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Abstract

Background: Caloric restriction (CR) is the only consistently reproducible non-genetic means of 

minimizing age-related diseases and increasing maximum lifespan in short-lived animals but few 

human studies exist.

Objective: Since elderly Okinawans exhibit several phenotypic features of CR including low 

BMI, low prevalence of chronic diseases, and exceptional longevity, we hypothesized that this 

phenotype may be reflected in candidate biomarkers of human aging.

Methods: We retrospectively estimated adult energy balance across the life course for 

septuagenarian birth cohorts (born ca 1915–1925) from Okinawa and the U.S. based on archived 

data. We then compared plasma DHEA, estrogen and testosterone in a sample of community 

dwelling members from these birth cohorts.

Results: Elderly Okinawans had much lower caloric intake than Americans and appeared mildly 

calorically restricted (10–15%) at younger ages relative to their estimated energy requirements. 

Okinawans also had significantly higher plasma DHEA, testosterone and estrogen levels as 

septuagenarians versus non-CR Americans of similar chronological age.

Conclusion: These cross-sectional data are consistent with the caloric restriction hypothesis in 

humans and support further longitudinal investigation into biomarkers of human aging and their 

potential modification by caloric restriction.
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INTRODUCTION

Caloric restriction (CR) is the only consistent non-genetic method of markedly reducing 

age-related diseases and lengthening maximum lifespan in short-lived animals [1–5]. 

Ongoing studies of CR in long-lived non-human primates have found that CR lowers body 

weight and fat mass, decreases blood pressure, lowers glucose, induces beneficial changes 

in blood cholesterol, higher cortisol levels, higher DHEA levels, and other alterations of 

phenotype and gene expression suggesting longer lifespan [6–8].

Recent short-term studies on humans are consistent with the biological effects in animals, 

where CR lowers blood pressure, induces leaner BMI, improved lipid profiles, lower blood 

glucose and increased insulin sensitivity [9–12]. But an effect for CR on human lifespan 

is difficult to assess since the length of human lifespan renders such interventional studies 

nearly impossible. Gauging the effects of CR on aging have been difficult since valid 

biological markers that can measure the rate of human aging don’t exist and therefore 

controversy exists whether short term studies are a valid model for gauging CR’s potential 

effects on the aging process [13,14].

The role of CR in human aging is an important unanswered question in aging [11,15]. A few 

epidemiological studies support CR-related health effects [16] but only one long-term study 

(>10 years) has reported the effects of low caloric intake on human mortality. A 36-year 

epidemiological study of the Honolulu Heart Program cohort found a weak trend for lower 

all-cause mortality in never smoking men who ate fewer calories [17]. This trend persisted 

until caloric intake dropped to less than 50% of the group mean, consistent with the animal 

literature.

Of significant epidemiological interest is that pre-World War 2 birth cohorts of elderly 

Okinawans (currently aged 65-plus years) allegedly ate fewer calories than other Japanese 

and have several characteristics of the CR phenotype [18,19]. This phenotype includes the 

smallest body size, the longest life expectancy and the lowest age-specific mortality risk 

in Japan. Age-related diseases such as coronary heart disease and hormone-related cancers 

are also the lowest in Japan. Okinawa also has the highest prevalence of exceptionally aged 

individuals in Japan, the world’s longest-lived country [20,21]. Thus, elderly Okinawans 

may be a very important population for assessing the long-term effects of caloric restriction 

in humans.

Previous research has implicated diet as a contributor to the healthy phenotype seen in 

elderly Okinawans [18,19]. However, long term analyses of caloric intake and energy 

balance that are supported by biomarker evidence for CR-related health effects are rare.

We hypothesized that if elderly Okinawans were truly a calorically restricted population they 

would exhibit phenotypic evidence of slower physiological aging, relative to non-CR human 

populations, and that this would measurable by biomarker assay. Therefore, to test the CR 

hypothesis in elderly Okinawans, we asked two questions. Were Okinawan septuagenarians 

calorically restricted? And, is there biomarker evidence of slower physiological aging 

in this cohort? Thus, to test the first question, we estimated caloric intake and energy 
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expenditure and collected anthropometric data from the birth cohort representing Okinawan 

septuagenarians at four time points: young adulthood, late adulthood, middle age, older age. 

DHEA appears to be a promising candidate biomarker of aging in non-human primates 

[22], so to answer question two, we measured plasma DHEA and its downstream products 

testosterone and estrogen in Okinawan septuagenarians. Subsequently, these data were 

compared to previously published data from non-CR Americans of similar chronological 

age. Population differences in energy balance, anthropometry and age-related biomarkers 

should be large between Okinawans and Americans, assuming the former truly underwent 

CR.

METHODS

Study Population and Procedures

The Okinawa Centenarian Study (OCS) is an ongoing population-based study of hundred-

year-olds and other selected elderly aged 65-plus years, residing in the Japanese prefecture 

of Okinawa, that began in 1976 [23].

At the initial exam a full geriatric assessment is performed, including physical exam and 

activities of daily living. Other data collected include sociodemographic characteristics, 

medical history, anthropometric measures, diet, smoking status, alcohol consumption, 

family pedigree and blood samples. Blood pressure is measured and a 12-lead resting 

electrocardiogram is recorded.

For the purposes of this study, plasma from healthy community dwelling Okinawan 

septuagenarians from the OCS was compared to healthy community dwelling American 

septuagenarians from the Rancho Bernardo Study for the hormones DHEA, testosterone and 

estrogen. Both septuagenarian groups belonged to similar birth cohorts (circa 1915–1925) 

and were similarly aged at the time of hormone measurements. Population data on caloric 

intake, energy expenditure and BMI were compared retrospectively between Okinawa and 

the U.S. for the same birth cohorts to estimate their energy balance status over the previous 

several decades.

Study Measurements

Population Dietary Intake and Energy Expenditure—Data on caloric intake were 

not available for the specific study subjects in whom DHEA was measured. Therefore, we 

used archived and/or published population data on dietary intake to estimate energy balance 

status and potential CR status in Okinawan septuagenarians and Americans across the life 

course. Okinawan population data were derived from Office of the Civil Administrator of 

the Ryukyu Islands (Okinawa) for the year 1949, when the septuagenarians were aged 

approximately 30 years [24] . Estimates were also performed at 1960, 1972 and 1998 by the 

Okinawa Prefectural government when the cohort was in their forties, fifties and seventies, 

respectively [25,26]. Studies used similar methodology and the Okinawa dietary data were 

derived from diet surveys of typical dietary habits. These surveys were then used to estimate 

caloric intake.
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USDA food appearance data adjusted for wastage and spoilage were used for the US 

dietary data [27]. Anthropometric summary data (height and weight) and demographic data 

(age, occupation) from the Okinawan population and the U.S. population[28] were used 

as variables to estimate energy expenditure from the Harris-Benedict equation [29]. This 

equation provides an approximation of resting metabolic rate. To estimate daily total energy 

expenditure an activity factor for additional calories burned during daily physical activity 

was added per the guidelines below:

Sedentary = BMR × 1.2 (little or no exercise, desk job)

Lightly active = BMR × 1.375 (light exercise/sports 1–3 days/wk)

Moderately active = BMR × 1.55 (moderate exercise/sports 3–5 days/wk)

Very active = BMR × 1.725 (hard exercise/sports 6–7 days/wk or physical job)

Extremely active = BMR × 1.9 (hard daily exercise/sports & physical job).

Energy balance was calculated in the two populations by subtracting daily total energy 

expenditure from caloric intake obtained from the diet surveys. Since this method likely has 

a fairly wide margin of error, body mass index (BMI) was also estimated since this will act 

as a surrogate of long-term energy balance.

Hormone Measurement in Study Participants—All study participants from 

Okinawa were unselected men and women aged approximately seventy-five years (n=54 

septuagenarians; 29 males, mean age 74.5 ± 0.7 years and 25 females, mean age 74.7 ± 0.6 

years) when hormone measurement was done. Septuagenarians were recruited from usual 

community dwelling subjects who were attending their annual physical exam.

The reference population for hormone levels in Americans was comprised of slightly 

younger usual community dwelling American sexagenarians and septuagenarians. These 

data were derived from previously reported worka from the Rancho Bernardo Study (n=991; 

534 men, mean age 68.6 ± 9.0 years; 457 women, mean age 72.1± 8.0 years) who had 

measurements of plasma hormones performed in 1984–1987 [30].

Hormone Measurements—Similar protocols were used for both populations. Common 

measures included drawing of non-fasting venous blood samples between 8 am and 4 pm, 

separating and storing at −20 to −80 C for several weeks to months. Plasma was assayed 

for DHEA, testosterone and estrogen using a solid phase 125I RIA (radio immunoassay) 

(Okinawa samples: SRL Laboratories, Tokyo). The inter- and intra-assay coefficients of 

variations were slightly higher in Okinawans at 5.2% and 10.0% in the Okinawan samples 

and 6.7% versus 6.1% in the U.S. samples, respectively.

Statistical Analysis

Average hormone levels were compared between the Okinawans and the U.S. reference 

population. Two sample unpaired Student’s t Tests with unequal variances were performed. 

A statistically significant difference was considered to be a two-tailed p-value of 0.05.
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RESULTS

Caloric Intake and Energy Balance in Okinawa vs. the U.S. (Figure 1)

Data for the Okinawan population indicate that consistent positive energy balance did not 

occur until the 1960s, corresponding to late adulthood/early middle age for the Okinawans 

(A). Data indicate that the U.S. population has been in positive energy balance since 

measurements began circa 1960 (B). These data also indicate markedly higher BMI in 

Americans vs. Okinawans at all ages and time points.

DHEA Levels (Figure 2)

Mean values of DHEA for Okinawan men were 2.59 ng/ml (95%CI: 2.24–2.94) vs. 2.00 

ng/ml (95%CI: 1.91–2.10) in American men (p<0.001). Similarly aged women from the 

two populations exhibited larger differences than men. Men DHEA values were 3.03 

ng/ml (95%CI: 2.48–3.58) in Okinawans vs. 1.13 ng/ml (95%CI: 1.06–1.20) in Americans 

(p<0.001).

Testosterone Levels (Figure 3)

Mean values of testosterone for Okinawan men were 4.39 ng/ml (95%CI: 3.90–4.89) vs. 

3.14 ng/ml (95%CI: 3.05–3.23) in American men (p<0.001). No differences were seen in 

similarly aged women from the two populations with levels of 0.13 ng/ml (95%CI: <0.005–

0.26) found in Okinawans vs. 0.17 ng/ml (95%CI: 0.16–0.18) in Americans (p>0.73).

Estrogen Levels (Figure 4)

Mean values of estrogen for Okinawan men were 35.7 pg/ml (95%CI: 30.07–41.33) vs. 20.6 

pg/ml (95%CI: 20.02–21.18) in American men (p<0.001). Large differences were seen in 

similarly aged women from the two populations with levels of 15.5 pg/ml (95%CI: 12.86–

18.14) found in Okinawans vs. 5.5 pg/ml (95%CI: 5.21–5.79) in Americans (p<0.001).

DISCUSSION

Caloric Restriction in Older Okinawans

The septuagenarian cohort of Okinawans had an approximate caloric deficit in the range 

of 10–15% compared to their estimated energy requirements, from youth until middle age. 

This figure should be viewed as an approximation only since it was obtained from energy 

balance estimates using the whole Okinawan population. The energy deficit was due, in 

large part, to high occupational energy expenditure due to labor intensive occupations as 

farmers. Concomitantly, this generation of Okinawans had a low calorie intake from an 

energy poor but nutrient dense diet. This diet was dominated by sweet potatoes, other 

vegetables, legumes and many plant foods that are typically low in energy density [24].

The relative importance of physical activity vs. diet-induced energy deficits to the CR 

phenotype is an area that requires further study. Currently, it is not known whether 

a “negative” energy balance caused by increased physical activity, by diet, or by a 

combination modifies the biological effects observed with CR. A recent study of mice found 

that individuals with greater resting and total daily energy expenditure survived longer than 
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those with lower energy expenditure [31]. This was ascribed to higher levels of endogenous 

activators of proton leak through adenine nucleotide translocase and uncoupling protein-3 

pathways in the long-lived group. CR also lowers the inner mitochondrial membrane 

potential, reducing protein leak, and thus reduces free radical damage to mitochondria but 

the relationship of energy expenditure to this phenomenon or how energy production and 

consumption appear to be related is an area of continuing research [31]. Recent studies of 

human CR that lasted 6 months suggest that CR induced by a combination of increased 

physical activity and low energy intake might have similar effects to CR achieved by diet 

alone on some candidate biomarkers of aging [4].

CR is among the most effective means to extend average lifespan and the only non-

genetic means to extend maximum lifespan and to reduce age-related chronic disease in 

experimental animals. CR also appears to affect several experimental biomarkers of aging in 

animal studies, among the most robust being blood DHEA(S) levels.

Dehydroepiandrosterone (DHEA) is the most abundant circulating steroid hormone in the 

human body, mainly of adrenal origin, and is found in relatively high concentrations 

in human plasma in sulfated form (DHEAS) [32,33]. Approximately 50% of the total 

androgens in men and 75% to 100% of total estrogens in women are derived from this 

steroid precursor but whether DHEA performs an active role as a hormone or is simply an 

inactive steroid precursor is unknown [32,33].

Despite the fact that its physiological role and mechanism of action are unclear, it has 

received much attention for purported protection against age-related morbidity. Elevated 

blood levels have been associated with reduced risk for obesity, diabetes, heart disease, and 

cancer among other diseases [32,33].

Perhaps the most compelling role for DHEA(S) may be as a biomarker of aging. A steady, 

age-related decline of DHEA(S) is seen in both monkeys and humans. For example, DHEAS 

declined approximately 30% over 4 years in one prospective study of adult male monkeys 

[22]. In prospective and cross-sectional studies of humans, the blood level of DHEA(S) 

peaks by the second decade and then declines in a linear fashion by approximately 10–20% 

per decade such that by age seventy human blood levels are negligible [34]. The rate of 

decline of DHEAS appears to be about 2–2.5 times more rapid in rhesus monkeys than in 

humans, consistent with an approximately 3-fold greater life span of the latter [6,22].

Human Studies on Caloric Restriction and DHEA(S)

Recently, DHEA(S) was linked to human survival in a prospective study of the Baltimore 

Longitudinal Study of Aging (BLSA) cohort although caloric intake was not reported [35]. 

In the BLSA, men who were in the upper half of plasma DHEAS at study onset had 

longer survival than their respective counterparts in the lower half of DHEAS over the 

twenty-plus year follow-up. This was consistent with other measured biomarkers linked to a 

CR phenotype in the longer-lived men of the BLSA cohort, including lower plasma insulin 

and body temperature.
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We hypothesize that DHEA(S) may serve as an important biomarker of aging in humans, 

that it may be responsive to caloric restriction, but human data are lacking. Both cross-

sectional and longitudinal studies are needed to answer this question. To date no study 

has reported on DHEA(S) levels in a human population that has been subject to long-term 

caloric restriction. Therefore, DHEA levels in older Okinawans are of considerable interest 

since all birth cohorts in Okinawa aged 65-plus years appear to have been mildly calorically 

restricted for much of their lives.

In this cross-sectional study of elderly individuals in Okinawa and Rancho Bernardo County, 

California, DHEA levels were significantly higher in Okinawans who had eaten a calorically 

restricted diet for most of their lives than Americans of comparable chronological age. 

While population data on calorie intake is only an approximation of what is happening 

at the individual level, other aging-related effects linked to CR in animal studies support 

a CR phenotype in older Okinawans. This includes markedly lower age-specific mortality 

rates from CR-linked diseases in Okinawans versus other Japanese and Americans, smaller 

body stature, lower body weight, very long life expectancy of older Okinawans and the high 

prevalence of exceptionally aged individuals, particularly centenarians [18,19].

The two populations were of different ethnic origin so genetic differences might account 

for the differences in DHEA levels [36] and/or the health attributes of the populations 

[37,38]. Recent work on the genetics of Okinawan longevity supports a substantial familial 

component [39]. However, this does not rule out an additional longevity-enhancing effect 

due to CR. DHEA was also measured in separate laboratories, which might have affected the 

results. Nevertheless, similar study protocols were used and the operating characteristics of 

the DHEA assays are known in each laboratory and are unlikely to have been responsible for 

more than 10–15% of the difference.

While the small sample size and the cross sectional nature of the study are somewhat 

limiting, another study of DHEA in community-dwelling white Americans that included 

septuagenarians reported DHEA levels that were close to the values obtained for similarly 

aged whites in the Rancho Bernardo Study. Plasma levels in this study were 1.6 ng/ml for 

septuagenarians with no significant differences between genders [34].

More support of a CR phenotype in elderly Okinawans can be derived from cross-population 

comparisons of plasma hormone levels between Japanese and Americans. Cross-sectional 

comparisons demonstrate that DHEAS appears to be higher at younger ages in Americans 

compared to Japanese [40]. Therefore, higher hormone levels in Okinawan septuagenarians 

would not be expected without a slower age-related decline. Thus, these biomarker data 

support a crossover effect, possibly due to caloric restriction-mediated slower physiological 

aging in Okinawans, which may have resulted in slower aging of the adrenal axis.

Support of the current CR-linked DHEA findings may also be derived from a previous study 

of DHEAS and cardiovascular disease in a group of Japanese-American men (including 

Okinawans) in the Honolulu Heart Program (HHP) where nutritional information was 

collected [40]. In a cross-sectional analysis of the control group after adjusting for age, 

subjects with the lowest caloric intake at study onset had significantly higher DHEAS levels. 
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Since the diet records were from middle-aged men, and are thought to reflect long-term 

dietary habits, this also supports a potential link between eating fewer calories and slower 

physiological aging of the adrenal glands.

Testosterone and Estrogen as Biomarkers of Aging

There has been little study of testosterone and estrogen as biomarkers of human aging 

although it is well known that both hormones decline markedly with age [41–45]. This is 

particularly so for estrogen since rapid postmenopausal decline occurs. There does appear 

to be some support for higher plasma levels of these sex hormones at older ages correlating 

with better health [41–45]. Recent work suggests that estrogen may independently influence 

insulin signaling in mice, a potential pathway linked to the rate of aging [46]. The fact 

that both of these hormones are downstream physiological products of DHEA, and that 

they both are present in higher levels in Okinawans than similarly aged Americans lends 

further support to the hypothesis that the Okinawans may experienced delayed aging of their 

hypothalamic-adrenal-pituitary/gonadal axis (reproductive axis) through caloric restriction.

Phenotypic Changes in Post-World-War 2 Birth Cohorts

These data are further supported by phenotypic changes suggesting positive energy balance 

in cohorts of Okinawans born after World War 2. The significant increases in BMI seen 

in these post-war generations, who underwent large changes in lifestyle, suggest at least 

a partial loss of the CR phenotype. Cultural influences on dietary habits due to American 

influence (bread and processed meat) and Japanese influence (white rice) led to replacement 

of the main food staple (sweet potatoes) resulting in a higher calorie density diet and higher 

overall calorie intake [47–49]. This has been accompanied by reduced physical activity due 

to vocational change from blue collar work to white collar work. The resultant shift in 

energy balance has been associated with increased risk for chronic disease and a relative 

slowing of life expectancy gains compared with other Japanese prefectures [48]. However, 

not all of the CR phenotype has been lost. For example, Okinawans are still noticeably 

shorter than other Japanese [48,49] suggesting some possible genetic influence over this 

phenotype.

Conclusion

In conclusion, we observed higher plasma hormone levels in elderly Okinawans who appear 

to have undergone long-term caloric restriction versus non-restricted Americans of similar 

chronological age. CR in the pre-World War II birth cohorts of Okinawans may have 

contributed to low chronic disease prevalence and the exceptional longevity seen in this 

population. Prior studies support a beneficial effect of CR on candidate biomarkers of aging, 

morbidity and lifespan in animal models. The current study suggests that the biological 

effects of CR on some candidate biomarkers of aging in animal studies may also extend to 

humans. Further studies, particularly prospective studies, are needed to define the biological 

effects of CR in humans.
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Figure 1. Caloric Intake and Energy Balance in Okinawa vs. the U.S.
Data for the Okinawan population indicate that consistent positive energy balance did not 

occur until the 1960s, corresponding to late adulthood/early middle age for the Okinawans 

(A) but the U.S. population has been in positive energy balance since measurements began 

circa 1960 (B). Data also indicate markedly higher BMI in Americans vs. Okinawans at all 

ages and time points.
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Figure 2. DHEA Levels
Mean values of DHEA for Okinawan men were higher than American men (p<0.001). 

Larger differences were seen in similarly aged women from the two populations (p<0.001).
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Figure 3. Testosterone Levels
Mean values of testosterone for Okinawan men were significantly higher than American 

men (p<0.001). No differences were seen in similarly aged women from the two populations 

(p>0.73).

Willcox et al. Page 14

Okinawan J Am Stud. Author manuscript; available in PMC 2021 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Estrogen Levels
Mean values of estrogen for Okinawan men were significantly higher than American men 

(p<0.001). Large differences were seen in similarly aged women from the two populations 

with significantly greater levels found in Okinawans vs. Americans (p<0.001).
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