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Strategic optimization of macronutrients and dietary patterns modulates conserved molecular pathways to promote healthy aging and longevity
Evidence-based nutritional interventions hold great promise for mitigating aging-related diseases and advancing human healthspan ) A

PUBLIC SUMMARY

= Diet shapes aging through both the amount of food eaten and the balance and quality of nutrients.

= Evidence from animals and human populations shows that nutrition can influence lifespan and healthspan.

= Younger adults need enough protein, while older adults may benefit from more plant foods and fiber.

= Future diets may be personalized using genes, gut microbes, glucose patterns, and digital monitoring data.
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Longevity is governed by complex interactions between genes and environ-
ment, in which diet is among the most powerful modifiable determinants.
Although classical dietary restriction reliably extends lifespan, evidence
from more than thirty large prospective cohorts and meta-analyses
summarized in this review indicates that meaningful longevity benefits can
be achieved without caloric restriction by optimizing macronutrient compo-
sition. This precision-nutrition strategy targets carbohydrate quality,
protein sources and specific amino acids, lipid class, and dietary fiber, and
adapts these choices to age, sex, genetic background, metabolic pheno-
type, and gut microbiome composition. This review integrates findings from
model organisms, mechanistic investigations, and large-scale prospective
cohorts to describe how macronutrients and their combinations modulate
lifespan-associated nutrient-sensing pathways. An  age-stratified
macronutrient framework and a longevity dietary pyramid are proposed,
both of which address how nutritional recommendations should evolve
from young adulthood through old age. The framework is further situated
within a broader precision-nutrition paradigm that incorporates continuous
glucose monitoring, multi-omics profiling, microbiome-guided personaliza-
tion, time-restricted eating, and emerging digital tools such as wearable
monitoring and artificial-intelligence-assisted diet design. Together, these
elements bridge mechanistic insight and population-level evidence, and
provide a foundation for precision diets aimed at extending healthspan and
promoting healthy longevity.

INTRODUCTION

The global population is undergoing profound demographic aging. The
number of individuals aged 80 years and above is projected to more than
triple between 2017 and 2050, reaching 425 million." This unprecedented
demographic shift reflects sustained advances in nutrition, living standards,
sanitation, and healthcare.” However, advanced age carries markedly
elevated risk of chronic and aging-related diseases, including cardiovascular
disease (CVD), type 2 diabetes, autoimmune disorders, cataracts, osteoporo-
sis, neurodegenerative diseases, and multiple cancers. In a large primary-
care population of 1,751,841 Scottish residents, over 90% of individuals above
65 years were affected by at least one chronic condition and more than 70%
by multimorbidity;” comparable patterns of high multimorbidity prevalence
have since been confirmed in cohorts from the United States, China, and
across Europe.” Therapeutic strategies that target the fundamental biology of
aging, rather than addressing each aging-associated disease in isolation,
hold transformative potential for global health.”

Longevity is shaped by interactions between genetic predisposition and
environmental factors, among which diet is one of the most powerful and
modifiable modulators. Dietary restriction (DR), defined as a reduction in food
intake without malnutrition,” has been recognized since the 1930s as a repro-
ducible intervention for lifespan extension across organisms ranging from
yeast to mammals.®’ Practical limitations of severe DR cannot be over-
looked: such regimens are difficult to adopt and maintain, and may induce
reproductive impairment, menstrual irregularities, osteoporotic fractures, and
cardiac arrhythmias.” Dietary restriction mimetics that recapitulate the bene-
fits of DR without prolonged fasting or caloric deficit have therefore emerged
as a major priority for healthy aging in humans. Specific macronutrient
composition (the relative proportions of carbohydrates, proteins, amino acids,
and fatty acids) can exert profound effects on health and longevity even in the

absence of overall caloric restriction (CR).” These effects are documented in
invertebrate models such as yeast (Saccharomyces cerevisiae),® nematodes
(Caenorhabditis elegans),' and fruit flies (Drosophila melanogaster),'” and in
mammalian systems including rats (Rattus norvegicus)® and mice (Mus
musculus).® Substantial longevity benefits in humans may therefore be
achievable without reducing total food intake, through optimization of
macronutrient balance.

Identifying optimal macronutrient ratios for human diets nonetheless
remains a substantial challenge." Insights from model organisms illuminate
the conserved nutrient-sensing pathways that link dietary input to aging
(Figure 1). The four primary pathways are those regulated by sirtuins (SIRTT),
the mechanistic target of rapamycin (MTOR), adenosine 5'-monophosphate-
activated protein kinase (AMPK), and the insulin/insulin-like growth factor-1
(IGF-1)/growth hormone (GH) axis.”"*'"® Reduced mTOR and insulin/IGF-
1/GH signaling, together with elevated AMPK and SIRT1 activity, drive
enhanced mitochondrial biogenesis, autophagy, optimized metabolism, resis-
tance to oxidative stress, genomic integrity, and regulated protein synthesis."
Beyond these molecular insights, large prospective human cohorts now
provide complementary evidence that macronutrient composition modulates
all-cause mortality at the population level, independent of total energy intake.
In the PURE study spanning 18 countries (n = 135,335),'° the ARIC cohort and
its meta-analysis of seven international cohorts (pooled n > 430,000),'" and
the Nurses' Health Study with 32-year follow-up,'® both very low and very
high carbohydrate intake were linked to increased mortality, while plant-
derived substitutions were protective. This review therefore focuses on the
four macronutrients (carbohydrates, proteins, fats, and dietary fiber) that
constitute the principal source of energy and building blocks of the organism
and most directly modulate nutrient-sensing pathways linked to aging. Find-
ings from model organisms, mechanistic studies, dietary patterns, and large-
scale epidemiological cohorts across geographic regions are integrated, and
a practical longevity dietary pyramid together with age-specific macronutri-
ent recommendations is proposed to facilitate translation into dietary
practice.

Carbohydrates

Carbohydrate quantity, quality, and source exert profound effects on aging.
Consumption of high-glycemic-index (GI) foods elevates postprandial
glucose and insulin and may enhance insulin/IGF-1 signaling.'” The
insulin/IGF-1 signaling (IIS) pathway initiates intracellular cascades involving
Akt and mTOR that regulate cellular growth, proliferation, and metabolic
homeostasis. In parallel, the AMPK pathway is robustly activated under
glucose restriction or energy scarcity;”” once activated, AMPK promotes
glycolysis and fatty acid B-oxidation while suppressing de novo lipogenesis
and gluconeogenesis. Both pathways are evolutionarily conserved from yeast
to human.?'

Large prospective cohorts and meta-analyses published since 2010 have
consistently demonstrated a non-linear (U- or J-shaped) association
between carbohydrate intake and all-cause mortality (Table 1).'¢'82%%
Moderate carbohydrate consumption (approximately 50-55% of energy) is
associated with the lowest mortality risk, whereas both very low-carbohy-
drate (< 40% energy) and very high-carbohydrate (> 70% energy) intakes are
linked to elevated risk. These associations are strongly modulated by carbo-
hydrate quality, source (plant- versus animal-derived replacement macronu-
trients), glycemic index or load, fiber content, and participant characteristics
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Figure 1. Nutritional signaling pathways involved in macronutrient regulation of aging The four macronutrients (carbohydrates, proteins, fats, and dietary fiber) modulate aging
and longevity by acting on four conserved nutrient-sensing pathways (IIS, mTOR, AMPK, SIRTs) and downstream effectors. These pathways act through transcription factors
and other downstream effectors that influence the twelve hallmarks of aging (around the figure: 1. genomic instability; 2. telomere attrition; 3. epigenetic alterations; 4. loss of
proteostasis; 5. disabled macroautophagy; 6. deregulated nutrient-sensing; 7. mitochondrial dysfunction; 8. cellular senescence; 9. stem cell exhaustion; 10. altered intercellular
communication; 11. chronic inflammation; 12. dysbiosis) and the physiological functions of target organs across the cardiovascular, musculoskeletal, neural, hepatic, adipose,
gastrointestinal, and microbial systems. Abbreviations: IIS, insulin/IGF-1 signaling; mTOR, mechanistic target of rapamycin; AMPK, AMP-activated protein kinase; SIRTs, sirtuins;
SKN-1, C. elegans Nrf2 ortholog; 4E-BP, elF4E-binding protein; HIF-1, hypoxia-inducible factor 1; FOXO/DAF-16, FOXO family / C. elegans ortholog; ATF4, activating transcription

factor 4; elF2a, eukaryotic initiation factor 2a; MSN2/4, S. cerevisiae stress-response transcription factors.

Table 1. Key prospective cohorts and meta-analyses on carbohydrate intake and all-cause mortality.

Ref Population (n / follow-up) Exposure

Main finding

Animal LCD 1 mortality; vegetable-based |

23 NHS + HPFS; 129,716; 20-26 y LCD score; animal vs plant mortality

16 PURE, 18 countries; 135,335; 7.4y Carbohydrate % energy gignacli;b (a0 § el -eares DA ligp (E el |
17  ARIC + meta of 7 cohorts; pooled 432,179; 16-25y Carbohydrate % energy g&;:ﬁf&?&:iﬂ?gﬁﬁ:t WL CEIRIER AT

24 NHANES + meta of 9 cohorts; pooled 462,934; 6-16 y LCD score quartiles LCD 1 mortality, stronger in non-obese

25 UK Biobank; 195,658; 10.6 y Carbohydrate % energy (non-linear) Non-linear; higher carb (50-70%) 1 mortality

26 KNHANES; 42,192; up to 8 y Carbohydrate % energy (U-shaped) Lowest risk at 50-60% energy from carbohydrate
27 NHANES; 37,233; 8y LCD score (healthy vs unhealthy) g::, :m)elnptflnt-based LD PO T G

28 JPHC; ~90,000; 15 y LCD score quintiles E:’Jthe'c-g\[,’ea"d AL el e -beses e
29 Meta of 10 cohorts; 421,022; 6-26 y LCD score (plant vs animal) Plant-based LCD | mortality; animal LCD null/risk
30 J-MICC; 81,333; 8.9y Carbohydrate % energy Low carb 1 mortality in men; high carb 1 in women
31 KoGES; large Korean; 10.1y Carbohydrate % energy by diabetes Higher carb 1 mortality in diabetes

18 NHS midlife; 47,513; ~32y Carbohydrate quantity and quality géisnhgaped; high-quality carbs | mortality, f healthy
32 Korean cohort, high-carb background; 9.2 y Carbohydrate % energy Very low carb (<55%) 1 all-cause and CVD mortality

Notes: NHS = Nurses' Health Study; HPFS = Health Professionals Follow-up Study; PURE = Prospective Urban Rural Epidemiology; ARIC = Atherosclerosis
Risk in Communities; NHANES = National Health and Nutrition Examination Survey; KNHANES = Korea NHANES; JPHC = Japan Public Health Center;
J-MICC = Japan Multi-Institutional Collaborative Cohort; KoGES = Korean Genome and Epidemiology Study; LCD = low-carbohydrate diet. All estimates

multivariable-adjusted.
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Figure 2. Recommended carbohydrate sources for a longevity diet Six longevity-oriented carbohydrate groups with proportional contribution to total carbohydrate intake: whole
grains (25-30%; e.g., oats, brown rice, quinoa), legumes (20-25%; white beans, chickpeas), vegetables (15-20%; pumpkin, carrots), tubers and roots (15-20%; sweet potato, yam,
taro), fruits (10-15%; banana, citrus, berries), and natural sweeteners (5-10%; small amounts of maple syrup, honey). Refined carbohydrates and added-sugar beverages are not
recommended. Percentages are based on the recommended daily carbohydrate intake (45-65% of total energy).

such as age, obesity status, and diabetes prevalence. Animal-based low-
carbohydrate diets consistently confer higher risk, whereas plant-based or
high-quality carbohydrate patterns are protective. The evidence derives from
multivariable Cox proportional hazards models in large cohorts with follow-
up durations ranging from 6 to more than 20 years.

The effects of carbohydrate intake on lifespan and healthspan vary with
age, genetic background, and underlying health status. Carbohydrate restric-
tion extends lifespan in healthy wild-type mice without pre-existing condi-
tions;™ in mice with congenital or acquired diseases, increased carbohydrate
availability may instead reduce mortality.* Sugar type also exerts effects on
aging.”™ Selection of low-GI foods helps maintain stable blood glucose and
improves insulin sensitivity, contributing to delayed aging and extended
healthspan.”** Although direct evidence linking low-GI diets to increased
human lifespan remains limited, preclinical studies show lifespan extension
with low-Gl interventions in aged mice,” and epidemiological data indicate
that lower dietary Gl and glycemic load are associated with greater odds of
healthy aging and reduced incidence of aging-related diseases.

Recommended carbohydrate sources and proportions for a longevity diet
are summarized in Figure 2. Suggested intake ranges align with the Accept-
able Macronutrient Distribution Range (AMDR) of 45-65% of total energy for
carbohydrates set jointly by the Institute of Medicine, the European Food
Safety Authority (EFSA), and the World Health Organization (WHO), with
cereal and tuber intake of 200-400 g/day (raw weight) supported by the
Dietary Guidelines for Chinese Residents (2022), the Dietary Guidelines for
Americans (2020-2025), and the Australian NHMRC. The proportional contri-
butions represent idealized distributions in high-quality, low-GI dietary
patterns; actual intake should be individualized according to age, sex, body
weight, physical activity, genetic background, and underlying health condi-
tions.

Proteins and amino acids

Protein intake influences health and longevity beyond its classical
metabolic roles. The protein leverage hypothesis posits that a strong appetite
for protein drives overconsumption of fats and carbohydrates when animals
are offered a protein-diluted diet.** While this phenomenon has been docu-
mented in mice, Drosophila, and primates, human evidence remains limited
and indirect: controlled feeding studies in healthy adults show modest protein-
driven compensation in energy intake (~10-15%), and observational analyses

of NHANES and UK Biobank participants are consistent with but do not
confirm the magnitude observed in animals.*”* Whether protein leverage
operates with comparable strength in free-living humans therefore requires
direct verification. Debate persists regarding whether the life-extending
effects of DR arise primarily from CR or from protein restriction (PR)."
Emerging evidence indicates that PR or selective limitation of methionine and
tryptophan can account for many beneficial effects previously attributed to
CR and to growth hormone/IGF-1 receptor deficiency (GHRD) mutations,
mediated at least in part by reduced circulating IGF-1.% In contrast, a high-
protein, low-carbohydrate diet shortens lifespan in both male and female
mice.”

Associations between dietary protein and all-cause mortality in humans
are highly context-dependent (Table 2).“** In middle-aged adults, higher total
or animal-derived protein intake is frequently associated with modestly
elevated mortality, mediated by IGF-1/mTOR activation. Plant protein intake
consistently shows inverse associations with mortality. In older adults (typi-
cally = 65-70 years), moderate-to-higher protein intake appears protective,
counteracting sarcopenia and frailty. Substitution analyses highlight the
advantage of replacing animal protein, particularly processed red meat, with
plant protein. Data on individual amino acids remain limited but generally
indicate neutral-to-inverse associations.

Methionine restriction (MR), implemented by reducing dietary methionine
to approximately 20% of control levels (0.86% to 0.17% by weight) while
maintaining isocaloric intake, robustly extends lifespan in rodents.”* MR
increases median and maximum lifespan in rats and mice by up to 30-45%,
attenuates immune senescence and lens aging, lowers circulating IGF-1,
insulin, and glucose, and enhances stress resistance.” These benefits persist
when MR is initiated in middle or late life, improving neuromuscular function,
frailty index, and metabolic health without caloric reduction.” Comparable
lifespan extension occurs in progeroid mouse models, where MR amelio-
rates chronic inflammation and DNA damage responses.”® Translation of
these rodent effects to humans requires caution: short-term human trials of
sulfur amino acid restriction (typically 2-16 weeks) have shown metabolic
improvements without adverse effects on epigenetic clocks, but long-term
safety, feasibility, and effects on lean mass in older adults remain unresolved.

Tryptophan, an essential aromatic amino acid and serotonin precursor,
also modulates longevity. In male Swiss albino mice, a diet restricted in tryp-
tophan (~50% reduction) extended median lifespan from 616 to 683 days
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Table 2. Key prospective cohorts and meta-analyses on protein/amino acid intake and all-cause mortality.

Ref  Population (n / follow-up) Exposure

Main finding

42 NHANES Ill; 6,381; ~18 y

43 NHS + HPFS; 131,342; 20-26 y

44 JPHC; 70,696; ~18 y

45 Meta of 32 cohorts; 715,128; 3.5-32y
46 Rotterdam + meta; ~400,000+; 10-20 y
47 NIH-AARP; 416,104; 16 y

48 NHANES-linked; nationwide; ~10+y Dietary BCAA
49 CHAMP, Australia; men =70 y; ~3.7y

50 KAWP, Japan; adults =285 y; 3.3y

Total/animal/plant

51 Network meta-analysis; multiple cohorts

52 NHANES Ill updated; ~15,937; 12-18 y

Total protein % energy by age
Animal vs plant protein

Plant vs animal protein
Total/animal/plant protein
Total/animal/plant protein

Plant vs animal protein

Total protein % energy
Animal vs plant substitution

Usual animal vs plant protein

High protein 1 mortality in midlife; protective in older adults
Animal protein weakly t mortality; plant | mortality

Plant protein | all-cause and CVD mortality

Total and plant protein | mortality; plant | CVD mortality
Total protein 1 mortality via animal sources

Plant protein | all-cause and CVD mortality

Higher BCAA | all-cause mortality

Moderate total optimal; plant | mortality

Higher protein | mortality in very old; fish protein contributes
Plant for animal substitution | all-cause mortality

Neither protein source adversely associated with mortality

Notes: CHAMP = Concord Health and Ageing in Men Project; KAWP = Kawasaki Aging and Wellbeing Project; BCAA = branched-chain amino acids. All

estimates multivariable-adjusted.

(~11% increase), with reductions in body weight and organ mass.”’

Glycine has emerged as a potent modulator of longevity. Diets supple-
mented with 8% or 12% glycine extend lifespan in rats, increasing median
lifespan from 88 to 113 weeks while improving blood glucose, insulin, IGF-1,
and triglycerides.”” The primary mechanism involves enhanced glycine N-
methyltransferase activity, which clears excess methionine and toxic
metabolites.” In genetically heterogeneous mice, 8% glycine supplementa-
tion produced statistically significant median lifespan extension (4% in males,
6% in females) and maximum lifespan gains of 2% and 7%, respectively.”
Glycine also reduces non-esterified fatty acids, adipocyte hypertrophy,
visceral fat, and blood pressure in sucrose-fed rats,” and modulates innate
and adaptive immune responses, attenuating chronic inflammation in type 2
diabetes models.®’ Population-level validation in humans remains required.

Branched-chain amino acids (BCAAs: leucine, isoleucine, valine) regulate
metabolic health with context-dependent longevity effects. A BCAA-enriched
mixture in middle-aged (9-month-old) mice increased median lifespan by
12.3% (774 to 869 days), mediated by SIRT1-dependent mitochondrial
biogenesis in cardiac and skeletal muscle and improving endurance and
motor coordination.®” Chronic high-BCAA intake from weaning, in contrast,
promotes hyperphagia and obesity and shortens lifespan by 5-10%.”" A 67%
reduction in dietary isoleucine initiated in young adult mice (6 months)
extended median lifespan by 7% to 33% in a sex-dependent manner while
reducing adiposity.”® Excessive BCAA consumption early in life therefore
carries metabolic risk, whereas strategic restriction or targeted supplementa-
tion in later life shows promise for healthy aging.

Excessive animal protein intake can accelerate aging, whereas plant-based
proteins generally do not increase the risk of aging-related diseases or
shorten lifespan, due to lower sulfur amino acid and methionine content that
otherwise activates mTOR and stimulates GH release.”

Recommended protein sources and proportional contributions for a
longevity diet are summarized in Figure 3. These recommendations align with
the FAO/WHO/UNU expert consultation on protein and amino acid require-
ments and with longevity dietary guidance, emphasizing high-quality protein
from legumes, dairy, eggs, poultry, fish, and seafood that accounts for over
50% of total protein intake. Combined daily intake of fish, poultry, lean meat,
and eggs is suggested at approximately 120-200 g.

Fats

As a major energy source, lipids profoundly influence health and longevity,
providing the highest energy density per unit mass among macronutrients.
Alterations in lipid metabolism, particularly lipid signaling, constitute an
important mechanism underlying healthy aging,*® associated with adiposity
reduction and modulation of IGF-1 signaling.”® Excess adiposity is itself a
primary driver of cardiovascular morbidity in aging populations: longitudinal

data from over 10 million adults indicate that each 5 kg/m? increase in midlife
BMI above 25 is associated with 30-40% higher all-cause mortality and
substantially elevated cardiovascular mortality, with abdominal adiposity
contributing independent risk through ectopic lipid deposition, low-grade
inflammation, and impaired insulin signaling.®”** Dietary fat composition
therefore matters not only through direct effects on nutrient-sensing path-
ways but also indirectly through modulation of adiposity and downstream
cardiometabolic health.

Recent epidemiological evidence demonstrates that associations between
dietary fat intake and all-cause mortality are strongly modulated by fat type,
source (plant versus animal), and isocaloric replacement nutrient (Table 3).°"
Higher intakes of saturated fatty acids (SFA) and trans-fatty acids (TFA) are
linked to modestly elevated mortality risk, whereas polyunsaturated fatty
acids (PUFA) and plant-derived monounsaturated fatty acids (MUFA) show
inverse associations. Total fat intake often exhibits neutral-to-inverse rela-
tions when fat quality is high. Substitution analyses underscore the benefit of
replacing SFA or TFA with PUFA or plant-derived MUFA.

Dietary fat type and quality are critical determinants of longevity. Modifica-
tions in fat content or fatty acid composition extend lifespan by modulating
systemic metabolism, particularly evident in reproductively impaired animal
models.” Supplementation with additional butter shortened lifespan in male
rats, whereas equivalent or higher fat supplementation with sunflower oil did
not produce a comparable shortening in mice.” Polyunsaturated fatty acids
(PUFAs) are widely regarded as beneficial: walnuts and deep-sea fish, rich
in w-3 PUFAs including a-linolenic acid (ALA), eicosapentaenoic acid (EPA),
and docosahexaenoic acid (DHA), are associated with reduced all-cause
mortality.™

Lipid-specific interventions extend lifespan and healthspan in animals,
indicating that lipid metabolism directly regulates aging rather than merely
correlating with aging-related disease. Supplementation of Daphnia with w-6
PUFAs (linoleic acid and related fatty acids) enhances starvation resistance
and extends lifespan under ad libitum feeding.”’ In C. elegans and human
epithelial cells, w-6 PUFA supplementation activates autophagy, improving
survival under nutrient deprivation and delaying aging.” In mice, w-3 PUFAs
prolong reproductive lifespan, whereas high w-6 PUFA diets diminish repro-
ductive success.”

Additional lipid interventions support the regulatory role of lipid metabolism
in aging. The fatty acid 10-hydroxy-2-decenoic acid, a major component of
royal jelly, extends lifespan in C. elegans® Overexpression of the fatty acid
desaturase FAT-4 prolongs nematode lifespan and augments oxidative
stress resistance, while lysosomal lipase LIPL-4 expression hydrolyzes lipids
such as cholesterol esters and triglycerides to extend lifespan.” Intestinal
overexpression of FAT-7in C. elegans increases lifespan despite higher fat
stores.”® In long-lived nematode mutants, fatty acid chain length and suscep-
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soya products
20%-30%

tibility to oxidation are reduced, suggesting an optimized lipid profile enriched
in shorter, less oxidizable fatty acids promotes longevity by attenuating
oxidative damage.*’

In mammals, genetic deficiency of diacylglycerol O-acyltransferase 1
(DGAT1) inhibits triglyceride synthesis, reduces fat storage, enhances fatty
acid oxidation, and improves systemic lipid metabolism, producing leanness
and extended lifespan independent of caloric restriction.* The steroid 17a-

Figure 3. Recommended protein sources for a
longevity diet Protein sources are divided into nine
categories with recommended contributions to total
daily protein intake: soya products (20-30%), eggs
(~13%), finfish (10-15%), shellfish (~10%), poultry
(chicken/duck, ~10%), red meat (beef/mutton, ~5%),
lean pork (~10%), whole grains (~10%), dairy prod-
ucts (~3%). High-quality protein from legumes,
dairy, eggs, poultry, fish, and seafood should
account for over 50% of total protein intake.

estradiol improves metabolic parameters,
decreases adiposity and inflammation, and
extends median lifespan in a sex-specific
manner, predominantly in males.® Diverse
interventions targeting lipid metabolism there-
fore promote longevity across species, typi-
cally by enhancing metabolic efficiency and
attenuating oxidative and inflammatory stress.

Longevity-promoting genetic mouse models
typically increase fat reserves, indicating that
adequate or strategically elevated fat storage
exerts beneficial effects under specific condi-
tions.”*”" Wild-type mice are generally less effi-
cient at mobilizing fat stores and show more
pronounced lifespan extension with dietary
restriction.”” Surgical removal of visceral fat in
rats improves insulin sensitivity and extends
lifespan,”® underscoring the detrimental role of
ectopic or visceral fat in normal aging.

When C57BL/6 mice were fed a high-fat diet
throughout life, males experienced a reduction
in average lifespan by approximately 144 days,
whereas females showed no significant
change.* This sexual dimorphism likely reflects
estrogen-dependent  regulation  of lipid
metabolism and thermogenesis. Consistent
with this, dietary supplementation with 17a-

191emysald A
0SL-001L

estradiol (4.8 ppm) had no effect on female lifespan but increased median
lifespan in males by about 12%.%

Future research should elucidate the molecular mechanisms underlying
differential effects of dietary fats on aging, with emphasis on AMPK and
SIRT1 signaling that may mediate the beneficial actions of PUFAs.” Dietary
fat quality outweighs quantity for public health, supporting consumption of
healthy fats from nuts, olive oil, and fatty fish while discouraging saturated

Table 3. Key prospective cohorts and meta-analyses on dietary fat intake and all-cause mortality.

Ref Population (n / follow-up) Exposure Main finding
69 NHS + HPFS; 126,233; up to 32 y Specific fats (extreme quintiles) ﬁ;AO-;';A 1 et i (PR AR [ el i (988 Sl IRy

70 NIH-AARP; large US; ~15y

NHANES + meta of 29 cohorts; 1,164,029; 6-
16y

72 Meta of 19 cohorts; 1,013,273

71

73 NIH-AARP (updated); >400,000; ~16 y

74 NHANES; ~44,920; 11.8 y

NHS + HPFS; 65,179 adults; 26-year follow-
up
76 Pooled international (>5 million)

SFA by chain length

75

r NHANES; 49,884; 10y

Specific fats (extreme quintiles)
Total/MUFA/PUFA/SFA
5% energy increments by type

Plant vs animal MUFA/PUFA

Change in fatty acid intake

Total fat and subtypes

SFA and PUFA quintiles

SFA, TFA, animal MUFA 1 mortality; plant MUFA, PUFA, marine
w-3 | mortality

Total fat, MUFA, PUFA | mortality; SFA 1 mortality

High SFA 1 mortality; high PUFA | mortality

Plant-derived fats | mortality; animal-derived fats
null/adverse

Short-chain SFA (butyrate) | mortality; long-chain neutral
Total fat, PUFA, MUFA 1 — | mortality; TFA 1 — 1 mortality

PUFA | all-cause mortality; SFA and trans fat 1 risk

Higher SFA 1, higher PUFA | mortality; substitution lowers risk

Notes: SFA = saturated fatty acids; TFA = trans-fatty acids; PUFA = polyunsaturated fatty acids; MUFA = monounsaturated fatty acids.
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Limit intake ~ 1}

=K

Moderate intake ~ g{0¥3

Recommended intake ~ 1073

Recommended Recommended Fat
sources of fat daily intake (g/day) per 100 g (g)
Palm oil | 5-10 : 100
Beef tallow i 5-10 3 100
Lard : 5-10 : 100
Butter i 5-10 3 80-82
Cheese : 10-20 : 2:5:85)
Margarine i 1-5 3 70-80
Mutton : 80-120 1 1525
Eggs E 50-100 3 9-11
Duck : 80-120 l 15-20
Pork E 80-150 3 15-25
Beef | 80-120 | 10-25
Chicken i 150-200 3 8-15
Milk i 250-300 : 34
Salmon i 100-150 E 12-20
Nuts | 30-50 | 50-70
Canola oil i 20-30 E 100
Avocado | 50-100 | 14-15
Olive oil i 20-30 E 100

Figure 4. Recommended fat sources for a longevity diet Three-tier pyramid showing recommended distribution by quality. Bottom tier (recommended, ~60%): vegetable oils
(canola, peanut, olive oil), nuts, fatty fish, milk, and avocado, providing unsaturated fatty acids. Middle tier (moderate intake, ~30%): lean meats including beef, mutton, chicken,
and duck. Top tier (limit intake, ~10%): saturated fats from margarine, cheese, butter, lard, beef tallow, and palm oil. Percentages refer to total daily fat intake (=<30% of energy).

and trans fats. Further studies on optimal dietary patterns and fat sources
tailored to genetic predispositions and sex-specific responses will be essen-
tial for personalized nutritional guidelines (Figure 4). Current recommenda-
tions suggest that fat should contribute no more than 30% of total daily
energy.” Given the roles of fat metabolism in energy storage, signaling, and
membrane homeostasis, emphasis on high-quality fats is advisable rather
than their elimination. Emerging data also raise concerns about very-long-
term ketogenic-like diets, including potential increases in cellular senescence
and liver abnormalities in animal models.

Dietary fiber

Dietary fiber is broadly classified into soluble and insoluble types with
distinct physicochemical properties. Soluble fibers (inulin, pectin, B-glucans)
dissolve in water to form viscous gels and are readily fermented by gut
microbiota, yielding short-chain fatty acids (SCFAs) including acetate, propi-
onate, and butyrate. Insoluble fibers (cellulose, lignin) increase fecal bulk,
accelerate intestinal transit, and are less fermentable. In invertebrates and
rodents, these properties modulate gut microbiota composition, metabolic
signaling, and stress resistance relevant to lifespan regulation.”” Representa-
tive fiber-rich food sources and recommended intake distribution are
summarized in Figure 5.

Epidemiological studies have consistently demonstrated a robust, inverse,
dose-dependent association between dietary fiber and all-cause mortality
(Table 4).°7%" Higher total fiber consumption (highest versus lowest quintile
or tertile, or per 10 g/day increment) is associated with 10-23% lower mortal-
ity risk, with stronger protective effects for insoluble fiber, cereal/whole-grain
fiber, and vegetable fiber than for soluble or fruit fiber alone.

In Drosophila melanogaster, dietary fiber supplementation extends lifes-

pan in a sex- and fiber-type-dependent manner.'” Lifelong addition of a
commercial mixed-fiber syrup (0.25% or 1% w/v) prolonged mean half-life in
both sexes, with absolute lifespan increased by approximately 11% in
females. Inulin at 5% or 10% extended mean lifespan in males by 53.83% and
61.62%, with median lifespan increases of 172.63% and 182.19%, respec-
tively; females showed no benefit or slight reduction.'”” These effects were
associated with enhanced gut microbiota diversity, upregulation of stress-
and longevity-related genes, and improved intestinal homeostasis, indepen-
dent of caloric restriction.

In mice, a high-fiber diet (15-35% total fiber, replacing 30% w/w of
macronutrients with indigestible cellulose) provided ad libitum recapitulated
the transcriptomic and metabolomic signatures of caloric restriction (down-
regulation of inflammatory and translational pathways, upregulation of
autophagy and lipid metabolism) and improved motor function, cognition,
and metabolic homeostasis across young, middle-aged, and aged animals.'"’
A diet diluted with 50% cellulose extended lifespan in aging C57BL/6J mice
with a 27% reduction in protein synthesis rate but unchanged liver protein half-
life.""" In models of accelerated aging, butyrate or its prodrug tributyrin, a
primary metabolite of microbial fiber fermentation, extends healthspan and
lifespan (median ~25%, maximum >70% in some models) by restoring
histone acylation, strengthening intestinal barrier function, and mitigating
multimorbidity.'"”

Macronutrient-balanced diet for healthy longevity

The ratio of dietary macronutrients influences metabolic health, chronic
disease risk, and longevity. Researchers proposed that the key determinant of
diet-mediated longevity effects is not total caloric intake but rather the
balance between protein and non-protein energy sources.'” Australian stud-
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o Recommended sources of fiber

e Suggested contribution to daily fiber intake (g/day)

@II

o Dietary fiber per 100 g (g)

Whole grains e Oats e Brown rice ° \tﬁggle wheat e Black beans e Soybeans e Chickpeas
o Vet g Ve
W7 ——y = —
L o o
477 30% 20%
Rich in insoluble fiber, e 2.03.0 o 1.52.0 e 1.0-1.5 Rein [l A iilsmran ® 1.0-1.5 ® 1.0-15 e 1015
supports intestinal motility : Elsar:'tt ‘;]Z:E;]n;:pt’:lg':j : :
and digestive health. e 10.6 e 35 e 6.7 sugar management. e 87 e 6.0 e 76
v v N R
Vegetables e Broccoli e Carrots e Spinach “ o Apple with skin ; e Pear with skin : e Blueberries
¥ 56 g/day ’ % Q@ 3.54.5 g/day b B : ﬂ&
\\( o g 0 L
WA 20% , 15% -« |
Rich in various types of © 1015 | 1015 ® 1015 Richlinisclublefiberend © 1.0-15 ! 1015 e 0.51.0
fiber, supports gut health : : polyphznolsas?pports ; :
i : : tioxidant :
and immune balance. e 26 e 238 e 29 Z:;;osﬂvzr;]eaiﬁnse an o 24 e 31 o 24
Nuts & seeds e Almonds e Walnuts e Chia seeds e Sweet potato ‘e Potato with skin : e Chinese yam
T\ 253 0/dey | <EEESRS & g 15?\ 1-1.5 g/day “ - -
N o » V NS o PO
~ /10% | %= ¥ 5% e ol
Rich in insoluble fiber and e 0.81.0 e 0.51.0 e 0.51.0 Rich in resistant starch e 0.51.0 e 0.51.0 e 0.51.0
healthy fats, supports and fiber, supports satiety o
metabolic health. e 125 H P 34.4 and blood sugar control. e 30 e 22 e 26

6.7 : °

Figure 5. Recommended fiber sources for a longevity diet Six fiber-rich food groups with proportional contribution to total daily fiber intake (25-30 g/day): whole grains (~30%;
oats, brown rice, whole-wheat bread), legumes (~20%; black beans, soybeans, chickpeas), vegetables (~20%; broccoli, carrots, spinach), fruits (~15%; apples with skin, pears with
skin, blueberries), nuts and seeds (~10%; almonds, walnuts, chia seeds), and tubers (~5%; sweet potato, potato with skin, Chinese yam). Recommended daily intake ranges and

fiber content per 100 g are indicated.

Table 4. Key prospective cohorts and meta-analyses on dietary fiber intake and all-cause mortality.

Ref Population (n / follow-up) Exposure

Main finding

98 NIH-AARP; 388,122;9y Fiber intake quintiles
99 Meta of 7 cohorts; 908,135

100 Meta of 17 cohorts; 982,411

101 Meta of 42 cohorts; 1,752,848; 12.4y
102 JPHC; 91,946; 16.8 y

103 Korean cohort; large; 10.1y Total fiber quintiles
104 Meta of 28 cohorts; 1,613,885 Total and subtypes

105 Updated meta of 64 cohorts; 3,512,828

106 Meta of 185 cohorts + 58 RCTs; ~135M PY Total fiber and whole grains

107 NHANES MetS subgroup; ~10y Total fiber tertiles

Total fiber (highest vs lowest)
Total fiber and per 10 g/d
Total fiber and per 10 g/d

Total/soluble/insoluble fiber

Inverse with total, CVD, infectious, respiratory mortality
Higher fiber | mortality; cereal and vegetable fiber strongest
Significantly | all-cause mortality; dose-response
Substantial | all-cause mortality; dose-response

Fiber from fruits, beans, vegetables | mortality

Higher fiber | all-cause and CVD mortality

All subtypes except fruit fiber | mortality; dose-response

Total fiber and subtypes/sources Highest vs lowest: 23% | all-cause mortality

15-30% | mortality, CVD, CHD, stroke, T2D, CRC; optimum 25-29 g/d

Higher fiber | mortality in MetS; threshold near recommended level

Notes: All estimates multivariable-adjusted. Source-specific benefits consistently strongest for insoluble, cereal, and vegetable fiber.

ies have further linked dietary macronutrient composition to age-specific
mortality."* In early life, mortality is minimized when fat and carbohydrate
each contribute approximately 40-45% of energy, with 16% from protein. In
later life, the lowest mortality risk is observed at approximately 65% carbohy-
drate, 24% fat, and 11% protein. Balanced fat and carbohydrate intake there-
fore optimizes survival early in life, whereas a shift toward higher carbohy-
drate and lower fat favors longevity in older age.

A fundamental principle of life history theory is the trade-off between
reproduction and longevity. High-protein, low-carbohydrate (HPLC) diets
optimize reproductive parameters including uterine mass, follicle counts,
testicular mass, and epididymal sperm counts.'”® In contrast, mice main-
tained on a low-protein, high-carbohydrate (LPHC) diet exhibit the longest
lifespan.''® Similar divergence is observed in other species: macronutrient

compositions that maximize longevity differ markedly from those that maxi-
mize reproductive success in Teleogryllus commodus and Drosophila."’

Nutritional geometry has provided a powerful framework on nutrition and
aging by integrating calories, macronutrient ratios, and interactive effects
while accounting for compensatory feeding behavior under ad libitum condi-
tions.""® State-space modeling examines how animals regulate intake and
balance nutrient availability. A limitation persists: although the framework
captures quantitative macronutrient interactions, qualitative aspects of the
three major macronutrients (distinct types of fats, carbohydrates, and
proteins) have yet to be fully integrated.'

Individual nutrients exert distinct effects on longevity, implying that opti-
mal dietary structure in free-living humans requires balanced consumption of
multiple foods. Numerous studies have examined overall dietary patterns and
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Table 5. Key prospective cohorts and meta-analyses on longevity dietary patterns and all-cause mortality.

Ref  Population (n / follow-up) Exposure Main finding
124 Meta of 29 cohorts; 1,676,901; 7-25 y Mediterranean diet score gl LI eliaenes | el e s el iy s clese-
response
125  Meta; >500,000 DASH adherence Higher DASH | all-cause and cause-specific mortality
126 Systematic review; 152 cohorts + 1 RCT Multiple nutrient-dense patterns ::Ita:zlt—rlch, iU E R il e s eF
127 ‘:g};C (e e ) -t 15 Japanese diet index JDI8 Higher adherence | all-cause and CVD mortality
128  Women's Health Study; 25,315; 24.7y MD score (high vs low) 23% | all-cause mortality; biomarkers mediate ~45%
129  Meta of 14 cohorts PDI (plant-based diet index) Higher PDI | all-cause and cancer mortality
130 40 RCTs; 35,548; =9 months SR SIS (e MD and low-fat programs | mortality
programs
131 Meta of cohorts; >1 million hPDI (healthful plant-based) Higher hPDI | mortality; unhealthy plant-based 1 risk
132 JPHC; 92,969; 18.9y Japanese Diet Index variants Higher adherence | all-cause and CVD mortality in both sexes

Notes: MD = Mediterranean diet; DASH = Dietary Approaches to Stop Hypertension; PDI = plant-based diet index; hPDI = healthful plant-based diet index;

RCT = randomized controlled trial.

longevity.'”” A prominent example is the traditional Okinawan diet in Japan. In
2005, Okinawan women showed a life expectancy of 86.88 years, 1.13 years
above the national Japanese average of 85.75 years. Okinawan men also
recorded notably higher life expectancy in 1985 (78.64 versus 74.95 years),
though this advantage has since diminished. The diet is predominantly plant-
based, featuring whole grains, vegetables, fruits, modest amounts of fish, and
small portions of lean meat.'”' Compared with the typical Japanese diet, it
contains approximately 20% fewer calories, representing a natural form of
caloric restriction combined with nutrient-dense foods widely regarded as a
modulator of longevity."”” Okinawan elders who maintain this pattern
consume a low protein-to-carbohydrate ratio (~1:10 or lower), with protein
accounting for < 10% of total caloric intake.'” This ratio closely mirrors the
macronutrient balance shown to maximize lifespan in model organisms.''®

Recent epidemiological studies demonstrate that adherence to plant-rich
longevity dietary patterns (Mediterranean, DASH, healthful plant-based,
Okinawan-style) is associated with approximately 10-25% lower all-cause
mortality (Table 5)."”"** These benefits hold across multivariable-adjusted
Cox proportional hazards models accounting for age, sex, energy intake,
smoking, physical activity, BMI, and comorbidities, with follow-up durations of
7 to 26 years. Substitution analyses and food quality (plant versus animal
sources) emerge as critical modifiers.

The Mediterranean diet (MD) is widely recognized as an exemplary healthy
eating pattern. The MD reflects the traditional dietary habits of populations in
Greece, Spain, France, southern Italy, and other southern European nations.'*
Greater adherence to the MD can extend human life expectancy by several
years'* and is associated with reduced risk of dementia, depression, and
several cancers including breast, respiratory, and bladder cancers.”™'** A
growing literature suggests that the benefits of the MD are mediated in part
through epigenetic mechanisms: adherence to the MD has been associated
with favorable DNA methylation profiles at loci regulating inflammation and
lipid metabolism, slower epigenetic clock progression, and reduced expres-
sion of senescence-associated secretory phenotype (SASP) markers in
peripheral blood.*""** These observations help explain the durable benefits of
the MD beyond its nutrient composition alone.

The ketogenic diet (KD), originally developed by Wilder in the 1920s for
refractory epilepsy, is conceptually distinct from popular low-carbohydrate
approaches. The classic therapeutic KD restricts carbohydrate intake to < 5%
of total calories (25-50 g/day), with approximately 75% from fat and 20%
from protein, with the explicit goal of inducing sustained nutritional ketosis (3-
hydroxybutyrate = 0.5 mmol/L). Popular low-carb or modified Atkins diets, by
contrast, permit 50-130 g carbohydrate/day and rarely achieve true ketosis.
This distinction is crucial when interpreting health outcomes: most cohort

evidence on low-carbohydrate diets reflects the latter, while animal lifespan
data come from the former. Evidence indicates that the KD can be effective
for obesity management,'™ but robust support for benefits in cancer,
Alzheimer's, or Parkinson's disease remains limited. In older adults with
hyperglycaemia or diabetes, the KD may serve as a useful therapeutic strat-
egy. In C57BL/6 mice, long-term KD feeding significantly extended median
lifespan and overall survival, with preservation of physiological function,
increased histone acetylation, and tissue-specific modulation of mTORC1
signaling.” Three caveats temper enthusiasm for translating these findings
to human longevity practice. First, prospective cohort evidence (Table 1)
consistently shows that very-low-carbohydrate diets, particularly those
emphasizing animal sources, are associated with neutral or modestly
elevated all-cause mortality. Second, emerging data raise concerns about
cellular senescence: chronic KD feeding in mice increases markers of senes-
cence in cardiac and hepatic tissues, an effect not observed with intermittent
or cyclical KD regimens.'* Third, long-term adherence in free-living adults is
poor, and abrupt discontinuation may produce metabolic rebound. The KD
therefore appears most appropriate as a time-limited therapeutic tool under
medical supervision rather than as a sustained longevity strategy.

Cross-species translation of macronutrient effects on lifespan

The magnitude of macronutrient effects on lifespan varies substantially
across species, complicating direct extrapolation from model organisms to
humans. Methionine restriction extends median lifespan by 30-45% in rats
and mice™™ but, in short-term human trials, reduces IGF-1 by 7-14% and
improves insulin sensitivity without measurable change in epigenetic age.
Isoleucine restriction extends mouse lifespan by 7-33% sex-dependently;*
corresponding human data are restricted to observational analyses linking
higher BCAA intake to insulin resistance in some cohorts but neutral or
inverse mortality associations in others (Table 2). Inulin supplementation
extends Drosophila lifespan by over 50% in males;'” human randomized
trials show modest improvements in glycemic control, lipid profile, and
microbiome diversity but no longevity endpoints. KD extends mouse
lifespan™, while human cohort data show neutral or adverse mortality asso-
ciations for sustained low-carbohydrate intake (Table 1). Three patterns
emerge across these comparisons. First, effects on biomarkers (IGF-1,
insulin sensitivity, inflammation, microbiome diversity) translate reasonably
well between rodents and humans, supporting the use of these intermedi-
ates as surrogate endpoints in human trials. Second, effects on lifespan
extension are systematically attenuated in mammals with longer baseline
lifespan, consistent with diminishing returns from interventions in slower-
aging species. Third, sex- and genotype-specific responses in mice (for
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example, 17a-estradiol benefits restricted to males; isoleucine restriction
effects varying by genetic background) are likely amplified in genetically and
environmentally heterogeneous human populations, arguing for stratified
rather than uniform dietary recommendations.

PRECISION NUTRITION

What makes a longevity diet precise: A balanced diet underpins health, yet
attention to total energy or any single nutrient remains insufficient. Existing
dietary guidelines, including the Dietary Guidelines for Chinese Residents
(2022), the Dietary Guidelines for Americans, EFSA Dietary Reference Values,
and Australian NHMRC, primarily target chronic disease prevention and basic
nutritional balance across broad life stages. These frameworks were not
designed with healthy aging and longevity as the central objective, particu-
larly regarding dynamic macronutrient ratios that may better support late-life
healthspan. Precision nutrition extends these population-level recommenda-
tions to the individual level by integrating multiple layers of biological and
behavioral information: chronological age and biological age, sex, genotype
(including IGF-1 pathway variants, APOE, and FTO), metabolic phenotype
(fasting glucose, postprandial glycemic response, lipid subfractions, inflam-
matory markers), gut microbiome composition, and habitual dietary
pattern.'*"'** A practical precision-nutrition framework comprises four opera-
tional components: (i) baseline phenotyping through clinical biomarkers, multi-
omics, and continuous physiological monitoring; (i) goal definition (lifespan
extension, healthspan, sarcopenia prevention, cardiometabolic risk reduction);
(iii) personalized intervention selection from a defined set of macronutrient
compositions, timing strategies, and food matrices; and (iv) iterative monitor-
ing with feedback adjustment.'*

Continuous glucose monitoring and postprandial glycemic personalization:
Continuous glucose monitoring (CGM) has shifted dietary recommendations
from population averages to individualized glycemic responses. The PREDICT
1 study demonstrated that postprandial glycemic, insulinemic, and triglyc-
eride responses to identical meals vary up to ten-fold across individuals, with
the variation predicted by gut microbiome composition, sleep, physical activ-
ity, and meal context rather than by the food alone.*' Machine-learning algo-
rithms trained on CGM and microbiome data can predict individual responses
and guide personalized recommendations that improve glycemic control
beyond standard advice."” For longevity, the relevance lies in cumulative
glycemic exposure across decades, which contributes to advanced glycation
end-product accumulation, vascular aging, and cognitive decline.

Gut microbiome as a mediator of macronutrient effects: The gut micro-
biome mediates substantial portions of the longevity effects attributed to
dietary fiber, plant proteins, and polyphenols. Fiber fermentation produces
short-chain fatty acids that signal through G-protein-coupled receptors
(GPR41, GPR43, GPR109A) to modulate intestinal barrier integrity, systemic
inflammation, and host metabolism.'** The composition of the microbiome in
centenarians is enriched in producers of butyrate and secondary bile acid
metabolites, with reduced abundance of pro-inflammatory taxa.'”® Micro-
biome-guided nutrition uses 16S rRNA or shotgun metagenomic sequencing
of stool to predict food responses and tailor fiber and prebiotic recommenda-
tions. Smaller controlled studies show that microbiome-personalized diets
outperform standardized Mediterranean recommendations on postprandial
glucose and inflammatory markers over 12 months.'**'**

Meal timing and time-restricted eating: Circadian biology has emerged as a
fourth dimension of precision nutrition alongside quantity, quality, and
composition. Time-restricted eating (TRE), in which food intake is confined to
a daily window of 6-10 hours, aligns nutrient delivery with circadian metabolic
rhythms.* Preclinical studies show that TRE extends lifespan in Drosophila
and improves metabolic health in mice independent of caloric reduction.
Human single-arm pilot trial of 8-10-hour TRE windows demonstrate modest
weight loss, improved insulin sensitivity, and reduced blood pressure,
although effects on cardiometabolic biomarkers beyond those attributable to
caloric reduction remain debated.”’ Early evidence suggests that early-day
TRE windows (eating window concluded before 16:00-18:00) produce greater
metabolic benefit than late-day windows of equal duration, consistent with
circadian regulation of insulin sensitivity and thermogenesis.'** Long-term
effects on healthspan and lifespan in humans require dedicated trials.

Ultra-processed foods: The increasing dominance of ultra-processed

foods (UPF) in modern diets represents a major and largely overlooked driver
of accelerated aging. UPF, defined by the NOVA classification as industrial
formulations made primarily from substances derived from foods plus addi-
tives,'” now contribute over 50% of energy intake in many high-income
countries and rising shares in middle-income countries. Prospective cohorts
consistently link higher UPF consumption to all-cause mortality (15-30%
higher risk in the highest versus lowest quintile of intake), cardiovascular
disease, type 2 diabetes, depression, and cognitive decline, with associations
persisting after adjustment for nutrient composition.'*"*" Plausible mecha-
nisms include the disruption of food matrix properties that govern glycemic
and lipemic response, exposure to emulsifiers and artificial sweeteners that
alter the microbiome, and exposure to chemicals migrating from packaging.
A practical precision-nutrition recommendation that crosses all life stages is
therefore to limit UPF intake, with macronutrient quality emphasized over
isolated nutrient adequacy.

Sex as a biological variable: Sex modifies the longevity response to nearly
every macronutrient examined. In dietary fat studies, lifelong high-fat feeding
shortens male but not female mouse lifespan,” and 17a-estradiol extends
male but not female lifespan.”” In amino acid studies, isoleucine restriction
produces larger lifespan extension in males,”” and glycine supplementation
produces larger relative gains in females.” In fiber studies, inulin extends
male but not female Drosophila lifespan.'” Mechanisms include estrogen-
dependent regulation of lipid metabolism and thermogenesis, sex-specific
gut microbiome composition, and divergent expression of nutrient-sensing
pathway components. The implication for human precision nutrition is that
uniform macronutrient targets across sexes are unlikely to be optimal, and
sex-stratified recommendations should become standard in longevity dietary
guidance.

Age-stratified dietary recommendations: The optimal macronutrient
composition shifts across the life course. A recommended longevity dietary
model adjusted by age is presented in Table 6, with an explicit indication of
the strength of supporting evidence for each recommendation. In early adult-
hood, macronutrient distributions that support growth, sexual maturation,
and reproductive success are appropriate, with protein at 15-20% of energy.
The midlife transition window, broadly defined as 40-50 years on the basis of
cohort evidence showing accelerated rises in cardiometabolic risk, sarcope-
nia onset, and epigenetic age in this decade,'®* constitutes a critical period
during which optimal nutrition shifts toward suppression of growth-promot-
ing pathways such as IS and mTOR, favoring lower animal protein (10-15%),
a higher plant-protein share, and higher dietary fiber (40-60 g/day). In older
adulthood (65+ years), sarcopenia and frailty dominate, and protein intake
should be raised again (15-20% of energy, preferentially from fish and plant
sources) while abundant fiber continues to support microbiome-derived
SCFA production and metabolic health. The longevity dietary pyramid
summarized in Figure 6 is distinct from previously proposed pyramids (e.g.,
the Mediterranean diet pyramid and the USDA Food Pyramid/MyPlate) in
three respects: (i) it includes a Base Layer explicitly representing fluid intake,
sufficient sleep, consistent work schedules and regular exercise as founda-
tional determinants of longevity rather than depicting food groups in isolation;
(i) it integrates the four macronutrients along a continuous quality gradient
rather than ranking food groups by recommended frequency; and (iii) it is
intended to be read in conjunction with the age-stratified recommendations
in Table 6, making it a dynamic rather than a static guidance tool.

FUTURE DIRECTIONS

Translating preclinical promise into effective human longevity interven-
tions requires concrete progress along four lines.

Specific endpoints for next-generation longevity trials: Future randomized
controlled trials should move beyond mortality and body composition to
incorporate biological age clocks (epigenetic age acceleration measured by
GrimAge, PhenoAge, and DunedinPACE), pace-of-aging metrics, and vali-
dated frailty indices as primary or co-primary endpoints. Multi-omics
endpoints should include plasma proteomic aging signatures, metabolomic
markers of nutrient-sensing pathway activation (branched-chain amino acid
catabolism, ketone bodies, methylation cycle intermediates), and longitudinal
stool metagenomics. A minimum trial duration of three to five years is
required to capture meaningful change in biological age clocks; shorter trials
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Table 6. Recommended macronutrient intake for a longevity-oriented dietary model, with evidence strength.

Age Carbohydrate Protein Fat Fiber (g/d) Evidence
Infants (0-2y) 40-50% (mainly lactose) 7-15% (mostly milk) 40-50% (w-rich) 2-10 Moderate
Children (2-18'y) 45-55% (>40% whole grains) 15-25% (varied) 30-40% (mostly healthy) 10-20 Moderate
Adults (19-35y) 50-55% (>60% whole grains) 10-20% (less red meat) 15-25% (mostly healthy) 20-40 High
Midlife (36-64 y) 50-55% (mostly whole grains) 10-15% (more plant-based) 10-20% (mostly healthy) 40-60 High
Older (=65 y) 50-60% (mostly whole grains) 15-20% (mostly plant-based) 10-15% (mostly healthy) 20-40 Moderate

Notes: Percentages are based on total daily energy. Evidence strength reflects the level of cohort/RCT support specifically for longevity outcomes: High =
consistent evidence from multiple prospective cohorts and meta-analyses with mortality endpoints (Tables 1-5); Moderate = supported mainly by
surrogate outcomes (sarcopenia, frailty, cardiometabolic biomarkers) and by general dietary guidance from the WHO, EFSA, Dietary Guidelines for
Americans, Australian NHMRC, and Dietary Guidelines for Chinese Residents (2022), without longevity-specific trial endpoints. The fiber recommendation
of 40-60 g/day for midlife adults exceeds current dietary guidelines (25—30 g/day) and represents a hypothesis-based upper range derived from
preclinical high-fiber interventions rather than established guidance. Recommendations should be individualized.

A Proposed Dietary and Lifestyle Pyramid for Longevity
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Figure 6. A proposed dietary and lifestyle pyramid for longevity The pyramid integrates lifestyle and macronutrient layers, distinguishing it from the Mediterranean diet pyramid
and the USDA Food Pyramid/MyPlate by (i) including a foundational lifestyle layer, (i) ordering layers by macronutrient quality rather than recommended frequency, and (iii) being
intended to be read together with the age-stratified macronutrient recommendations in Table 6. Layers from base to apex: lifestyle foundation (water intake, sufficient sleep,
circadian regulation, physical activity, stress management, and social connection); whole-grain foods (whole grains, oats, brown rice as primary carbohydrate and fiber sources);
vegetable powerhouse (diverse vegetables for micronutrient and phytochemical support); polyphenol-rich fruits (whole fruits rich in antioxidants and fiber); high-quality protein
(fish, seafood, eggs, lean poultry; limited red and processed meat); healthy fat layer (olive oil, avocado, nuts, fatty fish in moderation).
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should restrict claims to surrogate biomarkers.

Understudied populations: Three populations remain critically understud-
ied. First, adults aged 75 and above, where most macronutrient trials have
excluded participants by upper-age cutoff, despite this group bearing the
greatest sarcopenia and multimorbidity burden. Second, populations with non-
European genetic ancestry, where nutrient-pathway gene variants (e.g.
MTHFR, APOE, FADS1/2) modify dietary response. Third, low- and middle-
income country populations facing dual burdens of undernutrition and
chronic disease. Dedicated cohorts and intervention trials in these popula-
tions are required before global longevity nutrition guidance can be consid-
ered evidence-based.

Artificial intelligence and wearable-integrated diet design: Recent advances
in machine learning enable individualized diet design from baseline pheno-
typic and multi-omics data. Algorithms trained on CGM, microbiome, and
lifestyle data already outperform standardized recommendations for
glycemic control, " and similar approaches are being extended to lipid
response, satiety prediction, and adherence modeling. Continuous physiolog-
ical monitoring through wearable devices (CGM, heart-rate variability, sleep,
activity) provides feedback at temporal resolutions previously available only
in metabolic-ward studies, enabling closed-loop dietary adjustment. The next
decade will require rigorous evaluation of whether Al-guided and wearable-
integrated  personalized recommendations produce better long-term
healthspan outcomes than expert-derived population recommendations.

Conserved molecular mechanisms in shorter-lived models: Despite the
limitations of cross-species translation discussed above, model organisms
(yeast, C. elegans, Drosophila) remain indispensable for mechanistic dissec-
tion of nutrient-sensing pathways, especially through high-throughput
longevity screening platforms capable of testing thousands of candidate
dietary factors. Coupled with humanized mouse models and emerging gene-
edited minipigs, these systems will continue to identify and characterize
nutritional factors capable of extending healthspan.

CONCLUSION

Macronutrient composition exerts powerful effects on lifespan and
healthspan that are largely independent of total caloric intake, with the type,
quality, and source of carbohydrates, proteins, fats, and dietary fiber emerg-
ing as central determinants of longevity. Diet is one of several modifiable
contributors to healthy aging, operating alongside physical activity, sleep,
social engagement, and avoidance of harmful exposures. Within the dietary
domain, the precise regulation of macronutrient composition appears to
deliver substantial longevity benefits without the practical difficulties of
severe dietary restriction. Establishing healthy dietary behaviors early in life
and adjusting them across the life course remains essential. The longevity
diet should be regarded as a flexible, adaptable framework that varies
according to individual characteristics and life stage, and that integrates the
interactive effects of macronutrients, micronutrients, the microbiome, and
meal timing. Rigorous long-term randomized trials incorporating biological
age clocks, multi-omics endpoints, and stratification by sex and genetic
background will be needed before precision nutrition recommendations can
be made with the same confidence as recommendations for tobacco avoid-
ance or physical activity. The frameworks proposed here are intended as
testable hypotheses to guide that next generation of trials.
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