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Abstract

Modern dietary debates remain highly polarized among competing nutritional paradigms, including
low-fat, Mediterranean, plant-based, vegan, low-carbohydrate, ketogenic, and animal-based dietary
models. Despite decades of nutritional guidelines and extensive epidemiological research, chronic
diseases—including obesity, type 2 diabetes mellitus (T2DM), atherosclerotic cardiovascular disease
(ASCVD), autoimmune disorders, cancer, and neurodegenerative diseases —continue to rise globally.
These trends raise an important question: are prevailing nutritional frameworks adequately aligned
with human physiology, metabolic biology, and long-term systems resilience? This paper proposes
an Integrative Orthomolecular Medicine (IOM) Systems Medicine framework for evaluating human
diets based not solely on caloric intake or macronutrient composition, but on broader biological
principles including metabolic compatibility, metabolic flexibility, nutrient density and
bioavailability, mitochondrial energetics, inflammatory regulation, biological barrier integrity,
oxidative-reduction balance, and cumulative toxicological burden. We first examine evolutionary
and physiological foundations of human nutrition, emphasizing omnivorous adaptation, fuel-
switching physiology, fasting metabolism, and the evolutionary importance of energetic resilience
during periods of food scarcity, migration, hunting, and prolonged physical exertion. Particular
attention is given to the human capacity for metabolic flexibility —the ability to transition between
glucose utilization, fatty acid oxidation, and ketone metabolism according to energetic demands and
nutrient availability. We propose the Energetic Resilience Principle, which suggests that nutritional
systems should be evaluated not solely according to glycemic control, but also according to their
effects on mitochondrial energetics, fuel adaptability, endurance capacity, fasting tolerance, and long-
term physiological resilience. Particular attention is also given to the absence of a clearly established
minimum dietary carbohydrate requirement in the presence of adequate protein and fat intake. We
then compare major dietary models—including the Standard American Diet (SAD), Mediterranean,
plant-based and vegan, low-carbohydrate, ketogenic, and carnivore/elimination-based approaches—
across multiple domains relevant to metabolic health and systems biology. Particular attention is
given to the potential consequences of chronic dependence on highly refined, continuously fed,
hyperinsulinemic metabolic states, including impaired metabolic flexibility, mitochondrial stress,
oxidative imbalance, and reduced physiological adaptability. Special attention is given to the
nutritional and toxicological characteristics of both plant- and animal-derived foods. While plant
foods provide fiber, phytonutrients, vitamins, and numerous bioactive compounds, they may also
contain naturally occurring defense compounds such as lectins, oxalates, phytates, alkaloids, and
gluten-related proteins, in addition to agricultural contaminants including pesticides, herbicides, and
microplastics. Conversely, animal-derived foods may bioaccumulate persistent fat-soluble pollutants
and environmental contaminants. The paper further proposes that plant-heavy and animal-heavy
dietary systems may differ in dominant toxicological exposure profiles, including relative tendencies
toward water-soluble agricultural contaminants and plant defense compounds versus fat-soluble
bioaccumulated environmental pollutants. Accordingly, this paper proposes that no modern dietary
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system is entirely toxin-free, and that dietary strategies should instead be evaluated according to
cumulative toxicological burden, nutrient sufficiency, metabolic effects, mitochondrial support, and
biological compatibility. Finally, this paper proposes a hierarchical IOM Systems Nutrition
framework emphasizing:

* low glycemic burden,

® Jow ultra-processing burden,

¢ low cumulative toxicological burden from both natural and industrial exposures,

e nutrient sufficiency,

* metabolic flexibility,

® mitochondrial support,

e preservation of energetic resilience,

¢ and long-term physiological adaptability.

Within this framework, nutrition is viewed not merely as a source of calories or macronutrients, but
as a systems-level regulator of mitochondrial energetics, metabolic resilience, endocrine signaling,
inflammatory regulation, biological integrity, adaptive stress responses, and long-term physiological
resilience. The framework proposed is intended as a comparative systems-based model for
evaluating dietary compatibility with human physiology and adaptive metabolism, rather than a

universal prescription for any single dietary pattern.

Keywords: IOM Systems Medicine; systems nutrition; human nutrition; dietary patterns; metabolic
flexibility; energetic resilience; mitochondrial energetics; metabolic health; chronic disease;
nutritional systems biology; ketogenic diet; low-carbohydrate diet; fasting metabolism; evolutionary
nutrition; nutrient density; toxicological burden; orthomolecular medicine

1. Introduction

Modern nutrition science remains increasingly fragmented among competing dietary
paradigms, including low-fat, Mediterranean, vegetarian, vegan, low-carbohydrate, ketogenic, and
animal-based dietary approaches. Despite decades of evolving nutritional guidelines and extensive
epidemiological research, the global prevalence of chronic metabolic disease continues to rise.
According to the World Health Organization (WHO), noncommunicable diseases (NCDs) now
account for approximately 74% of global deaths, with cardiovascular disease, cancer, diabetes, and
chronic respiratory diseases representing the major contributors[1]. Simultaneously, obesity and type
2 diabetes mellitus (T2DM) have increased dramatically worldwide over recent decades[2,3]. These
trends raise important questions regarding whether prevailing nutritional frameworks are
adequately aligned with human physiology, metabolic biology, energetic resilience, and long-term
systems health.

Increasing evidence suggests that many chronic illnesses —including obesity, insulin resistance,
T2DM, atherosclerotic cardiovascular disease (ASCVD), nonalcoholic fatty liver disease (NAFLD),
autoimmune disorders, neurodegenerative diseases, and cancer —are not isolated organ-specific
conditions, but rather complex systems-level disorders involving dynamic interactions among
metabolism, mitochondrial energetics, endocrine signaling, immune regulation, oxidative-reduction
balance, environmental toxicology, gut and biological barrier integrity, circadian biology, and
nutritional status[4-10]. Within this framework, chronic disease may emerge when cumulative
physiological burden exceeds the body’s adaptive and restorative capacity.

Mitochondrial dysfunction, impaired metabolic flexibility, loss of energetic adaptability, and
chronic hyperinsulinemia have increasingly emerged as central features linking many chronic
diseases previously viewed as distinct clinical entities[11-14]. Hyperglycemia, chronic inflammation,
oxidative stress, circadian disruption, micronutrient insufficiency, sedentary behavior, and
environmental toxicant exposure may collectively contribute to progressive systems dysregulation
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and declining biological resilience[7,15-21]. These observations suggest that nutrition exerts
biological effects extending far beyond simple caloric provision or macronutrient partitioning alone.

Historically, nutrition science has often emphasized relatively reductionist endpoints such as
caloric balance, isolated nutrient restriction, serum lipid measurements, and short-term
epidemiological associations. While these approaches have generated important mechanistic
insights, they may insufficiently address broader biological questions central to long-term health and
disease prevention. These include determining which dietary patterns are most biologically
compatible with human physiology, how diets should be evaluated beyond caloric quantity and
macronutrient ratios, and what roles nutrient density, nutrient bioavailability, food processing,
mitochondrial support, metabolic flexibility, and toxicological burden play in chronic disease
development and physiological resilience.

At the same time, increasing concerns have emerged regarding modern industrialized food
systems. Ultra-processed foods (UPFs), characterized by industrial formulations containing refined
carbohydrates, industrial seed oils, additives, emulsifiers, artificial flavoring systems, and engineered
hyperpalatable ingredients, have been associated with obesity, insulin resistance, cardiovascular
disease, metabolic dysfunction, and increased all-cause mortality[22-25]. In parallel, modern
agricultural and environmental practices have increased human exposure to pesticides, herbicides,
endocrine-disrupting compounds, heavy metals, microplastics, and other environmental
contaminants throughout the food chain[26-29]. These exposures may interact with metabolic
dysfunction, oxidative stress, mitochondrial injury, inflammatory signaling, and impaired biological
barrier integrity.

Growing scientific and public interest has also emerged regarding low-carbohydrate and
ketogenic dietary approaches for metabolic disease management. Clinical trials and mechanistic
studies suggest that carbohydrate restriction and nutritional ketosis may improve glycemic control,
insulin sensitivity, body composition, mitochondrial energetics, inflammatory regulation, and
metabolic flexibility in selected populations[30-34]. From an evolutionary and energetic perspective,
the ability to efficiently transition between glucose and fatty acid utilization during periods of
intermittent food scarcity may represent an important component of human physiological resilience.
Impaired metabolic flexibility and chronic dependence on continuous glucose availability may
therefore contribute to reduced energetic adaptability and increased vulnerability to metabolic
dysfunction.

Conversely, plant-based dietary patterns continue to receive considerable attention because of
their associations with increased intake of fiber, phytonutrients, and antioxidant compounds[35-38].
Nevertheless, important questions remain regarding amino acid quality, micronutrient sufficiency,
mineral bioavailability, glycemic burden, ultra-processing of commercial plant-based substitute
products, and the biological effects of naturally occurring plant defense compounds, including
lectins, oxalates, phytates, alkaloids, and gluten-related proteins[35-40]. Importantly, neither plant-
based nor animal-based food systems appear entirely free of nutritional limitations or toxicological
tradeoffs. Importantly, different dietary systems may shift toxicological exposure profiles rather than
eliminate toxic burden altogether, including differing tendencies toward water-soluble agricultural
contaminants versus fat-soluble bioaccumulated pollutants.

These ongoing controversies suggest the need for a broader systems-level nutritional framework
capable of integrating metabolic resilience, mitochondrial energetics, nutrient density, food
processing, toxicological burden, and long-term physiological adaptability. Rather than evaluating
diets primarily through ideological or macronutrient-centered perspectives, nutrition may need to be
reframed within the broader context of systems biology and human physiological compatibility.

This paper therefore proposes an Integrative Orthomolecular Medicine (IOM) Systems Medicine
framework for human nutrition emphasizing biological compatibility, metabolic flexibility, nutrient
density and bioavailability, mitochondrial support, inflammatory regulation, biological barrier
integrity, reduction of toxicological burden, oxidative-reduction balance, and restoration of systems-
level resilience. Within this paradigm, nutrition is viewed not merely as a source of calories, but as a
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foundational biological signaling system influencing mitochondrial bioenergetics, endocrine
networks, immune regulation, vascular integrity, microbiome ecology, cellular repair mechanisms,
and long-term healthspan trajectories. Dietary patterns should therefore be evaluated according to
their integrated effects on metabolism, nutrient sufficiency, inflammatory burden, toxicological
exposure, mitochondrial resilience, energetic adaptability, and physiological resilience rather than
according to rigid dietary ideology alone.

2. Evolutionary and Physiological Foundations of Human Nutrition

2.1. Humans as Metabolically Flexible Omnivores

Human physiology evolved under highly variable environmental and nutritional conditions
characterized by intermittent food availability, seasonal fluctuations, geographic diversity, and
shifting macronutrient exposure. Throughout much of human evolutionary history, food scarcity
rather than chronic caloric excess represented the dominant metabolic challenge. As a result, humans
evolved remarkable metabolic flexibility —the ability to transition among multiple energy substrates
according to nutrient availability, energetic demands, and physiological conditions[41-44].

Humans are capable of utilizing carbohydrates, fatty acids, ketone bodies, and amino acids as
metabolic fuels through tightly regulated endocrine and mitochondrial pathways. Under
carbohydrate-fed conditions, glucose serves as a major energy substrate, particularly for glycolysis-
dependent tissues. During fasting, prolonged exercise, caloric restriction, or carbohydrate restriction,
humans can transition toward increased fatty acid oxidation and ketogenesis, producing ketone
bodies —including beta-hydroxybutyrate and acetoacetate —as alternative fuels for the brain, skeletal
muscle, and other tissues[13,45-47].

This capacity for metabolic switching appears to represent a fundamental evolutionary
adaptation that supported survival during fluctuating food availability, prolonged physical exertion,
migratory activity, and fasting conditions. Metabolic flexibility is increasingly recognized as an
important marker of metabolic health, whereas metabolic inflexibility has been associated with
obesity, insulin resistance, T2DM, NAFLD, mitochondrial dysfunction, and chronic inflammatory
states[14,48].

Unlike obligate herbivores or obligate carnivores, humans demonstrate physiological
characteristics consistent with omnivorous adaptation. Human dietary evolution likely involved
substantial variability depending on geography, climate, migration patterns, seasonality, and food
availability[49-53]. Anthropological and isotopic evidence suggests that ancestral human diets
ranged from relatively plant-dominant to highly animal-based dietary patterns depending on
ecological conditions and environmental constraints[38,54].

Several physiological observations support human omnivorous flexibility, including relatively
short gastrointestinal tract length compared with herbivores, gastric acid production capable of
handling animal proteins, the capacity for ketogenesis during carbohydrate scarcity, the ability to
digest both plant and animal foods, and substantial adaptability in fuel utilization.

Importantly, no clearly established minimum dietary carbohydrate requirement exists in
humans when adequate protein and fat intake are present. Glucose requirements for obligate
glycolytic tissues can be met through endogenous gluconeogenesis, while ketone bodies may
partially replace glucose utilization during fasting or carbohydrate restriction[31,33,55].

This evolutionary perspective does not imply that any single universal “ancestral diet” existed.
Rather, it suggests that human physiology evolved to tolerate a broad range of nutritional
environments while maintaining metabolic adaptability and survival capacity. However, modern
industrial dietary environments differ profoundly from ancestral nutritional conditions in several
important respects, including continuous caloric abundance, chronic hyperinsulinemic feeding
patterns, ultra-processed foods, refined sugars and starches, industrial seed oils, altered omega-6 to
omega-3 ratios, reduced micronutrient density, reduced dietary diversity, sedentary lifestyles,
circadian disruption, and increased environmental toxicological exposure[22,23,26,28,56].
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The rapid global rise in obesity, metabolic syndrome, T2DM, ASCVD, and NAFLD over recent
decades has paralleled dramatic increases in ultra-processed food consumption and industrialized
dietary patterns[3,57-59]. Increasing evidence suggests that chronic metabolic disease may result not
simply from excess caloric intake, but from broader systems-level dysregulation involving
mitochondrial dysfunction, chronic hyperinsulinemia, inflammation, oxidative stress, circadian
disruption, microbiome alterations, endocrine dysregulation, and cumulative toxicological
burden[4,9-11,18,21].

Within this context, metabolic flexibility and energetic resilience may represent central features
of human physiological adaptability. Dietary patterns that impair the ability to transition efficiently
between glucose and fat metabolism may contribute to progressive metabolic dysfunction.
Conversely, dietary strategies that restore metabolic adaptability —including fasting, carbohydrate
restriction, reduction of ultra-processed foods, and improved nutrient density —may improve
systems-level health in selected populations[58,60-62].

From an IOM Systems Medicine perspective, optimal human nutrition should therefore be
evaluated not solely according to macronutrient composition, but according to broader biological
compatibility with human physiology, including metabolic flexibility, mitochondrial support,
inflammatory regulation, nutrient density and bioavailability, toxicological burden, endocrine
balance, biological barrier integrity, and long-term systems resilience.

2.2. Essential Nutrients and Human Biological Requirements

Essential nutrients required for human survival include essential amino acids, essential fatty
acids, vitamins, minerals, trace elements, and water. These nutrients must be obtained directly or
indirectly through dietary intake because humans cannot synthesize them in sufficient quantities
endogenously[21,55]. Nutritional adequacy therefore depends not merely on caloric intake, but on
the provision of biologically available nutrients necessary for cellular structure, mitochondrial energy
production, enzymatic reactions, endocrine regulation, immune function, tissue repair, and
maintenance of systemic homeostasis.

Importantly, no clearly established biochemical requirement exists for refined sugars or ultra-
processed carbohydrates in human physiology. Furthermore, no minimum dietary carbohydrate
requirement has been established in the presence of adequate protein and fat intake capable of
supporting endogenous glucose production and ketogenesis[31,33].

This observation should not be interpreted to mean that carbohydrates are inherently harmful
or universally unnecessary. Rather, it reflects the remarkable metabolic adaptability of human
physiology.

Humans possess highly conserved physiological mechanisms capable of maintaining glucose
homeostasis during periods of reduced carbohydrate availability. Through hepatic and renal
gluconeogenesis, glucose can be synthesized from non-carbohydrate substrates including amino
acids, lactate, glycerol, and pyruvate[45,63,64]. In parallel, ketogenesis allows the liver to produce
ketone bodies—including beta-hydroxybutyrate and acetoacetate —from fatty acids during fasting,
starvation, prolonged exercise, or carbohydrate restriction[13,46,47].

These adaptations appear to represent ancient survival mechanisms that enabled humans to
tolerate fluctuating nutritional environments throughout evolution. During prolonged fasting or
nutritional ketosis, ketone bodies may provide a substantial proportion of cerebral energy
requirements, thereby reducing dependence on exogenous carbohydrate intake[46,65,66].

Classic metabolic studies by Cahill, Owen, and colleagues demonstrated that during prolonged
fasting, ketone bodies become major cerebral fuels while glucose requirements decline
substantially[46,65]. Veech and others later proposed that ketone metabolism may provide unique
energetic and signaling advantages under selected physiological and pathological conditions,
including improved mitochondrial energetics, altered redox regulation, and reduced oxidative
stress[13,67].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.0616.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2026 d0i:10.20944/preprints202605.0616.v1

6 of 45

Increasing evidence suggests that metabolic flexibility —the ability to efficiently transition
between glucose and fat oxidation —represents an important hallmark of metabolic health[14,48].
Conversely, impaired metabolic flexibility has been associated with obesity, insulin resistance,
T2DM, NAFLD, mitochondrial dysfunction, and chronic inflammation[68].

Importantly, these observations should not be interpreted as support for a single universal
dietary prescription. Human carbohydrate tolerance likely varies considerably according to insulin
sensitivity, metabolic status, physical activity, mitochondrial function, age, body composition,
circadian biology, genetic predisposition, and disease state.

For metabolically healthy and physically active individuals, whole-food carbohydrate
consumption may be well tolerated. However, in individuals with insulin resistance, obesity,
metabolic syndrome, T2DM, or impaired mitochondrial function, excessive intake of refined
carbohydrates and ultra-processed foods may contribute to chronic hyperinsulinemia, metabolic
inflexibility, oxidative stress, and progressive systems dysfunction[22,23,58].

Importantly, modern carbohydrate exposure differs substantially from that encountered during
most of human evolutionary history. Contemporary industrialized diets often involve highly refined
starches, concentrated sugars, ultra-processed foods, engineered hyperpalatable products,
continuous snacking behavior, and chronically elevated insulin exposure[44,59,61,69]. Such dietary
environments may place substantial stress on metabolic regulatory systems that evolved under
conditions of intermittent food availability and greater nutritional variability.

From an IOM Systems Medicine perspective, dietary carbohydrates should therefore be
evaluated not solely according to quantity, but according to glycemic burden, degree of processing,
nutrient density, metabolic context, mitochondrial effects, inflammatory impact, endocrine
responses, and overall biological compatibility.

This framework emphasizes that optimal nutrition should support metabolic
flexibility, energetic adaptability, nutrient sufficiency, mitochondrial resilience, and
long-term systems stability rather than merely achieving short-term caloric targets.

3. The Energetic Resilience Principle

A central objective of this paper is to broaden modern nutritional discourse beyond a narrow
focus on blood glucose regulation alone. Much of contemporary dietary debate has centered on blood
sugar, insulin, calorie balance, serum lipids, and body weight. While these parameters remain
clinically important, they may insufficiently capture broader dimensions of human physiological
function, energetic adaptability, and long-term systems resilience.

Human physiology evolved under environmental conditions fundamentally different from
modern industrialized dietary environments. Throughout most of human evolutionary history,
survival depended not on continuous carbohydrate availability, but on the ability to maintain
physical and cognitive performance during intermittent food scarcity, prolonged physical exertion,
migratory  activity, = hunting, = environmental  stress, and  fluctuating  nutrient
availability[14,44,45,70,71].

I propose the Energetic Resilience Principle: human metabolic health should be evaluated not
only by glucose control, but also by the capacity to maintain stable energy production during fasting,
prolonged physical activity, carbohydrate restriction, and other periods of reduced exogenous
glucose availability. This includes efficient fuel switching, fat oxidation, ketone utilization,
mitochondrial adaptability, and resistance to hypoglycemic energy collapse.

From an evolutionary physiology perspective, this capacity likely represented a survival
advantage during periods of food scarcity, prolonged hunting, migration, seasonal variation, or
intermittent access to carbohydrate-dense foods.

Accordingly, humans evolved substantial metabolic flexibility, including the capacity to
efficiently transition between glucose utilization, fatty acid oxidation, and ketone metabolism
depending on energetic demands and nutrient availability[13,46,66,72,73]. From a physiological

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.0616.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2026 d0i:10.20944/preprints202605.0616.v1

7 of 45

perspective, this fuel-switching capacity appears to represent a major evolutionary adaptation
supporting survival during fasting and prolonged exertion lipolysis.

During periods of reduced carbohydrate availability, humans are capable of increasing lipolysis,
hepatic fatty acid oxidation, ketogenesis, and ketone utilization by the brain, skeletal muscle, and
myocardium[46,74-77].

Studies of ketogenic adaptation and ultra-endurance athletes show that humans can
substantially increase fat oxidation during prolonged exercise after adaptation to carbohydrate
restriction, supporting the concept that metabolic flexibility and fat-based energetics are central
features of human physiological resilience[78-80].

Classic metabolic studies by Cahill, Owen, and colleagues demonstrated that prolonged fasting
induces major shifts toward ketone utilization, allowing preservation of blood glucose for obligate
glycolytic tissues while maintaining cerebral energetics through ketone metabolism[74,75]. Veech
and others later proposed that ketone bodies may provide unique mitochondrial and energetic
advantages under selected physiological conditions, including altered redox balance, improved
aspects of mitochondrial energetic efficiency, reduced reactive oxygen species generation, and
enhanced energetic stability[13,74].

From an IOM Systems Medicine perspective, preservation of this metabolic adaptability may
represent a foundational feature of physiological resilience, mitochondrial stability, endurance
capacity, energetic efficiency, fasting tolerance, and long-term metabolic health. This concept is
referred to here as the Energetic Resilience Principle (Figure 1).

This does not imply that carbohydrate intake is unnecessary for all forms of high-intensity
performance, but it suggests that long-term health and endurance physiology cannot be adequately
understood through a glucose-centered model alone.

The Energetic Resilience Principle proposes that optimal nutrition should not be evaluated
solely according to short-term glycemic markers, but also according to its effects on metabolic
flexibility, mitochondrial energetics, fuel-switching capacity, sustained energy stability, resilience
during fasting or physiological stress, and the ability to maintain functional performance without
continuous dependence on frequent carbohydrate intake.

Within this framework, chronic metabolic dysfunction may reflect not merely impaired glucose
regulation, but progressive loss of metabolic flexibility and energetic resilience. Individuals with
severe insulin resistance, obesity, metabolic syndrome, or T2DM frequently exhibit impaired capacity
to transition efficiently between glucose and fat metabolism, a phenomenon increasingly described
as metabolic inflexibility[14,70,72,76,77].

Modern industrialized dietary patterns may further exacerbate this problem through chronic
hyperinsulinemic feeding, frequent snacking behavior, continuous caloric exposure, ultra-processed
carbohydrate consumption, reduced fasting intervals, sedentary lifestyles, and disrupted circadian
biology[23,58,61,81]. Emerging evidence also suggests that feeding timing and circadian alignment
may substantially influence metabolic flexibility, mitochondrial function, insulin sensitivity, and
energetic resilience. Experimental and clinical studies on time-restricted feeding (TRF) indicate that
limiting feeding windows and restoring fasting intervals may improve metabolic regulation,
circadian synchronization, mitochondrial energetics, and adaptive stress responses independent of
caloric restriction alone[82]. These observations further support the concept that human physiology
evolved under conditions of intermittent feeding and fluctuating nutrient availability rather than
continuous caloric exposure throughout the waking day.

Under such conditions, many individuals may become increasingly reliant on frequent
carbohydrate intake to maintain perceived energy stability while simultaneously losing efficient
access to endogenous fat stores as metabolic fuel.

From a systems-level perspective, this loss of energetic adaptability may contribute to fatigue,
impaired endurance, unstable energy regulation, mitochondrial stress, chronic inflammation,
oxidative stress, and progressive metabolic dysfunction.
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Importantly, the Energetic Resilience Principle should not be interpreted as support for a single
universal dietary prescription or continuous nutritional ketosis in all individuals. Human
carbohydrate tolerance likely varies according to metabolic status, physical activity, mitochondrial
function, genetics, age, body composition, endocrine regulation, and disease state. Rather, this
principle emphasizes preservation of the physiological capacity for flexible fuel utilization as a central
component of human health and metabolic resilience.

Within this framework, dietary systems may be evaluated not merely according to caloric
quantity or macronutrient ideology, but according to their ability to support stable mitochondrial
energetics, efficient fuel adaptability, nutrient sufficiency, inflammatory regulation, physiological
resilience, and long-term systems stability.

The Energetic Resilience Principle proposes that human metabolism evolved to maintain
adaptive fuel flexibility across changing physiological and environmental conditions, as illustrated

in Figure 1.
The Energetic Resilience Principle
Human metabolism is designed for fuel flexibility and energetic adaptability.
FUEL SOURCES METABOLIC FLEXIBILITY

PHYSIOLOGICAL BENEFITS

Glucose
Carbohydrates N Cabiclin ENERGETIC RESILIENCE
(from whole foods) Q = Stable Energy
0 ] Production
" o
f;‘ éts
(dietary and stored) ° Improved Endurance
i I‘ ¢ 5 . z and Performance »
Proteins Mitochondrial
(amino acids) /. Energetics
ATP Production é Stress Tolerance
PHYSIOLOGICAL CONTEXTS 0\0}3\/ & A and Recovery
Fasting / Low Intake AANY A A A
(time-restricted feeding) Fatty Acid v\_/ Ket Bod § Metabolic Health
a Ci etone Body : Abili s optioal
Exercise / High Demand Oxidation Utilization and Longevity bility to maintain optimal

physiological function
across changing nutritional
The body dynamically switches between fuels and environmental conditions.
based on availability and demand.

(acute energy need)

B> O

Stress / lliness
(adaptive challenge)

KEY DETERMINANTS OF ENERGETIC RESILIENCE

S % 2 @ H #

Mitochondrial Nutrient Hormonal Inflammatory Circadian Physical
Health Sufficiency Balance Balance Rhythm Activity
(biogenesis, function, (macro- and (insulin, cortisol, (acute vs. chronic (sleep- ke cycle, training,
efficiency) micronutrients) thyroid, sex hormones) response) timing of intake) NEAT)

Note: Energetic resilience arises from ir d function of boli h iological systems, and lifestyle factors.

Figure 1. The Energetic Resilience Principle. Human metabolism is inherently designed for fuel flexibility and
energetic adaptability. This figure illustrates the concept of energetic resilience, defined as the capacity to
maintain stable physiological function across changing nutritional, environmental, and metabolic conditions
through adaptive fuel utilization and resilient mitochondrial energetics. Depending on nutrient availability,
fasting status, physical activity, stress exposure, and energetic demand, human metabolism is capable of
dynamically shifting among glucose metabolism, fatty acid oxidation, and ketone body utilization. Central to
this adaptive process is mitochondrial function, which integrates nutrient sufficiency, hormonal regulation,
inflammatory balance, circadian rhythm integrity, and physical activity to maintain efficient ATP production
and systems-level homeostasis. Physiological benefits associated with preserved energetic resilience may
include stable energy production, enhanced endurance capacity, improved stress tolerance and recovery,
metabolic flexibility, and long-term metabolic health. From an IOM Systems Medicine perspective, energetic
resilience represents a core systems-level determinant of biological adaptability, mitochondrial function, and

long-term physiological resilience.
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4. Nutrient Density and Bioavailability

4.1. Nutrient Density Versus Caloric Density

Modern nutritional discourse frequently emphasizes caloric quantity while underemphasizing
nutrient density and nutrient bioavailability. Although caloric balance influences body weight
regulation, human physiology depends fundamentally on the adequate intake and utilization of
essential nutrients required for mitochondrial energy production, enzymatic reactions, immune
regulation, tissue repair, endocrine signaling, maintenance of systemic homeostasis, mitochondrial
energetics, and long-term physiological resilience.

Importantly, foods differ substantially not only in caloric content, but also in amino acid
composition, vitamin content, mineral concentration, mineral absorption, fatty acid composition,
digestibility, and biological availability of nutrients. As a result, nutritional adequacy depends not
solely on food quantity, but also on the biological accessibility, absorption efficiency, and metabolic
utility of nutrients contained within foods[21,83-85].

Historically, nutritional guidelines have often prioritized relatively reductionist targets such as
total calories, total fat, saturated fat, or cholesterol while giving comparatively less attention to overall
nutrient density, protein quality, and nutrient bioavailability. However, increasing evidence suggests
that diets providing adequate caloric intake may nevertheless remain biologically suboptimal if
nutrient density and nutrient utilization are insufficient[22,23,58,86].

This distinction may be particularly important in the modern food environment, where ultra-
processed foods (UPFs) often provide high caloric density with relatively low micronutrient density.
Such dietary patterns may contribute to the paradoxical coexistence of caloric excess, obesity, and
micronutrient insufficiency[87].

From a systems biology perspective, nutrient density should therefore be evaluated according
to the capacity of foods to supply biologically usable nutrients relative to their caloric burden,
metabolic effects, and overall physiological impact.

4.2. Protein Quality and Amino Acid Bioavailability

Protein quantity alone does not fully reflect nutritional quality. Proteins differ substantially in
indispensable amino acid composition, digestibility, absorption efficiency, leucine content, nitrogen
utilization, and capacity to stimulate muscle protein synthesis.

The Digestible Indispensable Amino Acid Score (DIAAS), increasingly recognized as a more
accurate assessment of protein quality than the older Protein Digestibility Corrected Amino Acid
Score (PDCAAS), incorporates digestibility of individual indispensable amino acids at the ileal level
rather than relying solely on total fecal nitrogen absorption[36,88,89].

Many animal-source proteins generally demonstrate higher DIAAS values and greater
bioavailability of indispensable amino acids compared with many plant proteins. Foods such as eggs,
dairy, fish, and meat typically provide highly digestible proteins rich in leucine and other
indispensable amino acids important for skeletal muscle maintenance, mitochondrial function,
metabolic resilience, immune regulation, endocrine signaling, and tissue repair.

In contrast, many plant proteins may demonstrate lower digestibility and reduced
concentrations of one or more indispensable amino acids, including lysine, methionine, or leucine,
depending on the food source. In addition, naturally occurring antinutritional compounds such as
phytates, tannins, lectins, and protease inhibitors may further reduce protein and mineral
bioavailability in some plant foods.

This does not imply that plant-based diets are inherently inadequate. Rather, it suggests that
nutritional adequacy in plant-exclusive dietary systems may require greater dietary diversity,
complementary protein combinations, higher total protein intake, food preparation strategies that
improve digestibility, and targeted supplementation in some individuals.
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These considerations may become increasingly important in aging populations, where anabolic

resistance and sarcopenia increase protein and leucine requirements for preservation of skeletal

muscle mass, mitochondrial function, and metabolic resilience.

Selected systems-level nutritional and toxicological characteristics of animal-derived and plant-

derived foods are summarized in Table 1.

Table 1. Comparative Systems-Level Nutritional and Toxicological Characteristics of Animal-Derived and
Plant-Derived Foods.

Comparison of Key Characteristics of Animal-Derived vs. Plant-Derived Foods*

Comparative Conclusion & Remarks

Animal-Derived Foods (Overall Assessment)

Plant-Derived Foods (Overall Assessment)

&g ::‘:"‘";‘ vl 1 High Rich in highly bioavailable nutrients 4 low-Moderate  Nutrient density lower in most plant foods Animal foods provide more nutrients per unit energy.
t Completeness Contains all essential amino acids, B12, heme iron, Often lack B12, DHA/EPA, heme iron, vitamin D, ”
(=] e 1 Complets Contars i Qrvos—— o Animal foods are more nutritionally complete.
Vitamin A Provitamin A (carotencids) requires conversion: Vitamin A in animal foods is preformed and
2 R 2 Preformed retinol; highly bicavai imi d
@ (Retinol Activity) $ ma e i e e $  Umied lower efficiency more bioa i
Vitami
f (Mu';;in £ Present  MK-4 present in organ meats, egg yolks, full-fat dairy & Vory Low (mainly KT) K2 (especially MK-4) largely absent Animal sources are the most refiable K2 sources
@ viaming12 1 Rich Naturally present: high bioavailability 4 AbsentNaturally  Requires supplementation or fortified foods X foedsi aamentel sopplementeton
Heme Iron Non-Heme Lower ion (2-10%) due to phytates, borbod more
& Tnx ) 1 Present(15-35% absorption)  Heme iron; higher absorption (15-35%) & IR, L Lo
@ W(w;‘;;;’”"" Acids 1 Rien Preformed DHA and EPA; directly utilizable [ v e— ALA present; conversion to DHA/EPA is low (<1-5%)  Animal foods are the direct source of DHA/EPA.
Protein Quality Animal proteins have superior overall quality
& (POCAASIOVAS) 4 High(0.90-1.00)  Complete amino acid profile; high digestibility $§  Moderate (040-0.80) Amino acid profile incomplete; lower digestibility s st
@  Oietary Fiber 4 Low-Moderate Generally low in total fiber Rich source of dietary fiber Plant foods are the primary source of dietary fiber.
7 U vt eonid $ Low-Moderste  Minimal antinutionts compared to plents s omthin xSt vony
@  Coloric Density i ikies s e
Satiety & Appetite
@ bersapinl 4 Swonger  Protein end fet more effective for satiety Racuires lerger vokunes for sediety
& e 1 righ High digestibiity and bioavalability Affacted by fiber and antinutrients Animal nutrients are more bioavailable
od :°°"u ".:'“""”“ 4 Moderste  Risk from inclustrisl processing in some products  Generally lower processing burden (whole foods) Both food types can be affected by incustrisl processing.
@ Crviormentalimpect & e i Lower resource use and environmental impact Plant-based diets generally have lower
& Pollution Risk (i most cases)** environmental impact
@ Health Outcomes $ iiing Supports muscle, bone, immune, and metabolic Bonfits depend on diet quaity and autrient Both food types can suy pport hasith when
(Overall Evidence) health adequacy appropriately desgned
Sustainability - ) - Plant-based systems are generally more
4 TR e AR $ Lower @ many case  Higher b, water, and emiasions footprint Mors sustainable food system oversl b

Dietary systems may shift toxicological
exposure profiles rather than eliminate
toxic burden.

Greater concern for fat-soluble bicaccumulated
toxicants, including POPs, dioxins, PCBs, and
some marine-chain contaminants.

Greater concern for waseem-soluble agricultural
contaminants, pesticide/herbicide residues,
nitrates, mycotoxins, and plant defense compounds.

Toxicological Exposure
Profile

&

Animal-derived foods excel in nutrient density, bioavailability, and key micronutrients, whereas plant-derived foods excel in fiber, phytochemicals,
excel in fiber, phytochemicality.

Integrated Conclusion:

Prioritize whole, minimally processed animal foods as the nutritional foundation, complemented by diverse plant-derived foods
to achieve a comprehensive balance of nutrients, bicactive compounds, and long-term health outcomes.

Optimal Health Strategy:

* This table is based on current nutritional science, biochemistry, and dlinical evidence.
- geography, and practices.

Abbreviations: ALA = a-Linolenic Acid; DHA = D Acid; EPA = E Acid;
PDCAAS = Protein Digestibility-Corrected Amino Acid Score: DIAAS = Digestible Indispensable Amino
Acid Score.

‘org/Overview/Conversion-Eficiency-of-ALA-to-DHA in-Humans

This table summarizes selected nutritional, metabolic, toxicological, and physiological
characteristics commonly associated with animal-derived and plant-derived foods within the context
of an IOM Systems Medicine framework. Comparisons are intended to illustrate general biological
trends and systems-level considerations rather than absolute categorizations applicable to all foods
or dietary patterns.

Nutritional quality may vary substantially according to food source, agricultural practices,
environmental exposures, degree of processing, preparation methods, dietary composition, and
individual physiological context.

Animal-derived foods generally provide highly bioavailable protein, vitamin B12, heme iron,
DHA/EPA, vitamin K2, and other fat-soluble nutrients, whereas plant-derived foods may provide
higher dietary fiber content, diverse phytochemicals, and lower environmental burden in some
settings. Conversely, both food systems may also present distinct nutritional and toxicological
limitations, including environmental contaminants, processing-related risks, nutrient insufficiencies,
or naturally occurring bioactive defense compounds.

Importantly, the table further illustrates that plant-heavy and animal-heavy dietary systems may
differ in dominant toxicological exposure profiles rather than being entirely “toxin-free.” Plant-
derived foods may involve relatively greater exposure to water-soluble agricultural contaminants,
pesticide and herbicide residues, mycotoxins, nitrates, and plant defense compounds, whereas
animal-derived foods may involve relatively greater exposure to fat-soluble bioaccumulated
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environmental pollutants including persistent organic pollutants (POPs), dioxins, PCBs, and certain
marine-chain contaminants.

Accordingly, this comparison is intended as a systems-level framework for evaluating dietary
compatibility, nutrient sufficiency, metabolic effects, mitochondrial support, toxicological burden,
energetic resilience, and long-term physiological adaptability rather than support for any rigid
dietary ideology.

4.3. Micronutrient Density and Biological Availability

Micronutrient density and nutrient bioavailability also differ considerably among foods. Certain
animal-source foods provide highly bioavailable forms of nutrients including vitamin B12, heme iron,
zinc, DHA/EPA, taurine, creatine, carnitine, retinol, and vitamin K2. These nutrients play important
physiological roles in mitochondrial energy metabolism, oxygen transport, neurotransmitter
synthesis, immune regulation, skeletal muscle maintenance, endocrine function, vascular biology,
and cellular repair mechanisms.

Vitamin B12, for example, is naturally found almost exclusively in animal-source foods and is
essential for neurological function, methylation pathways, erythropoiesis, and DNA synthesis.
Similarly, heme iron from animal foods is generally absorbed more efficiently than non-heme iron
from plant sources.

Long-chain omega-3 fatty acids such as DHA and EPA are also more directly available from fish
and marine animal foods, whereas plant-derived alpha-linolenic acid (ALA) requires enzymatic
conversion that may be relatively limited in humans.

Vitamin K2, particularly menaquinone forms such as MK-4 and MK-7, is found predominantly
in animal foods and fermented products and may play important roles in vascular health, calcium
regulation, and bone metabolism.

However, nutrient concentration alone does not guarantee physiological utilization. Mineral
absorption may be strongly influenced by food matrix interactions and naturally occurring
antinutritional compounds. For example, phytates may reduce absorption of zinc and iron, oxalates
may reduce calcium bioavailability, and certain fiber interactions may alter mineral absorption in
some dietary contexts [92-94].

Potential nutrients of concern in poorly designed plant-exclusive diets may include vitamin B12,
DHA/EPA, zinc, iron, choline, vitamin K2, taurine, creatine, and carnitine. Deficiencies or
insufficiencies in these nutrients may have implications for neurological function, mitochondrial
metabolism, muscle maintenance, methylation pathways, endocrine signaling, immune regulation,
and long-term metabolic resilience [95-97].

From an IOM Systems Medicine perspective, foods should therefore be evaluated not merely
according to caloric content or isolated nutrient quantities, but according to their broader systems-
level effects on nutrient sufficiency, metabolic efficiency, mitochondrial support, inflammatory
regulation, biological resilience, toxicological burden, and long-term physiological adaptability.

Adequate nutrient density may also play an important role in supporting mitochondrial
energetics, metabolic adaptability, recovery capacity, and long-term energetic resilience under
conditions of physiological stress.

Within this framework, nutrient density and nutrient bioavailability become central
determinants of dietary compatibility and long-term health.

5. Comparative Systems Analysis of Major Dietary Models

5.1. Standard American Diet (SAD)

The Standard American Diet (SAD) is characterized by ultra-processed foods (UPFs), refined
carbohydrates, high glycemic load, industrially processed seed oils, excessive caloric density, low
micronutrient density, reduced dietary fiber quality, frequent consumption of sugar-sweetened
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beverages, high sodium intake, disrupted omega-6 to omega-3 fatty acid ratios, and chronic
hyperinsulinemic feeding patterns.

The SAD may represent one of the most profound dietary shifts in modern human history. Over
the past century —and particularly since the mid-20th century —the human food environment has
undergone substantial transformation through industrial food processing, large-scale carbohydrate
refinement, widespread introduction of ultra-processed foods, and increasing replacement of
traditional whole foods with highly engineered commercial products[22,23,90-92].

Modern ultra-processed foods are often specifically formulated for hyper-palatability,
prolonged shelf stability, rapid consumption, stimulation of reward-related neurobehavioral
pathways, and aggressive commercial scalability. These foods frequently combine refined starches,
added sugars, industrial seed oils, emulsifiers, artificial flavor enhancers, and sodium in
combinations that may dysregulate normal satiety signaling and promote excess caloric intake[90,91].

Increasing evidence suggests that ultra-processed food consumption is associated with obesity,
insulin resistance, type 2 diabetes, cardiovascular disease, nonalcoholic fatty liver disease (NAFLD),
hypertension, chronic inflammation, depression, and increased all-cause mortality[23,24,92-94].
Importantly, many of these associations persist even after adjustment for total caloric intake alone,
suggesting that food quality and processing may independently influence metabolic physiology.

A landmark controlled feeding study by Hall et al. demonstrated that subjects consuming ultra-
processed diets spontaneously consumed approximately 500 additional kcal/day compared with
minimally processed diets despite matched macronutrient composition, resulting in significant
weight gain over a short time period[23].

From a metabolic perspective, the SAD is typically characterized by repeated postprandial
glucose and insulin excursions driven by frequent consumption of refined carbohydrates and sugar-
containing foods. Chronic hyperinsulinemia may contribute to insulin resistance, adipocyte
hypertrophy, hepatic de novo lipogenesis, visceral adiposity, endothelial dysfunction, mitochondrial
stress, and chronic low-grade inflammation[4,68,95,96].

Continuous exposure to highly refined, rapidly absorbed carbohydrates may also impair the
capacity for efficient fuel switching between glucose and fatty acid metabolism, thereby reducing
energetic adaptability under conditions of metabolic stress.

Persistent hyperglycemia and hyperinsulinemia may also increase formation of advanced
glycation end products (AGEs), oxidative stress, and inflammatory signaling pathways that
contribute to vascular dysfunction and accelerated biological aging[4,96].

Industrial seed oils rich in omega-6 linoleic acid have also become increasingly dominant in the
modern food supply. Although omega-6 fatty acids are physiologically essential, substantial
increases in omega-6 consumption relative to omega-3 intake may influence inflammatory balance,
lipid oxidation susceptibility, and membrane composition[69,97,98].

Simultaneously, reductions in consumption of whole foods, marine omega-3 sources, organ
meats, fermented foods, and fiber-rich minimally processed foods may contribute to widespread
micronutrient insufficiency despite caloric abundance. This phenomenon has contributed to the
paradoxical coexistence of obesity, metabolic syndrome, and micronutrient deficiency within the
same populations[99-103].

From an IOM Systems Medicine perspective, the SAD may be viewed as a systems-level dietary
pattern that chronically promotes metabolic inflexibility, impaired energetic resilience, oxidative
stress, mitochondrial dysfunction, endocrine dysregulation, inflammatory activation, impaired
vascular integrity, altered gut microbiome ecology, and progressive loss of biological resilience.

Rather than representing merely an issue of excessive calories, the SAD may fundamentally
represent a mismatch between modern industrialized food environments and human evolutionary
metabolic physiology. Within this framework, chronic disease may emerge not from a single nutrient
abnormality, but from cumulative systems-level disruption involving nutrient insufficiency, toxic
burden, endocrine dysregulation, mitochondrial stress, impaired redox homeostasis, and chronic
inflammatory signaling.
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5.2. Mediterranean Diet

The Mediterranean diet is among the most extensively studied dietary patterns in nutritional
epidemiology and preventive medicine. Traditional Mediterranean dietary patterns, originally
observed in regions bordering the Mediterranean Sea during the mid-20th century, have consistently
been associated with lower cardiovascular risk, reduced inflammatory burden, improved metabolic
health, lower incidence of type 2 diabetes, reduced all-cause mortality, and increased longevity[104—
108].

Core characteristics of traditional Mediterranean dietary patterns generally include high intake
of minimally processed vegetables, olive oil as the principal fat source, regular seafood consumption,
legumes, nuts, herbs and spices, moderate fruit intake, moderate fermented dairy intake, relatively
low intake of ultra-processed foods, and lower consumption of refined sugars and industrialized food
products.

The Mediterranean diet is also characterized by greater phytonutrient diversity, higher
polyphenol intake, increased monounsaturated fat consumption, higher omega-3 intake from marine
foods, and increased dietary fiber from whole plant foods. Collectively, these dietary characteristics
may contribute to improved endothelial function, reduced oxidative stress, enhanced insulin
sensitivity, and lower chronic inflammatory signaling[106-110].

Olive oil, particularly extra virgin olive oil (EVOO), represents a central component of traditional
Mediterranean dietary patterns. EVOO contains monounsaturated fatty acids, primarily oleic acid,
along with polyphenols, tocopherols, and other bioactive compounds that may exert antioxidant,
anti-inflammatory, and endothelial-supportive effects[110-112].

Marine foods commonly consumed in Mediterranean regions also provide DHA/EPA, selenium,
taurine, iodine, and high-quality protein, which may further support cardiovascular, neurological,
and metabolic health.

Substantial evidence suggests that Mediterranean dietary patterns may improve insulin
sensitivity, lipid profiles, blood pressure, endothelial function, inflammatory biomarkers, and
glycemic control in individuals with metabolic syndrome and type 2 diabetes[105,109,113]. In the
PREDIMED trial, one of the largest randomized nutritional intervention studies ever conducted,
Mediterranean dietary interventions supplemented with either extra virgin olive oil or nuts
significantly reduced major cardiovascular events compared with low-fat dietary
recommendations[105].

However, modern Mediterranean dietary implementations vary substantially across

populations and commercial interpretations. Some contemporary Mediterranean-style diets may still
contain relatively high carbohydrate loads, frequent grain consumption, breads, pasta, refined flour
products, and significant total glycemic exposure.
For metabolically healthy and physically active individuals, such carbohydrate
levels may be well tolerated. However, individuals with severe insulin resistance,
obesity, metabolic syndrome, type 2 diabetes, NAFLD, or hyperinsulinemia may
exhibit impaired carbohydrate tolerance and reduced metabolic flexibility[31,114—
116].

In such individuals, even relatively “healthy” carbohydrate-rich Mediterranean dietary patterns
may not adequately reduce insulin exposure, glycemic variability, hepatic fat accumulation, or
chronic hyperinsulinemic signaling.

Emerging evidence suggests that lower-carbohydrate Mediterranean variants may produce
greater improvements in glycemic control, triglycerides, HDL cholesterol, visceral adiposity, and
metabolic syndrome parameters compared with higher-carbohydrate implementations[115-117].

Furthermore, many epidemiological studies evaluating Mediterranean dietary patterns were
conducted in populations whose lifestyles differed substantially from modern sedentary industrial
societies. Traditional Mediterranean populations often exhibited higher physical activity levels,
lower ultra-processed food exposure, stronger social cohesion, greater sunlight exposure, lower
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chronic stress burden, and reduced environmental toxicant exposure. Therefore, beneficial outcomes
associated with Mediterranean dietary patterns may partly reflect broader lifestyle and
environmental factors beyond macronutrient composition alone.

From an IOM Systems Medicine perspective, the Mediterranean diet may be viewed as a
relatively nutrient-dense and anti-inflammatory dietary framework that supports vascular integrity,
mitochondrial function, metabolic and energetic resilience, microbiome diversity, and reduction of
chronic inflammatory burden.

However, dietary suitability remains context-dependent. Optimal carbohydrate intake may vary
considerably according to insulin sensitivity, metabolic status, mitochondrial function, physical
activity, age, endocrine health, and individual genetic or epigenetic variability. Within this
framework, the Mediterranean diet may serve as a beneficial foundational dietary model for many
individuals, but may require modification—particularly carbohydrate reduction—in those with
advanced metabolic dysfunction or severe insulin resistance.

5.3. Plant-Based and Vegan Diets

Plant-based and vegan dietary patterns have gained increasing popularity in recent decades due
to ethical, environmental, religious, and perceived health considerations. These dietary models
generally emphasize vegetables, fruits, legumes, whole grains, nuts, seeds, and plant-derived foods
while minimizing or eliminating animal-source foods entirely.

Well-designed plant-based diets may offer several potential advantages, including higher
phytonutrient intake, greater dietary fiber intake, lower intake of ultra-processed meats, lower caloric
density, lower saturated fat intake in some implementations, improved insulin sensitivity, reduced
LDL cholesterol, improved gut microbiome diversity, and favorable metabolic markers in certain
populations[118-122].

Plant foods are major sources of polyphenols, flavonoids, carotenoids, vitamin C, folate,
potassium, magnesium, and numerous phytochemicals with antioxidant and anti-inflammatory
properties. Higher intake of minimally processed plant foods has been associated with reduced
cardiovascular risk, lower blood pressure, and improved metabolic outcomes in epidemiological
studies[119-123].

Importantly, however, the health effects of plant-based diets vary considerably according to
food quality and degree of processing. Diets centered around refined grains, sugar-containing
beverages, processed starches, industrial seed oils, vegan desserts, and ultra-processed meat
substitutes may still promote hyperglycemia, chronic hyperinsulinemia, obesity, inflammation, and
metabolic dysfunction[23,90,93].

Many modern vegan commercial products are highly processed and may contain refined
starches, isolated seed oils, emulsifiers, flavor enhancers, additives, and synthetic ingredients while
remaining relatively low in nutrient density and protein quality. Thus, a distinction should be made
between whole-food plant-based diets and ultra-processed vegan dietary patterns.

One important nutritional consideration in plant-exclusive diets involves protein quality and
amino acid bioavailability. Compared with many animal-source proteins, plant proteins often
demonstrate lower DIAAS values, lower leucine content, reduced digestibility, and lower
concentrations of one or more indispensable amino acids such as lysine or methionine[36,88,124,125].

These differences may become particularly important in aging populations, sarcopenia, chronic
illness, athletic performance, recovery states, and metabolically stressed individuals. Reduced leucine
availability may impair stimulation of muscle protein synthesis and anabolic signaling pathways
important for maintenance of skeletal muscle mass, mitochondrial energetics, and metabolic
resilience[36,124].

Micronutrient insufficiency may also occur in poorly planned vegan diets. Nutrients of
particular concern may include vitamin B12, DHA/EPA, iron, zinc, choline, vitamin K2, iodine,
selenium, taurine, creatine, and carnitine[126-131].
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Vitamin B12 deficiency is especially important because B12 is naturally found almost exclusively
in animal-source foods. Inadequate B12 intake may contribute to anemia, neurological dysfunction,
impaired methylation, elevated homocysteine, cognitive decline, and neuropathy[129]. Similarly,
plant-derived non-heme iron is generally less bioavailable than heme iron from animal foods, while
phytates may further impair zinc and iron absorption[126,128].

Long-chain omega-3 fatty acids DHA and EPA are largely absent from plant-exclusive diets
unless algae-derived supplementation is used. Conversion of alpha-linolenic acid (ALA) to DHA in
humans is relatively limited[130].

Another consideration involves naturally occurring plant defense compounds. Plants synthesize
numerous chemical compounds for self-protection against insects, fungi, and predators, including
lectins, oxalates, phytates, tannins, protease inhibitors, and certain alkaloids. Although many
phytochemicals may confer health benefits in appropriate amounts, some antinutritional compounds
may impair nutrient absorption or contribute to gastrointestinal irritation in susceptible
individuals[132-134].

For example, phytates may reduce zinc and iron absorption, oxalates may reduce calcium
bioavailability, and certain lectins may increase gastrointestinal irritation when inadequately
prepared. Traditional food preparation methods such as soaking, fermentation, sprouting, pressure
cooking, and thermal processing may reduce antinutrient burden and improve digestibility.

From an IOM Systems Medicine perspective, plant-based diets may provide important benefits
when centered around minimally processed whole foods, metabolic flexibility, adequate protein
intake, sufficient micronutrient support, and individualized nutritional planning. However,
nutritional adequacy should not be assumed solely on the basis of plant exclusivity. Dietary quality,
protein bioavailability, micronutrient sufficiency, metabolic tolerance, gastrointestinal resilience, and
individual physiological demands remain central determinants of long-term health outcomes.

Within this framework, carefully designed plant-based diets may be effective for some
individuals, but may require targeted supplementation, increased protein attention, metabolic
personalization, and monitoring for nutritional insufficiencies, particularly in children, older adults,
pregnant women, athletes, and individuals with chronic metabolic disease.

5.4. Low-Carbohydrate and Ketogenic Diets

Low-carbohydrate and ketogenic dietary patterns are characterized by reduction of dietary
carbohydrate intake with relative increases in fat intake and, in some implementations, moderate
protein intake. Although definitions vary, low-carbohydrate diets generally restrict carbohydrate
intake sufficiently to reduce postprandial glucose and insulin excursions, while ketogenic diets
further restrict carbohydrate intake to levels capable of inducing nutritional ketosis and increased
hepatic ketone production[31,115,135,136].

Ketogenic diets promote production of ketone bodies including beta-hydroxybutyrate (BHB),
acetoacetate, and acetone, which may serve as alternative metabolic fuels for the brain, skeletal
muscle, myocardium, and other tissues during fasting or carbohydrate restriction.

From an evolutionary perspective, ketosis represents a normal physiological adaptation to
reduced carbohydrate availability, fasting, food scarcity, or prolonged physical exertion rather than
an inherently pathological state[115,135].

Low-carbohydrate and ketogenic diets may improve insulin sensitivity, glycemic control,
metabolic flexibility, mitochondrial energetics, appetite regulation, triglyceride levels, HDL
cholesterol, visceral adiposity, and inflammatory regulation in selected
populations[33,114,117,136,137]. In individuals with insulin resistance and T2DM, carbohydrate
restriction may substantially reduce the need for endogenous and exogenous insulin by lowering
dietary glucose load and reducing chronic hyperinsulinemia [33,114,117,136-138].

Reduction in circulating insulin levels may have broad downstream physiological implications
because insulin functions not only as a glucose-regulating hormone, but also as a major anabolic and
signaling molecule influencing adipocyte metabolism, hepatic lipogenesis, inflammation, endothelial
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biology, mitochondrial signaling, and nutrient partitioning. Improved metabolic flexibility —the
ability to efficiently transition between glucose and fat oxidation —may therefore represent one of the
key physiological benefits of carbohydrate restriction[137,138].

From a systems physiology perspective, ketogenic metabolism may also enhance aspects of
energetic resilience by improving the capacity to utilize fatty acids and ketone bodies during fasting,
prolonged exertion, fluctuating nutrient availability, and metabolic stress. This adaptive fuel-
switching capacity may have represented an important evolutionary survival mechanism during
periods of intermittent food scarcity and high physical demand.

Ketone bodies themselves may also function as signaling molecules. Beta-hydroxybutyrate has
been shown to influence oxidative stress regulation, inflammatory pathways, mitochondrial
biogenesis, histone deacetylase inhibition, and cellular stress resistance mechanisms[13,47,139].
Emerging evidence suggests that nutritional ketosis may reduce reactive oxygen species production
per unit ATP generated under certain conditions, potentially improving aspects of mitochondrial
energetic efficiency[13].

Therapeutic ketosis has demonstrated clinical utility in several neurological and metabolic
disorders. Ketogenic diets have long been used in refractory epilepsy and may reduce seizure
frequency through mechanisms involving altered neurotransmitter balance, mitochondrial
stabilization, reduced neuronal excitability, and enhanced bioenergetic resilience[140,141].

More recently, ketogenic interventions have been investigated in obesity, metabolic syndrome,
neurodegenerative disease, polycystic ovary syndrome (PCOS), migraine disorders, traumatic brain
injury, and potentially cancer metabolism[62,142-146]. Interest in ketogenic therapy for
neurodegenerative disorders such as Alzheimer’s disease partly derives from evidence suggesting
impaired cerebral glucose metabolism in affected individuals. Ketones may provide an alternative
fuel source for neurons under conditions of glucose hypometabolism[144].

In oncology research, ketogenic diets have attracted attention because many tumors exhibit
increased glucose dependence and altered mitochondrial metabolism, often described as part of the
Warburg phenotype. Nutritional ketosis may theoretically influence glucose availability, insulin
signaling, IGF-1 signaling, oxidative stress balance, and tumor metabolic flexibility[34,146,147].

However, evidence remains heterogeneous and cancer responses likely vary substantially
according to tumor type, metabolic phenotype, mitochondrial function, genomic characteristics, host
nutritional status, and treatment context.

Within IOM Systems Medicine, ketogenic therapy is viewed not merely as carbohydrate
restriction, but as part of a broader systems-level metabolic intervention aimed at restoring metabolic
flexibility, insulin regulation, mitochondrial function, oxidative balance, inflammatory control, and
vascular integrity.

However, poorly designed ketogenic diets may also involve important risks and limitations.
Some commercial ketogenic implementations rely heavily on processed meats, refined oils, artificial
sweeteners, ultra-processed “keto” products, nutrient-poor fats, and low-quality animal products.
Such approaches may lead to micronutrient imbalance, inadequate fiber intake, gastrointestinal
dysfunction, excessive saturated fat intake in susceptible individuals, reduced phytonutrient
diversity, and poor long-term dietary sustainability[33,148,149].

In addition, because many environmental toxicants are lipophilic, high intake of contaminated
animal fats may increase exposure to persistent organic pollutants (POPs), heavy metals, dioxins,
PCBs, and fat-soluble environmental toxins, particularly when food quality is poor[150,151].

From an IOM Systems Medicine perspective, ketogenic diets may offer powerful therapeutic
potential when implemented using nutrient-dense whole foods, adequate micronutrient support,
sufficient mineral intake, high-quality protein, anti-inflammatory fats, seafood-derived omega-3
sources, and careful metabolic monitoring.

Within this framework, ketosis represents not simply a dietary trend, but a physiological
metabolic state that may restore aspects of mitochondrial energetics, metabolic adaptability, energetic
resilience, and systemic metabolic regulation in appropriately selected individuals.
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5.5. Carnivore and Elimination-Based Dietary Approaches

Carnivore-based and elimination-style dietary approaches have emerged in recent years as
potential therapeutic interventions in selected individuals with autoimmune disorders, chronic
inflammatory conditions, gastrointestinal syndromes, severe food sensitivities, metabolic
dysfunction, and refractory immune-mediated symptom:s.

These dietary models generally involve substantial reduction or complete elimination of grains,
legumes, seed oils, processed foods, refined sugars, and, in stricter carnivore implementations, nearly
all plant foods. Carnivore diets typically emphasize ruminant meats, seafood, eggs, animal fats, and,
in some implementations, dairy products.

Although formal clinical evidence remains limited, anecdotal reports, observational surveys,
and emerging mechanistic hypotheses suggest potential symptomatic improvement in selected
individuals with chronic inflammatory or immune-mediated disorders[152-155].

Proposed mechanisms may include removal of plant defense compounds, reduction of glycemic
burden, elimination of food allergens, reduced dietary antigen exposure, decreased intake of ultra-
processed foods, simplified dietary exposures, improved satiety signaling, stabilization of blood
glucose, and reduction of gastrointestinal irritants.

From a systems biology perspective, elimination diets may reduce cumulative exposure to
dietary variables capable of provoking immune activation, gastrointestinal permeability, dysbiosis,
mast cell activation, or chronic inflammatory signaling in susceptible individuals.

One proposed mechanism involves removal of certain naturally occurring plant defense
compounds. Plants synthesize numerous bioactive chemicals for protection against insects, fungi,
and predators, including lectins, oxalates, phytates, tannins, salicylates, alkaloids, and protease
inhibitors. Although many phytochemicals may exert beneficial effects in appropriate physiological
contexts, some individuals may demonstrate heightened sensitivity to particular compounds,
potentially contributing to gastrointestinal irritation, altered intestinal permeability, immune
activation, or inflammatory symptoms[132,133,154,155].

For example, lectins may interact with intestinal epithelial surfaces, oxalates may contribute to
kidney stone formation or tissue deposition in susceptible individuals, and certain fermentable
carbohydrates may exacerbate gastrointestinal symptoms in patients with irritable bowel syndrome
(IBS) or small intestinal bacterial overgrowth (SIBO). Elimination-based approaches may therefore
function, in part, as diagnostic tools to identify food intolerances or immune-triggering dietary
components.

Reduction of glycemic burden may represent another important mechanism. Many carnivore
and animal-based diets are inherently low in carbohydrates and may therefore reduce postprandial
glucose excursions, lower insulin secretion, improve metabolic flexibility, reduce hyperinsulinemia,
and improve metabolic fuel stability in selected individuals. These metabolic effects overlap
substantially =~ with those observed in ketogenic and low-carbohydrate dietary
interventions[31,136,137].

Some individuals with obesity, metabolic syndrome, T2DM, autoimmune disease, or chronic
inflammatory disorders may experience symptomatic improvements associated with stabilization of
glucose and insulin dynamics.

Carnivore-style elimination diets may also reduce overall dietary complexity and exposure to
food additives, emulsifiers, artificial sweeteners, preservatives, industrial seed oils, and ultra-
processed food ingredients. Emerging evidence suggests that some food additives and emulsifiers
may influence gut microbiome composition, intestinal barrier integrity, mucosal immunity, and
inflammatory signaling pathways[156,157].

Thus, symptomatic improvements observed in some individuals may not necessarily derive
solely from elimination of plant foods, but also from simultaneous removal of ultra-processed foods
and industrialized dietary exposures.

However, important concerns and uncertainties remain regarding long-term carnivore dietary
patterns. Long-term clinical outcome data are currently sparse, and most available evidence consists
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primarily of case reports, observational surveys, mechanistic hypotheses, and anecdotal experiences
rather than randomized long-term controlled trials.

Potential concerns may include reduced phytonutrient diversity, inadequate fiber intake, altered
microbiome ecology, micronutrient imbalance in poorly designed implementations, excessive
processed meat intake, excessive saturated fat intake in susceptible individuals, and increased
exposure to environmental toxicants concentrated in animal fats[150,158-160].

Additionally, dietary tolerance likely varies substantially according to genetics, microbiome
composition, immune status, metabolic health, toxin burden, gastrointestinal integrity, and
individual nutrient requirements.

From an IOM Systems Medicine perspective, carnivore and elimination-based diets may be best
understood not as universal dietary prescriptions, but as targeted therapeutic tools that may reduce
immunological, gastrointestinal, and metabolic burden in selected individuals.

Within this framework, dietary responses should be evaluated according to symptom resolution,
metabolic outcomes, inflammatory markers, nutrient sufficiency, mitochondrial function,
gastrointestinal resilience, and long-term physiological adaptability rather than ideological
assumptions alone.

At present, long-term evidence remains limited, and additional mechanistic studies, controlled
clinical trials, and long-term outcome research are required to better define efficacy, safety, optimal
implementation strategies, patient selection, and long-term physiological consequences of carnivore-
based dietary interventions.

Comparative systems-level characteristics of major dietary patterns discussed in this review are
summarized in Table 2. The proposed transition from ancestral metabolic flexibility toward chronic
glucose dependency and reduced energetic resilience in the modern environment is illustrated in
Figure 2.

Table 2. Systems-Level Comparison of Common Dietary Patterns. This table summarizes selected systems-level
characteristics commonly associated with major dietary patterns discussed within the IOM Systems Nutrition
Framework, including the Standard American Diet (SAD), Mediterranean, whole-food plant-based/vegan, low-
carbohydrate, ketogenic, and carnivore/elimination-based dietary approaches. Comparisons are intended to
illustrate general metabolic, nutritional, physiological, and toxicological trends rather than absolute conclusions
applicable to all individuals or dietary implementations. Dietary quality may vary substantially according to
food sourcing, degree of processing, nutrient composition, environmental exposures, lifestyle factors, and
individual metabolic or physiological context. The framework emphasizes that no single dietary model is
universally optimal under all conditions. Rather, dietary systems may differ in their effects on glycemic burden,
nutrient sufficiency, mitochondrial energetics, metabolic flexibility, energetic resilience, inflammatory
regulation, toxicological burden, and long-term physiological adaptability. Accordingly, this comparison is
intended as a systems-level analytical framework for evaluating dietary compatibility with human physiology

rather than support for rigid dietary ideology or universal dietary prescriptions.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.0616.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2026 d0i:10.20944/preprints202605.0616.v1

19 of 45

Systems-Level Comparison of Major Dietary Patterns

| Glycomic Processing Nutrient Density & Metabolic Energetic Toxicological 3
Sty R Burden Birden Bioavailablity Flexibility Resillence Considerations | < Strengths e

High exposure to Associated with obesity,
Standard American High Oftin bt Coniad - refined sugars, Convenience, insulin resistance, chronic
; High (ultra-processing 5 48| industrial oils, .ad.m.s palatability, food inflammation, metabolic
Diet (SAD) but micronutrient-poor impaired reduced <
burden) and ultra-pr and chronic
foods disease risk
Lower uk i Strong epidemiolog Bonefits may vary
Good nutrient diversit, 4
Mediterranean Diet Moderate Generally low- st 4 Moderate Moderate burden; generally support for depending on carbohydrate
moderate it support support favorable food cardiometabolic load and degree of food
quality health processing
Mhole-F: Low if whole-food Potential exposure High fiber intake; Nutrient supplementation
PieiBisad Variable based; high if Virisble Vestable to plant defense potential improvements may be required; effects
- : commercial vegan  DHA/EPA, iron, zinc, . - compounds and nutrient | in, weight and insulin vary substantially with
Vegan Diet prodkicss dociness et osshond limitations in some sensitivity food quality and metabolic
bioavailability individuals sats
Improved glycemic
Low-Carbohydrate " Often improved protein Frequently Often Reduced glycemic control, insulin Quality may vary depending
. Reduced Variable Intale andsstiety tmproved silaneed burden; food quality sensitivity, satiety, on food selection and
Diet remains important and metabolic processing
flexibility
Strongl Frequentl 7
Notiont decsityighty | Sony | ety | Roduced gheoee Supportsketone | Long.tem sustainabity
Ketogenic Diet Very low Variable ependent on 3 urden; potential metabolism, metabolic nd individual toler
o8 24 ’ o 530 R °""1’("'°" and selected concerns if poorly flexibility, and fasting i :_’ e b
utilization
ey subi " Reduced " Limited long-term
Cambiored Very high protein 'Inxn’:',': Y Potentially " ;a‘:“fp"::’:::v‘; o May improve satiety, evidonce; potentisl
Elimination-Based Minimal Usually low bioavailability and adutationin enhanced in oty poudily glycemic stability, and micronutrient and
: processing burden  putrient density for il selected SR of specific jome concerns
Dlat selected nutrients Invidinte contexts alinry oty dietary triggers  depending on
implementation
This table selocted sy lovel i with major dietary patterns discussed within the IOM Systems Nutrition Framework
Comparisons are intended to illustrate general metabolic, nutriti jical, and trends rather than absolute conclusions applicable to all individuals
or dietary implementations. Dietary quality may vary substantially according to:
« food sourcing  * degree of processing  * nutrient composition  * environmental exposures  * lifestyle factors  + and individual metabolic or physiological context.

The framework emphasizes that no single dietary model is universally optimal under all conditions. Rather, dietary systems may differ in their effects on:

" . Long-Term
Glycemic Nutrient Mitochondrial () Metabolic Energetic Inflammatory Toxicological A
" a Physiological
Burden Sufficiency Energetics L Flexibilty Resilience @ Regulation Burden o
Accordingly, this comparison is intended as a sy level analytical for ing dietary ibility with human physi rather than support for rigid

dietary ideology or universal dietary prescriptions.

Modern Dietary Transition and Loss of Energetic Resilience

From adaptive fuel flexibility in our evolutionary environment to chronic glucose dependency in the modern environment.

EVOLUTIONARY PHYSIOLOGY MODERN ENVIRONMENT
Adaptive, Intermittent, and Variable Continuous, Refined, and Chemically Burdened

Ancestral Lifestyle DRIVERS OF MODERN Modern Dietary Pattern
+ Intermittent feeding DIETARY TRANSITION + Frequent eating / snacking
$ h + Physical activity « Refined carbohydrates & added sugars
(AT + Natural whole foods Industrialization + Ultra-processed foods
e — ‘, ——_— % of the food system t —-—— —
Metabolic State Metabolic State
* Variable nutrient availability Grain refinement & + Constant nutrient availability
+ Fasting-feeding cycles added sugars + Chronic hyperinsulinemia
+ Low chronic insulin + Impaired fasting response
I Ultra-processed |
Fuel Utilization foods Fuel Utilization
~ A « Fat oxidation Q ® A + Glucose is primary fuel
wr AA . Ketone body production E Food abundance O XPAA . Fatoxidation suppressed
Fatty Acids Ketones _ + Glucose as needed B 0nataok sCoee Glucose Ketones  * Ketone production decreased
‘ Physiological Adaptations ﬁﬁ :,':,;,': 2 . ‘e Physiological Consequences
+ Upregulated mitochondrial function > L . « Mitochondrial stress & inefficiency
@ * Enhanced fuel switching Circadian disruption .-@ . * Impaired fuel switching
+ Hormetic stress resilience & & chronic stress ® * Pro-inflammatory state
‘ Systems Outcome Environmental ” ‘ Systems Outcome
[ b + Metabolic flexibility A exposures A ; + Metabolic inflexibility
\ + Efficient energy production + Reduced stress tolerance
2 + Low inflammation 5 * Low-grade chronic inflammation
Result: i
ENERGETIC RESILIENCE and metabolic misalignment LOSS OF ENERGETIC RESILIENCE
High adaptability and stress tolerance with human evolutionary design Reduced adaptability and stress tolerance
Robust health and longevity potential ! Increased risk of metabolic and chronic diseases )
of RodicediE
S - *_..—_,@_,._.wﬁ@
Mitochondria Oxidative Stress & Insulin Resistance & Ectopic Fat Endocrine & Chronic Disease
Glycemic Instability Accumulation Neuroendocrine Dysuom Risk

Restoring metabolic flexibility through appropriate nutrition, lifestyle, and environmental alignment is essential to regain energetic resilience.

Figure 2. Modern Dietary Transition and Loss of Energetic Resilience. This figure illustrates a proposed systems-
level model describing the transition from ancestral patterns of intermittent feeding and adaptive fuel utilization
toward modern dietary environments characterized by continuous food availability, refined carbohydrates,
ultra-processed foods, reduced physical activity, circadian disruption, and increased environmental
toxicological burden. Under ancestral physiological conditions, fluctuating nutrient availability and intermittent
fasting promoted metabolic flexibility, fatty acid oxidation, ketone utilization, mitochondrial adaptability, and
energetic resilience. In contrast, modern dietary patterns characterized by chronic hyperinsulinemia, persistent
glucose exposure, reduced fasting periods, and highly processed food intake may contribute to impaired fuel
switching, mitochondrial stress, reduced metabolic flexibility, and diminished physiological adaptability. The

model further proposes that chronic loss of energetic resilience may contribute to interconnected downstream
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disturbances including oxidative stress, inflammation, insulin resistance, ectopic fat accumulation,
neuroendocrine dysregulation, microbiome disruption, and increased chronic disease susceptibility. From an
IOM Systems Medicine perspective, restoration of metabolic flexibility and energetic resilience through
appropriate nutrition, physical activity, circadian regulation, and reduction of cumulative toxicological burden

may represent important strategies for long-term systems-level health maintenance.
6. Plant Defense Compounds and Nutritional Toxicology

6.1. Plants as Biological Defense Systems

Plants are sessile organisms that cannot escape environmental threats through movement. As a
result, they have evolved highly sophisticated biological defense systems to protect themselves
against insects, fungi, bacteria, herbivores, ultraviolet radiation, oxidative stress, and environmental
injury.

These defense mechanisms include production of a broad range of bioactive chemical
compounds commonly referred to as antinutrients, phytochemicals, secondary metabolites, or plant
defense compounds. Such compounds may exert beneficial, neutral, or harmful physiological effects
depending on biological context and exposure conditions[134,154,155,157,161].

Major classes of plant defense compounds include lectins, oxalates, phytates, alkaloids,
phytoestrogens, salicylates, tannins, cyanogenic glycosides, glucosinolates, protease inhibitors,
saponins, and gluten-related proteins. These compounds often function in plants as insect deterrents,
antifungal agents, signaling molecules, oxidative stress protectants, bitter-taste deterrents, or anti-
predation chemicals[134,154,157,161].

Importantly, plant defense compounds should not automatically be categorized as universally
harmful. Many phytochemicals may exert antioxidant, anti-inflammatory, antimicrobial, hormetic,
and signaling effects that provide physiological benefits under appropriate conditions and doses. For
example, polyphenols may activate cellular stress-response pathways, sulforaphane from cruciferous
vegetables may stimulate detoxification enzymes, and certain flavonoids may modulate
inflammatory signaling pathways[162-165].

This concept is sometimes described within the framework of hormesis, in which mild biological
stressors may stimulate adaptive cellular resilience pathways under appropriate physiological
conditions.

However, biological effects are highly context-dependent and may vary substantially according
to dose, preparation methods, gut integrity, microbiome composition, immune status, metabolic
health, genetic polymorphisms, developmental stage, and individual susceptibility. Thus,
compounds that may be tolerated or beneficial in one individual may provoke adverse reactions in
another.

Lectins are carbohydrate-binding proteins present in many plants including legumes, grains,
nightshades, and seeds. Certain lectins may resist digestion and interact with intestinal epithelial
surfaces. Experimental studies suggest that some lectins may influence intestinal permeability,
immune activation, inflammatory signaling, and epithelial barrier function under specific
conditions[155]. However, cooking, soaking, fermentation, sprouting, and pressure cooking may
substantially reduce lectin activity in many foods.

Oxalates are organic acids found in foods such as spinach, almonds, beet greens, rhubarb,
chocolate, and sweet potatoes. In susceptible individuals, excessive oxalate intake may contribute to
kidney stone formation, calcium binding, reduced mineral absorption, or tissue oxalate
accumulation. Calcium intake, gut microbiome composition, intestinal absorption, hydration status,
and renal function may substantially influence oxalate metabolism and risk[133,166].

Phytates (phytic acid), commonly found in grains, legumes, nuts, and seeds, function as
phosphorus storage molecules in plants. Phytates may bind minerals including zinc, iron, calcium,
and magnesium, thereby reducing mineral bioavailability under some conditions[128,132].
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However, phytates may also exhibit antioxidant and potential anticancer properties, again
illustrating the context-dependent nature of plant defense compounds.

Traditional food preparation methods such as fermentation, soaking, sprouting, and sourdough
processing may significantly reduce phytate concentrations and improve mineral absorption.

Phytoestrogens, particularly isoflavones found in soy products, may interact with estrogen
receptors and influence endocrine signaling. Their physiological effects remain complex and may
vary according to hormonal status, age, gut microbiome composition, sex, dosage, and metabolic
context[167,168].

Similarly, salicylates naturally present in many fruits, herbs, and vegetables may provoke
symptoms in susceptible individuals with salicylate sensitivity or mast cell activation disorders.

Gluten-related proteins found in wheat, barley, and rye may trigger autoimmune responses in
genetically susceptible individuals with celiac disease. Emerging evidence also suggests that a subset
of individuals may experience non-celiac gluten sensitivity involving gastrointestinal symptoms,
neurological symptoms, immune activation, or inflammatory responses[169-171].

From an IOM Systems Medicine perspective, plant defense compounds should neither be
simplistically demonized nor universally idealized. Their physiological effects are best understood
within a systems-based framework integrating exposure dose, food preparation, gastrointestinal
integrity, microbiome ecology, immune tolerance, mitochondrial and energetic resilience,
detoxification capacity, metabolic flexibility, and individual biological variability.

Within this framework, nutritional toxicology becomes highly individualized. Foods that
support health in one physiological context may contribute to inflammatory burden or intolerance in
another. Consequently, dietary evaluation should move beyond rigid ideological classifications
toward personalized assessment of tolerance, nutrient sufficiency, inflammatory response, metabolic
effects, and long-term physiological adaptability.

6.2. Oxalates and Metabolic Burden

Oxalates (oxalic acid and oxalate salts) are naturally occurring organic compounds synthesized
by many plants as part of their defense and metabolic regulatory systems. In plants, oxalates may
function in mineral regulation, calcium storage, defense against herbivores, heavy metal
detoxification, and oxidative stress responses[172,173].

In human nutrition, oxalates are widely distributed throughout the food supply, but
concentrations vary substantially among foods. Certain plant foods contain particularly high levels
of oxalates, including spinach, almonds, rhubarb, beet greens, Swiss chard, sweet potatoes, dark
chocolate, turmeric, peanuts, and soy products.

Oxalate content may also vary according to plant species, growing conditions, soil composition,
food processing, cooking methods, and preparation techniques.

Under normal physiological conditions, oxalates may be partially degraded by intestinal
microbiota, excreted through the kidneys, or bound to calcium within the gastrointestinal tract and
eliminated in stool. However, excessive oxalate exposure, increased intestinal absorption, impaired
microbial degradation, or altered renal handling may contribute to pathological oxalate accumulation
in susceptible individuals[133,173-175].

In susceptible individuals, excessive oxalate exposure may contribute to kidney stone formation,
tissue crystal deposition, inflammatory responses, oxidative stress, epithelial injury, mineral binding,
gastrointestinal irritation, and mitochondrial stress.

Calcium oxalate represents the most common constituent of kidney stones worldwide. Oxalate
may bind calcium in urine and form insoluble calcium oxalate crystals capable of inducing renal
tubular injury, inflammatory activation, oxidative stress generation, and urinary obstruction[174—
178].

Emerging evidence suggests that oxalates may exert biological effects beyond nephrolithiasis
alone. Experimental studies indicate that calcium oxalate crystals may activate inflammatory
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cytokine pathways, NLRP3 inflammasome signaling, macrophage activation, reactive oxygen species
production, and mitochondrial dysfunction[174,179,180].

Oxalate-induced oxidative stress may impair mitochondrial membrane function, ATP
production, calcium homeostasis, and cellular redox balance under certain conditions. These
mechanisms have led some investigators to hypothesize that chronic oxalate burden may potentially
contribute to broader systemic inflammatory or metabolic effects in susceptible individuals, although
large-scale clinical evidence remains limited.

Oxalate metabolism is strongly influenced by intestinal physiology and microbiome
composition. Certain gut bacteria, particularly Oxalobacter formigenes, are capable of degrading
oxalates within the gastrointestinal tract and reducing oxalate absorption[181].

Disruption of gut microbiome ecology through antibiotics, gastrointestinal disease,
inflammatory bowel disorders, bariatric surgery, chronic dysbiosis, or intestinal permeability
disorders may increase oxalate absorption and systemic oxalate burden. Increased intestinal
permeability  (“leaky gut”) may further enhance oxalate uptake in susceptible
individuals[154,182,183].

Importantly, susceptibility to oxalate-related pathology varies considerably among individuals.
Factors influencing oxalate tolerance may include gut microbiome composition, calcium intake,
hydration status, renal function, vitamin B6 status, magnesium status, mitochondrial resilience,
gastrointestinal integrity, genetic polymorphisms, and total dietary oxalate load.

Food preparation methods may also significantly influence oxalate exposure. Boiling certain
vegetables, for example, may substantially reduce soluble oxalate content through leaching into
cooking water[184]. Additionally, simultaneous calcium intake during meals may reduce intestinal
oxalate absorption by promoting formation of insoluble calcium oxalate complexes within the gut
lumen[133].

From an IOM Systems Medicine perspective, oxalates may represent an example of how
naturally occurring plant defense compounds can exert highly individualized biological effects
depending on exposure burden, detoxification capacity, microbiome ecology, mineral balance,
gastrointestinal integrity, and mitochondrial function.

Within this framework, oxalate-related pathology should not be viewed as universally
applicable to all individuals consuming plant foods. Rather, oxalate tolerance likely exists along a
spectrum influenced by systems-level physiological resilience and cumulative metabolic burden.

Accordingly, personalized nutritional assessment may become particularly important in
individuals with recurrent kidney stones, chronic inflammatory syndromes, gastrointestinal
disorders, mitochondrial dysfunction, autoimmune disease, vulvodynia, fibromyalgia, or
unexplained multisystem inflammatory symptoms potentially associated with altered oxalate
handling.

These observations further illustrate that nutritional tolerance and toxicological burden are
highly individualized and may depend on systems-level interactions among diet, metabolism,
microbiome ecology, mitochondrial function, and host adaptive capacity.

Although mechanistic and observational evidence exists, large-scale controlled clinical evidence
remains limited for many proposed systemic oxalate-related syndromes.

7. Reframing Dietary Toxicology

7.1. No Modern Food System Is Toxin-Free

Modern dietary discourse often selectively emphasizes toxicological risks associated with
particular food categories while minimizing others. Public debate frequently polarizes around

s

simplified narratives such as “animal foods are toxic,” “plant foods are toxic,” “fat is harmful,” or
“carbohydrates are harmful,” while underappreciating the broader complexity of modern

environmental and nutritional toxicology.
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In reality, no modern dietary system is entirely free of toxicological burden. Human beings now
exist within an industrialized ecological environment characterized by widespread exposure to
environmental pollutants, agricultural chemicals, industrial food processing compounds,
microplastics, heavy metals, endocrine-disrupting chemicals, persistent organic pollutants (POPs),
air pollution, and cumulative metabolic stressors[26,28,29,150,185].

Consequently, toxicological exposure should not be conceptualized as a binary phenomenon
(“toxic” versus “non-toxic”), but rather as a systems-level continuum influenced by cumulative
physiological burden and adaptive capacity, including exposure duration, dose, nutrient status,
mitochondrial resilience, detoxification capacity, microbiome integrity, inflammatory status, and
genetic susceptibility.

Modern food systems may expose individuals to toxicological burdens through multiple
pathways, including pesticide residues, herbicides, fungicides, industrial seed oil oxidation products,
advanced glycation end products (AGEs), heavy metals, food additives, plastic-associated chemicals,
ultra-processed food compounds, microbial contaminants, and environmental pollutants
bioaccumulated through the food chain.

Both plant and animal foods may accumulate toxicants depending on soil quality, water
contamination, agricultural practices, industrial pollution, food processing methods, packaging
materials, and environmental bioaccumulation patterns[156,186-188].

For example, large predatory fish may accumulate mercury, animal fats may concentrate
lipophilic persistent organic pollutants, rice may accumulate arsenic, leafy vegetables may contain
pesticide residues, and ultra-processed foods may contain emulsifiers, preservatives, and packaging-
derived contaminants.

Importantly, toxicological burden may arise not only from exogenous toxins, but also from
endogenous metabolic dysfunction. Chronic hyperglycemia, insulin resistance, mitochondrial
dysfunction, and oxidative stress may generate reactive oxygen species (ROS), lipid peroxidation
products, inflammatory cytokines, advanced glycation end products, and metabolic byproducts
capable of contributing to tissue injury and accelerated aging[4,96,189,190]. Thus, metabolic
dysregulation itself may function as an internal toxicological environment.

Mitochondrial function may play a central role in determining cellular resilience to cumulative
toxicological exposure through regulation of oxidative balance, energy production, and adaptive
stress responses. Within this framework, the distinction between external toxic burden and internally
generated metabolically derived toxicological stress becomes increasingly interconnected.

Modern ultra-processed food systems may further amplify toxicological burden through
excessive caloric density, nutrient dilution, altered satiety signaling, oxidized industrial oils, food
additives, artificial flavoring systems, and chronic overactivation of reward pathways. Such dietary
patterns may simultaneously increase toxic exposure, reduce micronutrient sufficiency, impair
mitochondrial function, alter microbiome ecology, and weaken endogenous detoxification
systems[23,90,92,93].

Importantly, toxicological susceptibility likely varies substantially among individuals according
to genetics, age, developmental exposure, nutrient status, detoxification capacity, mitochondrial
function, microbiome diversity, endocrine health, and cumulative lifetime exposure burden.

From an IOM Systems Medicine perspective, dietary toxicology should therefore be reframed
away from simplistic ideological categorizations toward a broader systems-level assessment
integrating toxic burden, nutrient density, mitochondrial resilience, metabolic flexibility,
inflammatory regulation, endocrine stability, detoxification capacity, microbiome integrity, and
biological adaptability.

Within this framework, the central question may not be whether a particular dietary pattern is
completely toxin-free—because no modern dietary system is entirely devoid of toxicological
burden—but rather whether the overall dietary pattern reduces cumulative physiological stress,
supports detoxification systems, maintains nutrient sufficiency, preserves mitochondrial function,
and enhances long-term biological resilience.
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7.2. Water-Soluble Versus Fat-Soluble Toxins

Different dietary systems may shift toxicological exposure profiles rather than eliminate toxicity
altogether. Modern debates surrounding nutrition frequently frame specific dietary models as either
“clean” or “toxic,” yet from a systems biology perspective, virtually all contemporary food systems
exist within an increasingly industrialized and chemically exposed ecological environment.

Accordingly, different dietary patterns may preferentially alter the type of toxicological
exposure, tissue distribution, storage characteristics, metabolic processing, and detoxification
demands rather than completely eliminating toxic burden itself.

One useful conceptual framework involves distinguishing between predominantly water-
soluble toxicants and predominantly fat-soluble toxicants. These categories differ substantially in
absorption, tissue distribution, bioaccumulation, elimination pathways, and long-term biological
persistence.

Plant-heavy dietary systems may involve greater exposure to pesticide residues, herbicides,
glyphosate, nitrates, heavy metals from soil, water-soluble agricultural contaminants, mycotoxins,
and naturally occurring plant defense compounds. Such compounds are often introduced through
industrial agriculture, fertilizer use, herbicide application, contaminated irrigation systems, food
storage conditions, and environmental pollution.

Many of these compounds are relatively water-soluble and may exert toxicological effects
through oxidative stress, endocrine disruption, mitochondrial dysfunction, microbiome disruption,
epithelial barrier injury, and chronic inflammatory signaling[191-196].

For example, glyphosate exposure has been investigated for potential effects on microbiome
ecology and mineral chelation, nitrates may contribute to nitrosamine formation under some
conditions, and pesticide residues may exert endocrine-disrupting or mitochondrial effects
depending on dose and cumulative exposure burden.

Additionally, many plant foods contain naturally occurring defense compounds—including
lectins, oxalates, phytates, alkaloids, and salicylates —which may further contribute to toxicological
or immunological burden in susceptible individuals.

Conversely, animal-heavy dietary systems may involve greater exposure to persistent organic
pollutants (POPs), dioxins, polychlorinated biphenyls (PCBs), organochlorine compounds, heavy
metals, and fat-soluble bioaccumulated toxins.

Because many environmental pollutants are lipophilic, they may accumulate progressively
within adipose tissue, animal fats, marine food chains, dairy products, and organs of long-lived
animals. Large predatory fish, for example, may accumulate mercury, PCBs, and industrial pollutants
through biomagnification across trophic levels[26,150,185,186,197].

Unlike many water-soluble compounds that may be more readily excreted, fat-soluble toxicants
may persist in human tissues for years or decades due to storage within adipose tissue, enterohepatic
recirculation, slow metabolic clearance, and cumulative environmental exposure.

These compounds have been associated with endocrine disruption, insulin resistance,
mitochondrial dysfunction, carcinogenesis, neurotoxicity, reproductive dysfunction, and chronic
inflammatory activation[26,185,197,198].

Importantly, toxicological risk is not determined solely by dietary category, but also by food
sourcing, agricultural practices, environmental contamination, food processing, cooking methods,
nutrient sufficiency, detoxification capacity, microbiome integrity, mitochondrial resilience, and
cumulative lifetime exposure burden.

For example, regenerative agricultural practices may reduce certain toxic exposures, grass-fed
animal systems may differ from industrial feedlot systems, organic cultivation may reduce some
pesticide exposures, and food preparation techniques may alter toxicological burden.

At the same time, nutrient status itself strongly influences toxicological resilience. Adequate
intake of glutathione-supportive nutrients, selenium, zinc, magnesium, vitamin C, sulfur-containing
amino acids, and phytonutrients may substantially influence detoxification capacity and oxidative
stress resilience[199-201]. From an IOM Systems Medicine perspective, the central question therefore
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becomes not whether a food system is toxin-free, but whether total toxicological burden exceeds
biological resilience, energetic adaptability, and detoxification capacity.

Within this framework, chronic disease risk may emerge not from a single “toxic food,” but from
cumulative systems-level imbalance involving toxic exposure burden, nutrient insufficiency,
mitochondrial dysfunction, impaired detoxification, chronic inflammatory activation, endocrine
disruption, microbiome dysregulation, and loss of metabolic flexibility.

Accordingly, nutritional toxicology should move beyond simplistic ideological food
categorizations toward individualized systems-level assessment of exposure load, detoxification
capacity, inflammatory resilience, metabolic adaptability, and long-term physiological reserve.

8. Toward an IOM Systems Nutrition Framework

This paper proposes that optimal human nutrition should be evaluated not according to rigid
dietary ideology, but according to integrated systems-level effects on metabolic regulation,
mitochondrial energetics, inflammatory burden, endocrine signaling, detoxification capacity,
vascular integrity, immune balance, and long-term biological resilience.

From an IOM Systems Medicine perspective, the central nutritional question is not whether a
diet is “plant-based,” “animal-based,” “low-fat,” or “low-carbohydrate,” but whether the overall
dietary system supports restoration and maintenance of physiological homeostasis under modern
environmental conditions.

Within this framework, healthy dietary systems should ideally emphasize the following
interconnected principles.

8.1. Low Glycemic Burden

Chronic hyperglycemia and hyperinsulinemia may represent central drivers of modern
metabolic disease. Excessive glycemic load may contribute to insulin resistance, endothelial
dysfunction, oxidative stress, advanced glycation end product (AGE) formation, mitochondrial
overload, chronic inflammation, and accelerated biological aging[4,31,95,96,136].

Repeated postprandial glucose and insulin excursions may progressively impair metabolic
flexibility, adipocyte regulation, hepatic metabolism, vascular integrity, and pancreatic beta-cell
function. Accordingly, reducing chronic glycemic burden may improve insulin sensitivity, glycemic
stability, mitochondrial function, inflammatory regulation, and long-term cardiometabolic outcomes.

Importantly, optimal carbohydrate tolerance likely varies substantially according to
insulin sensitivity, physical activity, mitochondrial function, age, metabolic health,
and genetic or epigenetic variability.

8.2. Low Processing Burden

Ultra-processed industrial foods may contribute substantially to modern chronic disease burden
through excessive caloric density, nutrient dilution, altered satiety signaling, hyperpalatability,
industrial additives, oxidized oils, emulsifiers, and microbiome disruption[23,156,157,202].

Modern ultra-processed foods often combine refined starches, sugars, industrial seed oils, flavor
enhancers, and artificial additives in ways that may dysregulate appetite regulation and metabolic
signaling.

Emerging evidence suggests that food processing itself —not merely macronutrient
composition—may independently influence obesity risk, inflammatory burden, insulin resistance,
gut barrier integrity, mitochondrial stress, and cardiometabolic health.

Accordingly, minimizing ultra-processed foods and emphasizing minimally
processed nutrient-dense foods may represent a foundational principle of systems
nutrition.
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8.3. Low Pollution Burden

Modern humans exist within an increasingly polluted environmental ecosystem involving
pesticides, herbicides, microplastics, heavy metals, endocrine disruptors, persistent organic
pollutants, industrial contaminants, and airborne toxicants.

These toxicological exposures may influence mitochondrial function, endocrine signaling,
immune regulation, reproductive health, metabolic homeostasis, adaptive stress responses, and
chronic inflammatory pathways[26,28,29,150,185].

Both plant and animal food systems may accumulate environmental toxicants depending on
agricultural practices, industrial pollution, food processing, water quality, and bioaccumulation
patterns. Consequently, reducing cumulative toxicological exposure becomes an important systems-
level nutritional objective.

8.4. Low Toxin Burden

No modern food system is entirely toxin-free. Different dietary systems may shift toxicological
exposure profiles rather than eliminate toxicity altogether.

Accordingly, systems nutrition should aim to reduce cumulative toxicological burden, oxidative
stress load, inflammatory triggers, mitochondrial injury, and detoxification overload.

Potential toxicological contributors include pesticide residues, glyphosate, plant defense
compounds, oxidized oils, advanced glycation end products, food additives, persistent organic
pollutants, heavy metals, and endogenous metabolic toxins generated through chronic
hyperglycemia and oxidative stress.

Within this framework, toxicological burden should be evaluated according to dose, duration,
tissue accumulation, mitochondrial resilience, nutrient sufficiency, detoxification capacity, energetic
adaptability, and individual susceptibility rather than simplistic “good food versus bad food”
categorizations[96,179,192,198].

8.5. Nutrient Sufficiency

Optimal health requires more than caloric adequacy alone. Human physiology depends
fundamentally upon adequate intake of water, vitamins, minerals, trace elements, amino acids,
essential fatty acids, and mitochondrial cofactors.

Modern populations may simultaneously exhibit chronic dehydration, caloric excess, obesity,
and micronutrient insufficiency. This paradox may partly result from widespread consumption of
nutrient-poor ultra-processed foods.

From an IOM Systems Medicine perspective, nutrient sufficiency should emphasize nutrient
density, bioavailability, mitochondrial and energetic support, orthomolecular adequacy, adaptive
physiological demand, and the Nutrient Demand Principle[199], which proposes that physiological
stress and  chronic  disease  states may  substantially increase  micronutrient
requirements[21,88,101,203].

Adequate nutrient status may also play important roles in maintaining mitochondrial energetics,
oxidative-reduction balance, recovery capacity, metabolic adaptability, immune resilience, and long-
term physiological stability.

8.6. Metabolic Flexibility

Metabolic flexibility refers to the capacity to efficiently transition between glucose metabolism,
fatty acid oxidation, and ketone utilization according to physiological conditions.

Loss of metabolic flexibility may contribute to insulin resistance, obesity, mitochondrial
dysfunction, fatigue, impaired stress resilience, reduced energetic adaptability, and chronic
inflammatory activation.
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Nutritional strategies such as carbohydrate restriction, fasting, exercise, time-restricted feeding,
and ketogenic therapies may help restore metabolic flexibility and mitochondrial adaptability in
selected individuals[13,47,135,137].

Ketone bodies themselves may also function as signaling molecules influencing oxidative stress
regulation, mitochondrial biogenesis, inflammatory signaling, and cellular stress resistance.

Restoration of metabolic flexibility may also improve adaptive fuel utilization during fasting,
prolonged exertion, fluctuating nutrient availability, and other forms of physiological stress.

8.7. Energetic Resilience

Human physiology evolved under conditions characterized by fluctuating food availability,
intermittent fasting, prolonged physical exertion, environmental stress, migration, and variable
energy access. Accordingly, the capacity to maintain stable physiological function across changing
energetic conditions may represent a fundamental feature of metabolic health.

From an IOM Systems Medicine perspective, energetic resilience refers to the ability to efficiently
adapt between glucose metabolism, fatty acid oxidation, ketone utilization, and fluctuating energetic
demands according to physiological stress and nutrient availability.

Loss of energetic resilience may contribute to chronic fatigue, impaired stress tolerance,
metabolic inflexibility, mitochondrial dysfunction, reduced endurance capacity, diminished recovery
capacity, and impaired physiological adaptability.

Nutritional strategies that support mitochondrial energetics, metabolic flexibility, nutrient
sufficiency, circadian regulation, adaptive stress responses, and inflammatory balance may help
preserve long-term energetic resilience and systems-level physiological stability.

8.8. Biological Compatibility

Ultimately, nutrition should support overall biological compatibility with human physiology.

From an IOM Systems Medicine perspective, optimal dietary systems should ideally support
mitochondrial function, oxidative-reduction balance, hormonal regulation, immune tolerance, gut
barrier integrity, vascular integrity, circadian biology, microbiome ecology, energetic resilience, and
long-term physiological adaptability.

No single dietary pattern is likely optimal for all individuals under all conditions. Dietary
responses may vary substantially according to genetics, microbiome composition, metabolic health,
toxicological burden, life stage, endocrine status, physical activity, environmental exposures, and
chronic disease burden.

Accordingly, systems nutrition emphasizes personalization, metabolic context, biological
resilience, energetic adaptability, and dynamic physiological responsiveness rather than rigid
ideological dietary prescriptions[4,86,150,200].

Within this framework, the ultimate goal of nutrition is not merely prevention of deficiency
disease, but optimization of systems resilience, mitochondrial energetics, metabolic adaptability,
energetic resilience, biological repair capacity, adaptive stress tolerance, and long-term human
healthspan.

9. Conclusion

The central nutritional question of the 21st century may no longer be whether a diet is low-fat,
plant-based, ketogenic, carnivorous, Mediterranean, vegan, or omnivorous, but whether it is
biologically compatible with human physiology and capable of restoring systems-level resilience
within the context of modern environmental and metabolic stressors.

Over the past century, nutritional science has often been dominated by reductionist frameworks
emphasizing isolated variables such as calories, saturated fat, cholesterol, macronutrient ratios, or
single nutrients. While such approaches have provided valuable mechanistic insights, they may
insufficiently account for the broader systems-level interactions that govern human physiology.
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Chronic diseases including obesity, type 2 diabetes mellitus, atherosclerotic cardiovascular
disease, neurodegenerative disorders, autoimmune disease, cancer, and metabolic syndrome are
increasingly recognized as complex systems disorders involving dynamic interactions among
metabolism, mitochondrial energetics, hormonal signaling, immune regulation, oxidative-reduction
balance, environmental toxicology, microbiome ecology, vascular integrity, energetic adaptability,
and nutrient availability.

Within this framework, nutrition should not be reduced to dietary ideology. Human diets
should instead be evaluated according to their integrated effects on metabolism, mitochondrial
function, inflammatory regulation, nutrient sufficiency, detoxification capacity, toxicological burden,
endocrine signaling, microbiome integrity, vascular biology, energetic resilience, and overall
biological resilience.

Importantly, no modern dietary system is entirely free of limitations or toxicological tradeoffs.
Different dietary patterns may shift glycemic burden, nutrient density, inflammatory exposure,
toxicological profiles, microbiome interactions, energetic demands, and metabolic stressors rather
than completely eliminating physiological burden itself.

Consequently, the optimal nutritional framework may not consist of rigid adherence to any
single dietary ideology, but rather minimization of cumulative metabolic and toxicological burden,
optimization of nutrient sufficiency and bioavailability, preservation of metabolic flexibility and
energetic resilience, reduction of ultra-processed food exposure, support of mitochondrial energetics,
maintenance of gut and vascular barrier integrity, and enhancement of long-term physiological
adaptability.

From an IOM Systems Medicine perspective, chronic disease may emerge when cumulative
physiological burden exceeds the body’s adaptive, energetic, and restorative capacity. Such burden
may arise through interactions among hyperglycemia, chronic hyperinsulinemia, nutrient
insufficiency, environmental toxicants, oxidative stress, mitochondrial dysfunction, endocrine
disruption, chronic inflammation, microbiome dysregulation, impaired detoxification systems, and
loss of metabolic flexibility.

Conversely, restoration of health may require systems-level interventions capable of
simultaneously improving metabolic regulation, mitochondrial and energetic resilience, nutrient
status, inflammatory balance, vascular integrity, adaptive stress tolerance, and detoxification reserve.

Within this paradigm, nutrition becomes not merely a source of calories, but a foundational
biological signaling system influencing gene expression, mitochondrial bioenergetics, hormonal
networks, immune tolerance, cellular repair, adaptive stress responses, and long-term healthspan
trajectories.

Importantly, biological individuality must remain central to future nutritional science. Optimal
dietary approaches may vary substantially according to genetics, microbiome composition, metabolic
health, toxicological burden, physical activity, endocrine status, life stage, environmental exposures,
energetic demands, and chronic disease state. Therefore, personalized systems-based nutrition may
ultimately prove more biologically relevant than rigid universal dietary prescriptions.

The IOM Systems Nutrition Framework proposed in this paper emphasizes:

1. Low Glycemic Burden

2. Low Processing Burden

3. Low Pollution Burden

4. Low Toxicological Burden
5. Nutrient Sufficiency

6. Metabolic Flexibility
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7. Energetic Resilience
8. Biological Compatibility

Collectively, these principles seek to integrate nutritional biochemistry, metabolic physiology,
toxicology, mitochondrial medicine, orthomolecular medicine, systems biology, evolutionary
physiology, and chronic disease prevention into a unified systems-level framework.

A systems-level nutritional paradigm may therefore provide a more comprehensive foundation
for prevention of chronic disease, restoration of metabolic resilience, preservation of vascular and
mitochondrial integrity, optimization of human performance, enhancement of adaptive physiological
capacity, and extension of long-term healthspan in the modern era.

The capacity to maintain energetic adaptability across fluctuating nutritional and environmental
conditions may represent a central but underappreciated determinant of long-term human
physiological resilience.

Future research should increasingly move beyond polarized dietary ideologies toward
integrative investigation of how nutrition interacts dynamically with metabolism, environmental
toxicology, mitochondrial biology, immune regulation, microbiome ecology, adaptive energetics,
and systems-level human physiology.

Such an approach may help establish a more biologically coherent nutritional model for 21st
century medicine and public health.

The integrated principles of the proposed IOM Systems Nutrition Framework are summarized

in Figure 3.
Top of Form
Bottom of Form
Core Principles of the IOM Systems Nutrition Framework
Optimal nutrition is evaluated according to its integrated effects on systems-level health
and long-term biological and energetic resilience.
' N7 8 = —_— —_—
’ Low Low Low Low Nutrient Metabolic Energeti Biological
Glycemic Burden Processing Burden Pollution Burden Toxicological Burden Sufficiency Flexibility Resili C ibil
Q ‘ 3 (Mg)(zn) (D) 5,2‘3"
- l (zn) g By | Po a4 § ;
| & L~ Fatty acids Ketones . '
L o - = L Ll S
« Stable blood glucose + Minimize ultra-processed  « Reduce exposure to + Reduce cumulative toxic ~ « Adequate vitamins, « Efficiently switch between  « Maintain stable energy « Support hormonal, immune,
and insulin foods environmental pollutants ~ exposure (natural and minerals, amino acids, glucose, fat, and ketones  across changing vascular, and gut integrity
industrial) essential fatty acids conditions
« Improved insulin « Emphasize minimally « Pesticides, heavy metals, « Enhances mitochondrial « Respect individual biology,
sensitivity processed foods microplastics, EDCs * Support detoxification  + High nutrient density adaptability « Fasting tolerance and life stage, and genetics
capacity and bicavailability fuel adaptability
« Reduced inflammation « Preserves nutrients « Protects mitochondrial « Improves stress tolerance « Personalization and
and oxidative stress and satiety signaling function and hormones | * Protects mitochondrial  + Supports mitochondrial and endurance + Supports performance, | adaptability over ideology
and cellular function and energetic function recovery, and longevity
« Supports metabolic + Supports microbiome + Supports long-term « Reduces risk of metabolic « Promotes long-term
flexibility and metabolic health physiological integrity | * Recognize individual * Reflects increased dysregulation + Core determinant of healthspan
susceptibility demand in stress states systems resilience

Ultimate Goal: Enhance metabolic and energetic resilience, reduce cumulative burden, and support long-term healthspan
through systems-level nourishment that is compatible with human physiology and adaptive capacity.

Note: This framework is intended for conceptual and educational purposes and is not a prescriptive dietary recommendation.

Figure 3. Core Principles of the IOM Systems Nutrition Framework. The proposed IOM Systems Nutrition
Framework emphasizes evaluation of dietary systems according to their integrated effects on systems-level
physiology, metabolic resilience, mitochondrial energetics, and long-term biological adaptability. The
framework includes eight interconnected principles: (1) Low Glycemic Burden, emphasizing reduction of
chronic hyperglycemia and hyperinsulinemia; (2) Low Processing Burden, emphasizing minimization of ultra-
processed foods; (3) Low Pollution Burden, emphasizing reduction of environmental toxicological exposure; (4)

Low Toxicological Burden, emphasizing cumulative reduction of dietary and endogenous toxicological stress;

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.0616.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2026 d0i:10.20944/preprints202605.0616.v1

30 of 45

(5) Nutrient Sufficiency, emphasizing nutrient density, bioavailability, and orthomolecular support; (6)
Metabolic Flexibility, referring to adaptive fuel switching between glucose, fatty acids, and ketone metabolism;
(7) Energetic Resilience, referring to maintenance of physiological stability across changing energetic and
environmental conditions; and (8) Biological Compatibility, emphasizing individualized physiological
adaptability and systems integrity. Collectively, these principles are proposed as a systems-level framework for
evaluating dietary compatibility with human physiology and long-term healthspan.

This paper is intended primarily as a conceptual and systems-level synthesis integrating
evolutionary physiology, nutritional science, metabolic biology, toxicology, and Integrative
Orthomolecular Medicine (IOM) principles. Many concepts discussed remain areas of active
investigation, and some proposed mechanisms require further validation through long-term clinical
trials, mechanistic studies, and systems-biology research. Dietary responses are highly
individualized and influenced by genetics, microbiome composition, metabolic health,
environmental exposures, lifestyle factors, and physiological context. Accordingly, the framework
proposed should be interpreted as a comparative systems-level model rather than a universal dietary
prescription.
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