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Abstract

Blue Zones are geographically distinct populations characterized by exceptional longevity
and remarkably low rates of cardiovascular disease. Although these regions differ culturally
and environmentally, they share common lifestyle patterns, including habitual natural
physical activity, predominantly plant-based diets, caloric moderation, strong social
integration, stress reduction, and purpose-driven living. In this review, we examine the
cardiovascular phenotype of Blue Zone populations and discuss the biologic mechanisms
through which these lifestyle patterns may influence vascular aging, metabolic health, and
longevity. We summarize emerging evidence linking Blue Zone-associated behaviors to
improved endothelial function, reduced arterial stiffness, mitochondrial quality control,
attenuation of chronic inflammation, and preservation of metabolic flexibility. Focus is
placed on nutrient-sensing pathways involving adenosine monophosphate-activated
protein kinase, Sirtuin 1, Forkhead box O signaling, and mTOR, as well as mechanisms
related to autophagy, oxidative stress, inflammation, endothelial homeostasis, and cellular
aging. We further review evidence regarding immune regulation, epigenetic aging,
telomere stability, and longevity-associated biomarkers observed in centenarian
populations. Finally, we discuss the translational implications of the Blue Zones framework
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for preventive cardiology and public health, including the development of culturally adaptable lifestyle interventions
to extend health span and reduce the burden of cardiovascular and age-related disease.

INTRODUCTION

The global population is undergoing a rapid demographic shift towards older age, driven largely by advances
in healthcare, medical technology, and improved nutrition"). According to a 2019 report by the United
Nations, the number of individuals aged 65 years and older is projected to more than double from 703
million in 2019 to over 1.5 billion by 2050 Notably, the population aged 80 years and older is expected to
grow even more rapidly, increasing nearly threefold from 143 to 426 million over the same period™.
Understanding the biological and lifestyle factors that promote healthy aging is crucial, particularly among
centenarians who often maintain longevity without chronic disease”\. Identifying these determinants may
offer insight into strategies that enhance both lifespan and health span.

Dan Buettner, a National Geographic Fellow, first introduced the concept of "Blue Zones,” a term describing
regions around the world with unusually high concentrations of centenarians [Figure 1]. These include
Okinawa (Japan), Sardinia (Italy), the Nicoya Peninsula (Costa Rica), Ikaria (Greece), and Loma Linda
(United States)™?\. The striking longevity observed in these areas, compared to global averages, has sparked
significant scientific interest in uncovering the lifestyle and environmental factors that contribute to
sustained healthy longevity. Buettner and his team sought to identify common behavioral and social
determinants, such as patterns of physical activity, dietary habits, psychosocial well-being, and community
engagement that might explain the exceptional longevity in these populations!*®. This review synthesizes
evidence from Blue Zone populations and aging biology to identify the molecular and lifestyle factors that
determine cardiovascular health.

Power 9 principles

To explain the lifestyle patterns underlying exceptional longevity in Blue Zones, Dan Buettner and his team
identified the "Power 9" principles [Figure 2]"". These include nine evidence-based habits observed among
centenarians in these regions. The principles reflect key behaviors and social practices that are thought to
contribute to extended life expectancy and improved cardiovascular and overall well-being'.

A defining feature among these populations is the absence of structured exercise routines, which is associated
with improved endothelial function, reflected by greater flow-mediated dilation (FMD)"". Instead, physical
activity is embedded within daily life and is largely derived from habitual activities such as walking, with
levels approximating at least 30 min of brisk walking on most days or 8,000-10,000 steps per day, consistent
with current physical activity recommendations'"'”. In a study of the Ikarian population, more than 90% of
men and 70% of women older than 80 years reported moderate to high levels of daily activity, a pattern
similarly observed among Sardinian centenarians'">"'*.. Consistent with these findings, data from the
Physicians’ Health Study demonstrated that individuals engaging in regular physical activity were more likely
to reach the age of 90 while maintaining functional independence and a lower burden of cardiovascular
disease'"”. This principle of Move Naturally appears to be fundamental to sustaining cardiovascular and
metabolic health in Blue Zones>*.

In addition to physical activity, a clearly defined sense of purpose is a recurring theme. This is referred to as
Ikigai in Okinawa and Plan de Vida in Nicoya, both of which translate to "reason for waking up in the
morning." Studies suggest that having a Purpose may extend life expectancy by up to seven years®. A strong
sense of purpose has been linked to lower cardiovascular and all-cause mortality. Meta-analytic data from
over 136,000 participants across ten prospective studies demonstrated that individuals reporting a higher
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Figure 1. Geographic distribution of the Blue Zones: Okinawa, Sardinia, lkaria, Nicoya, and Loma Linda. Created in BioRender, Javaheri, A.
(2026) https://BioRender.com/jligpcu.

sense of purpose experienced significantly reduced risks of both all-cause and cardiovascular death!"”.

Chronic psychological stress, a contributor to systemic inflammation and age-associated diseases, is reduced
in Blue Zone communities through daily stress-reducing rituals'”. Although these practices vary by region,
such as ancestor remembrance in Okinawa, happy hour in Sardinia, afternoon napping in Ikaria, and prayer
among the Adventists, they share a common purpose of lowering physiological stress>*'®\. This intentional
stress-management approach reflects the principle of downshift'.

Nutritional practices in Blue Zones are equally distinctive. One such practice is the 80% rule, which
encourages individuals to stop eating when they feel approximately 80% full>'**°). This mindful eating
behavior is thought to reduce overall caloric intake and help maintain metabolic efficiency'”. Evening meals
are typically light, and more calories are consumed earlier in the day, with no food intake occurring
afterward"). Diets are largely plant-based, emphasizing legumes such as fava beans, lentils, soy, and black
beans. Meat is consumed infrequently, generally no more than five times per month, and in small portions,
consistent with the principle of plant slant®.

Alcohol consumption, particularly in the form of wine, is moderate and socially integrated’. Typically,
individuals consume one to two glasses per day during meals or with companions, a pattern associated with
improved cardiovascular outcomes when compared to abstention or binge drinking*"*?!. Wine represents
more than a source of ethanol, as it is a complex matrix rich in polyphenolic compounds”’’. Red wine
contains bioactive molecules such as flavonoids and stilbenes like resveratrol that have been shown to
enhance endothelial nitric oxide (NO) synthase activity, reduce low-density lipoprotein oxidation, and
modulate inflammatory pathways involving IL-6 and C-reactive protein (CRP)™*. Beyond vascular effects,
red wine polyphenols appear to regulate gene networks involved in cellular stress responses and apoptosis,
with emerging evidence linking multiple “wine-associated” genes to pathways regulating nitric oxide
signaling, lipid metabolism, and DNA repair, consistent with the activation of longevity-related
pathways®?¥. In a Mediterranean population at high cardiovascular risk, moderate wine consumption as


https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu
https://BioRender.com/jliqpcu

Page 4 of 26

Imam et al. J Cardiovasc Aging. 2026;6:23

Naturally

(., Move
A

Purpose

Downshift

80 % Rule

Plant Slant

v Wine @ 5

AoP Belong

] Q @]
o4\ Loved Ones
ﬂ'ﬂf Q First

#1#  Right Tribe

Engaging in physical activities
integrated into daily life, such as
walking and gardening

Having a clear sense of purpose
in life, which adds up to seven
years of extra life expectancy

Incorporating routines to reduce
stress, such as taking naps and
meditating

Practice mindful eating by
stopping when 80% full.

Emphasizing a plant-based diet
rich in vegetables, fruits, legumes,
and nuts

Moderate alcohol consumption,
particularly red wine.

Participating in a faith-based
community, which provides a
sense of belonging and support

Prioritizing family and close
relationships, which offers
emotional support

Being part of a community with
shared values and practices

Figure 2. The nine lifestyle principles identified across Blue Zone populations, collectively known as the Power 9. Created in BioRender,

Javaheri, A. (2026) https://BioRender.com/3vti3ma.

measured by urinary tartaric acid was associated with a lower incidence of cardiovascular disease**.

Individuals excreting urinary tartaric acid corresponding to about 12-35 glasses of wine per month had a 50%

lower risk of cardiovascular disease compared with minimal consumers (hazard ratio 0.50)**. Moreover,
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rising tartaric acid levels over time were associated with a significant risk reduction, suggesting that moderate
intake may confer ongoing vascular protection®. Importantly, these benefits were not observed at higher
consumption levels, reinforcing that cardioprotective effects are restricted to moderate wine intake®. Data
from the PREDIMED trial also support the favorable cardiovascular outcomes of moderate wine
consumption””?**, In a subset analysis using objective biomarkers of wine intake (urinary tartaric acid),
moderate consumption was linked to up to a 50% relative reduction in major cardiovascular events, lower
cardiovascular risk, and mortality”®”*. In addition, a significant inverse relationship was observed between
light-to-moderate wine consumption and the rate of myocardial infarction””. This aligns with the principle
of wine at 5.

Social networks play an important role in maintaining long-term health™. In Okinawa, lifelong social
groups known as moais provide continuous emotional support, reinforcing healthy behaviors and buffering
against loneliness, an example of the right tribe principle, where individuals are embedded within
communities that promote well-being"”. This cultural practice aligns with large-scale epidemiologic evidence
showing that strong social connections confer a 50% higher likelihood of survival, an effect comparable to
quitting smoking and greater than reducing major risk factors such as obesity or physical inactivity”'. These
findings highlight that meaningful social integration is not only culturally embedded in Blue Zones but also a
powerful biological determinant of healthy aging.

Religious participation is another contributing factor. Regular attendance at faith-based services has been
associated with a significant increase in life expectancy, with some reports citing gains of up to fourteen
years"”. Higher levels of religiosity and spirituality were associated with more favorable cardiovascular health
behaviors and overall risk profiles in African Americans”®*. Greater religious attendance was linked to
increased odds (OR [95%CI]) of achieving intermediate/ideal levels of physical activity (1.16 [1.06-1.26]), diet
(1.10 [1.01-1.20]), smoking (1.50 [1.34-1.68]), blood pressure (1.12 [1.01-1.24]), and overall Life’s Simple 7
(LS7) score (1.15 [1.06-1.26])"". Private prayer was associated with improved diet (1.12 [1.03-1.22]) and
smoking (1.24 [1.12-1.39]), while religious coping showed similar associations with physical activity (1.18
[1.08-1.28]), diet (1.10 [1.01-1.20]), smoking (1.32 [1.18-1.48]), and LS7 score (1.14 [1.04-1.24]), these
relationships remained significant after adjustment for stress and social factors”*. In addition, religious
beliefs and values were significantly associated with lower CRP levels (B: -0.05, 95%[CI: -0.09, -0.01])"**/.
Regular participation in faith-based activities has been associated with about one-third lower all-cause
mortality, a benefit comparable to several medical interventions®. In the Nurses’ Health Study, women who
attended services weekly showed significantly lower mortality from cardiovascular disease, cancer, and all
causes™.

A strong emphasis is placed on family and intergenerational cohesion'. Older adults often live with or near
their children and grandchildren, receive care from relatives, and remain actively involved in family life,
maintaining close familial relationships, committing to long-term partnerships, and investing time in loved
ones embodies the principle of Loved Ones First, which supports emotional and physical resilience across the
lifespan®. This could be an important contributor to their longevity, since socially isolated adults are at an
increased risk of premature mortality®**. Among older women, loneliness was linked to an increased risk of
cardiovascular mortality (HR 2.25, 95%CI: 1.14-4.45), and this association persisted after multivariable
adjustment (HR 2.42, 95%CI: 1.04-5.65), supporting loneliness as an independent predictor of cardiovascular
death™™!. Moreover, higher levels of loneliness or social isolation were associated with an increased risk of
cardiovascular disease (HR 1.16, 95%CI: 1.1-1.22), corresponding to a 16% increase in risk (P < 0.0001)""\.
Further, Loneliness is associated with elevated levels of interleukin-6 (IL-6), whereas social isolation is linked
to increased concentrations of CRP and fibrinogen, supporting a role for social disconnection in promoting
systemic inflammation'>*’). Elevated CRP levels were also associated with loneliness in older adults aged
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70-90 years (B = 0.16, P = 0.02)!*. Social isolation was also consistently associated with elevated levels of
soluble urokinase plasminogen activation receptor (suPAR), a marker of chronic systemic inflammation'*.
Across multiple cohorts, suPAR shows a more robust association with social isolation than traditional acute-
phase reactants such as CRP and IL-6, indicating that it more accurately reflects the cumulative
inflammatory burden of long-term social disconnection*. Higher suPAR levels are present in heart failure
(HF) and predict adverse outcomes, while in individuals without HF, they independently predict incident
HF"*1 As a marker of immune activation, suPAR reflects underlying processes such as oxidative stress and
inflammation that contribute to disease development!*!,

The Blue Zones

Okinawa stands out in Japan because its exceptional longevity arises not from socioeconomic advantage, but
from a distinct lifestyle and food culture shaped by its subtropical geography, Ryukyu heritage, and a
resource-efficient diet'***”.. Despite being Japan’s poorest prefecture, Okinawa has a higher life expectancy
than the national average™. Population in Okinawa traditionally followed a low-calorie, nutrient-dense
eating pattern built around sweet potatoes, seaweed (kombu, mozuku), tofu, and mixed plant-animal dishes
that incorporate pork in collagen-rich cuts, all complemented by very low salt intake and mineral-rich
drinking water from coral-derived limestone aquifers'”. Additionally, their diet includes substantial collagen
intake from pork cartilage and tendon, as well as iodine-rich Kombu seaweed and bitter gourd (Goya), which
has been associated with hypoglycemic effects”. Moreover, their overall caloric intake remains low, a factor
believed to contribute to their extended health span!®****. These foods provide bioactive compounds linked
to lower cardiovascular and metabolic risk, including n-3 fatty acids, fucoidan, elastin- and collagen-derived
amino acids, and phytochemicals such as momordin". Cultural norms around hara hachi bu (stopping at
80% fullness), strong social cohesion, and multigenerational support networks buffer chronic disease risk,
consistent with cohort studies showing that diet quality, social integration, and physical activity patterns
explain most of Okinawa’s advantage over socioeconomic predictors of mortality'*™..

Sardinia's unusually high concentration of male centenarians is linked to a combination of geographic
isolation, genetic homogeneity, traditional dietary patterns, and deeply rooted social structures®*. The inland
mountain regions, particularly the Ogliastra and Barbagia areas, historically maintained a pastoral lifestyle
characterized by regular low-intensity physical activity, modest caloric intake, and diets centered on whole
grains, legumes, garden vegetables, sheep and goat dairy products rich in omega-3 and conjugated Linoleic
acid, and limited meat consumption®*. Members of those communities regularly walk five or more miles per
day over mountainous terrain”'. Studies highlight the region’s exceptionally strong family cohesion, high
social integration, and low levels of chronic psychosocial stress as additional factors contributing to reduced
cardiovascular and metabolic disease risk!®>**.. Genetic analyses have identified enriched frequencies of
certain alleles associated with inflammation modulation and lipid metabolism, although lifestyle factors
explain most observed longevity advantages”””. Overall, Sardinia illustrates how the interplay of environment,
culture, and consistent lifelong behaviors can produce a population with both an extended lifespan and
comparatively low age-related morbidity"®.

Ikaria’s longevity profile is rooted in a combination of Mediterranean dietary traditions, sustained daily
physical activity, and unusually strong social cohesion that collectively reduce cardiometabolic and
inflammatory burden across the lifespan'®**). The island’s traditional diet emphasizes legumes, wild leafy
greens, potatoes, moderate fish intake, minimal processed foods, and generous use of olive oil, with herbal
infusions rich in polyphenols contributing additional antioxidant and vasodilatory effects!®*-°*).
Epidemiological studies note low rates of hypertension and cardiovascular mortality relative to mainland
Greece, attributed not only to dietary patterns but also to habitual walking in mountainous terrain and daily
routines that integrate natural movement"**”. Social structures characterized by dense family networks,
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communal gatherings, and low levels of chronic stress appear to protect against frailty and cognitive
decline!**?. Sleep patterns, including widespread afternoon napping and moderate consumption of locally
produced wine, have also been associated with healthier cardiometabolic profiles®. Favorable sleep habits
may also contribute to the island’s cardiometabolic profile, with studies reporting generally good sleep
quality and an average sleep duration of approximately 9 hours per night among Ikarian adults'*’. Good
sleep quality and regular sleep patterns have been associated with improved cardiometabolic health, lower
risk of metabolic syndrome and type 2 diabetes, and reduced risk of atherosclerotic cardiovascular
disease!” ). Together, these lifestyle and environmental features create a synergistic context in which chronic
disease risk is consistently attenuated, supporting the island’s high proportion of healthy older adults"*.

Nicoya in Costa Rica exhibits remarkable longevity attributed to a combination of dietary quality,
environmental conditions, and strong social structures””’. Residents traditionally consume a Mesoamerican
diet centered on beans, corn tortillas, squash, tropical fruits, and limited animal protein, providing high fiber,
low glycemic load, and favorable micronutrient density, particularly calcium and magnesium from water
sources filtered through limestone aquifers®”'. Epidemiological studies report lower rates of cardiovascular
mortality and metabolic disease, partly linked to low overall caloric intake, sustained physical activity
through agricultural and household labor, and preservation of lean body mass into older adulthood”>”*.
Strong family networks, high intergenerational support, and cultural emphasis on purpose and community
engagement contribute to lower chronic stress and improved healthy aging trajectories”*. These factors
create a stable physiological environment in which inflammation, frailty, and cardiometabolic decline
progress more slowly than in comparable populations””.

Loma Linda, California, is distinguished by its large Seventh-day Adventist population, whose health-related
behaviors contribute to some of the longest life expectancies in North America®”. Epidemiological analyses
from the Adventist Health Studies demonstrate significantly lower incidence of cardiovascular disease,
hypertension, type 2 diabetes, and certain cancers, largely attributed to plant-forward dietary patterns that
emphasize whole grains, legumes, nuts, fruits, and vegetables, alongside minimal intake of processed foods
and red meat"”. Additional factors include abstention from tobacco and alcohol, regular moderate physical
activity, consistent sleep routines, and strong participation in faith-based social networks that enhance
emotional support and reduce chronic stress””’*. These lifestyle practices produce favorable lipid profiles,
lower body mass index, reduced systemic inflammation, and improved metabolic control, contributing to
exceptional longevity and lower age-adjusted morbidity compared with national averages” .

Cardiovascular phenotype of Blue Zones

Epidemiologic data from Blue Zones demonstrate reduced cardiovascular risk compared with surrounding
populations. In Ikaria, Greece, the incidence of stroke and heart disease is approximately 50% lower than in
the rest of the country'®). Similarly, in Sardinia, Italy, the recurrence of cerebrovascular events is lower, and
Italians outside Sardinia are about 30% more likely to develop coronary heart disease®. Okinawa, Japan, is
recognized as one of the regions with the lowest prevalence of heart disease worldwide, with Americans
exhibiting nearly 80% higher risk compared with Okinawans'*. In Nicoya, Costa Rica, diets rich in white rice
and beans, together with drinking water high in calcium and magnesium, have been associated with reduced
cardiovascular mortality'. Furthermore, studies from Loma Linda University show that Seventh-day
Adventist men have about 40%-50% lower mortality from ischemic heart disease, largely due to their non-
smoking, predominantly vegetarian lifestyle and other healthy habits, rather than genetic differences”.
These advantages point toward a shared biological architecture of cardiovascular protection, which can be
understood by examining three interrelated domains that emerge across Blue Zone research:

1. Vascular aging and endothelial function
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Figure 3. Summary of dietary patterns across the five Blue Zones. Created in BioRender,Javaheri, A. (2026) https://BioRender.com/r7x0g
ds.

Populations in Blue Zones exhibit vascular aging profiles that are markedly different from those of typical
high-income populations, characterized by preserved endothelial function, lower arterial stiffness, and
reduced age-related vascular impairment!". Much of this effect maps to habitual regular low-intensity
physical activity and dietary patterns that improve endothelial reactivity and slow pulse-wave velocity
progression'®:

(i) Diet: Plant-based diets rich in polyphenols (e.g., Ikarian olive oil, Sardinian red wine), n-3 fatty acids, and
low sodium'***). Minimal processed foods, with > 90% home-prepared meals emphasizing legumes, tubers,
and antioxidant-rich ingredients like Ikarian herbal tea (anti-inflammatory) and Sardinian coffee!"**.
Figure 3 illustrates the shared dietary patterns across Blue Zone regions despite their distinct cultural
contexts. Ikaria and Sardinia emphasize Mediterranean staples such as legumes, leafy greens, whole grains,
and locally produced olive oil, with modest amounts of goat dairy and occasional meat or wine™ . Okinawa
centers on sweet potatoes, tofu, seaweed, and bitter gourd, with minimal pork, while Nicoya features rice and
black beans, fresh tropical fruits, root vegetables, and small amounts of pork and dairy'. Loma Linda differs
geographically but converges nutritionally through a predominantly plant-based diet rich in legumes, nuts,
leafy greens, and whole grains"®*\. Across all regions, diets remain home-prepared, minimally processed,
plant-forward, and built around high-fiber, antioxidant-rich staples, with only moderate intake of locally
sourced animal products®**.
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Many studies conclude that Mediterranean-style and low-calorie diets, dietary patterns closely resembling
those observed in Blue Zones, enhance endothelial function and improve surrogate markers of vascular
aging, offering a plausible mechanistic explanation for the low incidence of cardiovascular disease in these
populations™**!. For instance, in a randomized controlled trial of individuals with high cardiometabolic risk,
adherence to a Mediterranean diet significantly improved endothelial function, with FMD increasing from
6.1% to 9.8% in the fasting state over 8 weeks, compared with 5.0% in controls (P = 0.008)"*". Postprandial
endothelial responses were also markedly enhanced, with FMD reaching 8.99% vs. 3.86% in the control group
(P =0.003), indicating both acute and sustained vascular benefits'®’. In line with these findings, a meta-
analysis of 21 independent datasets, which demonstrated a significant overall improvement in endothelial
function with the Mediterranean diet (Standard mean difference: 0.34; P = 0.0001), including an approximate
1.39% increase in FMD (P < 0.001), with consistent effects observed across both healthy individuals and those
at increased cardiovascular risk, and independent of age, body mass index, or study duration™. Further, the
Mediterranean diet, when compared to a low-fat diet, was associated with modest increases in HDL
cholesterol (+0.76 mg/dL; P = 0.02) and reductions in fasting blood glucose (-0.96 mg/dL; P = 0.011) and
high-sensitivity CRP (-0.44 mg/mL; P = 0.009)"". Endothelial function improved significantly, with a
between-group FMD difference of 2.63% (P = 0.011), including individuals with both severe and non-severe
endothelial dysfunction®. These changes were accompanied by enhanced endothelial repair capacity, as
evidenced by increased endothelial progenitor cell (EPC) levels (+1.64%; P = 0.028) and reduced endothelial
microparticles (-755 EMPs/uL; P = 0.015), resulting in an improved EMP/EPC ratio suggesting improved
vascular homeostasis®*?). Mechanistically, serum from individuals adhering to the Mediterranean diet was
associated with reduced endothelial oxidative stress, apoptosis, and senescence, and with increased cellular
proliferation and angiogenic capacity in vitro''l. These effects were paralleled by favorable alterations in
circulating proteomic and microRNA profiles, including downregulation of pro-inflammatory and pro-
oxidative pathways (e.g., NF-xB signaling and ROS-associated miRNAs) and upregulation of pathways
associated with reduced endothelial senescence and enhanced vascular homeostasis®'! [Figure 4]. These
findings are also supported by recent clinical evidence demonstrating that adherence to a Mediterranean diet
improves microvascular endothelial function, as assessed by reactive hyperemia index, and is accompanied
by reductions in pro-atherogenic ceramides and inflammatory adipokines, alongside enhanced NO
bioavailability!®’). These vascular benefits are not limited to the dietary pattern as a whole but are also
observed with individual components of the Mediterranean diet, such as olive 0il®, fish®”, and nuts"*.

(ii) Physical activity: Physical activity that raises heart and respiratory rates, including walking, running,
cycling, and similar movements, forms the basis of aerobic exercise””. The 2022 World Health Organization
guidelines recommend 150-300 min of moderate-intensity activity (e.g., walking, cycling, ballroom dancing)
or 75-150 min of vigorous-intensity activity (e.g., jogging, swimming, hiking) per week to achieve optimal
health outcomes'”*'*. Aerobic exercise induces central and peripheral cardiovascular adaptations such as
enhanced myocardial contractility, increased ventricular filling, and improved maximal cardiac output, while
lowering blood pressure in hypertensive patients'*"'*.

Regular activity also improves lipid profiles, reduces thromboembolic complications in atrial fibrillation,
supports weight management, increases insulin sensitivity, lowers HbA1c, and reduces systemic
inflammation, partly reflected in decreased CRP and improved autonomic function"*"**!. The molecular

104

mechanisms underlying the protective effects of exercise on human health are diverse"*”. Intensive exercise
programs increase circulating energy substrates such as free fatty acids and glucose, which are subsequently
taken up by skeletal muscle cells""*!. Repeated bouts of exercise enhance the uptake and oxidation of these
substrates, a process mediated by signaling pathways including adenosine monophosphate-activated protein
kinase (AMPK) and p-adrenergic signaling!'**'°'°*l_ Exercise also activates pathways that regulate

mitochondrial biogenesis in skeletal muscle, such as NO synthase, sirtuins, and peroxisome
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Figure 4. Proposed mechanistic framework linking Blue Zone lifestyle patterns to healthy aging and longevity. Created in BioRender,
Javaheri, A. (2026) https://BioRender.com/wmhm7he.

proliferator-activated receptor y coactivator-1a (PGC-1a), and strengthens endothelial integrity through
nitric oxide-mediated anti-apoptotic signaling and adaptive mitohormesis'"*"'*), Exercise additionally
attenuates leukocyte-driven inflammation by inhibiting leptin-mediated hematopoietic activation*?. At the
cardiac level, it supports favorable left ventricular remodeling after myocardial infarction and reduces NT-
proBNP!"”**I Emerging work on exercise-induced “exerkines” suggests roles for musclin, myonectin,
interleukin-8, and fibroblast growth factors in blood pressure reduction and angiogenesis. At the same time,
skeletal muscle-derived IL-6 contributes to anti-inflammatory and cardioprotective effects"'*'*". Exercise also
induces beneficial epigenetic changes, including PGC- 10 upregulation, which may delay complications of
type 2 diabetes!"""*2,

Quantitative analysis of physical activity in Blue Zone populations indicates that activity is predominantly
low-to-moderate in intensity and sustained throughout the day, rather than performed in discrete exercise
sessions"”!. Across studies, approximately 60%-80% of reported activities are classified as moderate intensity,
with regional variation***"*"l. In comparison, the Okinawan population exhibits a higher proportion of low-
intensity activity (83%), reflecting differences in cultural and occupational patterns!">>'**/. In Sardinian
cohorts, older adults (= 90 years) accumulate approximately 12,110 steps/day in men and 12,799 steps/day in
women, while shepherd populations walk a mean distance of 12.4 + 7.8 km/day, often across steep terrain
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(average slope of 15%), representing sustained moderate-intensity exertion maintained throughout the

year[123,125,1z7]

(iii) Mitochondrial integrity: Blue Zone dietary patterns may attenuate vascular aging, in part through
mechanisms known to support mitochondrial integrity, a central determinant of endothelial function!®*'2*>*,
Mitochondrial dysfunction, characterized by elevated mitochondrial ROS, impaired biogenesis, disrupted
fission-fusion balance, and defective mitophagy, plays a major role in endothelial impairment, reducing NO
bioavailability and promoting inflammation, apoptosis, and arterial stiffening"*'**. Because endothelial cells
depend heavily on mitochondrial redox control, maintaining mitochondrial quality is essential for vascular

[133,134

homeostasis and NO signaling | Interventions that enhance mitochondrial efficiency or limit mtROS,
including AMPK activation, SIRT1 signaling, and improved metabolism, have been shown to preserve
endothelial function and slow age-related vascular decline!”*>"**! [Figure 4]. These mechanisms align with
dietary characteristics common in Blue Zones, where plant-forward, calorie-light eating patterns may reduce
oxidative burden, stabilize glycemia, and promote mitophagy-driven mitochondrial renewal*").
Experimental evidence shows that improving mitochondrial quality control protects the vasculature from
oxidative injury and endothelial dysfunction, positioning mitochondria as the central hub linking metabolic

lifestyle factors with vascular aging!**'*1,

Accumulating evidence indicates that aging is accompanied by measurable alterations in circulating

142,143

biomarkers reflecting mitochondrial stress and oxidative damage"*'*). Among these, growth differentiation
factor-15 (GDF-15) has emerged as a robust marker of mitochondrial dysfunction, showing strong
associations with the pace of biological aging, epigenetic aging indices, and age-related conditions such as
sarcopenia and mortality"*>'*), Elevated GDF-15 levels appear to reflect early mitochondrial stress responses
that precede overt tissue damage, suggesting that mitochondrial dysregulation may represent an upstream
driver of the aging process"*?. In contrast, markers of oxidative stress, including allantoin and protein
carbonyls, provide insight into the downstream consequences of mitochondrial dysfunction"*!. Allantoin has
been associated with accelerated aging trajectories and phenotypic aging measures, whereas protein

carbonyls reflect cumulative oxidative damage*..

In human centenarian cohorts, these processes can be evaluated using functional assays and circulating
biomarkers!*!. Mitochondrial biogenesis, assessed through oxygen consumption rate in peripheral blood
mononuclear cells, appears to be relatively preserved in centenarians, while mitochondrial DNA copy
number serves as a proxy for mitochondrial integrity'**! [Figure 4]. At the same time, increased oxidative
stress, reflected by higher levels of protein carbonylation, is associated with poorer cognitive function,
whereas enhanced DNA repair capacity, indicated by higher activity of the base excision repair enzyme
APE1, correlates with better cognitive outcomes'****. Circulating factors such as brain-derived neurotrophic
factor (BDNF) and NAD+ levels are associated with preserved cognitive function, highlighting
mitochondrial integrity, oxidative balance, and repair capacity as key drivers of functional aging"*'.

2. Inflammation, oxidative stress, and metabolic health

Blue Zones exhibit attenuated chronic inflammation (IL-6, CRP) and favorable metabolic markers compared
with matched non-Blue Zone populations, despite some heterogeneity across sites. The improvement in
metabolic health originates mainly from:

(i) Antioxidant synergy: Diets high in fiber with phytonutrients, whole grains, vegetables, and omega-3 fatty
acids (Okinawan seaweed/iodine, Loma Linda nuts/lignans) suggest a 40% reduction in cardiovascular
mortality""*'*). These nutrients reduce circulating IL-6, CRP, and Tumor Necrosis Factor-a signaling,
attenuating inflammation-derived aging and oxidative stress"**'**).
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(ii) Metabolic flexibility: Several Blue Zone populations characteristically consume larger meals earlier in the
day, followed by lighter evening intake with minimal or no subsequent food consumption". Increasing
evidence indicates that restricting caloric intake to daytime hours and minimizing nocturnal eating may
improve insulin sensitivity, glucose homeostasis, oxidative stress, adiposity, and overall cardiometabolic
function by reducing circadian misalignment between feeding behavior and endogenous metabolic
rhythms"*"*/. At the molecular level, these dietary patterns, such as time-restricted eating and polyphenol-
rich foods, may converge on nutrient and stress-sensing pathways, particularly AMPK-SIRT1-FOXO
signaling"****"! [Figure 4]. AMPK is activated during energy depletion and promotes catabolic metabolism,
fatty acid oxidation, mitochondrial biogenesis, and inhibition of anabolic mTOR signaling"*’'*). AMPK
activation can also increase NAD+ availability and enhance SIRT1 activity, thereby linking cellular energy
status to transcriptional programs involved in stress resistance and mitochondrial adaptation"*”. SIRT1
deacetylates FOXO transcription factors, including FOXO1 and FOXO3, enhancing the expression of
antioxidant and stress-response genes such as superoxide dismutase, catalase, and glutathione-related
enzymes'*'*). Through downstream effects on PGC-1a-mediated mitochondrial biogenesis, autophagy,
mitophagy, ROS detoxification, and suppression of NF-kB/SASP (senescence-associated secretory
phenotype) related inflammatory signaling, AMPK-SIRT1-FOXO signaling provides a plausible link between
Blue Zone dietary patterns and preserved metabolic flexibility"*”'*". Activation of this pathway may enhance
insulin sensitivity, improve lipid handling, reduce ectopic fat accumulation, and preserve mitochondrial
efficiency, thereby supporting cardiometabolic resilience with aging"*”. By limiting oxidative damage and
chronic low-grade inflammation, AMPK-SIRT1-FOXO signaling may also contribute to a lower risk of age-
related metabolic dysfunction, cardiovascular disease, and functional decline!””..

(iii) Branched-chain amino acids (BCAAs) balance: BCAAs, particularly leucine, add another layer to
metabolic health by modulating nutrient-sensing pathways that intersect cellular growth and stress pathways
such as the mammalian target of rapamycin (mTOR)"*'**). Moderate (not high) total protein intake,
combined with sufficient BCAAs from plant sources such as legumes and whole grains, delivers high-quality
protein while reducing glycemic load and the cardiometabolic risk associated with high animal-protein and
high-insulinogenic diets'**'**!. Animal protein from additive-free, locally raised pork/goat (Okinawa,
Sardinia) or dairy (Nicoya) ensures high quality without metabolic stress'**”*.. Recent multi-organ proteomics
show that moderate protein restriction in midlife reprograms the aging proteome across dozens of tissues
and attenuates age-associated molecular signatures, with particularly strong benefits in adipose and
cardiovascular tissues consistent with diminished activation of growth pathways, including those
downstream of mTOR"*\. Conversely, BCAAs retain clinical value for preserving lean mass and functional
reserve in older adults or chronically ill patients, so the goal is recalibration rather than elimination"”".
Intriguingly, pharmacologic modulation of nutrient-sensing can phenocopy some dietary effects'"”"). For
instance, low-dose glucagon-like peptide-1 receptor agonists (GLP-1RAs) produce broad, body-wide multi-
omic “age-counteracting” signatures and improved muscle/functional readouts in aged mice, and those
molecular signatures closely resemble the effects of mTOR inhibition (rapamycin)"”". These lines of evidence
argue for an unresolved tension in the field. Long-lived populations in the Blue Zones skew toward modest
to low protein intake, with predominantly plant-derived amino acids"””. However, confirming studies in
controlled human settings are still needed to clarify whether this pattern reflects causal biology or cultural
confounders"”>"7,

CELLULAR AND MOLECULAR AGING

At the cellular level, evidence from centenarian and long-lived cohorts suggests slower accrual of molecular
aging signatures in Blue Zones:
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(i) Telomere/epigenetic preservation: Emerging evidence from both interventional and observational studies
supports the notion of preserved telomere stability and slow epigenetic aging'””. Blue Zones consistently
obtain polyphenols from region-specific foods, including herbs and mountain teas (Ikaria), Cannonau wine
and olive oil (Sardinia), turmeric and cruciferous vegetables (Okinawa), beans and squash (Nicoya), and
nuts, berries, and legumes (Loma Linda)"**. These polyphenol-enriched diets are associated with reductions
in epigenetic age, as measured by multiple DNA methylation clocks, in randomized controlled trials in
humans"”®. In the DIRECT PLUS trial, adherence to a Green-Mediterranean diet enriched with polyphenol-
containing foods was associated with an attenuation of DNA methylation age (mAge)"”". Higher urinary
levels of specific polyphenol metabolites, including hydroxytyrosol, urolithin C, and tyrosol, were inversely
correlated with 18-month changes in mAge, with tyrosol remaining independently associated after
adjustment for age, sex, and weight loss"”*. These changes were further linked to differential methylation at
specific aging-related CpG sites like cg16290275, which supports a potential epigenetic mechanism" 7.
Meanwhile, caloric restriction in animal models has been shown to decelerate age-related methylation
changes across tissues!"””. Time-restricted eating (Sardinia, Loma Linda) and religious fasts (Ikaria,
Adventists) yield metabolic benefits, including improved insulin sensitivity, reduced fat mass, and reductions
in blood pressure, all of which are major contributors to cardiovascular events"*°!. One key benefit of
intermittent nutrient restriction is its effect on autophagic flux by inhibiting mTOR, thereby enhancing
autophagy, a cellular recycling process that degrades damaged proteins and organelles to maintain cellular
homeostasis""*'*. Many of the beneficial effects of caloric restriction are thought to involve suppression of
nutrient-sensing pathways, particularly mTORC1 signaling'**. The observation that lifespan extension by
caloric restriction is attenuated in models with pre-existing reductions in mTORCI1 activity supports the
presence of overlapping mechanisms"*!. Downstream, translational regulation via 4E-Binding Protein
appears to play a central role, facilitating selective translation of mitochondrial proteins, enhancing
mitochondrial function, and promoting proteostasis'*’. Alongside these molecular effects, improvements in
muscle function have also been observed in aging mice subjected to caloric restriction"*>'*!. These findings
support that caloric restriction exerts its anti-aging effects, at least in part, through coordinated modulation
of mTORCT1 signaling and its downstream metabolic and mitochondrial pathways!**.

Emerging human studies also indicate that intermittent nutrient restriction, particularly through fasting-
mimicking dietary approaches, is associated with measurable activation of autophagy"*'*). In a randomized
clinical trial, short-term fasting-mimicking diet intervention led to a significantly lower LC3B-II/LC3B-I
ratio in peripheral blood mononuclear cells at day 6 compared with controls (0.7 + 0.4 vs. 1.3 + 0.7; 0.019),
reflecting increased autophagic degradation and enhanced autophagic flux"**. Further assessment using
chloroquine-treated samples showed a trend toward increased autophagic flux during the intervention, with
persistence following refeeding in one fasting group, suggesting sustained activation of the autophagic
process"**. In addition, fasting-based interventions have been reported to improve metabolic parameters
linked to nutrient-sensing pathways, including reductions in fasting glucose, insulin resistance (HOMA-IR),
and circulating IGF-11"**"). Increased expression of autophagy-related genes, such as GABARAPL1, ATG2A,
and MAP1LC3A, has been observed in human studies, further supporting enhanced autophagic activity
during caloric restriction"**!),

In human populations, adherence to Mediterranean-style diets rich in antioxidants and fiber, and
engagement in moderate physical activity, is positively associated with longer telomere length, likely by

[192]

mitigating oxidative stress and systemic inflammation

(ii) Improved immune cell profile: There are multiple lines of evidence that, in certain centenarian
populations, immune-cell profiles reflect a more balanced inflammatory state"”'**.. For instance, one study
of human centenarians found that their ratio of T helper 17 to T regulatory cells was lower than in older
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adults, and that their regulatory T cells secreted more anti-inflammatory cytokines, suggesting a shift in
immune phenotype that might protect against chronic inflammation"*. Further, Sardinian centenarians
demonstrate a marked deviation from the expected age-associated increase in neopterin concentrations!**”..
This pattern supports the potential utility of neopterin as a marker of survival and overall health.
Importantly, the lower neopterin levels observed in centenarians align with a phenotype characterized by

198

attenuated inflammation and oxidative stress relative to other old-old individuals"**. Moreover, Okinawans
were found to have high levels of IgG and IgA in their serum; this may be attributed to the island vegetables
that they consume*’. Increased natural killer (NK) cell activity, mediated in part by cytokine signaling
pathways, such as increased IFN-y, was observed in Okinawan residents who consume Fucoidan-derived

from Cladosiphon okamuranus™'.

Centenarians across Blue Zones exhibit a coordinated immune phenotype characterized not by absence of
inflammation, but by attenuated chronic inflammatory signaling coupled with preservation of immune
competence!”®”). In Mediterranean Blue Zones such as Sardinia and Ikaria, individuals demonstrate a
modified inflammaging profile, including lower DNAm-predicted IL-6 levels, particularly in men, alongside
reduced macrophage activation as reflected by decreased neopterin concentrations, suggesting reduced
chronic innate immune activation"”” [Figure 4].

At the level of adaptive and regulatory immunity, centenarians display features of preserved immune
“youthfulness” and refined immune control"”. Studies from the Nicoya Peninsula in Costa Rica reveal a T-
cell profile characterized by higher proportions of naive T cells and reduced CD8+ memory T cells, indicative
of delayed immunosenscence and maintained immune repertoire diversity"*”**", This supports a model in
which exceptional longevity is associated with a multi-layered immune equilibrium, encompassing reduced
pro-inflammatory cytokine burden (IL-6), controlled innate immune activation (macrophage signaling),
preservation of adaptive immune function (naive versus memory T-cell balance), and optimized immune
regulation (T regs)"”.

Centenarians exhibit a complex cytokine profile characterized by concurrent activation of pro- and anti-
inflammatory pathways®?. Consistent with aging, levels of pro-inflammatory cytokines, including TNF-q,
IL-6, IFN-q, and IL-23, increase, along with other mediators, such as GM-CSF and osteopontin (OPN), that
support a chronic inflammatory state”*”. Despite this, centenarians also demonstrate compensatory
upregulation of anti-inflammatory signals, notably IL-19, a member of the IL-10 family that promotes Th2

polarization and enhances IL-10 production, potentially dampening excessive Th1-driven inflammation®?.

In contrast, cytokines regulating adaptive T-cell responses show minimal differences between centenarians
and controls, suggesting that age-related T-cell dysfunction (e.g., loss of naive T cells and accumulation of
terminally differentiated cells) is not primarily driven by alterations in cytokines*°?!. In the B-cell
compartment, B-cell activating factor (BAFF) levels are increased, although this effect may be partially offset
by elevated soluble Transmembrane activator and CAML interactor (TACI), which can neutralize BAFF
activity®. Additional changes include increased IL-11 and bone morphogenetic proteins (BMP-4, BMP-7),
which may reflect compensatory responses to age-related bone and hematopoietic decline but also contribute
to immune regulation®.

(iii) Genetic factors: Several genetic variants have demonstrated positive associations with longevity in Blue
Zone populations, primarily involving pathways of stress resistance, metabolism, and immune regulation".
Among the most consistently reported is Forkhead/winged helix box O type 3 (FOXO3) gene, a transcription
factor within the insulin/IGF-1 signaling pathway that enhances cellular resistance to oxidative stress,
promotes DNA repair, and regulates apoptosis®* ™. Specific variants, such as rs2802292, have been linked to
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increased lifespan, particularly in Okinawa, where carriers of the longevity-associated G-allele exhibit longer
telomeres, increased telomerase activity, and age-related upregulation of FOXO3 expression™*. In addition,
this variant is associated with favorable, sex-specific modulation of inflammation, including reduced age-
related increases in the pro-inflammatory cytokine IL-6 in women and increased levels of the anti-
inflammatory cytokine IL-10 in men™*.

Similarly, the ApoE2 genotype has been associated with longevity and reduced risk of neurodegenerative
disease and atherosclerosis (in midlife), with higher prevalence reported in some cohorts from Ikaria and
Sardinia">*”***. Variants in HLA class II genes (HLA-DQB1, HLA-DRB1) suggest that adaptive immune
function contributes to healthy aging, potentially through modulation of chronic inflammation. Additional
associations have been described for genes involved in vascular and inflammatory regulation, including ACE
and TNEF-q, particularly in relation to cardiovascular and cognitive outcomes, while emerging evidence
implicates genes such as TAS2R38, which may influence dietary behavior and metabolic responses!***..
Further, epidemiological evidence shows that the prevalence of G6PD (glucose-6-phosphate dehydrogenase)
deficiency is very low in Nicoya, Ikaria, and the central Blue Zone region of Sardinia, suggesting that this
might play a part in the longevity in Blue Zones by protecting against cellular damage from ROS
species*20211],

Genetics versus lifestyle
The factors underlying the development of Blue Zones remain incompletely understood and have been

212

discussed extensively®'?l. One proposed explanation is the contribution of unique genetic factors'?.
However, several investigations have not identified a clear enrichment of established longevity-associated
alleles within some of these populations®**'*. Further, twin studies from Denmark have shown that genetic
factors account for approximately 20% of the variability in human lifespan, whereas the majority of longevity
appears to be influenced by lifestyle and environmental factors”. Most studies evaluating lifestyle factors in
Blue Zone populations are observational or ecological in design and therefore cannot fully disentangle
lifestyle effects from genetic background, familial clustering, or population-specific ancestry™***), While this
does not exclude genetic contribution to exceptional longevity, it suggests that currently recognized genetic
variants alone are unlikely to fully explain the remarkable lifespan observed in Blue Zones”?. Advances in
genomic technologies may yet identify rare or population-specific variants contributing to healthy aging in
Blue Zone populations®”. Nevertheless, the limited and inconsistent genetic findings to date support the
view that lifestyle factors play a major role in the exceptional longevity'**?. In support of this concept, the
observation that individuals who migrated out of Nicoya may lose their survival advantage is consistent with
an important contribution of environmental factors beyond genetics, although this finding should be
interpreted cautiously because migration studies are vulnerable to selection bias.

Most research has focused on older individuals within these populations, whereas the dynamic emergence of
Blue Zones may offer additional insight into the sociocultural and environmental determinants of
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longevity?'?. Studying younger generations in Blue Zones may help identify early-life factors that promote
gevity ying younger g y help y p

healthy aging and survival into advanced age*"?..

Limitations and potential confounding factors

The mechanistic framework presented above combine population epidemiology, randomized dietary trials,
biomarker studies, and experimental aging literature. However, heterogeneity between Blue Zones (dietary
components, genetic backgrounds, socioeconomic conditions) and differences in measurement methods
(dietary recall, biomarker panels, epigenetic clocks) limit precise causal attribution®*. Much of the strongest
causal evidence comes from intermediary pathways (endothelial function, inflammation), where randomized
trials of Mediterranean or calorie-moderation diets and exercise show reproducible benefit!***>!!, Still,
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longitudinal, multi-omic studies within Blue Zone cohorts would be required to definitively partition genetic
from lifelong environmental contributions to the cardiac phenotype.

Environmental factors, like water and air quality, may confound these associations. For example, in Nicoya,
drinking water is relatively rich in calcium and magnesium, which has been proposed to contribute to

3,216

cardiovascular health®'*. Cilento, a coastal and mountainous region in southern Italy, recently recognized
for increased longevity, may also illustrate the relevance of drinking water composition®”. Municipal-level
analyses of 102 communities found that areas with greater concentrations of nonagenarians and centenarians
had alkaline, soft-to-moderately hard water with low sodium, favorable iron and manganese levels, and no
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detectable toxic heavy metals™”. In Okinawa, the island’s coral reef-derived limestone contributes to
mineral-rich drinking water, particularly higher calcium content***. In addition, air quality and climate
may be relevant environmental contributors to longevity in regions such as Okinawa, Nicoya, and Cilento,

which share broadly similar latitudes>>#2°],

Socioeconomic context may also influence interpretations of Blue Zone longevity. Although higher
socioeconomic status is associated with longer life expectancy, this relationship appears less consistent across
Blue Zones, where many populations have historically had relatively low-income levels”**.. Okinawa, for
example, has been described as an exception to the traditional social gradient, and similar patterns may apply
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to other Blue Zones™. In addition, some social and economic indicators that typically predict poorer health
outcomes, including income deprivation, poverty, and unemployment, have been positively associated with
the probability of reaching extreme age, despite being linked to lower survival and worse health outcomes

before age 90"\,

Age validation and demographic accuracy are central methodological issues in Blue Zones research because
estimates of exceptional longevity depend on reliable birth, migration, and death records'”*?. Incomplete or
inconsistent records may lead to misclassification of extreme age and biased estimates of centenarian
prevalence or regional survival advantage””?.. Another important consideration is that Blue Zone longevity
may reflect the life-course exposures of older cohorts who grew up under traditional conditions, rather than
the current environment”””). Okinawa provides an important example, as its earlier longevity advantage has
declined in more recent generations, likely reflecting dietary westernization and broader modernization'**”),

Healthcare access can confound longevity estimates because survival into older age depends not only on
lifestyle but also on preventive care, chronic disease management, and social support systems'**>***/. For
Nicoya, recent reviews note that longevity has been discussed in relation to improved socioeconomic
conditions, social security, and access to free healthcare”*.

Selection bias is another important limitation in longevity studies®*”. Identifying regions based on a high
concentration of centenarians may overestimate true longevity if the age structure of the population has been
altered by migration'”?**. For instance, out-migration of younger adults can artificially increase the
proportion of very old individuals remaining in the community, while in-migration of older retirees can
similarly inflate the apparent concentration of centenarians'”. Therefore, regional clustering of centenarians
should be interpreted cautiously and requires careful demographic validation, including birth records,
migration histories, and population denominators, before being attributed to local lifestyle or environmental
factors®*l. Survivorship bias is another limitation when studying old populations because many studies
examine individuals who have already reached an advanced age”**’. These participants may represent a
highly selected survivor population, making it difficult to determine whether observed lifestyle,
environmental, or biological features are causal determinants of longevity or characteristics of individuals
who were already resilient'*. Cultural specificity may further limit generalizability, as Blue Zones lifestyles
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are closely tied to local cultural and environmental conditions and may not be directly applicable to other
populations!#*,

CONCLUSION

Blue Zones offer a unique population-level model of healthy aging in which lifestyle behaviors, social
structures, and environmental factors appear to interact synergistically to promote cardiovascular and
metabolic health. Rather than relying on a single intervention, these populations demonstrate the cumulative
impact of sustained lifelong habits that align with biologic pathways involved in mitochondrial function,
nutrient sensing, inflammation, endothelial health, and cellular stress resistance. The convergence of
epidemiologic observations with emerging mechanistic evidence strengthens the concept that healthy aging
is not solely genetically determined but is strongly shaped by modifiable behavioral and environmental
exposures across the lifespan.

The translational value of the Blue Zones extends beyond longevity itself and provides actionable direction
for modern public health strategies. Future interventions should prioritize creating environments that
facilitate habitual physical activity through walkable communities and active transportation, while
simultaneously improving access to affordable, minimally processed, plant-rich dietary patterns. Public
health initiatives that raise awareness and encourage healthier meal timing, caloric moderation, and
reduction of ultra-processed foods may help reduce age-related cardiovascular risk. In parallel, strengthening
social connectedness through community engagement programs, intergenerational support systems, and
interventions targeting loneliness and social isolation may represent an underrecognized but biologically
relevant strategy to improve overall health.

At the healthcare systems level, integrating lifestyle-centered approaches into preventive cardiology and
aging medicine may help shift care from reactive disease treatment toward preservation of functional health
span. Future research should move beyond descriptive epidemiology toward mechanistic and
implementation-focused studies capable of identifying scalable interventions that reproduce the favorable
biologic profiles observed in Blue Zone populations. Longitudinal studies integrating biomarkers of
inflammation, mitochondrial function, endothelial health, and biological aging may further clarify the
pathways linking lifestyle patterns to cardiovascular health and longevity. Future public health strategies
should also incorporate culturally adaptable and community-integrated approaches tailored to the dietary
habits, social structures, and environmental contexts of diverse populations, making these changes easier to
adopt and sustain within different communities. Ultimately, the Blue Zones provide not only a model of
exceptional longevity but also a practical framework for extending health span and reducing the burden of
age-related disease.
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