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Cellular Nutrition and Its Influence on
Age-Associated Cellular Decline

DEFINING AGING

Aging can be defined and categorized in several ways, in-
cluding chronological age and biological aging. Biological

associated with biological
aging have the potential to
extend human healthspan—
the period of life in which
people are in good health
and free from the chronic

aging refers to the accumulation of molecular and cellular
damage, such as mitochondrial dysfunction over time
(Table 1).' These changes are sometimes referred to as
age-associated cellular decline (AACD). Interventions that
slow the accumulation or facilitate the repair of factors

Table 1. Biological Features of Aging
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diseases and common disabilities of aging.

Features Description

Genomic instability
cell division

The increased tendency for DNA mutations and other genetic changes to occur during

Telomere attrition
that cells can divide

The gradual loss of the protective caps of chromosomes, limiting the number of times

Epigenetic alterations

A heritable change that does not affect the DNA sequence but results in a change in gene
expression; examples include promoter methylation and histone modifications

Loss of proteostasis

The failure of the protein building machinery of the cell, and the accumulation of
misfolded proteins and damaged proteins due to impaired autophagy

Deregulated nutrient
sensing nutrient levels

Alterations in the capacity of the body to sense and respond to the ebb and flow of

Mitochondrial dysfunction

Loss of function in mitochondria, the organelle responsible for cellular energy production

Cellular senescence A condition in which a cell no longer can proliferate

Stem cell exhaustion Age-related deficiency of stem cells

Altered intercellular
communication

Change in signals between cells

Source: Reference 1.
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Aging is the greatest risk factor for the majority of chronic
diseases, including cancer, diabetes, cardiovascular
disease, and neurodegenerative diseases; however,
chronological age does not necessarily correlate with
health, and some individuals remain healthy until late in
life. Importantly, many chronic diseases are associated
with molecular and cellular processes that are implicated
in biological aging, including those involving mitochon-
dria."” Interventions intended to promote healthy aging,
including both exercise and nutritional approaches,
impact these cellular processes and may potentially
improve healthspan.

MITOCHONDRIA

Mitochondria are organelles that produce cellular energy
(Figure 1).2 Oxygen is transported from the lungs to cells
throughout the body by red blood cells. Mitochondria use
this oxygen, combined with nutrients from food, to gener-
ate chemical energy in the form of adenosine triphosphate
(ATP). Carbon dioxide is produced by this reaction and
returned by the circulation to the lungs and exhaled. The
energy produced by mitochondria provides more than
90% of the energy used to sustain life and support organ
function.

Figure 1. Mitochondria and Mitochondrial DNA
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Source: Reference 3.
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The energy produced by mitochondria
provides more than 90% of the

energy used to sustain life and support
organ function.

The process of energy production by living systems is
also sometimes referred to as bioenergetics. In this case,
the term mitochondrial bioenergetics refers to how these
organelles transform nutrients into chemical energy. The
process that mitochondria use to convert energy from
macronutrients to ATP is called oxidative phosphorylation,
and forms the basis for mitochondrial respiration. Mito-
chondrial respirometry is often used to directly measure
mitochondrial function and is related to multiple age-
related conditions.

Mitochondria are dynamic and can change size, shape,
and position throughout their life cycle. They regularly
undergo fission (division of a single mitochondrion into
multiple mitochondria) or fusion (the combination of two
or more mitochondria into a single mitochondrion).*
Mitochondrial homeostasis is maintained through a
balance of fusion, fission, mitochondrial biogenesis
(creation of new mitochondria), and mitophagy (the
selective degradation of mitochondria).> Together, these
processes are referred to as mitochondrial dynamics, and
serve to maintain the overall quality of a cell's mitochon-
drial network.

Although the primary function of mitochondria is to
produce energy for cells, they also have several other
important functions, including regulating cellular metab-
olism, regulating apoptosis (programmed cell death), and
signaling by producing reactive oxygen species (ROS) as a
product of respiration. ROS are highly reactive molecules
derived from oxygen that are key to many biochemical
reactions; however, when present in excess, they can
result in molecular damage. Mitochondria also have their
own DNA (mtDNA) that encode for 13 proteins that are
components of the respiratory chain and can develop
mutations/deletions as a result of oxidative stress.

Abnormalities in the function of mitochondria are associ-
ated with many diseases, including cancer, cardiovascular
diseases, and neurodegenerative diseases. Therefore, drivers
of mitochondrial dysfunction are promising targets for
addressing multiple age-related conditions with a single
intervention.



AGE-ASSOCIATED CELLULAR DECLINE

Declines in mitochondrial function and metabolism are
among the key components of AACD. AACD is systemic
across all tissues but may be more evident in tissues with
high metabolic demand (e.g., skeletal and cardiac muscle,
central nervous system tissue). AACD is often associated
with fatigue, reduced strength and daily energy, and low
physical activity.5’

Mitochondrial decline also can contribute to other forms of
AACD, including cellular senescence, chronic inflammation,
and the age-dependent decline in stem cell activity
(Figure 2) Changes include a decrease in mitochondrial
biogenesis, an increase in mitochondria-mediated apop-
tosis, and a decline in mtDNA, accompanied by increased
mtDNA mutations? Specific molecular changes associated
with mitochondrial decline include increased ROS and
decreased glutathione and nicotinamide adenine
dinucleotide (NAD").

A number of physical and environmental risk factors can
have a marked impact on trajectories of aging and rates of
cellular damage accumulation, and have been associated
with accelerated AACD (Table 2).° Among these, the most
important factors include smoking, obesity, sedentary
lifestyles, physical or psychological stress, chronic disease,
and an unfavorable genetic background.® Clinical indica-
tors for identifying AACD include fatigue, low quality of
sleep, low mood, lack of motivation, subjective memory
complaints, and poor exercise tolerance.’

Clinical Risk Factors

¢ (linical conditions
(e.g,, cancer, cardiovascular, renal,
or metabolic disease)

* Smoking

* Obesity
* Unfavorable genetic background
® Insulin resistance

* Low physical capacity
(e.g,, slow gait speed, muscle weakness)

Source: Reference 9.

* Air pollution

Figure 2. Mitochondrial Regulation of Processes That Influence Aging
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Source: Adapted from Reference 7.

Mitochondrial Theories of Aging

According to the mitochondrial theory of aging, damage
to mitochondria and mtDNA contributes to aging by
reducing the amount of energy available to the cell.
Excessive ROS also can contribute to mitochondrial
damage. ROS are vital to regulating a variety of cellular
processes; excessive ROS can damage other cellular
molecules, including DNA, proteins, and lipids.”® Homeo-
stasis to balance the formation of free radicals and their
elimination by antioxidants is normally tightly controlled
and an imbalance can lead to excess ROS and oxidative
stress.”® Excessive ROS and oxidative stress have been
linked to several diseases, including cancer, cardiovascular
disease, metabolic disease, Alzheimer’s disease, Parkinson's
disease, renal disease, and blood disorders.

Table 2. Risk Factors Associated With Accelerated Age-Associated Cellular Decline

Behavioral/Environmental Risk Factors

¢ Sedentary lifestyle

* Low physical activity

* Persistent physical or psychological stress
* Low socioeconomic status

¢ Alcohol abuse

* Inadequate nutrition
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Endogenous antioxidants play a key role in protecting
mitochondria against oxidative stress. For example, aging
is associated with decreasing levels of the antioxidant
glutathione. Acute glutathione deficiency in mitochondria
results in mitochondrial damage or cell death." Chronic
glutathione deficiency can contribute to the development
of clinical conditions associated with aging, such as insulin
resistance. Correcting glutathione deficiency by providing
dietary supplementation with the amino acid precursors
glycine and cysteine (which are converted by the body

to glutathione after ingestion) has been suggested as a
nutritional strategy to combat insulin resistance, obesity,
and hepatic fat accumulation, and to replenish glutathi-
one and improve mitochondrial function. 2

NAD" is a coenzyme that plays many beneficial roles in
muscle development and homeostasis.” Importantly,
NAD" is involved in reactions that produce ROS and is
necessary for ATP production.' It also acts as a signaling
molecule that directs cells to increase energy production
and utilization.”>'® NAD* boosts cellular repair, coordinates
circadian rhythms,'>'¢ and regulates intracellular processes
such as immune function, DNA repair, telomere mainte-
nance, and epigenetic regulation of gene expression.™ It
is additionally involved in mitochondrial biogenesis' and
counters the age-associated decline in mitophagy that
contributes to worsening of age-related disorders.”

Depletion of NAD* results in reduced ATP production and
apoptosis."* NAD* levels steadily decline as adults age;
levels found in middle-aged adults are approximately half
of levels in younger individuals.” This decline is believed to
be due to imbalances in NAD* biosynthetic pathways and
degradation pathways, which may be attenuated with
nutritional and exercise interventions as well as dietary
supplementation with NAD* precursors.
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Although life expectancy has increased dramatically over
the past century, healthspan has not improved to the
same extent.? Instead, aging remains a primary risk factor
for many chronic diseases as well as progressive loss of
function and increased vulnerability to negative health-
related outcomes across multiple disease states® Thus,
interventions designed to address aging have explored
the impact on both lifespan and healthspan.

AACD and Chronic Disease

Evidence suggests that changes associated with AACD act
as triggers for age-associated diseases and conditions.'®
For example, the age-related decline in NAD* has been
associated with the development of diabetes, non-
alcoholic fatty liver disease, atherosclerosis, Alzheimer’s
disease, retinal degeneration, chronic fatigue syndrome,
and depression.'®” The development of these diseases
may be partially mediated through sirtuins, which are
signaling proteins that act as downstream mediators of
NAD*. Conversely, research has shown that NAD" interme-
diates, such as nicotinamide mononucleotide and nicotin-
amide riboside, may potentially be effective for preventing
and treating age-associated pathophysiology.®

AACD and Loss of Function

The changes associated with AACD are also associated
with several measures of declining function. Reduced
NAD" levels are associated with feeling tired faster, in-
creased fatigue, slowed metabolism, and declining mental
function."? Glutathione levels are lower and oxidative
stress is higher in conditions associated with mitochon-
drial dysfunction, including aging, HIV infection, diabetes,
neurodegenerative disorders, cardiovascular disorders,
neurometabolic diseases, cancer, and obesity.

Declining strength and increased fatigue are often physical
effects of aging that precede cognitive decline and
physical disability. Gait speed, which is correlated with
systemic bioenergetic capacity, is a measure of physical
function that is highly predictive of morbidity, disability,
and mortality.”"? Gait speed is associated with altered
muscle mitochondrial bioenergetics in older adults,
demonstrating the role of mitochondrial metabolism in
physical functioning?"?In addition, pathological age-
related muscle wasting and weakness, known as sarco-
penia, is associated with reduced muscular metabolism,
including mitochondrial dysfunction, reduced oxidative
capacity, and reduced NAD" biosynthesis.?



LIFESTYLE INTERVENTIONS
AND HEALTHY AGING

Research has shown that behavioral factors and lifestyle
interventions including exercise and healthy nutrition are
important for healthy aging. Exercise can prevent or delay
cardiovascular disease, diabetes, osteoporosis, sarcopenia,
and depression and extends healthspan by reducing
mortality from chronic diseases associated with aging?
Even without weight loss, exercise has positive metabolic
effects in adults with obesity.? Resistance training in
particular is key to preventing and reversing sarcopenia.
In addition, exercise has been shown to extend the length
of time older adults are able to live independently and
support healthy aging by reducing frailty and mobility
disability. 2?4

Common molecular factors that appear to be associated
with the beneficial effects of exercise on healthspan
involve improved mitochondrial function, including
stimulation of mitochondrial biogenesis and improved

oxidative capacity.*® Exercise also activates signaling to
increase capillary density and, in turn, delivery of oxygen
and nutrients to muscle.

Dietary patterns composed of energy-dense, nutrient-poor
foods combined with a sedentary lifestyle have a dramatic
impact on the development of age-related diseases.”
Conversely, some dietary patterns and nutrients have
been found to have important roles in supporting cellular
function and promoting active and healthy aging.

Evidence shows that weight management, healthy dietary
patterns (e.g., Mediterranean, plant-based, DASH [Dietary
Approaches to Stop Hypertension]), and diets high in
specific nutrients (e.g., protein; calcium; vitamins C, D, and
E; lutein; zeaxanthin; zinc; copper; folic acid; wheat bran
fiber) are associated with reduced risk for a wide range of
age-related conditions and disease states (e.g., sarcopenia,
cognitive decline and dementia, osteoporosis, age-related
macular degeneration, diabetic retinopathy, hearing

loss, obstructive sleep apnea, urinary incontinence,
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constipation).?” Nutrient-dense, plant-based diets that have
relatively low glycemic loads have been recommended

to meet the nutritional needs of older adults.?® Further,
disease-specific nutritional interventions can reverse or
slow the progression of many of these conditions.

NUTRITIONAL MODULATION
OF CELLULAR FUNCTION, AGING,
AND LONGEVITY

Nutritional interventions that modulate cellular function
may impact AACD and longevity.

Calorie Restriction and Longevity

Calorie restriction (CR) and protein restriction are dietary
interventions that have been shown to increase longevity
across a wide range of species’®*# CR involves reducing
caloric intake while maintaining adequate nutrition. In
multiple animal models, reduction of caloric intake by
20% to 50% extends both average and maximal lifespan.”
Moreover, CR reduces the incidence of cancer and slows
the progression of neurodegenerative disorders, cardio-
vascular diseases, and metabolic syndrome.”
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Longevity-promoting effects of CR affect multiple cellular

pathways that regulate metabolism, oxidative stress,
inflammation, and autophagy. In particular, CR improves
mitochondrial metabolism, supports ATP production, and
reduces ROS production and mtDNA mutations In addi-
tion, CR may activate sirtuins and AMP-activated protein
kinase, inhibit insulin-like growth factor 1, and inhibit the
mechanistic target of rapamycin (MTOR).2 Overall, these
changes reduce the rate of cellular aging by increasing
NAD" formation, leading to enhanced NAD* levels in
multiple tissues.® CR also reduces cellular senescence

by both preventing intracellular damage and promoting
repair of existing damage and has been shown to improve
muscle mitochondrial function, specifically the rate of ATP
synthesis, in some but not all individuals.*'

Additional research in animals indicates that restricting
protein intake may extend lifespan by modulating the
mTOR pathway. Low-carbohydrate ketogenic diets also
were shown to extend lifespan and slow age-related
decline in physiological function in mice?%*

Due to practical and ethical limitations, there are limited
data on the long-term benefits of CR or other restrictive
dietary approaches in humans. Further, the extent of CR in
animal models may not be realistic for most people.



In humans, a 2-year randomized controlled trial known

as CALERIE (Comprehensive Assessment of Long-term
Effects of Reducing Intake of Energy) found that an
average of 12% CRis feasible in generally healthy humans
without obesity, and associated with reduced oxidative
stress, attenuated biological aging, and improvements in
markers of healthspan.*** Promising alternatives to CRin
humans include various forms of intermittent fasting such
as time-restricted eating, alternate day fasting, and the 5:2
fast with 5 days of the week of normal intake and 2 fast
days, all of which have been shown to improve markers
of healthspan.® Additionally, research is underway to
develop CR mimetics—natural or synthetic molecules
that mimic the effects of CR on cellular pathways without
the need to alter food intake?

Of note, CR combined with exercise does have some ben-
eficial synergistic effects, such as improving insulin sensi-
tivity, lowering systemic inflammation, and improving
body composition.?*” However, exercise may not provide
an additive benefit for longevity when added to CR?

NUTRITIONAL FACTORS
AND COMPOUNDS THAT ADDRESS
MITOCHONDRIAL HEALTH

Emerging research indicates that some nutritional
compounds can support healthy aging by influencing
mitochondrial repair and preservation, quality control,
and signaling.” In addition, research is being conducted on
other small molecules (e.g., Szeto-Schiller [SS] peptides)
and biologics that can be used to target mitochondria in
different therapeutic indications.

Therapeutics for Mitochondrial Repair

and Preservation

Examples of emerging compounds that have been shown
to address mitochondrial damage and clinical disease states
include SS peptides, coenzyme Q,, (CoQ,,), MitoQ, and
glycine and N-acetylcysteine (GlyNAC).

SS peptides (e.g., SS31, elamipretide) target the delivery

of antioxidants to the inner mitochondrial membrane and
help maintain mitochondrial structure and bioenergetics.®®
These peptides reduce mitochondrial ROS and prevent
oxidant-induced cell death*® Preclinical studies have
found benefits for the use of SS peptides for ischemia-
reperfusion injury and neurodegenerative disorders.®
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CoQ,, is an essential electron and proton carrier in the
mitochondrial respiratory chain that is widely available as
a dietary supplement. In animal models, CoQ,, has been
shown to have beneficial effects in several neurodegen-
erative diseases, including amyotrophic lateral sclerosis,
Huntington’s disease, and Parkinson's disease.

MitoQ is a mitochondria-targeted antioxidant that has
shown positive effects in animal models. In combination
with SS31, MitoQ has been shown to reduce free radicals
and increase ATP production in defective neurons from
patients with Huntington's disease. Researchers have
postulated that both SS31 and MitoQ could be potential
therapeutic targets in treating Huntington's disease.*!

GIyNAC is a precursor of glutathione.? Because glutathione
protects cells from damage due to oxidative stress, it is
critical for maintaining mitochondrial health and healthy
immune function, especially after middle age. Chronic glu-
tathione deficiency results in the additional development
of insulin resistance, which is reversed if glutathione levels
are restored. GIyNAC supplementation appears to improve
several markers of aging in humans, including improve-
ments in mitochondrial dysfunction, inflammation, insulin
resistance, and genomic damage. In older adults, GlyNAC
supplementation has been shown to improve cellular
protection, mitochondrial energy metabolism, physical
strength, physical function, and cognitive health.”

Because glutathione protects cells
from damage due to oxidative stress,
itis critical for maintaining mitochondrial

health and healthy immune function,
especially after middle age.




In one study, GlyNAC supplementation for 24 weeks in
older adults corrected glutathione deficiency in red blood
cells, oxidative stress, and mitochondrial dysfunction;
improved inflammation, endothelial dysfunction, insulin
resistance, genomic damage, cognition, strength, gait
speed, and exercise capacity; and lowered body fat and
waist circumference. However, benefits declined after
GlyNAC supplementation was discontinued.’

Therapeutics for Mitochondrial Quality Control
Compounds that may address mitochondrial quality
control include sirtuins, mitochondrial division inhibitor
(mdivi), urolithin A, and epicatechin.

Mitochondrial quality control involves a variety of mech-
anisms, including regulation by sirtuins. Sirtuins improve
mitochondrial function, biogenesis, and fission/fusion
balances involved in multiple cellular processes, including
the regulation of mitochondrial function, oxidative stress,
inflammation, and autophagy. Sirtuins have been iden-
tified as potential therapeutic targets for type 2 diabetes
and diabetic renal disease.”

Mdivi inhibits mitochondrial fission, improves mitochon-
drial dysfunction and can reverse mitochondria-induced
apoptosis. Mdivi has been postulated to have therapeu-
tic potential for ischemic brain injury and Alzheimer’s
disease.®

Mdivi inhibits mitochondrial fission,
improves mitochondrial dysfunction
and can reverse mitochondria-induced

apoptosis.
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Mitochondrial quality control mechanisms also have

been identified as targets for patients with heart failure.
Urolithin A is a natural dietary metabolite produced from
bacterial transformation of ellagitannins (polyphenols in
foods such as berries and nuts). It stimulates mitophagy,
which can facilitate cell regeneration. Urolithin A improves
muscle health in animal and preclinical models of aging
and stimulates mitochondrial biogenesis in the skeletal
muscle of humans.* Thus, it may improve skeletal muscle
function, leading to improved mobility and extended
independence in older adults® A clinical trial found that

a 4-week regimen of urolithin A at 500 mg or 1,000 mg
improved mitochondrial and cellular health in older adults
who were healthy and sedentary.®

Epicatechin is a dietary flavonoid that has been associated
with improvements in mitochondria in muscles and neu-
rons. Chronic supplementation with epicatechin has been
shown to increase mitochondrial biogenesis in human
muscle tissue. Thus, it has been hypothesized that epicate-
chin supplementation may be beneficial for the treatment
of diseases associated with mitochondrial dysfunction.
The greatest benefits may be seen in sedentary patients.”

Therapeutics for Mitochondrial Signaling
Nutritional compounds that have been shown to address
mitochondrial signaling include nicotinamide riboside
and nicotinamide mononucleotide.

Nicotinamide riboside is an NAD* precursor, and oral sup-
plementation with nicotinamide riboside increases blood
concentrations of NAD** Preclinical research has found
that raising NAD* levels may help reverse signs of aging,
improve cognition, and lower the risk of many chronic
diseases.®*

Nicotinamide mononucleotide is an intermediate of
NAD* biosynthesis. Preclinical studies of nicotinamide
mononucleotide have found that it may have cardiopro-
tective effects against ischemia for ischemia reperfusion
injuries, diabetes, Alzheimer’s disease, and complications
of obesity.** In addition, nicotinamide mononucleotide
supplementation is promising as a therapeutic strategy
to support NAD* function to address pathophysiologic
processes associated with aging, including abnormal
activity of sirtuins, mitochondrial ROS production, and
oxidative stress responses.”!



Researchers have identified several molecular
pathways and cellular processes that appear to
underlie both aging and age-related chronic
disease. Cellular changes assaciated with aging
are cumulatively referred to as AACD and include
defects in mitochondrial function. Emerging
research indicates that certain nutritional factors

may influence AACD processes.

Adoption of healthful eating patterns and exercise
has been shown to improve markers of age-associated
diseases and attenuate biological aging. CR appears to
improve markers of disease risk in humans, but its
acceptability and feasibility particularly over the long
term remains a challenge. Further, the duration, extent,
feasibility, and acceptability of maintaining altered
dietary patterns over time must be considered when

making recommendations for dietary modifications.

Emerging research indicates that nutritional com-
ponents that target specific mechanisms associated
with AACD hold promise for improving the health and
well-being of adults. Dietary supplementation with
these components may be an alternative approach

to lifestyle interventions targeting AACD. Further,
identifying AACD risk factors and intervening with
cellular nutrients earlier in the aging process,
before major mobility disabilities and disease-driven
limitations emerge, could help imprave overall

healthy aging.
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