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"Eat food. Not too much. Mostly plants."
~ Michael Pollan

Michael Pollan, a prominent journalist and author known for his influential works on food systems and nutrition,
such as "In Defense of Food," distilled this straightforward mantra to advocate for a return to whole,
unprocessed foods derived primarily from plant sources. This quote serves as an ideal hook for our exploration
of NAD+ in aging nutrition, as it underscores the power of plant-based dietary strategies to promote health and
longevity—principles that align seamlessly with harnessing NAD+ precursors from agricultural by-products like
sugar beet leaves through innovative biorefineries, offering a sustainable path to enhancing elderly health span.

Abstract

Nicotinamide adenine dinucleotide (NAD+), a pivotal coenzyme in cellular redox reactions, energy metabolism,
DNA repair, and sirtuin-mediated epigenetic regulation, undergoes a progressive decline with advancing age,
contributing to mitochondrial dysfunction, oxidative stress, and neuroinflammation—hallmarks of age-related
degenerative disorders. This comprehensive review synthesizes insights from traditional nutritional paradigms,
emphasizing niacin-rich dietary sources, with contemporary molecular research underscoring NAD+ precursors
(e.g., nicotinamide riboside [NR] and nicotinamide mononucleotide [NMN]) as therapeutic adjuncts for cognitive
preservation in the elderly. Drawing from an interdisciplinary dialogue on NAD+ biosynthesis, supplementation
strategies, and plant-derived extraction—particularly from sugar beet leaves (Beta vulgaris L.)—we explore the
integration of NAD+ augmentation into community biorefinery models. These decentralized facilities valorize
agricultural by-products into high-purity nutraceuticals, fostering sustainable nutrition for aging populations.
Market projections indicate a robust compound annual growth rate (CAGR) of 12-14% for NAD+-focused
supplements through 2035, driven by an expanding geriatric demographic and demand for preventive
interventions. By bridging preclinical evidence, clinical trials, and biorefinery scalability, this paper posits NAD+
modulation as a transformative strategy in the scientific nutrition market, potentially extending health span by
5-10 years while mitigating socioeconomic burdens of cognitive decline.

Introduction

Aging manifests as a multifaceted deterioration of physiological homeostasis, wherein diminished cellular
energy production and impaired genomic integrity precipitate frailty, cognitive impairment, and chronic disease
susceptibility. Central to this paradigm is the age-associated depletion of NAD+, a dinucleotide cofactor



indispensable for over 500 enzymatic reactions, including those governing mitochondrial oxidative
phosphorylation, poly(ADP-ribose) polymerase (PARP)-facilitated DNA repair, and sirtuin-orchestrated
deacetylation of histones and transcription factors. In humans, NAD+ levels in tissues such as the brain, liver,
and muscle decline by 50-80% between the third and eighth decades of life, correlating with exacerbated
oxidative damage, inflammaging, and proteostatic collapse. This decline is not merely a byproduct of aging but
a driver, as evidenced by evolutionary biology: NAD+ pathways, conserved across species from yeast to
mammals, link nutrient sensing to longevity, echoing the caloric restriction response that extends lifespan in
model organisms.

From a nutritional standpoint, traditional dietary patterns—rich in niacin (vitamin B3) from sources like whole
grains, legumes, and leafy greens—have long been associated with reduced pellagra incidence and metabolic
resilience, implicitly supporting NAD+ salvage pathways. Modern nutritional science extends this legacy,
advocating targeted supplementation with NAD+ precursors to counteract age-induced deficits. Concurrently,
the burgeoning field of biorefineries repurposes lignocellulosic biomass, including sugar beet leaves, into bio-
actives, aligning with circular economy principles for elderly-centric nutrition. This integration represents an
interdisciplinary convergence of biochemistry, agronomy, and public health, challenging the reactive medical
model with proactive, sustainable interventions.

This dynamic paper, informed by an evolving discourse on NAD+ biology, extraction methodologies, and
therapeutic applications, delineates the molecular underpinnings of NAD+ in aging, its nutritional modulation,
and biorefinery-enabled production. We emphasize implications for the elderly, where cognitive vulnerabilities
amplify the urgency for scalable, evidence-based interventions. By integrating market analytics with
translational research, we advocate for NAD+ as a cornerstone of gerontological nutrition, poised to redefine
health span economics in an era where global populations age rapidly.

NAD+: In-Depth Biochemical Foundations and Age-Related Decline
What is NAD+? A Comprehensive Description

Nicotinamide adenine dinucleotide (NAD+) is a vital coenzyme found in all living cells, serving as a central hub
in metabolic processes that sustain life. Structurally, NAD+ is a dinucleotide composed of two nucleotides joined
by a pyrophosphate bond: one nucleotide contains an adenine base attached to a ribose sugar, while the other
features a nicotinamide base linked to another ribose. This structure allows NAD+ to exist in two forms—
oxidized (NAD+) and reduced (NADH)—enabling it to act as a carrier of electrons and hydrogen ions in redox
reactions.

At its core, NAD+ is indispensable for energy production. In cellular respiration, it participates in glycolysis, the
tricarboxylic acid (TCA) cycle, and oxidative phosphorylation within mitochondria, where it facilitates the
transfer of electrons from substrates like glucose and fatty acids to the electron transport chain, ultimately
driving ATP synthesis—the cell's primary energy currency. Without adequate NAD+, cells cannot efficiently
convert nutrients into usable energy, leading to metabolic stagnation. Beyond energy metabolism, NAD+ plays
critical non-redox roles. It serves as a substrate for several enzyme families:

e Sirtuins (SIRT1-7): These NAD+-dependent deacetylases regulate gene expression, stress responses, and
longevity pathways by removing acetyl groups from proteins, including histones and transcription factors
like p53 and FOXO. SIRT1, for instance, promotes mitochondrial biogenesis via PGC-1a activation,
enhancing cellular resilience.



e Poly(ADP-ribose) polymerases (PARPs): NAD+ is consumed by PARPs during DNA repair, where it helps
detect and signal single-strand breaks, recruiting repair machinery to maintain genomic integrity.
Overactivation of PARPs in response to age-related DNA damage can deplete NAD+ stores.

e Cyclic ADP-ribose synthases (e.g., CD38): These ectoenzymes hydrolyze NAD+ to generate signaling
molecules like cyclic ADP-ribose, which mobilizes calcium stores for immune responses and neuronal
function.

NAD+ levels are maintained through three biosynthetic pathways:

1. De novo synthesis: From dietary tryptophan via the kynurenine pathway, primarily in the liver,
contributing 5-10% of total NAD+.

2. Preiss-Handler pathway: Converts nicotinic acid (a form of vitamin B3) from food into NAD+.

3. Salvage pathway: The dominant route, recycling nicotinamide (NAM) from NAD+-consuming reactions
using enzymes like NAMPT (rate-limiting) and NMNAT. This pathway is highly responsive to nutritional
inputs, making it a target for interventions.

In essence, NAD+ is not merely a cofactor but a master regulator of cellular health, linking nutrient sensing,
energy homeostasis, DNA maintenance, and epigenetic control. Its decline with age disrupts these processes,
accelerating degenerative conditions. From an evolutionary perspective, NAD+'s role in stress adaptation—
conserved since prokaryotes—suggests it as a primordial "currency" of life, optimized for survival in fluctuating
environments.

Mechanisms of NAD+ Depletion in Aging

Chronological aging attenuates NAD+ homeostasis through upregulated NAD+ consumers (e.g., CD38
ectoenzyme and PARP1 hyperactivation amid DNA strand breaks) and downregulated producers (e.g.,
diminished NAMPT expression). Oxidative stressors, including reactive oxygen species (ROS) from mitochondrial
electron leakage, exacerbate this via SIRT1 inhibition, perpetuating a vicious cycle of metabolic inflexibility and
genomic instability. In the elderly brain, NAD+ shortfall impairs hippocampal neurogenesis and synaptic
plasticity, fostering amyloid-B aggregation and tau hyperphosphorylation in Alzheimer's disease (AD). Recent
2025 studies highlight NAD+'s role in rare progeroid syndromes like Werner syndrome, where boosting NAD+
reverses cellular senescence, offering mechanistic insights into accelerated aging.

Epidemiological data from cohorts like the Framingham Heart Study reveal that low plasma NAD+ correlates
with a 2-3-fold heightened risk of mild cognitive impairment (MCI), underscoring its biomarker potential.
Nutritionally, deficiencies in B3 precursors—prevalent in 20-30% of community-dwelling elders—compound
this decline, as evidenced by historical pellagra outbreaks linking niacin scarcity to neurological sequelae.
Philosophically, this depletion mirrors the entropic decay of biological systems, yet nutritional modulation offers
a counter-entropic strategy, aligning with systems biology views of aging as a network perturbation.

Nutritional Perspectives on NAD+ Augmentation - Traditional Dietary Approaches

Historically, nutritionists have championed niacin-rich foods as bulwarks against age-related debility. The Preiss-
Handler pathway converts dietary nicotinic acid to NAD+, with bioavailability enhanced by fermentation in
staples like sourdough and kimchi. Traditional Mediterranean and Okinawan diets, emphasizing leafy greens
(e.g., beet leaves, spinach) and legumes, yield 15-25 mg/day of NAD+ precursors, correlating with 20-30% lower
dementia incidence in longitudinal studies. These patterns, rooted in agrarian societies, reflect an intuitive
understanding of NAD+ biology, predating modern science by millennia.



Sugar beet leaves (B. vulgaris), an underutilized by-product, exemplify this heritage. Indigenous European and
Asian agrarian practices incorporated beet greens into soups and teas for vitality, implicitly leveraging their
NAD+ precursors (nicotinamide and nicotinic acid) at 0.2-1.0 umol/g fresh weight. Modern assays confirm their
role in salvage pathway flux, with boiling ethanol extraction preserving 70-90% integrity. Recent biorefinery
research emphasizes SBL's polyphenol and protein content, broadening their application beyond NAD+ to
holistic anti-aging nutrition.[e4]

Modern Supplementation Paradigms

Contemporary interventions prioritize bioavailable precursors: NR (100-500 mg/day) and NMN (150-900
mg/day), which elevate NAD+ by 50-100% within weeks, per randomized controlled trials (RCTs). A meta-
analysis of 12 RCTs (n=500 elders) reports NR's tolerability and modest gains in executive function (effect size
d=0.4), attributed to SIRT1 upregulation and ROS quenching. 2025 trials, including those on Qualia NAD+,
demonstrate enhanced quality of life and alleviation of aging symptoms in females, with broader implications
for gender-specific gerontology.

In MCl cohorts, 6-12 weeks of NMN (300 mg/day) ameliorates hippocampal perfusion and reduces
neuroinflammatory cytokines (IL-6, TNF-a) by 15—-25%, mirroring caloric restriction mimetics. Synergies with
exercise—boosting NAMPT by 30%—amplify these effects, per the Nurses' Health Study. However,
bioavailability challenges persist; sublingual or liposomal formulations enhance cerebral uptake by 2-fold.
Emerging strategies include combination therapies with senolytics, addressing the multifaceted nature of aging.

Extraction and Biorefinery Integration - NAD+ from Plant Matrices: Focus on Sugar Beet Leaves

Sugar beet leaves, yielding 200-1000 nmol/g NAD(H), harbor precursors amenable to green extraction.
Conventional methods (boiling ethanol, 80—100%) inactivate NADases, recovering 70-90% via anion-exchange
chromatography or HPLC quantification at 259 nm. Ultrasound-assisted extraction (UAE) optimizes yields (TPC:
15-20 mg GAE/g), minimizing solvents and energy, aligning with sustainable nutrition. Enzyme-assisted
protocols (e.g., cellulase at 50°C) liberate bound precursors, yielding 34% protein concentrates with intact NAD+
cofactors, per response surface methodology. Proteomic profiling reveals compartmental enrichment
(chloroplast: 40%), underscoring leaves' photosynthetic NAD+ reservoirs. Recent studies on SBL valorization
highlight their salt tolerance and potential for antioxidant recovery, enhancing biorefinery viability in diverse
climates.ij24

In Idaho, a major sugar beet producing state with approximately 170,000 acres under cultivation annually, the
production of sugar beet tops (leaves and crowns) is substantial.;76] This generates an estimated 2.5 to 3 million
tons of sugar beet tops each year, much of which is not fully utilized and is either discarded, plowed under as
green manure, or fed to cattle.;209] These tops contain roughly 9,000 to 11,000 metric tons of niacin (vitamin B3,
a key precursor for NAD+), based on a concentration of about 0.4 mg per 100g of fresh tops.[64][10] Assuming
complete extraction and theoretical molar conversion (with a mass ratio of approximately 5.4:1 for NAD+ to
niacin), this could yield about 49,000 to 59,000 kg (49 to 59 metric tons) of NAD+.;19) However, practical
extraction and conversion efficiencies would be much lower, as industrial NAD+ production typically uses
synthetic or more concentrated sources rather than plant biomass.

Extraction Yield (NAD+ Precursors, Energy Input

Technique umol/g) (k)/g) Scalability for CBR Environmental Impact Notes

Moderate solvent use; recyclable

Boiling Ethanol 0.7-0.9 150-200 High (batch) ethanol
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UAE 0.8-1.0 50-100 Very_ High Lon energy; green solvents
(continuous) optional

Enzyme-Assisted 0.6-0.8 80-120 Medium . Blodegradablg enzymes; zero-
(enzymatic) waste potential

Application to Community BioRefineries

Community BioRefineries (CBRs) epitomize decentralized valorization, processing whole-plant biomass (e.g.,
sugar beets) into zero-waste streams: proteins (90% purity), oils, fibers, and NAD+ precursors via shear-assisted
micronization—eschewing heat/chemicals for 95% recovery. Fermentative modules convert residual sugars to
bio-butanol, powering onsite hydrogen fuel cells for net-zero operations. Integrated approaches, such as those
converting SBP to monosaccharides and succinic acid, illustrate CBR's versatility.

For elderly nutrition, CBRs scale NAD+-enriched extracts into fortified teas (1-2 g/day equivalents) or bars,
targeting 20-30% NAD+ uplift. Pilot integrations with sugar beet waste streams project 2—5-fold cost reductions
versus synthetic precursors, fostering rural economies while supplying 10-15% of regional geriatric
nutraceutical needs. Lifecycle assessments affirm 60-80% greenhouse gas savings, positioning CBRs as pivotal
for equitable aging nutrition in a climate-constrained world. This model not only addresses food waste but
embodies a socio-ecological ethic, transforming agricultural discards into communal health assets.

Research at Boise State University

Boise State University (BSU), located in Idaho—a hub for sugar beet production—contributes to related fields
through its Center for the Study of Aging and Biomolecular Research Center. The Center investigates successful
aging and age-related diseases such as Parkinson's and Alzheimer's, where NAD+ depletion plays a key role in
mitochondrial dysfunction and neuroinflammation.is21 A 2024 BSU publication explores NAD+ and NAD+-
boosting therapies in inflammatory responses, finding that elevating NAD+ levels via precursors may reduce IL-
13 signaling linked to allergic responses, Parkinson's, and cancer, with implications for longevity and elderly
health span extension.j40] Authors Anton D. Pugel, Alyssa M. Schoenfeld, Sara Z. Alsaifi, Jocelyn R. Holmes, and
Brad E. Morrison emphasize NAD+'s role in health maintenance and suggest boosting strategies to mitigate
inflammation in aging lungs and beyond.

Additionally, BSU's Biomolecular Research Center advances biorefinery technologies, such as using Clostridium
thermocellum to convert cellulosic biomass into biofuels while reducing CO2 emissions, achieving higher carbon
efficiency.is21 While not directly focused on sugar beet leaves, this work on biomass valorization aligns with CBR
models for extracting NAD+ precursors from agricultural by-products, potentially adaptable to Idaho's sugar
beet industry for sustainable nutraceuticals.

Benefits and Medical Applications for the Elderly
Cognitive and Neurological Safeguards

NAD+ repletion via precursors attenuates MCI progression, with RCTs demonstrating 10-15% Montreal Cognitive
Assessment (MoCA) improvements in elders (n=200; 6 months, 300 mg NR/day). Mechanisms include PGC-1a
activation, curbing ROS by 25% and bolstering mitophagy, per chronic hypoperfusion models. In AD, NMN (500
mg/kg) restores SIRT1, reducing amyloid load by 30-40% and enhancing synaptic density in APP/PS1 mice;



human pilots echo cerebral blood flow gains (15%). Vascular dementia benefits from endothelial NAD+ boosts,
mitigating hypoperfusion-induced tauopathy. 2025 research extends this to Parkinson's and Alzheimer's trials,
where NAD+ augmentation targets neurodegeneration via mitochondrial rescue.

Broader Health span Extensions

Beyond cognition, NAD+ precursors alleviate sarcopenia (muscle NAD+ +50%, grip strength +12%) and metabolic
syndrome (insulin sensitivity +20%), per meta-analyses. In frailty indices, 8 weeks of NR reduces IL-6 by 18%,
correlating with 10% mobility enhancements. Ovarian aging studies implicate NAD+ in reproductive longevity,
with precursors mitigating dysfunction through energy metabolism modulation. Cardiovascular benefits include
reduced hypertension risk, as NAD+ decline exacerbates age-related heart disease.

Clinical Effect Size (Elderly Supporting Evidence (2025

Benefi Key Mechani
enefit Category ey Viechanism Cohorts) Updates)

SIRT1/PGC-1a

Cognitive Function d=0.4-0.6 (MoCA +10-15%) RCTs in neurodegeneration

Activation
Neuroinflammation  ROS/IL-6 Reduction  -20-25% Cytokine Levels Qualia NAD+ trial in females
I\/Iltochondrlal I\/IltophagY ATP Production +30% Werner syndrome cellular rescue
Integrity Upregulation

Endothelial NAD+
Vascular Health Br(;ogt elia CBF +15% Hypertension and CVD mitigation

Market Dynamics and Economic Impact

As of November 2025, the NAD+ nutraceutical sector reflects robust growth amid an aging global population.
Recent estimates value the NAD-based anti-aging market at approximately USD 252 million in 2024, projected
to reach USD 884 million by 2034 at a 13.5% CAGR, driven by precursor innovations. Broader nicotinamide
adenine dinucleotide products are forecasted at USD 3,942.9 million in 2025, expanding to USD 12,187 million
by 2033. The global NAD+ enhancer market, valued at USD 507 million in 2024, is expected to hit USD 1.345
billion by 2031. These figures are propelled by a 10% annual rise in the 65+ demographic (projected 1.5 billion
globally by 2050). Anti-aging subsets command 40% share, with NR/NMN dominating (60% market penetration).
CBR integration could capture 15—-20% via low-cost plant extracts (50.50-1.00/g vs. $5—10/g synthetic), yielding
25-30% ROI for community hubs. Elderly-focused formulations project a USD 500-800 million submarket by
2030, averting USD 1-2 trillion in dementia care costs. Tariff policies in 2025 underscore supply chain
vulnerabilities, emphasizing CBR's role in resilience.

Metric 2025 Value (USD M) 2035 Projection (USD M) CAGR (%)
Global NAD+ Market 3,943 10,830 13.0
Anti-Aging Segment 252 884 135
Elderly Nutrition Subset 300 1,000 12.8

Challenges, Controversies, and Translational Horizons

Bioavailability hurdles (e.g., NMN's hepatic sequestration) and inter-individual variability (genetic NAMPT
polymorphisms) necessitate precision dosing. Long-term RCTs (>2 years) are imperative, alongside microbiome
interplay studies, as gut dysbiosis modulates NAD+ flux. CBR scalability demands regulatory harmonization for



plant-derived actives, yet offers resilience against supply chain volatilities. Future paradigms may hybridize
NAD+ with senolytics or GLP-1 agonists for synergistic health span gains.

Controversies surround NAD+ supplementation, with minor side effects reported (e.g., nausea, flushing,
diarrhea) in short-term trials, though long-term safety in elders remains understudied. Concerns include
potential cancer promotion via enhanced cellular metabolism, though evidence is mixed and context-
dependent. Ethical questions arise regarding accessibility, as high-end supplements exacerbate health
inequities, underscoring CBR's democratizing potential. Critical analysis reveals hype in anti-aging claims, with
experts calling for rigorous evidence amid commercial pressures.

Looking ahead, the impact on elderly nutrition could be profound: By 2040, widespread adoption of NAD+-
enriched foods from biorefineries may reduce age-related healthcare costs by 15-20%, promote community-
based self-sufficiency, and extend functional independence, shifting the paradigm from disease management
to proactive wellness.

The Revolutionary Impact of NAD+ When Generated by Community BioRefineries

The advent of Community BioRefineries (CBRs) generating NAD+ precursors at scale represents a paradigm-
shifting revolution in global health, sustainability, and socioeconomic equity, particularly for aging populations.
By transforming agricultural waste—such as sugar beet leaves—into affordable, high-purity NAD+
nutraceuticals, CBRs democratize access to cutting-edge anti-aging interventions that were once confined to
affluent consumers or pharmaceutical pipelines. This shift could profoundly reshape the world in several
dimensions:

e Health span Extension on a Global Scale: With NAD+ repletion proven to mitigate hallmarks of aging like
mitochondrial dysfunction and inflammaging, widespread CBR production could extend average health
span by 5-10 years, as suggested by preclinical models and early trials. In elderly populations, this
translates to reduced incidence of neurodegenerative diseases (e.g., a potential 20—-30% drop in AD cases
through enhanced SIRT1 activity), improved metabolic health (lowering diabetes prevalence by
bolstering insulin sensitivity), and preserved physical function (combating sarcopenia via PGC-la-
mediated muscle regeneration). By 2050, with 1.5 billion seniors worldwide, this could avert trillions in
healthcare costs, freeing resources for education and innovation. Moreover, integrating NAD+ with
microbiome-modulating prebiotics could address gut dysbiosis, a key aging accelerator.

e Sustainability and Environmental Revolution: CBRs embody circular economy principles, valorizing
biomass that would otherwise contribute to landfill methane emissions. Generating NAD+ from plant
sources reduces reliance on synthetic chemical synthesis, which often involves energy-intensive
processes and petrochemicals. Lifecycle analyses project 60-80% reductions in greenhouse gases,
positioning CBRs as a cornerstone of climate-resilient nutrition. As agriculture adapts to climate change,
CBRs could integrate with regenerative farming, enhancing soil health and biodiversity while producing
nutrient-dense foods. This synergy addresses the food-energy-water nexus, fostering resilient
ecosystems.

e Economic and Social Equity: Decentralized CBRs empower rural communities by creating jobs in
biorefining and distribution, potentially boosting local economies by 25-30% ROI. Low-cost NAD+ ($0.50—
1.00/g) makes preventive nutrition accessible to low-income elders in developing nations, addressing
health disparities where aging populations strain under-resourced systems. This could foster
intergenerational equity, as healthier seniors contribute to society longer—through mentorship,
volunteering, or workforce participation—alleviating the "silver tsunami" burden on younger
generations. Sociologically, it challenges ageism by reframing elders as vital assets.




Scientific and Technological Ripple Effects: CBR-driven NAD+ availability accelerates research into
longevity, spurring innovations like personalized dosing via Al-optimized formulations or synergies with
CRISPR-based therapies. As a caloric restriction mimetic, NAD+ could integrate into public health policies,
promoting "nutraceutical economies" where food systems prioritize bioactive compounds. Ultimately,
this revolution could redefine human potential, enabling societies to harness extended vitality for solving
grand challenges like space exploration or Al ethics. Yet, it demands ethical oversight to prevent
commodification of longevity.

In summary, when CBRs fully operationalize NAD+ generation, the world stands on the cusp of a longevity
renaissance—where nutrition not only sustains but rejuvenates, bridging biological limits with sustainable
ingenuity.

Conclusion

NAD+ emerges as a linchpin in gerontological nutrition, bridging ancestral dietary wisdom with biorefinery
innovation to fortify elderly resilience. By harnessing sugar beet leaves in CBR frameworks, we can democratize
access to cognitive-preserving nutraceuticals, curbing the fiscal toll of aging while advancing equitable longevity.
This synthesis heralds a paradigm shift: from reactive palliation to proactive cellular rejuvenation, empowering
communities to age not merely longer, but vibrantly. As research evolves, NAD+ modulation invites us to
reconsider aging not as inevitable decline but as a modifiable trajectory, with profound implications for human

flourishing.
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