age and disease progression, cells experience
increased molecular damage and impaired neurophysiological
function, including disrupted sleep architecture. Antioxidant
interventions, whether through supplementation or diets rich in
polyphenols, flavonoids, and carotenoids, hold promise for restoring
mitochondrial function, reducing oxidative damage, and improving
sleep and cognitive outcomes. While experimental evidence in animal
models and some human studies supports the potential benefits of
antioxidant strategies for mitigating age-related pathologies,
translation to clinical practice remains challenging. Variability in
study outcomes is influenced by dose, timing, source (synthetic vs.
natural), individual health status, and biological variables such as sex
and genetics. These complexities underscore the need for caution and
precision in the clinical application of antioxidant supplements.

Future research should prioritize integrative, systems-level
approaches to unravel how antioxidants influence mitochondrial
bioenergetics, redox signaling, and sleep regulation across diverse
populations. Longitudinal cohort studies and well-controlled clinical
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trials are needed to examine sex- and race-specific responses, as well as
the impact of genetic variation in antioxidant pathways. New
technologies, such as single-cell multiomics, mitochondrial
transcriptomics, and real-time in vivo imaging of ROS and calcium,
offer powerful tools to dissect the spatial and temporal dynamics of
antioxidant effects. Importantly, antioxidant therapies may be most
effective when combined with lifestyle interventions. Approaches such
as time-restricted feeding, exercise, natural antioxidant-rich diets, and
sleep hygiene practices synergistically to support

mitochondrial health and promote healthy aging. Interdisciplinary

may act

research aimed at decoding the mechanistic links between
antioxidants, metabolic and inflammatory signaling, and aging
biology will be essential to develop personalized, evidence-based
strategies for enhancing sleep, cognition, and longevity.

Studying redox biology in the context of sleep and aging presents
several challenges due to the complexity of these interconnected
processes. One of the primary difficulties lies in the dynamic and
context-dependent nature of redox signaling, making it hard to
establish clear causal relationships between oxidative stress, sleep
regulation, and aging. Additionally, measuring real-time redox
changes poses a significant challenge for future studies, as ROS
and antioxidants operate on very short timescales and in localized
cellular compartments, requiring highly specialized techniques for
accurate assessment. Interindividual variability further complicates
research, as aging and sleep patterns differ widely among
individuals, making it difficult to generalize findings and establish
universal mechanisms. Furthermore, while animal models provide
valuable insights, differences in sleep architecture and metabolic
processes between species can limit the direct applicability of these
findings to humans. The bidirectional relationship between sleep
and redox biology also presents a challenge, as sleep influences redox
balance, while oxidative stress, in turn, affects sleep patterns, making
it difficult to determine cause and effect.

Lifestyle factors such as diet, exercise, and environmental
exposures further complicate the study of redox regulation in
sleep and aging, as they significantly influence both oxidative
metabolism and sleep architecture. These confounding variables
make it difficult to isolate intrinsic effects of aging in experimental
models. Technological limitations also persist, as non-invasive
methods for assessing oxidative stress in the human brain during
sleep are still under development, restricting real-time, in vivo
observations. Although fluorescent ROS-sensitive dyes (e.g.,
dihydroethidium) and genetically encoded probes (e.g., Grxl-
roCherry) allow postmortem ROS detection in animal models
(Hosoi et al,, 2019; Shokhina et al., 2019), translating these tools
for human use remains a major challenge. Advancements in ROS
imaging, such as bioluminescent sensors, protein-based reporters,
and hybrid modalities like PET-ROS imaging, are emerging but
remain limited by sensitivity, specificity, and tissue accessibility
(Boutagy et al.,, 2018). Human studies currently rely on indirect
markers of oxidative stress in plasma, urine, or tissue biopsies, such
as 8-hydroxy-2'-deoxyguanosine (8-OHdG), which primarily reflect
DNA oxidation while overlooking protein and lipid oxidative
damage (Hawkins and Davies, 2019; Larsen et al., 2019; Murphy
et al,, 2022). A recent proof-of-concept study demonstrated in vivo
ROS imaging by applying cold atmospheric plasma to the skin of
mice injected with TEMPOL, then detecting hydroxyl radical
oxidation products using dynamic nuclear polarization-MRI and
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electron paramagnetic resonance; however, such techniques remain
technically demanding and restricted to superficial tissues (Badr
et al, 2024). Importantly, redox biology does not operate in
isolation, it intersects with key aging-related pathways including
inflammation, autophagy, and energy metabolism. This mechanistic
overlap complicates efforts to parse the independent contribution of
oxidative stress to sleep and aging. Moving forward, progress in this
field will require integrative, multi-disciplinary approaches that
leverage advanced imaging techniques, longitudinal studies, and
systems-level tools such as genetics, metabolomics, and sleep
phenotyping. These efforts will be critical to unravel the complex
interplay between sleep, redox biology, and aging, and to develop
targeted interventions that promote healthy longevity.

Author contributions

FM: Conceptualization, Investigation, Writing — original draft,
Writing - review and editing. AL: Conceptualization, Investigation,
Writing - original draft, Writing — review and editing. CN:
Conceptualization, Investigation, Supervision, Writing — original
draft, Writing - review and editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. The authors declare that the
research was supported by the United States of America National
Institutes of Health National Institute on Aging (R01AG076704 to CN).

References

Aalling, N. N, Nedergaard, M., and DiNuzzo, M. (2018). Cerebral metabolic changes
during sleep. Curr. Neurol. Neurosci. Rep. 18 (9), 57. doi:10.1007/s11910-018-0868-9

Acosta-Rodriguez, V. A, Rijo-Ferreira, F., Green, C. B,, and Takahashi, J. S. (2021).
Importance of circadian timing for aging and longevity. Nat. Commun. 12 (1), 2862.
doi:10.1038/s41467-021-22922-6

Adam, K., and Oswald, 1. (1977). Sleep is for tissue restoration. J. R. Coll. Physicians
Lond 11 (4), 376-388. doi:10.1016/s0035-8819(25)02990-3

Allen, J., Caruncho, H. J, and Kalynchuk, L. E. (2021). Severe life stress,
mitochondrial dysfunction, and depressive behavior: a pathophysiological and
therapeutic perspective. Mitochondrion 56, 111-117. doi:10.1016/j.mit0.2020.11.010

Alnawwar, M. A, Alraddadi, M. I, Algethmi, R. A,, Salem, G. A,, Salem, M. A,, and
Alharbi, A. A. (2023). The effect of physical activity on sleep quality and sleep disorder: a
systematic review. Cureus 15 (8), €43595. doi:10.7759/cureus.43595

Alosta, M. R., Oweidat, 1., Alsadi, M., Alsaraireh, M. M., Oleimat, B., and Othman, E.
H. (2024). Predictors and disturbances of sleep quality between men and women: results
from a cross-sectional study in Jordan. BMC Psychiatry 24 (1), 200. doi:10.1186/s12888-
024-05662-x

Al-Sayyar, A., Hammad, M. M., Williams, M. R., Al-Onaizi, M., Abubaker, J., and
Alzaid, F. (2023). Neurotransmitters in type 2 diabetes and the control of systemic and
central energy balance. Metabolites 13 (3), 384. doi:10.3390/metabo13030384

Alzoubi, K. H., Khabour, O. F,, Rashid, B. A,, Damaj, I. M., and Salah, H. A. (2012).
The neuroprotective effect of vitamin E on chronic sleep deprivation-induced memory
impairment: the role of oxidative stress. Behav. Brain Res. 226 (1), 205-210. doi:10.
1016/j.bbr.2011.09.017

Aminoff, M. J., Boller, F., and Swaab, D. F. (2011). We spend about one-third of our
life either sleeping or attempting to do so. Handb. Clin. Neurol. 98 (vii). doi:10.1016/
b978-0-444-52006-7.00047-2

Andreazza, A. C., Andersen, M. L., Alvarenga, T. A., de-Oliveira, M. R., Armani, F.,
Ruiz, F. S., et al. (2010). Impairment of the mitochondrial electron transport chain due
to sleep deprivation in mice. J. Psychiatr. Res. 44 (12), 775-780. doi:10.1016/j.jpsychires.
2010.01.015

Frontiers in Aging

14

10.3389/fragi.2025.1605070

Acknowledgments

We thank the Mass General Brigham Department of
Anesthesiology at Massachusetts General Hospital for their support.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

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

Andreotti, D. Z., Silva, J. d.N., Matumoto, A. M., Orellana, A. M., de Mello, P. S., and
Kawamoto, E. M. (2020). Effects of physical exercise on autophagy and apoptosis in
aged brain: human and animal studies. Front. Nutr. 7, 94-2020. doi:10.3389/fnut.2020.
00094

Angajala, A., Lim, S., Phillips, J. B., Kim, J. H,, Yates, C., You, Z., et al. (2018). Diverse
roles of mitochondria in immune responses: novel insights into immuno-metabolism.
Front. Immunol. 9, 1605. doi:10.3389/fimmu.2018.01605

Angelova, P. R., and Abramov, A. Y. (2016). Functional role of mitochondrial reactive
oxygen species in physiology. Free Radic. Biol. Med. 100, 81-85. doi:10.1016/j.
freeradbiomed.2016.06.005

Angelova, P. R, and Abramov, A. Y. (2018). Role of mitochondrial ROS in the brain:
from physiology to neurodegeneration. FEBS Lett. 592 (5), 692-702. doi:10.1002/1873-
3468.12964

Badr, Y., Elhelaly, A. E., Hyodo, F., Ichihashi, K., Tomita, H., Noda, Y., et al. (2024). In
vivo redox imaging of plasma-induced skin-inflammation in mice. npj Immaging 2 (1), 25.
doi:10.1038/544303-024-00029-7z

Bah, T. M., Goodman, J., and Iliff, J. J. (2019). Sleep as a therapeutic target in the aging
brain. Neurotherapeutics 16 (3), 554-568. d0i:10.1007/s13311-019-00769-6

Bailey, M., and Silver, R. (2014). Sex differences in circadian timing systems:
implications for disease. Front. Neuroendocrinol. 35 (1), 111-139. doi:10.1016/j.
yfrne.2013.11.003

Bakoyiannis, I, Daskalopoulou, A., Pergialiotis, V., and Perrea, D. (2019).
Phytochemicals and cognitive health: are flavonoids doing the trick? Biomed.
Pharmacother. 109, 1488-1497. doi:10.1016/j.biopha.2018.10.086

Balaban, R. S., Nemoto, S., and Finkel, T. (2005). Mitochondria, oxidants, and aging.
Cell 120 (4), 483-495. doi:10.1016/j.cell.2005.02.00l

Banks, W. A, Reed, M. J., Logsdon, A. F., Rhea, E. M., and Erickson, M. A. (2021).
Healthy aging and the blood-brain barrier. Nat. Aging 1 (3), 243-254. doi:10.1038/
543587-021-00043-5

Barouki, R. (2006). Stress oxydant et vieillissement. Med. Sci. Paris. 22 (3), 266-272.
doi:10.1051/medsci/2006223266

frontiersin.org


https://doi.org/10.1007/s11910-018-0868-9
https://doi.org/10.1038/s41467-021-22922-6
https://doi.org/10.1016/s0035-8819(25)02990-3
https://doi.org/10.1016/j.mito.2020.11.010
https://doi.org/10.7759/cureus.43595
https://doi.org/10.1186/s12888-024-05662-x
https://doi.org/10.1186/s12888-024-05662-x
https://doi.org/10.3390/metabo13030384
https://doi.org/10.1016/j.bbr.2011.09.017
https://doi.org/10.1016/j.bbr.2011.09.017
https://doi.org/10.1016/b978-0-444-52006-7.00047-2
https://doi.org/10.1016/b978-0-444-52006-7.00047-2
https://doi.org/10.1016/j.jpsychires.2010.01.015
https://doi.org/10.1016/j.jpsychires.2010.01.015
https://doi.org/10.3389/fnut.2020.00094
https://doi.org/10.3389/fnut.2020.00094
https://doi.org/10.3389/fimmu.2018.01605
https://doi.org/10.1016/j.freeradbiomed.2016.06.005
https://doi.org/10.1016/j.freeradbiomed.2016.06.005
https://doi.org/10.1002/1873-3468.12964
https://doi.org/10.1002/1873-3468.12964
https://doi.org/10.1038/s44303-024-00029-z
https://doi.org/10.1007/s13311-019-00769-6
https://doi.org/10.1016/j.yfrne.2013.11.003
https://doi.org/10.1016/j.yfrne.2013.11.003
https://doi.org/10.1016/j.biopha.2018.10.086
https://doi.org/10.1016/j.cell.2005.02.001
https://doi.org/10.1038/s43587-021-00043-5
https://doi.org/10.1038/s43587-021-00043-5
https://doi.org/10.1051/medsci/2006223266
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2025.1605070

Mir et al.

Bartman, S., Coppotelli, G., and Ross, J. M. (2024). Mitochondrial dysfunction: a key
player in brain aging and diseases. Curr. Issues Mol. Biol. 46 (3), 1987-2026. doi:10.
3390/cimb46030130

Baskerville, R., Castell, L., and Bermon, S. (2024). Sports and Immunity, from the
recreational to the elite athlete. Infect. Dis. Now. 54 (4), 104893. doi:10.1016/j.idnow.
2024.104893

Benington, J. H., and Heller, H. C. (1995). Restoration of brain energy metabolism as
the function of sleep. Prog. Neurobiol. 45 (4), 347-360. doi:10.1016/0301-0082(94)
00057-0

Benveniste, H., Liu, X., Koundal, S., Sanggaard, S., Lee, H., and Wardlaw, J. (2019).
The glymphatic system and waste clearance with brain aging: a review. Gerontology 65
(2), 106-119. doi:10.1159/000490349

Besedovsky, L., Lange, T., and Born, J. (2012). Sleep and immune function. Pflugers
Arch. 463 (1), 121-137. doi:10.1007/s00424-011-1044-0

Besedovsky, L., Lange, T., and Haack, M. (2019). The sleep-immune crosstalk in
health and disease. Physiol. Rev. 99 (3), 1325-1380. doi:10.1152/physrev.00010.2018

Bhatti, J. S., Bhatti, G. K., and Reddy, P. H. (2017). Mitochondrial dysfunction and
oxidative stress in metabolic disorders - a step towards mitochondria based therapeutic
strategies. Biochim. Biophys. Acta Mol. Basis Dis. 1863 (5), 1066-1077. doi:10.1016/j.
bbadis.2016.11.010

Bin Heyat, M. B, Akhtar, F., Sultana, A., Tumrani, S., Teelhawod, B. N., Abbasi, R.,
et al. (2022). Role of oxidative stress and inflammation in insomnia sleep disorder and
cardiovascular diseases: herbal antioxidants and anti-inflammatory coupled with
insomnia detection using machine learning. Curr. Pharm. Des. 28 (45), 3618-3636.
doi:10.2174/1381612829666221201161636

Blaszczyk, J. W. (2020). Energy metabolism decline in the aging brain-pathogenesis of
neurodegenerative disorders. Metabolites 10 (11), 450. doi:10.3390/metabo10110450

Bohlman, C., McLaren, C., Ezzati, A., Vial, P., Ibrahim, D., and Anton, S. D. (2024).
The effects of time-restricted eating on sleep in adults: a systematic review of
randomized controlled trials. Front. Nutr. 11, 1419811. doi:10.3389/fnut.2024.1419811

Bonnet, M. H., and Arand, D. L. (2003). Clinical effects of sleep fragmentation versus
sleep deprivation. Sleep. Med. Rev. 7 (4), 297-310. doi:10.1053/smrv.2001.0245

Boutagy, N. E., Wu, J., Cai, Z., Zhang, W., Booth, C.J., Kyriakides, T. C., et al. (2018).
In vivo reactive oxygen species detection with a novel positron emission tomography
tracer, (18)F-dhmt, allows for early detection of anthracycline-induced cardiotoxicity in
rodents. JACC Basic Transl. Sci. 3 (3), 378-390. doi:10.1016/j.jacbts.2018.02.003

Bouzid, M. A., Filaire, E., Matran, R., Robin, S., and Fabre, C. (2018). Lifelong
voluntary exercise modulates age-related changes in oxidative stress. Int. J. Sports Med.
39 (1), 21-28. doi:10.1055/s-0043-119882

Bratic, A., and Larsson, N. G. (2013). The role of mitochondria in aging. J. Clin. Invest
123 (3), 951-957. doi:10.1172/jci64125

Brown-Borg, H. M., Johnson, W. T., and Rakoczy, S. G. (2012). Expression of
oxidative phosphorylation components in mitochondria of long-living Ames dwarf
mice. Age (Dordr) 34 (1), 43-57. doi:10.1007/s11357-011-9212-x

Bruinenberg, V. M., Gordijn, M. C. M., MacDonald, A., van Spronsen, F. J., and Van
der Zee, E. A. (2017). Sleep disturbances in phenylketonuria: an explorative study in
men and mice. Front. Neurol. 8, 167. doi:10.3389/fneur.2017.00167

Brunetti, V., Della Marca, G., Servidei, S., and Primiano, G. (2021). Sleep disorders in
mitochondrial diseases. Curr. Neurol. Neurosci. Rep. 21 (7), 30. doi:10.1007/s11910-021-
01121-2

Buckley, M. T, Sun, E. D., George, B. M, Liu, L., Schaum, N., Xu, L, et al. (2023). Cell-
type-specific aging clocks to quantify aging and rejuvenation in neurogenic regions of
the brain. Nat. Aging 3 (1), 121-137. doi:10.1038/s43587-022-00335-4

Butterfield, D. A., and Halliwell, B. (2019). Oxidative stress, dysfunctional glucose
metabolism and Alzheimer disease. Nat. Rev. Neurosci. 20 (3), 148-160. doi:10.1038/
s41583-019-0132-6

Camandola, S., and Mattson, M. P. (2017). Brain metabolism in health, aging, and
neurodegeneration. Embo J. 36 (11), 1474-1492. doi:10.15252/embj.201695810

Cappuccio, F. P, Cooper, D., D’Elia, L., Strazzullo, P., and Miller, M. A. (2011). Sleep
duration predicts cardiovascular outcomes: a systematic review and meta-analysis of
prospective studies. Eur. heart J. 32 (12), 1484-1492. doi:10.1093/eurheartj/ehr007

Carroll, C. M., and Macauley, S. L. (2019). The interaction between sleep and
metabolism in alzheimer’s disease: cause or consequence of disease? Front. Aging
Neurosci. 11, 258. doi:10.3389/fnagi.2019.00258

Carroll, J. E., and Prather, A. A. (2021). Sleep and biological aging: a short review.
Curr. Opin. Endocr. Metab. Res. 18, 159-164. doi:10.1016/j.coemr.2021.03.021

Casagrande, M., Forte, G., Favieri, F., and Corbo, 1. (2022). Sleep quality and aging: a
systematic review on healthy older people, mild cognitive impairment and alzheimer’s
disease. Int. J. Environ. Res. Public Health 19 (14), 8457. doi:10.3390/ijerph19148457

Cassina, P., Cassina, A., Pehar, M., Castellanos, R., Gandelman, M., de Leon, A., et al.
(2008). Mitochondrial dysfunction in SOD1G93A-bearing astrocytes promotes motor
neuron degeneration: prevention by mitochondrial-targeted antioxidants. J. Neurosci.
28 (16), 4115-4122. doi:10.1523/jneurosci.5308-07.2008

Frontiers in Aging

15

10.3389/fragi.2025.1605070

Chakravorty, A., Jetto, C. T., and Manjithaya, R. (2019). Dysfunctional mitochondria
and mitophagy as drivers of alzheimer’s disease pathogenesis. Front. Aging Neurosci. 11,
311. doi:10.3389/fnagi.2019.00311

Chang, H. C,, and Guarente, L. (2013). SIRT1 mediates central circadian control in
the SCN by a mechanism that decays with aging. Cell 153 (7), 1448-1460. doi:10.1016/j.
cell.2013.05.027

Chang, Y. S, Lin, M. H,, Lee, J. H,, Lee, P. L, Dai, Y. S,, Chu, K. H,, et al. (2016).
Melatonin supplementation for children with atopic dermatitis and sleep disturbance: a
randomized clinical trial. JAMA Pediatr. 170 (1), 35-42. doi:10.1001/jamapediatrics.
2015.3092

Chen, J. X,, and Yan, S. D. (2007). Amyloid-beta-induced mitochondrial dysfunction.
J. Alzheimers Dis. 12 (2), 177-184. doi:10.3233/jad-2007-12208

Chen, S, Xie, Y., Li, Y., Fan, X,, Xing, F., Mao, Y., et al. (2022). Sleep deprivation and
recovery sleep affect healthy male resident’s pain sensitivity and oxidative stress
markers: the medial prefrontal cortex may play a role in sleep deprivation model.
Front. Mol. Neurosci. 15, 937468. doi:10.3389/fnmol.2022.937468

Chiricosta, L., Silvestro, S., Pizzicannella, J., Diomede, F., Bramanti, P., Trubiani, O.,
etal. (2019). Transcriptomic analysis of stem cells treated with moringin or cannabidiol:
analogies and differences in inflammation pathways. Int. J. Mol. Sci. 20 (23), 6039.
doi:10.3390/ijms20236039

Chistiakov, D. A., Sobenin, 1. A., Revin, V. V., Orekhov, A. N., and Bobryshev, Y. V.
(2014). Mitochondrial aging and age-related dysfunction of mitochondria. Biomed. Res.
Int. 2014, 238463. doi:10.1155/2014/238463

Choi, J., Kang, J., Kim, T., and Nehs, C. J. (2024). Sleep, mood disorders, and the
ketogenic diet: potential therapeutic targets for bipolar disorder and schizophrenia.
Front. Psychiatry 15, 1358578. doi:10.3389/fpsyt.2024.1358578

Chong, P. L. H,, Garic, D., Shen, M. D., Lundgaard, I, and Schwichtenberg, A. J.
(2022). Sleep, cerebrospinal fluid, and the glymphatic system: a systematic review.
Sleep. Med. Rev. 61, 101572. doi:10.1016/j.smrv.2021.101572

Cirelli, C. (2006). Cellular consequences of sleep deprivation in the brain. Sleep. Med.
Rev. 10 (5), 307-321. doi:10.1016/j.smrv.2006.04.001

Claesson, M. J., Jeffery, I. B., Conde, S., Power, S. E., O’Connor, E. M., Cusack, S., et al.
(2012). Gut microbiota composition correlates with diet and health in the elderly.
Nature 488 (7410), 178-184. doi:10.1038/naturel11319

Clauss, M., Gérard, P., Mosca, A., and Leclerc, M. (2021). Interplay between exercise
and gut microbiome in the context of human health and performance. Front. Nutr. 8,
637010-642021. doi:10.3389/fnut.2021.637010

Correia, A. S., and Vale, N. (2024). Exploring oxidative stress in disease and its
connection with adenosine. Oxygen 4 (3), 325-337. doi:10.3390/0xygen4030019

Covarrubias, A. J., Perrone, R, Grozio, A., and Verdin, E. (2021). NAD(+)
metabolism and its roles in cellular processes during ageing. Nat. Rev. Mol. Cell
Biol. 22 (2), 119-141. doi:10.1038/s41580-020-00313-x

Cui, H.,, Kong, Y., and Zhang, H. (2012). Oxidative stress, mitochondrial dysfunction,
and aging. J. Signal Transduct. 2012, 646354. doi:10.1155/2012/646354

Dai, D.-F., Chiao, Y. A., Marcinek, D. J., Szeto, H. H., and Rabinovitch, P. S. (2014).
Mitochondrial oxidative stress in aging and healthspan. Longev. and Heal. 3 (1), 6.
doi:10.1186/2046-2395-3-6

Dai, W, Xiao, Y., Tu, Y., Xiao, F,, Lu, Y., Qin, Y., et al. (2021). Propofol protects
hippocampal neurons in sleep-deprived rats by inhibiting mitophagy and autophagy.
Ann. Transl. Med. 9 (18), 1427. doi:10.21037/atm-21-3872

Davalli, P., Mitic, T., Caporali, A., Lauriola, A., and D’Arca, D. (2016). ROS, cell
senescence, and novel molecular mechanisms in aging and age-related diseases. Oxid.
Med. Cell Longev. 2016, 3565127. doi:10.1155/2016/3565127

David, A. V. A, Parasuraman, S., and Edward, E. J. (2023). Role of antioxidants in
sleep disorders: a review. J. Pharmacol. Pharmacother. 14 (4), 253-258. doi:10.1177/
0976500x241229835

Davinelli, S., Medoro, A., Savino, R., and Scapagnini, G. (2024). Sleep and oxidative
stress: current perspectives on the role of NRF2. Cell Mol. Neurobiol. 44 (1), 52. doi:10.
1007/s10571-024-01487-0

de Almeida, A., de Oliveira, J., da Silva Pontes, L. V., de Souza Janior, J. F., Gongalves,
T. A. F,, Dantas, S. H,, et al. (2022). ROS: basic concepts, sources, cellular signaling, and
its implications in aging pathways. Oxid. Med. Cell Longev. 2022, 1225578. doi:10.1155/
2022/1225578

de Goede, P., Wefers, J., Brombacher, E. C., Schrauwen, P., and Kalsbeek, A. (2018).
Circadian rhythms in mitochondrial respiration. J. Mol. Endocrinol. 60 (3), R115-r130.
doi:10.1530/jme-17-0196

de Goede, P., Wiist, R. C. I, Schomakers, B. V., Denis, S., Vaz, F. M., Pras-Raves, M. L.,
et al. (2022). Time-restricted feeding during the inactive phase abolishes the daily
rhythm in mitochondrial respiration in rat skeletal muscle. FASEB J. 36 (2), €22133.
doi:10.1096/1.202100707R

De Lorenzo, B. H., de Oliveira Marchioro, L., Greco, C. R,, and Suchecki, D. (2015).
Sleep-deprivation reduces NK cell number and function mediated by B-adrenergic
signalling. Psychoneuroendocrinology 57, 134-143. doi:10.1016/j.psyneuen.2015.04.006

frontiersin.org


https://doi.org/10.3390/cimb46030130
https://doi.org/10.3390/cimb46030130
https://doi.org/10.1016/j.idnow.2024.104893
https://doi.org/10.1016/j.idnow.2024.104893
https://doi.org/10.1016/0301-0082(94)00057-o
https://doi.org/10.1016/0301-0082(94)00057-o
https://doi.org/10.1159/000490349
https://doi.org/10.1007/s00424-011-1044-0
https://doi.org/10.1152/physrev.00010.2018
https://doi.org/10.1016/j.bbadis.2016.11.010
https://doi.org/10.1016/j.bbadis.2016.11.010
https://doi.org/10.2174/1381612829666221201161636
https://doi.org/10.3390/metabo10110450
https://doi.org/10.3389/fnut.2024.1419811
https://doi.org/10.1053/smrv.2001.0245
https://doi.org/10.1016/j.jacbts.2018.02.003
https://doi.org/10.1055/s-0043-119882
https://doi.org/10.1172/jci64125
https://doi.org/10.1007/s11357-011-9212-x
https://doi.org/10.3389/fneur.2017.00167
https://doi.org/10.1007/s11910-021-01121-2
https://doi.org/10.1007/s11910-021-01121-2
https://doi.org/10.1038/s43587-022-00335-4
https://doi.org/10.1038/s41583-019-0132-6
https://doi.org/10.1038/s41583-019-0132-6
https://doi.org/10.15252/embj.201695810
https://doi.org/10.1093/eurheartj/ehr007
https://doi.org/10.3389/fnagi.2019.00258
https://doi.org/10.1016/j.coemr.2021.03.021
https://doi.org/10.3390/ijerph19148457
https://doi.org/10.1523/jneurosci.5308-07.2008
https://doi.org/10.3389/fnagi.2019.00311
https://doi.org/10.1016/j.cell.2013.05.027
https://doi.org/10.1016/j.cell.2013.05.027
https://doi.org/10.1001/jamapediatrics.2015.3092
https://doi.org/10.1001/jamapediatrics.2015.3092
https://doi.org/10.3233/jad-2007-12208
https://doi.org/10.3389/fnmol.2022.937468
https://doi.org/10.3390/ijms20236039
https://doi.org/10.1155/2014/238463
https://doi.org/10.3389/fpsyt.2024.1358578
https://doi.org/10.1016/j.smrv.2021.101572
https://doi.org/10.1016/j.smrv.2006.04.001
https://doi.org/10.1038/nature11319
https://doi.org/10.3389/fnut.2021.637010
https://doi.org/10.3390/oxygen4030019
https://doi.org/10.1038/s41580-020-00313-x
https://doi.org/10.1155/2012/646354
https://doi.org/10.1186/2046-2395-3-6
https://doi.org/10.21037/atm-21-3872
https://doi.org/10.1155/2016/3565127
https://doi.org/10.1177/0976500x241229835
https://doi.org/10.1177/0976500x241229835
https://doi.org/10.1007/s10571-024-01487-0
https://doi.org/10.1007/s10571-024-01487-0
https://doi.org/10.1155/2022/1225578
https://doi.org/10.1155/2022/1225578
https://doi.org/10.1530/jme-17-0196
https://doi.org/10.1096/fj.202100707R
https://doi.org/10.1016/j.psyneuen.2015.04.006
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2025.1605070

Mir et al.

de Sé& Souza, H., de Melo, C. M., Piovezan, R. D., Miranda, R., Carneiro-Junior, M. A.,
Silva, B. M., et al. (2022). Resistance training improves sleep and anti-inflammatory
parameters in sarcopenic older adults: a randomized controlled trial. Int. J. Environ. Res.
Public Health 19 (23), 16322. doi:10.3390/ijerph192316322

Desdin-Mico, G., Soto-Heredero, G., Aranda, J. F., Oller, J., Carrasco, E., Gabandé-
Rodriguez, E., et al. (2020). T cells with dysfunctional mitochondria induce
multimorbidity and premature senescence. Science 368 (6497), 1371-1376. doi:10.
1126/science.aax0860

Di Meo, S., Reed, T. T., Venditti, P., and Victor, V. M. (2016). Role of ROS and RNS
sources in physiological and pathological conditions. Oxid. Med. Cell Longev. 2016,
1245049. doi:10.1155/2016/1245049

Ding, G., Gong, Y., Eckel-Mahan, K. L., and Sun, Z. (2018). Central circadian clock
regulates energy metabolism. Adv. Exp. Med. Biol. 1090, 79-103. doi:10.1007/978-981-
13-1286-1_5

Duffy, J. F., Zitting, K. M., and Chinoy, E. D. (2015). Aging and circadian rhythms.
Sleep. Med. Clin. 10 (4), 423-434. doi:10.1016/j.jsmc.2015.08.002

Edison, P. (2024). Astroglial activation: current concepts and future directions.
Alzheimers Dement. 20 (4), 3034-3053. doi:10.1002/alz.13678

Fagiani, F., Di Marino, D., Romagnoli, A., Travelli, C., Voltan, D., Di Cesare Mannelli,
L., et al. (2022). Molecular regulations of circadian rhythm and implications for
physiology and diseases. Signal Transduct. Target. Ther. 7 (1), 41. doi:10.1038/
541392-022-00899-y

Farhat, F., Amérand, A., Simon, B., Guegueniat, N., and Moisan, C. (2017). Gender-
dependent differences of mitochondrial function and oxidative stress in rat skeletal
muscle at rest and after exercise training. Redox Rep. 22 (6), 508-514. doi:10.1080/
13510002.2017.1296637

Feng, V., Tumati, S., Wang, R., Bawa, K. K., Gallagher, D., Herrmann, N., et al. (2022).
The relationship between oxidative stress and subjective sleep quality in people with
coronary artery disease. Brain Sci. 12 (8), 1070. doi:10.3390/brainscil2081070

Finkel, T., and Holbrook, N. J. (2000). Oxidants, oxidative stress and the biology of
ageing. Nature 408 (6809), 239-247. doi:10.1038/35041687

Franceschi, C., Bonafé, M., Valensin, S., Olivieri, F., De Luca, M., Ottaviani, E., et al.
(2000). Inflamm-aging: an evolutionary perspective on immunosenescence. Ann. N. Y.
Acad. Sci. 908 (1), 244-254. doi:10.1111/j.1749-6632.2000.tb06651.x

Franceschi, C., and Campisi, J. (2014). Chronic inflammation (inflammaging) and its
potential contribution to age-associated diseases. Journals Gerontology Ser. A 69 (Suppl.
1_1), $4-S9. doi:10.1093/gerona/glu057

Fritz, J., Huang, T., Depner, C. M., Zeleznik, O. A., Cespedes Feliciano, E. M., Li, W.,
et al. (2023). Sleep duration, plasma metabolites, and obesity and diabetes: a
metabolome-wide association study in US women. Sleep 46 (1), zsac226. doi:10.
1093/sleep/zsac226

Garbarino, S., Lanteri, P., Bragazzi, N. L., Magnavita, N., and Scoditti, E. (2021). Role
of sleep deprivation in immune-related disease risk and outcomes. Commun. Biol. 4 (1),
1304. doi:10.1038/542003-021-02825-4

Gemma, C., Vila, ., Bachstetter, A., and Bickford, P. C. (2007). Oxidative stress and
the aging brain: from theory to prevention. Brain Aging, 353-374. doi:10.1201/
9781420005523.ch15

Giorgi, C., Marchi, S., Simoes, I. C. M., Ren, Z., Morciano, G., Perrone, M., et al.
(2018). Mitochondria and reactive oxygen species in aging and age-related diseases. Int.
Rev. Cell Mol. Biol. 340, 209-344. doi:10.1016/bs.ircmb.2018.05.006

Gonzales, M. M., Garbarino, V. R,, Pollet, E., Palavicini, J. P., Kellogg, D. L., Jr., Kraig,
E, et al. (2022). Biological aging processes underlying cognitive decline and
neurodegenerative disease. J. Clin. Invest 132 (10), e158453. doi:10.1172/jcil158453

Graff, B. J., Harrison, S. L., Payne, S. J., and El-Bouri, W. K. (2023). Regional cerebral
blood flow changes in healthy ageing and alzheimer’s disease: a narrative review.
Cerebrovasc. Dis. 52 (1), 11-20. doi:10.1159/000524797

Gu, S., Li, Y., Jiang, Y., Huang, J. H., and Wang, F. (2022). Glymphatic dysfunction
induced oxidative stress and neuro-inflammation in major depression disorders.
Antioxidants (Basel) 11 (11), 2296. doi:10.3390/antiox11112296

Guajardo-Correa, E., Silva-Agiiero, J. F., Calle, X., Chiong, M., Henriquez, M., Garcia-
Rivas, G., et al. (2022). Estrogen signaling as a bridge between the nucleus and
mitochondria in cardiovascular diseases. Front. Cell Dev. Biol. 10, 968373. doi:10.
3389/fcell.2022.968373

Gulec, M., Ozkol, H., Selvi, Y., Tuluce, Y., Aydin, A., Besiroglu, L., et al. (2012).

Oxidative stress in patients with primary insomnia. Prog. Neuro-Psychopharmacology
Biol. Psychiatry 37 (2), 247-251. doi:10.1016/j.pnpbp.2012.02.011

Hablitz, L. M., and Nedergaard, M. (2021). The glymphatic system: a novel
component of fundamental neurobiology. J. Neurosci. 41 (37), 7698-7711. doi:10.
1523/jneurosci.0619-21.2021

Hachul, H.,, Brandao, L. C., D’Almeida, V., Bittencourt, L. R., Baracat, E. C., and Tufik,
S. (2011). Isoflavones decrease insomnia in postmenopause. Menopause 18 (2),
178-184. doi:10.1097/gme.0b013e3181ecf9b9

Hallbook, T., Ji, S., Maudsley, S., and Martin, B. (2012). The effects of the ketogenic
diet on behavior and cognition. Epilepsy Res. 100 (3), 304-309. doi:10.1016/j.eplepsyres.
2011.04.017

Frontiers in Aging

10.3389/fragi.2025.1605070

Hardiany, N. S, Karman, A. P, Calista, A. S. P., Anindyanari, B. G,, Rahardjo, D. E., Novira,
P.R, et al. (2022). The effect of fasting on oxidative stress in the vital organs of New Zealand
white rabbit. Rep. Biochem. Mol. Biol. 11 (2), 190-199. doi:10.52547/rbmb.11.2.190

Hartmann, C., and Kempf, A. (2023). Mitochondrial control of sleep. Curr. Opin.
Neurobiol. 81, 102733. doi:10.1016/j.conb.2023.102733

Hawkins, C. L., and Davies, M. J. (2019). Detection, identification, and quantification
of oxidative protein modifications. J. Biol. Chem. 294 (51), 19683-19708. doi:10.1074/
jbc.REV119.006217

He, X.-f, Liu, D.-x,, Zhang, Q., Liang, F.-y,, Dai, G.-y., Zeng, J.-s., et al. (2017).
Voluntary exercise promotes glymphatic clearance of amyloid beta and reduces the
activation of astrocytes and microglia in aged mice. Front. Mol. Neurosci. 10, 144-2017.
doi:10.3389/fnmol.2017.00144

Herndndez-Urbdn, A.J., Drago-Serrano, M. E., Cruz-Baquero, A., Garcia-Hernandez,
A. L., Arciniega-Martinez, I. M., Pacheco-Yépez, J., et al. (2023). Exercise improves
intestinal IgA production by T-dependent cell pathway in adults but not in aged mice.
Front. Endocrinol., 14-2023. doi:10.3389/fendo0.2023.1190547

Hill, V. M., O’Connor, R. M, Sissoko, G. B., Irobunda, I. S., Leong, S., Canman, J. C.,
et al. (2018). A bidirectional relationship between sleep and oxidative stress in
Drosophila. PLoS Biol. 16 (7), €2005206. doi:10.1371/journal.pbio.2005206

Homolak, J. (2023). Gastrointestinal redox homeostasis in ageing. Biogerontology 24
(5), 741-752. do0i:10.1007/s10522-023-10049-8

Hood, S., and Amir, S. (2017). The aging clock: circadian rhythms and later life.
J. Clin. Invest 127 (2), 437-446. doi:10.1172/jci90328

Hosoi, R., Sato, S., Shukuri, M., Fujii, Y., Todoroki, K., Arano, Y., et al. (2019). A
simple ex vivo semiquantitative fluorescent imaging utilizing planar laser scanner:
detection of reactive oxygen species generation in mouse brain and kidney. Mol.
Imaging 18, 1536012118820421. doi:10.1177/1536012118820421

Hu, Y., Wang, Y., Wang, Y., Zhang, Y., Wang, Z,, Xu, X,, et al. (2024). Sleep
deprivation triggers mitochondrial DNA release in microglia to induce neural
inflammation: preventative effect of hydroxytyrosol butyrate. Antioxidants 13 (7),
833. doi:10.3390/antiox13070833

Tkeda, M., Tkeda-Sagara, M., Okada, T, Clement, P., Urade, Y., Nagai, T., et al. (2005).
Brain oxidation is an initial process in sleep induction. Neuroscience 130 (4), 1029-1040.
doi:10.1016/j.neuroscience.2004.09.057

1iff, J. J., Wang, M., Liao, Y., Plogg, B. A., Peng, W., Gundersen, G. A, et al. (2012). A
paravascular pathway facilitates CSF flow through the brain parenchyma and the
clearance of interstitial solutes, including amyloid B. Sci. Transl. Med. 4 (147), 147ralll.
doi:10.1126/scitranslmed.3003748

Jabbari, P., Yazdanpanah, O., Benjamin, D. J., and Rezazadeh Kalebasty, A. (2024).
Supplement use and increased risks of cancer: unveiling the other side of the coin.
Cancers (Basel) 16 (5), 880. doi:10.3390/cancers16050880

Jia, D., Tian, Z., and Wang, R. (2023). Exercise mitigates age-related metabolic
diseases by improving mitochondrial dysfunction. Ageing Res. Rev. 91, 102087. doi:10.
1016/j.arr.2023.102087

Jiang, J., Li, D., Huang, T., Huang, S., Tan, H., and Xia, Z. (2024). Antioxidants and the
risk of sleep disorders: results from NHANES and two-sample Mendelian
randomization study. Front. Nutr. 11, 1453064. doi:10.3389/fnut.2024.1453064

Jiang, J., and Xiong, Y. L. (2016). Natural antioxidants as food and feed additives to
promote health benefits and quality of meat products: a review. Meat Sci. 120, 107-117.
doi:10.1016/j.meatsci.2016.04.005

Kaliszewska, A., Allison, J., Martini, M., and Arias, N. (2021). Improving age-related
cognitive decline through dietary interventions targeting mitochondrial dysfunction.
Int. J. Mol. Sci. 22 (7), 3574. doi:10.3390/ijms22073574

Kanazawa, L. K. S., Vecchia, D. D., Wendler, E. M., Hocayen, P. A. S., Dos Reis Livero,
F. A, Stipp, M. C,, et al. (2016). Quercetin reduces manic-like behavior and brain
oxidative stress induced by paradoxical sleep deprivation in mice. Free Radic. Biol. Med.
99, 79-86. doi:10.1016/j.freeradbiomed.2016.07.027

Kang, J. E., Lim, M. M., Bateman, R. ., Lee, J. ]., Smyth, L. P., Cirrito, J. R, et al. (2009).
Amyloid-beta dynamics are regulated by orexin and the sleep-wake cycle. Science 326
(5955), 1005-1007. doi:10.1126/science.1180962

Karasek, M. (2004). Melatonin, human aging, and age-related diseases. Exp. Gerontol.
39 (11-12), 1723-1729. doi:10.1016/j.exger.2004.04.012

Katsube, M., Watanabe, H., Suzuki, K., Ishimoto, T., Tatebayashi, Y., Kato, Y., et al.
(2022). Food-derived antioxidant ergothioneine improves sleep difficulties in humans.
J. Funct. Foods 95, 105165. doi:10.1016/j.jff.2022.105165

Kempf, A., Song, S. M., Talbot, C. B, and Miesenbock, G. (2019). A potassium
channel beta-subunit couples mitochondrial electron transport to sleep. Nature 568
(7751), 230-234. doi:10.1038/s41586-019-1034-5

Kerkeni, M., Trabelsi, K., Kerkeni, M., Boukhris, O., Ammar, A., Salem, A., et al.
(2024). Ramadan fasting observance is associated with decreased sleep duration,
increased daytime sleepiness and insomnia symptoms among student-athletes.
Sleep. Med. 122, 185-191. doi:10.1016/j.sleep.2024.08.012

Kim, S. A, Kim, S., and Park, H. J. (2022). REM-sleep deprivation induces
mitochondrial biogenesis in the rat Hippocampus. Vivo 36 (4), 1726-1733. doi:10.
21873/invivo.12885

frontiersin.org


https://doi.org/10.3390/ijerph192316322
https://doi.org/10.1126/science.aax0860
https://doi.org/10.1126/science.aax0860
https://doi.org/10.1155/2016/1245049
https://doi.org/10.1007/978-981-13-1286-1_5
https://doi.org/10.1007/978-981-13-1286-1_5
https://doi.org/10.1016/j.jsmc.2015.08.002
https://doi.org/10.1002/alz.13678
https://doi.org/10.1038/s41392-022-00899-y
https://doi.org/10.1038/s41392-022-00899-y
https://doi.org/10.1080/13510002.2017.1296637
https://doi.org/10.1080/13510002.2017.1296637
https://doi.org/10.3390/brainsci12081070
https://doi.org/10.1038/35041687
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.1093/sleep/zsac226
https://doi.org/10.1093/sleep/zsac226
https://doi.org/10.1038/s42003-021-02825-4
https://doi.org/10.1201/9781420005523.ch15
https://doi.org/10.1201/9781420005523.ch15
https://doi.org/10.1016/bs.ircmb.2018.05.006
https://doi.org/10.1172/jci158453
https://doi.org/10.1159/000524797
https://doi.org/10.3390/antiox11112296
https://doi.org/10.3389/fcell.2022.968373
https://doi.org/10.3389/fcell.2022.968373
https://doi.org/10.1016/j.pnpbp.2012.02.011
https://doi.org/10.1523/jneurosci.0619-21.2021
https://doi.org/10.1523/jneurosci.0619-21.2021
https://doi.org/10.1097/gme.0b013e3181ecf9b9
https://doi.org/10.1016/j.eplepsyres.2011.04.017
https://doi.org/10.1016/j.eplepsyres.2011.04.017
https://doi.org/10.52547/rbmb.11.2.190
https://doi.org/10.1016/j.conb.2023.102733
https://doi.org/10.1074/jbc.REV119.006217
https://doi.org/10.1074/jbc.REV119.006217
https://doi.org/10.3389/fnmol.2017.00144
https://doi.org/10.3389/fendo.2023.1190547
https://doi.org/10.1371/journal.pbio.2005206
https://doi.org/10.1007/s10522-023-10049-8
https://doi.org/10.1172/jci90328
https://doi.org/10.1177/1536012118820421
https://doi.org/10.3390/antiox13070833
https://doi.org/10.1016/j.neuroscience.2004.09.057
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.3390/cancers16050880
https://doi.org/10.1016/j.arr.2023.102087
https://doi.org/10.1016/j.arr.2023.102087
https://doi.org/10.3389/fnut.2024.1453064
https://doi.org/10.1016/j.meatsci.2016.04.005
https://doi.org/10.3390/ijms22073574
https://doi.org/10.1016/j.freeradbiomed.2016.07.027
https://doi.org/10.1126/science.1180962
https://doi.org/10.1016/j.exger.2004.04.012
https://doi.org/10.1016/j.jff.2022.105165
https://doi.org/10.1038/s41586-019-1034-5
https://doi.org/10.1016/j.sleep.2024.08.012
https://doi.org/10.21873/invivo.12885
https://doi.org/10.21873/invivo.12885
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2025.1605070

Mir et al.

Klinge, C. M. (2020). Estrogenic control of mitochondrial function. Redox Biol. 31,
101435. doi:10.1016/j.redox.2020.101435

Kope¢, K., Szleszkowski, S., Koziorowski, D., and Szlufik, S. (2023). Glymphatic
system and mitochondrial dysfunction as two crucial players in pathophysiology of
neurodegenerative disorders. Int. J. Mol. Sci. 24 (12), 10366. doi:10.3390/ijms241210366

Kostin, A., Alam, M. A,, Siegel, J. M., McGinty, D., and Alam, M. N. (2020). Sex- and
age-dependent differences in sleep-wake characteristics of Fisher-344 rats. Neuroscience
427, 29-42. doi:10.1016/j.neuroscience.2019.11.046

Krishnamoorthy, N. K, Kalyan, M., Hediyal, T. A., Anand, N., Kendaganna, P. H,
Pendyala, G., et al. (2024). Role of the gut bacteria-derived metabolite phenylacetylglutamine
in health and diseases. ACS Omega 9 (3), 3164-3172. doi:10.1021/acsomega.3c08184

Kruk, J., Aboul-Enein, B. H., and Duchnik, E. (2021). Exercise-induced oxidative
stress and melatonin supplementation: current evidence. J. Physiol. Sci. 71 (1), 27.
doi:10.1186/s12576-021-00812-2

Lananna, B. V., Nadarajah, C. J., Izumo, M., Cedefio, M. R,, Xiong, D. D., Dimitry, J.,
et al. (2018). Cell-autonomous regulation of astrocyte activation by the circadian clock
protein BMALL. Cell Rep. 25 (1), 1-9.e5. doi:10.1016/j.celrep.2018.09.015

Lange, T., Dimitrov, S., Bollinger, T., Diekelmann, S., and Born, J. (2011). Sleep after
vaccination boosts immunological memory. J. Immunol. 187 (1), 283-290. doi:10.4049/
jimmunol.1100015

Larsen, E. L., Weimann, A., and Poulsen, H. E. (2019). Interventions targeted at
oxidatively generated modifications of nucleic acids focused on urine and plasma
markers. Free Radic. Biol. Med. 145, 256-283. d0i:10.1016/j.freeradbiomed.2019.09.030

Lee, J.-Y., Paik, I.-Y., and Kim, J. Y. (2019). Voluntary exercise reverses immune aging
induced by oxidative stress in aging mice. Exp. Gerontol. 115, 148-154. doi:10.1016/j.
exger.2018.08.009

Lee, K.-A,, Flores, R. R,, Jang, 1. H., Saathoff, A., and Robbins, P. D. (2022). Immune
senescence, immunosenescence and aging. Front. Aging 3, 900028. doi:10.3389/fragi.
2022.900028

Lei, X, Xu, Z., and Chen, W. (2023). Association of oxidative balance score with sleep
quality: NHANES 2007-2014. J. Affect. Disord. 339, 435-442. doi:10.1016/j.jad.2023.07.040

Lei, X,, Xu, Z., Huang, L., Huang, Y., Tu, S, Xu, L., et al. (2024). The potential

influence of melatonin on mitochondrial quality control: a review. Front. Pharmacol. 14,
1332567. doi:10.3389/fphar.2023.1332567

Leithner, C., and Royl, G. (2014). The oxygen paradox of neurovascular coupling.
J. Cereb. Blood Flow. Metab. 34 (1), 19-29. doi:10.1038/jcbfm.2013.181

Lesku, J. A., and Schmidt, M. H. (2022). Energetic costs and benefits of sleep. Curr.
Biol. 32 (12), R656-R661. doi:10.1016/j.cub.2022.04.004

Li, X,, Tang, Z., Fei, D,, Liu, Y., Zhang, M., and Liu, S. (2017). Evaluation of the

sedative and hypnotic effects of astragalin isolated from Eucommia ulmoides leaves in
mice. Nat. Prod. Res. 31 (17), 2072-2076. doi:10.1080/14786419.2016.1272108

Li, X., Wu, K., Zeng, S., Zhao, F,, Fan, ], Li, Z,, et al. (2021). Viral infection modulates
mitochondrial function. Int. J. Mol. Sci. 22 (8), 4260. doi:10.3390/ijms22084260

Li, Y., and Wang, Y. (2021). Obstructive sleep apnea-hypopnea syndrome as a novel
potential risk for aging. Aging Dis. 12 (2), 586-596. doi:10.14336/ad.2020.0723

Lin, Z,, Jiang, T., Chen, M., Ji, X., and Wang, Y. (2024). Gut microbiota and sleep:
interaction mechanisms and therapeutic prospects. Open Life Sci. 19 (1), 20220910.
doi:10.1515/biol-2022-0910

Liochev, S. I. (2013). Reactive oxygen species and the free radical theory of aging. Free
Radic. Biol. Med. 60, 1-4. doi:10.1016/j.freeradbiomed.2013.02.011

Liu, L., Kim, S., Buckley, M. T, Reyes, J. M., Kang, J., Tian, L., et al. (2023). Exercise

reprograms the inflammatory landscape of multiple stem cell compartments during
mammalian aging. Cell Stem Cell 30 (5), 689-705.e4. doi:10.1016/j.stem.2023.03.016

Liu, X,, Yu, T., Zhao, X,, Yu, P., Lv, R, Wang, C,, et al. (2021). Risk factors and brain
metabolic mechanism of sleep disorders in autoimmune encephalitis. Front. Immunol.
12, 738097. doi:10.3389/fimmu.2021.738097

Liu, Z., Ren, Z., Zhang, J., Chuang, C. C., Kandaswamy, E., Zhou, T., et al. (2018). Role
of ROS and nutritional antioxidants in human diseases. Front. Physiol. 9, 477. doi:10.
3389/fphys.2018.00477

Longo, V. D., and Mattson, M. P. (2014). Fasting: molecular mechanisms and clinical
applications. Cell Metab. 19 (2), 181-192. doi:10.1016/j.cmet.2013.12.008

Lopez-Otin, C., Galluzzi, L., Freije, J. M. P., Madeo, F., and Kroemer, G. (2016).
Metabolic control of longevity. Cell 166 (4), 802-821. doi:10.1016/j.cell.2016.07.031

Lupi, E., Di Antonio, G., Angiolelli, M., Sacha, M., Kayabas, M. A., Alboré, N., et al.
(2024). A whole-brain model of the aging brain during slow wave sleep. eNeuro 11 (11),
ENEURO.0180-24.2024. doi:10.1523/eneuro.0180-24.2024

Maalouf, M., Sullivan, P. G., Davis, L., Kim, D. Y., and Rho, J. M. (2007). Ketones
inhibit mitochondrial production of reactive oxygen species production following
glutamate excitotoxicity by increasing NADH oxidation. Neuroscience 145 (1),
256-264. doi:10.1016/j.neuroscience.2006.11.065

Mackiewicz, M., Shockley, K. R,, Romer, M. A., Galante, R. J., Zimmerman, J. E,,
Naidoo, N,, et al. (2007). Macromolecule biosynthesis: a key function of sleep. Physiol.
Genomics 31 (3), 441-457. doi:10.1152/physiolgenomics.00275.2006

Frontiers in Aging

17

10.3389/fragi.2025.1605070

Mander, B. A., Winer, J. R., and Walker, M. P. (2017). Sleep and human aging. Neuron
94 (1), 19-36. doi:10.1016/j.neuron.2017.02.004

Mantantzis, K., Campos, V., Darimont, C., and Martin, F. P. (2022). Effects of dietary
carbohydrate profile on nocturnal metabolism, sleep, and wellbeing: a review. Front.
Public Health 10, 931781. doi:10.3389/fpubh.2022.931781

Mapamba, D. A,, Sauli, E., Mrema, L., Lalashowi, J., Magombola, D., Buza, J., et al.
(2022). Impact of N-acetyl cysteine (NAC) on tuberculosis (TB) patients-A systematic
review. Antioxidants (Basel) 11 (11), 2298. doi:10.3390/antiox11112298

Marques-Aleixo, L., Santos-Alves, E., Balga, M. M., Rizo-Roca, D., Moreira, P. I,
Oliveira, P. ], et al. (2015). Physical exercise improves brain cortex and cerebellum
mitochondrial bioenergetics and alters apoptotic, dynamic and auto(mito)phagy
markers. Neuroscience 301, 480-495. doi:10.1016/j.neuroscience.2015.06.027

Martin, S. E., Engleman, H. M., Kingshott, R. N., and Douglas, N. J. (1997).
Microarousals in patients with sleep apnoea/hypopnoea syndrome. J. Sleep Res. 6
(4), 276-280. doi:10.1111/j.1365-2869.1997.00276 x

Massaad, C. A, and Klann, E. (2011). Reactive oxygen species in the regulation of
synaptic plasticity and memory. Antioxid. Redox Signal 14 (10), 2013-2054. doi:10.
1089/ars.2010.3208

Mattson, M. P., and Arumugam, T. V. (2018). Hallmarks of brain aging: adaptive and
pathological modification by metabolic states. Cell Metab. 27 (6), 1176-1199. doi:10.
1016/j.cmet.2018.05.011

Mauri, S., Favaro, M., Bernardo, G., Mazzotta, G. M., and Ziviani, E. (2022).
Mitochondrial autophagy in the sleeping brain. Front. Cell Dev. Biol. 10, 956394.
doi:10.3389/fcell.2022.956394

Mavanji, V., Perez-Leighton, C. E., Kotz, C. M., Billington, C.]., Parthasarathy, S., Sinton,
C. M, etal. (2015). Promotion of wakefulness and energy expenditure by orexin-A in the
ventrolateral preoptic area. Sleep 38 (9), 1361-1370. doi:10.5665/sleep.4970

Melhuish Beaupre, L. M., Brown, G. M., Braganza, N. A., Kennedy, J. L., and
Gongalves, V. F. (2022). Mitochondria’s role in sleep: novel insights from sleep
deprivation and restriction studies. World J. Biol. Psychiatry 23 (1), 1-13. doi:10.
1080/15622975.2021.1907723

Melhuish Beaupre, L. M., Brown, G. M., Gongalves, V. F., and Kennedy, J. L. (2021).
Melatonin’s neuroprotective role in mitochondria and its potential as a biomarker in
aging, cognition and psychiatric disorders. Transl. Psychiatry 11 (1), 339. doi:10.1038/
541398-021-01464-x

Melzer, D, Pilling, L. C., and Ferrucci, L. (2020). The genetics of human ageing. Nat.
Rev. Genet. 21 (2), 88-101. doi:10.1038/s41576-019-0183-6

Merlino, G., Garbo, R., Dal Bello, S., Del Negro, I., Lamon, E., Filippi, F., et al. (2023).
Ketogenic diet may improve sleep quality and daytime somnolence in patients affected
by multiple sclerosis. Results of an exploratory study. Sleep. Med. 112, 181-187. doi:10.
1016/j.sleep.2023.10.016

Mertens, N., Sunaert, S., Van Laere, K., and Koole, M. (2021). The effect of aging on
brain glucose metabolic connectivity revealed by [(18)F]FDG PET-MR and individual
brain networks. Front. Aging Neurosci. 13, 798410. doi:10.3389/fnagi.2021.798410

Michalsen, A., Schlegel, F., Rodenbeck, A., Liidtke, R., Huether, G., Teschler, H., et al.
(2003). Effects of short-term modified fasting on sleep patterns and daytime vigilance in
non-obese subjects: results of a pilot study. Ann. Nutr. Metab. 47 (5), 194-200. doi:10.
1159/000070485

Middha, P., Weinstein, S. J., Mannist6, S., Albanes, D., and Mondul, A. M. (2019). p-
Carotene supplementation and lung cancer incidence in the alpha-tocopherol, beta-
carotene cancer prevention study: the role of tar and nicotine. Nicotine Tob. Res. 21 (8),
1045-1050. doi:10.1093/ntr/nty115

Mir, F. A, Jha, S. K, and Jha, V. M. (2019). “The role of sleep in homeostatic
regulation of ionic balances and its implication in cognitive functions,” in Sleep, memory
and synaptic plasticity. Editors S. K. Tha and V. M. Jha, (Singapore: Springer), 77-106.

Mokhber, N., Shariatzadeh, A., Avan, A., Saber, H., Babaei, G. S., Chaimowitz, G.,
et al. (2021). Cerebral blood flow changes during aging process and in cognitive
disorders: a review. Neuroradiol. ]. 34 (4), 300-307. doi:10.1177/19714009211002778

Monda, A., La Torre, M. E., Messina, A., Di Maio, G., Monda, V., Moscatelli, F., et al.
(2024). Exploring the ketogenic diet’s potential in reducing neuroinflammation and
modulating immune responses. Front. Immunol. 15, 1425816. doi:10.3389/fimmu.2024.
1425816

Mondul, A. M., Watters, J. L., Médnnistd, S., Weinstein, S. J., Snyder, K., Virtamo, J.,
et al. (2011). Serum retinol and risk of prostate cancer. Am. J. Epidemiol. 173 (7),
813-821. doi:10.1093/aje/kwq4d29

Monteiro, K., Shiroma, M. E., Damous, L. L., Simdes, M. J., Simdes, R. D. S., Cipolla-
Neto, J., et al. (2024). Antioxidant actions of melatonin: a systematic review of animal
studies. Antioxidants (Basel) 13 (4), 439. doi:10.3390/antiox13040439

Mukherjee, U., Sehar, U., Brownell, M., and Reddy, P. H. (2024). Mechanisms,
consequences and role of interventions for sleep deprivation: focus on mild cognitive

impairment and Alzheimer’s disease in elderly. Ageing Res. Rev. 100, 102457. doi:10.
1016/j.arr.2024.102457

Muriach, M., Flores-Bellver, M., Romero, F. J., and Barcia, J. M. (2014). Diabetes and
the brain: oxidative stress, inflammation, and autophagy. Oxid. Med. Cell Longev. 2014,
102158. doi:10.1155/2014/102158

frontiersin.org


https://doi.org/10.1016/j.redox.2020.101435
https://doi.org/10.3390/ijms241210366
https://doi.org/10.1016/j.neuroscience.2019.11.046
https://doi.org/10.1021/acsomega.3c08184
https://doi.org/10.1186/s12576-021-00812-2
https://doi.org/10.1016/j.celrep.2018.09.015
https://doi.org/10.4049/jimmunol.1100015
https://doi.org/10.4049/jimmunol.1100015
https://doi.org/10.1016/j.freeradbiomed.2019.09.030
https://doi.org/10.1016/j.exger.2018.08.009
https://doi.org/10.1016/j.exger.2018.08.009
https://doi.org/10.3389/fragi.2022.900028
https://doi.org/10.3389/fragi.2022.900028
https://doi.org/10.1016/j.jad.2023.07.040
https://doi.org/10.3389/fphar.2023.1332567
https://doi.org/10.1038/jcbfm.2013.181
https://doi.org/10.1016/j.cub.2022.04.004
https://doi.org/10.1080/14786419.2016.1272108
https://doi.org/10.3390/ijms22084260
https://doi.org/10.14336/ad.2020.0723
https://doi.org/10.1515/biol-2022-0910
https://doi.org/10.1016/j.freeradbiomed.2013.02.011
https://doi.org/10.1016/j.stem.2023.03.016
https://doi.org/10.3389/fimmu.2021.738097
https://doi.org/10.3389/fphys.2018.00477
https://doi.org/10.3389/fphys.2018.00477
https://doi.org/10.1016/j.cmet.2013.12.008
https://doi.org/10.1016/j.cell.2016.07.031
https://doi.org/10.1523/eneuro.0180-24.2024
https://doi.org/10.1016/j.neuroscience.2006.11.065
https://doi.org/10.1152/physiolgenomics.00275.2006
https://doi.org/10.1016/j.neuron.2017.02.004
https://doi.org/10.3389/fpubh.2022.931781
https://doi.org/10.3390/antiox11112298
https://doi.org/10.1016/j.neuroscience.2015.06.027
https://doi.org/10.1111/j.1365-2869.1997.00276.x
https://doi.org/10.1089/ars.2010.3208
https://doi.org/10.1089/ars.2010.3208
https://doi.org/10.1016/j.cmet.2018.05.011
https://doi.org/10.1016/j.cmet.2018.05.011
https://doi.org/10.3389/fcell.2022.956394
https://doi.org/10.5665/sleep.4970
https://doi.org/10.1080/15622975.2021.1907723
https://doi.org/10.1080/15622975.2021.1907723
https://doi.org/10.1038/s41398-021-01464-x
https://doi.org/10.1038/s41398-021-01464-x
https://doi.org/10.1038/s41576-019-0183-6
https://doi.org/10.1016/j.sleep.2023.10.016
https://doi.org/10.1016/j.sleep.2023.10.016
https://doi.org/10.3389/fnagi.2021.798410
https://doi.org/10.1159/000070485
https://doi.org/10.1159/000070485
https://doi.org/10.1093/ntr/nty115
https://doi.org/10.1177/19714009211002778
https://doi.org/10.3389/fimmu.2024.1425816
https://doi.org/10.3389/fimmu.2024.1425816
https://doi.org/10.1093/aje/kwq429
https://doi.org/10.3390/antiox13040439
https://doi.org/10.1016/j.arr.2024.102457
https://doi.org/10.1016/j.arr.2024.102457
https://doi.org/10.1155/2014/102158
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2025.1605070

Mir et al.

Murphy, M. P., Bayir, H., Belousov, V., Chang, C. J., Davies, K. J. A., Davies, M. J.,
et al. (2022). Guidelines for measuring reactive oxygen species and oxidative damage in
cells and in vivo. Nat. Metab. 4 (6), 651-662. doi:10.1038/s42255-022-00591-z

Musiek, E. S., and Holtzman, D. M. (2016). Mechanisms linking circadian clocks,
sleep, and neurodegeneration. Science 354(6315), 1004-1008. doi:10.1126/science.
aah4968

Nedergaard, M., and Goldman, S. A. (2020). Glymphatic failure as a final common
pathway to dementia. Science 370(6512), 50-56. doi:10.1126/science.abb8739

Newman, J. C,, and Verdin, E. (2014). Ketone bodies as signaling metabolites. Trends
Endocrinol. Metab. 25 (1), 42-52. d0i:10.1016/j.tem.2013.09.002

Officer, A., Schneiders, M. L., Wu, D, Nash, P., Thiyagarajan, J. A., and Beard, J. R.
(2016). Valuing older people: time for a global campaign to combat ageism. Bull. World
Health Organ 94 (10), 710-710a. doi:10.2471/blt.16.184960

Ohayon, M. M., Carskadon, M. A., Guilleminault, C., and Vitiello, M. V. (2004).
Meta-analysis of quantitative sleep parameters from childhood to old age in healthy
individuals: developing normative sleep values across the human lifespan. Sleep 27 (7),
1255-1273. doi:10.1093/sleep/27.7.1255

O’Hearn, L. A. (2021). The therapeutic properties of ketogenic diets, slow-wave sleep,
and circadian synchrony. Curr. Opin. Endocrinol. Diabetes Obes. 28 (5), 503-508.
doi:10.1097/med.0000000000000660

Olivieri, F., Prattichizzo, F., Grillari, ]., and Balistreri, C. R. (2018). Cellular senescence
and inflammaging in age-related diseases. Mediat. Inflamm. 2018, 9076485. doi:10.
1155/2018/9076485

O’Toole, P. W, and Jeffery, I. B. (2015). Gut microbiota and aging. Science 350 (6265),
1214-1215. doi:10.1126/science.aac8469

Paradies, G., Petrosillo, G., Paradies, V., Reiter, R. J., and Ruggiero, F. M. (2010).
Melatonin, cardiolipin and mitochondrial bioenergetics in health and disease. J. Pineal
Res. 48 (4), 297-310. doi:10.1111/j.1600-079X.2010.00759.x

Pardillo-Diaz, R., Pérez-Garcia, P., Castro, C., Nunez-Abades, P., and Carrascal, L.
(2022). Oxidative stress as a potential mechanism underlying membrane
hyperexcitability in neurodegenerative diseases. Antioxidants (Basel) 11 (8), 1511.
doi:10.3390/antiox11081511

Parhizkar, S., and Holtzman, D. M. (2025). The night’s watch: exploring how sleep
protects against neurodegeneration. Neuron 113 (6), 817-837. doi:10.1016/j.neuron.
2025.02.004

Park, J., and Gupta, R. S. (2013). “Adenosine metabolism, adenosine kinase, and
evolution,” in Adenosine: a key link between metabolism and brain activity. Editors
S. Masino, and D. Boison (New York, NY: Springer New York), 23-54.

Petrosillo, G., Fattoretti, P., Matera, M., Ruggiero, F. M., Bertoni-Freddari, C., and
Paradies, G. (2008). Melatonin prevents age-related mitochondrial dysfunction in rat
brain via cardiolipin protection. Rejuvenation Res. 11 (5), 935-943. doi:10.1089/rej.
2008.0772

Pietrzak, D., Kasperek, K., Rekawek, P., and Pigtkowska-Chmiel, I. (2022). The
therapeutic role of ketogenic diet in neurological disorders. Nutrients 14 (9), 1952.
doi:10.3390/nu14091952

Pinto, A., Bonucci, A., Maggi, E., Corsi, M., and Businaro, R. (2018). Anti-
oxidant and anti-inflammatory activity of ketogenic diet: new perspectives for
neuroprotection in alzheimer’s disease. Antioxidants (Basel) 7 (5), 63. d0i:10.3390/
antiox7050063

Poljsak, B., Suput, D., and Milisav, L. (2013). Achieving the balance between ROS and
antioxidants: when to use the synthetic antioxidants. Oxid. Med. Cell Longev. 2013,
956792. doi:10.1155/2013/956792

Pollicino, F., Veronese, N., Dominguez, L. J., and Barbagallo, M. (2023).
Mediterranean diet and mitochondria: new findings. Exp. Gerontol. 176, 112165.
doi:10.1016/j.exger.2023.112165

Rahman, K. (2007). Studies on free radicals, antioxidants, and co-factors. Clin. Interv.
Aging 2 (2), 219-236. Available online at: https://www.dovepress.com/article/
download/167.

Ramanathan, L., Gulyani, S., Nienhuis, R., and Siegel, J. M. (2002). Sleep deprivation
decreases superoxide dismutase activity in rat hippocampus and brainstem. Neuroreport
13 (11), 1387-1390. doi:10.1097/00001756-200208070-00007

Ramos, C., Gibson, G. R., Walton, G. E., Magistro, D., Kinnear, W., and Hunter, K.
(2022). Systematic review of the effects of exercise and physical activity on the gut
microbiome of older adults. Nutrients 14 (3), 674. doi:10.3390/nu14030674

Rasmussen, M. K., Mestre, H., and Nedergaard, M. (2018). The glymphatic pathway
in neurological disorders. Lancet Neurol. 17 (11), 1016-1024. doi:10.1016/s1474-
4422(18)30318-1

Reddam, A., McLarnan, S., and Kupsco, A. (2022). Environmental chemical
exposures and mitochondrial dysfunction: a review of recent literature. Curr.
Environ. Health Rep. 9 (4), 631-649. doi:10.1007/s40572-022-00371-7

Reimund, E. (1994). The free radical flux theory of sleep. Med. Hypotheses 43 (4),
231-233. doi:10.1016/0306-9877(94)90071-x

Richardson, R. B., and Mailloux, R. J. (2023). Mitochondria need their sleep: redox,
bioenergetics, and temperature regulation of circadian rhythms and the role of cysteine-

Frontiers in Aging

18

10.3389/fragi.2025.1605070

mediated redox signaling, uncoupling proteins, and substrate cycles. Antioxidants
(Basel) 12 (3), 674. doi:10.3390/antiox12030674

Robberechts, R., Albouy, G., Hespel, P., and Poffé, C. (2023). Exogenous ketosis
improves sleep efficiency and counteracts the decline in REM sleep after strenuous
exercise. Med. Sci. Sports Exerc 55 (11), 2064-2074. doi:10.1249/mss.0000000000003231

Roberts, M. N., Wallace, M. A., Tomilov, A. A., Zhou, Z., Marcotte, G. R., Tran, D.,
et al. (2017). A ketogenic diet extends longevity and healthspan in adult mice. Cell
Metab. 26 (3), 539-546.e5. d0i:10.1016/j.cmet.2017.08.005

Romero-Corral, A., Caples, S. M., Lopez-Jimenez, F., and Somers, V. K. (2010).
Interactions between obesity and obstructive sleep apnea: implications for treatment.
Chest 137 (3), 711-719. doi:10.1378/chest.09-0360

Rosenberg, R. S., and Hout, S. V. (2013). The American academy of sleep medicine
inter-scorer reliability program: sleep stage scoring. J. Clin. Sleep Med. 09(01), 81-87.
doi:10.5664/jcsm.2350

Roézanski, G., Pheby, D., Newton, J. L., Murovska, M., Zalewski, P., and Stomko, J.
(2021). Effect of different types of intermittent fasting on biochemical and
anthropometric parameters among patients with metabolic-associated fatty liver
disease (MAFLD)-A systematic review. Nutrients 14 (1), 91. doi:10.3390/nu14010091

Rusu, M. E,, Fizesan, L, Pop, A., Mocan, A., Gheldiu, A. M., Babota, M., et al. (2020).
Walnut (juglans regia L.) septum: assessment of bioactive molecules and in vitro
biological effects. Molecules 25 (9), 2187. doi:10.3390/molecules25092187

Rutter, J., Reick, M., Wu, L. C,, and McKnight, S. L. (2001). Regulation of clock and
NPAS2 DNA binding by the redox state of NAD cofactors. Science 293 (5529), 510-514.
doi:10.1126/science.1060698

Salazar, N., Valdés-Varela, L., Gonzdlez, S., Gueimonde, M., and De Los Reyes-
Gavilan, C. G. (2017). Nutrition and the gut microbiome in the elderly. Gut microbes 8
(2), 82-97. doi:10.1080/19490976.2016.1256525

Sardeli, A. V., Tomeleri, C. M., Cyrino, E. S., Fernhall, B., Cavaglieri, C. R., and
Chacon-Mikahil, M. P. T. (2018). Effect of resistance training on inflammatory markers
of older adults: a meta-analysis. Exp. Gerontol. 111, 188-196. doi:10.1016/j.exger.2018.
07.021

Sarnataro, R., Velasco, C. D., Monaco, N., Kempf, A., and Miesenbdck, G. (2025).
Mitochondrial origins of the pressure to sleep. bioRxiv. doi:10.1101/2024.02.23.581770

Sarode, R., and Nikam, P. P. (2023). The impact of sleep disorders on cardiovascular
health: mechanisms and interventions. Cureus 15 (11), €49703. doi:10.7759/cureus.
49703

Savage, V. M., and West, G. B. (2007). A quantitative, theoretical framework for
understanding mammalian sleep. Proc. Natl. Acad. Sci. U. S. A. 104 (3), 1051-1056.
doi:10.1073/pnas.0610080104

Scharf, M. T., Naidoo, N., Zimmerman, J. E., and Pack, A. I. (2008). The energy
hypothesis of sleep revisited. Prog. Neurobiol. 86 (3), 264-280. doi:10.1016/j.pneurobio.
2008.08.003

Schieber, M., and Chandel, N. S. (2014). ROS function in redox signaling and
oxidative stress. Curr. Biol. 24 (10), R453-R462. doi:10.1016/j.cub.2014.03.034

Schmidt, M. H. (2014). The energy allocation function of sleep: a unifying theory of
sleep, torpor, and continuous wakefulness. Neurosci. and Biobehav. Rev. 47, 122-153.
doi:10.1016/j.neubiorev.2014.08.001

Schulz, H. (2008). Rethinking sleep analysis. J. Clin. Sleep. Med. 4(2), 99-103. doi:10.
5664/jcsm.27124

Semsei, I, Rao, G., and Richardson, A. (1991). Expression of superoxide dismutase
and catalase in rat brain as a function of age. Mech. Ageing Dev. 58 (1), 13-19. doi:10.
1016/0047-6374(91)90116-h

Sena, L. A,, and Chandel, N. S. (2012). Physiological roles of mitochondrial reactive
oxygen species. Mol. Cell 48 (2), 158-167. doi:10.1016/j.molcel.2012.09.025

Shabkhizan, R., Haiaty, S., Moslehian, M. S., Bazmani, A., Sadeghsoltani, F., Saghaei
Bagheri, H., et al. (2023). The beneficial and adverse effects of autophagic response to
caloric restriction and fasting. Adv. Nutr. 14 (5), 1211-1225. doi:10.1016/j.advnut.2023.
07.006

Shang, C,, Liu, Z., Zhu, Y., Lu, ], Ge, C., Zhang, C,, et al. (2021). SARS-CoV-2 causes
mitochondrial dysfunction and mitophagy impairment. Front. Microbiol. 12, 780768.
doi:10.3389/fmicb.2021.780768

Sharma, S., and Kavuru, M. (2010). Sleep and metabolism: an overview. Int.
J. Endocrinol. 2010, 270832. doi:10.1155/2010/270832

Shimazu, T., Hirschey, M. D., Newman, J., He, W., Shirakawa, K., Le Moan, N, et al.
(2013). Suppression of oxidative stress by B-hydroxybutyrate, an endogenous histone
deacetylase inhibitor. Science 339 (6116), 211-214. doi:10.1126/science.1227166

Shin, S., Seok, J. W., Kim, K., Kim, J., Nam, H.-Y., and Pak, K. (2024). Poor sleep
quality is associated with decreased regional brain glucose metabolism in healthy
middle-aged adults. Neurolmage 298, 120814. doi:10.1016/j.neuroimage.2024.120814

Shokhina, A. G., Kostyuk, A. I, Ermakova, Y. G., Panova, A. S., Staroverov, D. B.,
Egorov, E. S,, et al. (2019). Red fluorescent redox-sensitive biosensor Grx1-roCherry.
Redox Biol. 21, 101071. doi:10.1016/j.redox.2018.101071

Shokri-Kojori, E., Wang, G. J., Wiers, C. E.,, Demiral, S. B., Guo, M., Kim, S. W,, et al.
(2018). B-Amyloid accumulation in the human brain after one night of sleep

frontiersin.org


https://doi.org/10.1038/s42255-022-00591-z
https://doi.org/10.1126/science.aah4968
https://doi.org/10.1126/science.aah4968
https://doi.org/10.1126/science.abb8739
https://doi.org/10.1016/j.tem.2013.09.002
https://doi.org/10.2471/blt.16.184960
https://doi.org/10.1093/sleep/27.7.1255
https://doi.org/10.1097/med.0000000000000660
https://doi.org/10.1155/2018/9076485
https://doi.org/10.1155/2018/9076485
https://doi.org/10.1126/science.aac8469
https://doi.org/10.1111/j.1600-079X.2010.00759.x
https://doi.org/10.3390/antiox11081511
https://doi.org/10.1016/j.neuron.2025.02.004
https://doi.org/10.1016/j.neuron.2025.02.004
https://doi.org/10.1089/rej.2008.0772
https://doi.org/10.1089/rej.2008.0772
https://doi.org/10.3390/nu14091952
https://doi.org/10.3390/antiox7050063
https://doi.org/10.3390/antiox7050063
https://doi.org/10.1155/2013/956792
https://doi.org/10.1016/j.exger.2023.112165
https://www.dovepress.com/article/download/167
https://www.dovepress.com/article/download/167
https://doi.org/10.1097/00001756-200208070-00007
https://doi.org/10.3390/nu14030674
https://doi.org/10.1016/s1474-4422(18)30318-1
https://doi.org/10.1016/s1474-4422(18)30318-1
https://doi.org/10.1007/s40572-022-00371-7
https://doi.org/10.1016/0306-9877(94)90071-x
https://doi.org/10.3390/antiox12030674
https://doi.org/10.1249/mss.0000000000003231
https://doi.org/10.1016/j.cmet.2017.08.005
https://doi.org/10.1378/chest.09-0360
https://doi.org/10.5664/jcsm.2350
https://doi.org/10.3390/nu14010091
https://doi.org/10.3390/molecules25092187
https://doi.org/10.1126/science.1060698
https://doi.org/10.1080/19490976.2016.1256525
https://doi.org/10.1016/j.exger.2018.07.021
https://doi.org/10.1016/j.exger.2018.07.021
https://doi.org/10.1101/2024.02.23.581770
https://doi.org/10.7759/cureus.49703
https://doi.org/10.7759/cureus.49703
https://doi.org/10.1073/pnas.0610080104
https://doi.org/10.1016/j.pneurobio.2008.08.003
https://doi.org/10.1016/j.pneurobio.2008.08.003
https://doi.org/10.1016/j.cub.2014.03.034
https://doi.org/10.1016/j.neubiorev.2014.08.001
https://doi.org/10.5664/jcsm.27124
https://doi.org/10.5664/jcsm.27124
https://doi.org/10.1016/0047-6374(91)90116-h
https://doi.org/10.1016/0047-6374(91)90116-h
https://doi.org/10.1016/j.molcel.2012.09.025
https://doi.org/10.1016/j.advnut.2023.07.006
https://doi.org/10.1016/j.advnut.2023.07.006
https://doi.org/10.3389/fmicb.2021.780768
https://doi.org/10.1155/2010/270832
https://doi.org/10.1126/science.1227166
https://doi.org/10.1016/j.neuroimage.2024.120814
https://doi.org/10.1016/j.redox.2018.101071
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2025.1605070

Mir et al.

deprivation. Proc. Natl. Acad. Sci. U. S. A. 115 (17), 4483-4488. doi:10.1073/pnas.
1721694115

Sidani, S., Guruge, S., Fox, M., and Collins, L. (2019). Gender differences in
perpetuating factors, experience and management of chronic insomnia. J. Gend.
Stud. 28 (4), 402-413. doi:10.1080/09589236.2018.1491394

Siegel, J. M. (2005). Clues to the functions of mammalian sleep. Nature 437 (7063),
1264-1271. doi:10.1038/nature04285

Sies, H., and Jones, D. P. (2020). Reactive oxygen species (ROS) as pleiotropic
physiological signalling agents. Nat. Rev. Mol. Cell Biol. 21 (7), 363-383. doi:10.1038/
541580-020-0230-3

Silva, B. S. A., Uzeloto, J. S., Lira, F. S., Pereira, T., Coelho, E. S. M. J., and Caseiro, A.
(2021). Exercise as a peripheral circadian clock resynchronizer in vascular and skeletal
muscle aging. Int. J. Environ. Res. Public Health 18 (24), 12949. doi:10.3390/
ijerph182412949

Simioni, C., Zauli, G., Martelli, A. M., Vitale, M., Sacchetti, G., Gonelli, A., et al.
(2018). Oxidative stress: role of physical exercise and antioxidant nutraceuticals in
adulthood and aging. Oncotarget 9 (24), 17181-17198. doi:10.18632/oncotarget.24729

Simou, E., Britton, J., and Leonardi-Bee, J. (2018). Alcohol and the risk of sleep
apnoea: a systematic review and meta-analysis. Sleep. Med. 42, 38-46. doi:10.1016/j.
sleep.2017.12.005

Simpson, R.J., Kunz, H., Agha, N., and Graff, R. (2015). Exercise and the regulation of
immune functions. Prog. Mol. Biol. Transl. Sci. 135, 355-380. doi:10.1016/bs.pmbts.
2015.08.001

Singh, A., and Kumar, A. (2008). Protective effect of alprazolam against sleep
deprivation-induced behavior alterations and oxidative damage in mice. Neurosci.
Res. 60 (4), 372-379. doi:10.1016/j.neures.2007.12.003

Soares, J. P., Silva, A. M., Oliveira, M. M., Peixoto, F., Gaivdo, I., and Mota, M. P.
(2015). Effects of combined physical exercise training on DNA damage and repair
capacity: role of oxidative stress changes. Age (Dordr) 37 (3), 9799. doi:10.1007/s11357-
015-9799-4

Spielmann, G., McFarlin, B. K., O’Connor, D. P., Smith, P. J. W,, Pircher, H., and
Simpson, R. J. (2011). Aerobic fitness is associated with lower proportions of senescent
blood T-cells in man. Brain, Behav. Immun. 25 (8), 1521-1529. d0i:10.1016/j.bbi.2011.
07.226

Srivastava, S. (2017). The mitochondrial basis of aging and age-related disorders.
Genes (Basel) 8 (12), 398. doi:10.3390/genes8120398

Stanek, A., Brozyna-Tkaczyk, K., and Myélinski, W. (2021). Oxidative stress markers
among obstructive sleep apnea patients. Oxidative Med. Cell. Longev. 2021 (1), 9681595.
doi:10.1155/2021/9681595

Stefanatos, R., and Sanz, A. (2018). The role of mitochondrial ROS in the aging brain.
FEBS Lett. 592 (5), 743-758. doi:10.1002/1873-3468.12902

Steiner, J. L., Murphy, E. A., McClellan, J. L., Carmichael, M. D., and Davis, J. M.
(2011). Exercise training increases mitochondrial biogenesis in the brain. J. Appl
Physiology 111 (4), 1066-1071. doi:10.1152/japplphysiol.00343.2011

Steinert, E. M., Vasan, K., and Chandel, N. S. (2021). Mitochondrial metabolism
regulation of T cell-mediated immunity. Annu. Rev. Immunol. 39, 395-416. doi:10.
1146/annurev-immunol-101819-082015

Stekovic, S., Hofer, S. J., Tripolt, N., Aon, M. A, Royer, P., Pein, L., et al. (2019).
Alternate day fasting improves physiological and molecular markers of aging in healthy,
non-obese humans. Cell Metab. 30 (3), 462-476.¢6. doi:10.1016/j.cmet.2019.07.016

Stirone, C., DucKles, S. P., Krause, D. N., and Procaccio, V. (2005). Estrogen increases
mitochondrial efficiency and reduces oxidative stress in cerebral blood vessels. Mol.
Pharmacol. 68 (4), 959-965. doi:10.1124/mol.105.014662

St-Onge, M. P., Mikic, A., and Pietrolungo, C. E. (2016). Effects of diet on sleep
quality. Adv. Nutr. 7 (5), 938-949. doi:10.3945/an.116.012336

Sutton, E. F., Beyl, R, Early, K. S., Cefalu, W. T., Ravussin, E., and Peterson, C. M.
(2018). Early time-restricted feeding improves insulin sensitivity, blood pressure, and
oxidative stress even without weight loss in men with prediabetes. Cell Metab. 27 (6),
1212-1221.e3. doi:10.1016/j.cmet.2018.04.010

Szuhany, K. L., Bugatti, M., and Otto, M. W. (2015). A meta-analytic review of the
effects of exercise on brain-derived neurotrophic factor. J. Psychiatr. Res. 60, 56-64.
doi:10.1016/j.jpsychires.2014.10.003

Taporoski, T. P., Beijamini, F., Alexandria, S., Aaby, D., von Schantz, M., Pereira, A.
C,, et al. (2024). Gender differences in the relationship between sleep and age in a
Brazilian cohort: the Baependi Heart Study. J. Sleep. Res., e14154. doi:10.1111/jsr.14154

Tarumi, T., and Zhang, R. (2018). Cerebral blood flow in normal aging adults:
cardiovascular determinants, clinical implications, and aerobic fitness. J. Neurochem.
144 (5), 595-608. doi:10.1111/jnc.14234

Tenchov, R, Sasso, J. M., Wang, X, and Zhou, Q. A. (2024). Antiaging strategies and
remedies: a landscape of research progress and promise. ACS Chem. Neurosci. 15 (3),
408-446. doi:10.1021/acschemneuro.3¢00532

Tevy, M. F., Giebultowicz, J., Pincus, Z., Mazzoccoli, G., and Vinciguerra, M. (2013).
Aging signaling pathways and circadian clock-dependent metabolic derangements.
Trends Endocrinol. Metab. 24 (5), 229-237. doi:10.1016/j.tem.2012.12.002

Frontiers in Aging

19

10.3389/fragi.2025.1605070

Tononi, G., and Cirelli, C. (2006). Sleep function and synaptic homeostasis.
Sleep. Med. Rev. 10 (1), 49-62. doi:10.1016/j.smrv.2005.05.002

Tower, J. (2015). Mitochondrial maintenance failure in aging and role of sexual
dimorphism. Arch. Biochem. Biophys. 576, 17-31. doi:10.1016/j.abb.2014.10.008

Trist, B. G., Hare, D. J.,, and Double, K. L. (2019). Oxidative stress in the aging
substantia nigra and the etiology of Parkinson’s disease. Aging Cell 18 (6), e13031.
doi:10.1111/acel. 13031

Trivedi, M. S., Holger, D., Bui, A. T., Craddock, T. J. A, and Tartar, J. L. (2017).
Short-term sleep deprivation leads to decreased systemic redox metabolites and
altered epigenetic status. PLoS One 12 (7), €0181978. doi:10.1371/journal.pone.
0181978

Tune, C., Hahn, J., Autenrieth, S. E., Meinhardt, M., Pagel, R., Schampel, A, et al.
(2021). Sleep restriction prior to antigen exposure does not alter the T cell receptor
repertoire but impairs germinal center formation during a T cell-dependent B cell
response in murine spleen. Brain Behav. Immun. Health 16, 100312. doi:10.1016/j.bbih.
2021.100312

Vaccaro, A., Kaplan Dor, Y., Nambara, K., Pollina, E. A,, Lin, C., Greenberg, M. E.,
etal. (2020). Sleep loss can cause death through accumulation of reactive oxygen species
in the gut. Cell 181 (6), 1307-1328.e15. doi:10.1016/j.cell.2020.04.049

van den Berg, J. F., Miedema, H. M., Tulen, J. H., Hofman, A., Neven, A. K., and
Tiemeier, H. (2009). Sex differences in subjective and actigraphic sleep measures: a
population-based study of elderly persons. Sleep 32 (10), 1367-1375. doi:10.1093/sleep/
32.10.1367

Varin, C,, Rancillac, A., Geoffroy, H., Arthaud, S., Fort, P., and Gallopin, T. (2015).
Glucose induces slow-wave sleep by exciting the sleep-promoting neurons in the
ventrolateral preoptic nucleus: a new link between sleep and metabolism.
J. Neurosci. 35 (27), 9900-9911. doi:10.1523/jneurosci.0609-15.2015

Vecchio, L. M., Meng, Y., Xhima, K., Lipsman, N., Hamani, C., and Aubert, L. (2018).
The neuroprotective effects of exercise: maintaining a healthy brain throughout aging.
Brain Plast. 4 (1), 17-52. doi:10.3233/bpl-180069

Vilela, T. C., de Andrade, V. M., Radak, Z., and de Pinho, R. A. (2020). The role of
exercise in brain DNA damage. Neural Regen. Res. 15 (11), 1981-1985. doi:10.4103/
1673-5374.282237

Villafuerte, G., Miguel-Puga, A., Rodriguez, E. M., Machado, S., Manjarrez, E., and
Arias-Carrién, O. (2015). Sleep deprivation and oxidative stress in animal models: a
systematic review. Oxid. Med. Cell Longev. 2015, 234952. doi:10.1155/2015/234952

von Holstein-Rathlou, S., Petersen, N. C., and Nedergaard, M. (2018). Voluntary
running enhances glymphatic influx in awake behaving, young mice. Neurosci. Lett. 662,
253-258. doi:10.1016/j.neulet.2017.10.035

Vyazovskiy, V. V., and Harris, K. D. (2013). Sleep and the single neuron: the role of
global slow oscillations in individual cell rest. Nat. Rev. Neurosci. 14 (6), 443-451.
doi:10.1038/nrn3494

Wang, L., Gui, ], Ding, R,, Yang, X,, Yang, J., Luo, H,, et al. (2023). Dietary intake of
flavonoids associated with sleep problems: an analysis of data from the national health
and nutrition examination survey, 2007-2010. Brain Sci. 13 (6), 873. doi:10.3390/
brainscil3060873

Wang, Y., Zhang, S. X, and Gozal, D. (2010). Reactive oxygen species and the brain in
sleep apnea. Respir. Physiol. Neurobiol. 174 (3), 307-316. doi:10.1016/j.resp.2010.09.001

Wilking, M., Ndiaye, M., Mukhtar, H., and Ahmad, N. (2012). Circadian rhythm
connections to oxidative stress: implications for human health. Antioxidants and Redox
Signal. 19 (2), 192-208. doi:10.1089/ars.2012.4889

Wiranto, Y., Siengsukon, C., Mazzotti, D. R., Burns, J. M., and Watts, A. (2024). Sex
differences in the role of sleep on cognition in older adults. doi:10.1101/2024.01.08.
24300996

Womack, K. B., Diaz-Arrastia, R., Aizenstein, H. J., Arnold, S. E., Barbas, N. R., Boeve,
B. F, et al. (2011). Temporoparietal hypometabolism in frontotemporal lobar
degeneration and associated imaging diagnostic errors. Arch. Neurol. 68 (3),
329-337. doi:10.1001/archneurol.2010.295

Wong, L. W,, Chong, Y. S., Wong, W. L. E,, and Sajikumar, S. (2020). Inhibition of
histone deacetylase reinstates hippocampus-dependent long-term synaptic plasticity
and associative memory in sleep-deprived mice. Cereb. Cortex 30 (7), 4169-4182.
doi:10.1093/cercor/bhaa041

Wu, J. C,, Gillin, J. C., Buchsbaum, M. S., Hershey, T., Hazlett, E., Sicotte, N., et al.
(1991). The effect of sleep deprivation on cerebral glucose metabolic rate in normal
humans assessed with positron emission tomography. Sleep 14 (2), 155-162. doi:10.
1093/sleep/14.2.155

Wurtman, R. J. (2000). Age-related decreases in melatonin secretion-clinical
consequences. J. Clin. Endocrinol. Metab. 85 (6), 2135-2136. doi:10.1210/jcem.85.6.
6660

Wynchank, D, Bijlenga, D., Penninx, B. W., Lamers, F., Beekman, A. T., Kooij, J. . S.,
et al. (2019). Delayed sleep-onset and biological age: late sleep-onset is associated with
shorter telomere length. Sleep 42 (10), zsz139. doi:10.1093/sleep/zsz139

Xie, L., Kang, H., Xu, Q., Chen, M. ], Liao, Y., Thiyagarajan, M., et al. (2013). Sleep
drives metabolite clearance from the adult brain. Science 342 (6156), 373-377. doi:10.
1126/science.1241224

frontiersin.org


https://doi.org/10.1073/pnas.1721694115
https://doi.org/10.1073/pnas.1721694115
https://doi.org/10.1080/09589236.2018.1491394
https://doi.org/10.1038/nature04285
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.3390/ijerph182412949
https://doi.org/10.3390/ijerph182412949
https://doi.org/10.18632/oncotarget.24729
https://doi.org/10.1016/j.sleep.2017.12.005
https://doi.org/10.1016/j.sleep.2017.12.005
https://doi.org/10.1016/bs.pmbts.2015.08.001
https://doi.org/10.1016/bs.pmbts.2015.08.001
https://doi.org/10.1016/j.neures.2007.12.003
https://doi.org/10.1007/s11357-015-9799-4
https://doi.org/10.1007/s11357-015-9799-4
https://doi.org/10.1016/j.bbi.2011.07.226
https://doi.org/10.1016/j.bbi.2011.07.226
https://doi.org/10.3390/genes8120398
https://doi.org/10.1155/2021/9681595
https://doi.org/10.1002/1873-3468.12902
https://doi.org/10.1152/japplphysiol.00343.2011
https://doi.org/10.1146/annurev-immunol-101819-082015
https://doi.org/10.1146/annurev-immunol-101819-082015
https://doi.org/10.1016/j.cmet.2019.07.016
https://doi.org/10.1124/mol.105.014662
https://doi.org/10.3945/an.116.012336
https://doi.org/10.1016/j.cmet.2018.04.010
https://doi.org/10.1016/j.jpsychires.2014.10.003
https://doi.org/10.1111/jsr.14154
https://doi.org/10.1111/jnc.14234
https://doi.org/10.1021/acschemneuro.3c00532
https://doi.org/10.1016/j.tem.2012.12.002
https://doi.org/10.1016/j.smrv.2005.05.002
https://doi.org/10.1016/j.abb.2014.10.008
https://doi.org/10.1111/acel.13031
https://doi.org/10.1371/journal.pone.0181978
https://doi.org/10.1371/journal.pone.0181978
https://doi.org/10.1016/j.bbih.2021.100312
https://doi.org/10.1016/j.bbih.2021.100312
https://doi.org/10.1016/j.cell.2020.04.049
https://doi.org/10.1093/sleep/32.10.1367
https://doi.org/10.1093/sleep/32.10.1367
https://doi.org/10.1523/jneurosci.0609-15.2015
https://doi.org/10.3233/bpl-180069
https://doi.org/10.4103/1673-5374.282237
https://doi.org/10.4103/1673-5374.282237
https://doi.org/10.1155/2015/234952
https://doi.org/10.1016/j.neulet.2017.10.035
https://doi.org/10.1038/nrn3494
https://doi.org/10.3390/brainsci13060873
https://doi.org/10.3390/brainsci13060873
https://doi.org/10.1016/j.resp.2010.09.001
https://doi.org/10.1089/ars.2012.4889
https://doi.org/10.1101/2024.01.08.24300996
https://doi.org/10.1101/2024.01.08.24300996
https://doi.org/10.1001/archneurol.2010.295
https://doi.org/10.1093/cercor/bhaa041
https://doi.org/10.1093/sleep/14.2.155
https://doi.org/10.1093/sleep/14.2.155
https://doi.org/10.1210/jcem.85.6.6660
https://doi.org/10.1210/jcem.85.6.6660
https://doi.org/10.1093/sleep/zsz139
https://doi.org/10.1126/science.1241224
https://doi.org/10.1126/science.1241224
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2025.1605070

Mir et al.

Xiong, Y., Yu, Q., Zhi, H., Peng, H., Xie, M., Li, R, et al. (2024). Advances in the study
of the glymphatic system and aging. CNS Neurosci. Ther. 30 (6), €14803. doi:10.1111/
cns.14803

Xu, L., Yang, Y., and Chen, J. (2020). The role of reactive oxygen species in cognitive
impairment associated with sleep apnea. Exp. Ther. Med. 20 (5), 4. doi:10.3892/etm.
2020.9132

Xue, X., Wu, J. J., Huo, B. B, Xing, X. X,, Ma, J., Li, Y. L, et al. (2022). Age-related
alterations of brain metabolic network based on [18F]FDG-PET of rats. Aging (Albany
NY) 14 (2), 923-942. doi:10.18632/aging.203851

Yang, H., Wang, T., Qian, C., Wang, H., Yu, D., Shi, M., et al. (2025). Gut microbial-
derived phenylacetylglutamine accelerates host cellular senescence. Nat. Aging 5,
401-418. doi:10.1038/s43587-024-00795-w

Yang, J.-L., Lin, Y.-T., Chuang, P.-C., Bohr, V., and Mattson, M. (2013). BDNF and
exercise enhance neuronal DNA repair by stimulating CREB-mediated production of
apurinic/apyrimidinic endonuclease 1. Neuromolecular Med. 16, 161-174. doi:10.1007/
512017-013-8270-x

Yi, T., Gao, P., Zhu, T., Yin, H,, and Jin, S. (2022). Glymphatic system dysfunction: a
novel mediator of sleep disorders and headaches. Front. Neurol. 13, 885020. doi:10.
3389/fneur.2022.885020

Yin, F., Boveris, A., and Cadenas, E. (2014). Mitochondrial energy metabolism and
redox signaling in brain aging and neurodegeneration. Antioxid. Redox Signal 20 (2),
353-371. doi:10.1089/ars.2012.4774

Yuan, T. F., Gu, S., Shan, C., Marchado, S., and Arias-Carrién, O. (2015). Oxidative
stress and adult neurogenesis. Stem Cell Rev. Rep. 11 (5), 706-709. doi:10.1007/s12015-
015-9603-y

Frontiers in Aging

20

10.3389/fragi.2025.1605070

Zada, D,, Sela, Y., Matosevich, N., Monsonego, A., Lerer-Goldshtein, T., Nir, Y., et al.
(2021). Parpl promotes sleep, which enhances DNA repair in neurons. Mol. Cell 81
(24), 4979-4993.€7. doi:10.1016/j.molcel.2021.10.026

Zegarra-Valdivia, J., Arana-Nombera, H., Perez-Fernandez, L., del Rocio Casimiro,
M., Gallegos-Manayay, V., del Rosario Oliva-Piscoya, M., et al. (2025). Insulin-like
growth factor 1 impact on Alzheimer’s disease: role in inflammation, stress, and
cognition. Curr. Issues Mol. Biol. 47(4), 233. doi:10.3390/cimb47040233

Zeppenfeld, D. M., Simon, M., Haswell, ]. D., D’Abreo, D., Murchison, C., Quinn, J. F.,
et al. (2017). Association of perivascular localization of aquaporin-4 with cognition and
alzheimer disease in aging brains. JAMA Neurol. 74 (1), 91-99. doi:10.1001/jamaneurol.
2016.4370

Zhang, B., and Wing, Y. K. (2006). Sex differences in insomnia: a meta-analysis. Sleep
29 (1), 85-93. doi:10.1093/sleep/29.1.85

Zhang, Q., Yi, J., and Wu, Y. (2024a). Oxidative stress and inflammation mediate the
association between elevated oxidative balance scores and improved sleep quality:
evidence from NHANES. Front. Nutr. 11, 1469779. do0i:10.3389/fnut.2024.1469779

Zhang, W., Liu, D., Yuan, M., and Zhu, L. Q. (2024b). The mechanisms of
mitochondrial abnormalities that contribute to sleep disorders and related
neurodegenerative diseases. Ageing Res. Rev. 97, 102307. doi:10.1016/j.arr.2024.102307

Zhong, H.-H,, Yu, B, Luo, D, Yang, L.-Y., Zhang, J., Jiang, S.-S., et al. (2019). Roles of aging
in sleep. Neurosci. and Biobehav. Rev. 98, 177-184. doi:10.1016/j.neubiorev.2019.01.013

Zhuang, Y., Zhang, Y., Liu, C,, and Zhong, Y. (2024). Interplay between the circadian
clock and sirtuins. Int. J. Mol. Sci. 25 (21), 11469. doi:10.3390/ijms252111469

Zielinski, M. R., and Gibbons, A. J. (2022). Neuroinflammation, sleep, and circadian
rhythms. Front. Cell. Infect. Microbiol. 12, 853096. doi:10.3389/fcimb.2022.853096

frontiersin.org


https://doi.org/10.1111/cns.14803
https://doi.org/10.1111/cns.14803
https://doi.org/10.3892/etm.2020.9132
https://doi.org/10.3892/etm.2020.9132
https://doi.org/10.18632/aging.203851
https://doi.org/10.1038/s43587-024-00795-w
https://doi.org/10.1007/s12017-013-8270-x
https://doi.org/10.1007/s12017-013-8270-x
https://doi.org/10.3389/fneur.2022.885020
https://doi.org/10.3389/fneur.2022.885020
https://doi.org/10.1089/ars.2012.4774
https://doi.org/10.1007/s12015-015-9603-y
https://doi.org/10.1007/s12015-015-9603-y
https://doi.org/10.1016/j.molcel.2021.10.026
https://doi.org/10.3390/cimb47040233
https://doi.org/10.1001/jamaneurol.2016.4370
https://doi.org/10.1001/jamaneurol.2016.4370
https://doi.org/10.1093/sleep/29.1.85
https://doi.org/10.3389/fnut.2024.1469779
https://doi.org/10.1016/j.arr.2024.102307
https://doi.org/10.1016/j.neubiorev.2019.01.013
https://doi.org/10.3390/ijms252111469
https://doi.org/10.3389/fcimb.2022.853096
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2025.1605070

	Unraveling the interplay between sleep, redox metabolism, and aging: implications for brain health and longevity
	1 Introduction
	2 The role of sleep in regulating free radicals in the brain: from Reimund’s free radical flux theory to modern insights
	3 Changes in sleep-wake architecture with aging: do reactive oxygen species mediate sleep disturbances in the elderly?
	3.1 Changes in sleep with aging
	3.2 Age-associated changes in oxidative stress and metabolism
	3.3 Age-associated changes in circadian rhythms
	3.4 Effects of aging and sleep on the glymphatic system and neuron-glial redox coupling in brain health

	4 Sleep disturbances and impaired brain metabolism are closely interconnected, both contributing significantly to the aging ...
	4.1 Impaired brain metabolism leads to sleep disturbances
	4.2 Sleep disruption contributes to dysregulated brain redox and altered metabolism: a bidirectional relationship dictating ...
	4.3 Mitochondrial redox signaling as a bidirectional regulator of sleep and cellular homeostasis
	4.4 Sleep disruption including jet lag, shiftwork, and sleep apnea contribute to impaired metabolism

	5 Sleep and mitochondrial health affect peripheral systems including the immune system and gut
	5.1 Mitochondrial decline, inflammaging, and sleep
	5.2 The gut’s role in mediating sleep and redox balance during aging

	6 How exercise, antioxidant-rich foods, and supplements improve sleep, boost metabolic efficiency, and support longevity
	6.1 Evidence supporting the role of exercise in regulating ROS, enhancing sleep, and promoting longevity
	6.2 Evidence for antioxidant rich foods/diets in regulating ROS, improving sleep, and promoting longevity
	6.3 Evidence supporting the role of antioxidant supplements in regulating ROS, enhancing sleep, and promoting longevity

	7 Current challenges, future perspectives, and conclusions
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


