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Abstract

NIH-PA Author Manuscript

Life extension by calorie restriction (CR) has been widely reported in a variety of species and
remains on the forefront of anti-aging intervention studies. We report healthspan and survival
effects of CR from a 23-year study in rhesus macaques conducted at the National Institute on
Aging (NIA). CR initiated at older ages did not increase survival relative to Controls; however,
CR monkeys demonstrated an improved metabolic profile and may have less oxidative stress as
indicated by plasma isoprostane levels. When initiated in young monkeys, there was a trend
(p=0.06) for a delay in age-associated disease onset in CR monkeys; but again, survival curves
were not improved, in contrast to another study reported in the literature. This suggests that the
effects of CR in a long-lived animal are complex and likely dependent on a variety of
environmental, nutritional, and genetic factors.
Calorie restriction (CR) is often reported as the most robust non-genetic mechanism to
extend lifespan and healthspan. Typically involving reductions of 10–40% in intake of a
nutritious diet, the CR paradigm is frequently used as a tool to understand mechanisms that
contribute to aging and age-associated diseases. In addition to lifespan, CR has also been
reported to delay or prevent the occurrence of many chronic diseases in a variety of animals.
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Even without an extension in lifespan, any effect on improving function and delaying
disease would be important. Beneficial effects of CR on outcomes such as immune
function1, 2, motor coordination3, and resistance to sarcopenia4 in rhesus monkeys have
recently been reported; however, the effect on survival remains an open question. An
ongoing study at the Wisconsin National Primate Research Center (WNPRC) reported
improved survival associated with 30% CR initiated in adult rhesus monkeys (7–14 years)5.
We report here that a similar CR regimen implemented in young and older age rhesus
monkeys at the National Institute on Aging (NIA) has not produced significant survival
effects.
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For over 20 years, the NIA study has documented the effects of CR in long-lived nonhuman
primates, (Macaca mulatta, average lifespan in captivity is ~27 years and so-called maximal
lifespan is ~40 years) to determine whether the results seen in lower organisms occur in
monkeys and thus, might more plausibly translate to human aging6, 7. The NIA CR study
began in 1987 at the NIH Animal Center in Poolesville, MD8. CR was initiated in monkeys
of varying ages to evaluate the impact of age of onset of CR on its biological effects. Thus,
monkeys of each sex were roughly divided into three age categories: Males were grouped as
juvenile (1–2 years), adolescent (3–5 years), or old (16–23 years). Female monkeys were
added to the study in 1992 as: juvenile (1–3 years), adult (6–14 years), and old (16–21
years)9. Data reported here for the NIA colony are grouped as either young-onset (includes
juvenile, adolescent, and adult) or old-onset monkeys. See supplement Table 1 for census.
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Monkeys were individually housed, and were matched within each sex for initial age, body
size, and estimated food intake. Control (CON) monkeys were fed a meal twice a day based
on their age and body weights. Food allotments for the CON monkeys were based on
National Research Council guidelines and were considered to be approximately ad libitum
(AL) since they often left a few uneaten biscuits at each meal that were subsequently
removed; they did not have continual access to food. Allotments were increased for the
young monkeys as they matured and grew in order to keep the CONs at approximately AL
levels. CR monkeys were provided 30% less food than sex-, age- and initial body sizematched CONs. Food allotments were kept constant after all monkeys had reached
adulthood (approximately 10 years old). A significant age-related decline in energy intake
was already reported for all monkey groups (CON and CR, male and female) so that by age
26 years, CR males were eating only ~20% less than their matched CONs and CR females
12% less than matched CONs9. The age associated decline in food intake is not unusual, a
similar decline was observed in the WNPRC study, and after 15 years, the difference
between CON and CR males was only 17%10. Food intake estimates for age-matched
monkeys at both NIA and WNPRC are reported in Table 1 and have been previously
reported9, 11.
Any animal that died underwent a complete necropsy by a board-certified pathologist. A
gross description of the pathology related to each organ was provided along with the
probable cause of death and any contributing factors. An exact cause of death was not
always evident and, in some cases, more than one contributing factor was noted. In these
cases, the predominant factor listed on the gross pathology report was listed as the cause of
death. Survival data were analyzed in two ways: all-cause mortality and age-related deaths.
This distinction for cause of death was also reported by Colman et al.5. In both studies (NIA
and WNPRC), age-related survival excluded deaths due to acute conditions that do not have
an age-related increase in risk such as gastrointestinal bloat, anesthesia, injury, or
endometriosis.
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Old-onset CR monkeys (16–23 years) did not live longer than CONs in either the all-cause
(Fig. 1) or age-related survival analysis (there were 3 cases of non-age related deaths in the
CR group and 2 in the CON group, graph not shown). In this group, males had significantly
longer survival compared to females (p = 0.0003) and neither sex benefitted from CR. To
date, four CR monkeys and one CON from the old-onset group have lived beyond 40 years.
Although CR has not increased mean or maximum lifespan relative to CON, 50% survival
for the females is 27.8 years and 35.4 years for the males, exceeding the ~27 year median
lifespan previously reported for monkeys in captivity12. These monkeys may have benefitted
from improved husbandry conditions and thus CR started at older ages provided no
additional increase in survival. Furthermore, there were no apparent differences in causes of
death between the two diet groups. Neoplasia, cardiovascular disease, amyloidosis, and
general organism deterioration in the oldest animals were equally represented in both diet
groups. In the old-onset CR group there were also two deaths due to pneumonia and 2 CONs
that died from complications of diabetes. Additional pathology details are in the
supplemental documents.
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Old-onset CR was beneficial on several measures of metabolic health and overall function.
Both male and female CR monkeys weighed less than the CON counterparts, although the
diet effect was greater in the males (Fig. 2a). In longitudinal measures from serum of fasted
monkeys, triglycerides, cholesterol, and glucose levels increased with age for both male and
female CONs. However, CR significantly lowered triglycerides [F(1,21) = 5.76, p = 0.026]
(Fig. 2b); cholesterol remained significantly lower in the CR males (Fig. 2c) [F(40,774) =
1.53, p = 0.02]. At the oldest ages, fasting glucose was numerically lower in the CR
monkeys (Fig. 2d) and significantly lower in CR males compared to CONs (p = 0.04). On a
single measure of plasma free isoprostane, an indicator of oxidative stress, CON males had
significantly higher levels than the CR monkeys (23.24 ±1.25 vs 15.93 ±1.97 pg/ml; p=
0.009). In contrast, we previously reported that old-onset CR may negatively affect immune
function as evident in a decreased T-cell proliferative capacity and trends toward a
worsening immune phenotype and function13. Despite many improvements in health and
function, we did not observe any changes in survival.

Young-onset CR
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Current survival curves for the young-onset male and females are shown in Fig. 3a (allcause mortality) and Fig. 3b (age-related mortality). No significant diet effects are noted in
survival between these groups of CON and CR monkeys for either analysis. Statistical
control in the analysis was made for sex and source of the monkey (See supplemental
documents for details). Of the original 86 monkeys in the young-onset cohorts, 24% (11/46)
of the CON animals and 20% (8/40) of the CR group died of age-related causes. The NIA
findings contrast with the adult-onset study at WNPRC that demonstrated a beneficial CR
effect in which 37% (14/38) of the CON monkeys had died from age-related causes
compared to only 13% (5/38) in the CR group. When accounting for all deaths in the youngonset NIA colony, the trend persisted with 9 CON and 13 CR animals dying of non-age
related causes. Survival probabilities for all NIA age groups combined are shown in
Supplement Fig. 1a, b.
Considering that just less than 50% of young monkeys are still alive, these data do not
represent final lifespan curves in this study. Based on lifespan projections using the hazard
function14, most animals are projected to be dead 10 years from now and the estimated
probability statistics indicates a likelihood of less than 0.1% chance that the overall survival
outcome would favor the CR group. The probability that a significantly different effect on
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mean survival will emerge in the next 5–10 years of the study is very low; however, a
potential effect on maximum lifespan has not been ruled out.
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As there is a clear difference in CR effect on mortality between the colonies at NIA and
WNPRC, further comparisons of these two longitudinal studies are warranted and planned.
In an estimate of NIA's current data (as of 12/1/2011) to the published WNPRC data
summarized as of 2/22/08 and reported in Colman et al.5, NIA monkeys, both CON and CR,
may have a lifespan advantage comparable to the WNPRC CR monkeys.
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Although they eat less (Table 1) and weigh less9, young-onset CR monkeys lack many of
the expected CR benefits. Fasting serum glucose levels were not significantly lower in the
CR monkeys compared to CON (Fig. 4a), and only the CR males had somewhat lower
triglycerides compared to respective CONs (p = 0.051) (Fig. 4b). We have shown in two
reports an improved immune response in young-onset CR monkeys. In the first, Messaoudi
et al. showed that adolescent-onset CR monkeys had a better maintenance of naïve T cells
and T cell receptor repertoire diversity, as well as a reduced production of inflammatory
cytokines2. However, as with old-onset CR, beneficial effects were not apparent in the
juvenile-onset cohort. We previously reported the protective effect of CR in all young-onset
monkeys in a ligature-induced model of inflammation in the oral cavity1. At baseline, scores
for standard dental clinical measures were similar between CON and CR monkeys; both diet
groups were healthy. However, when challenged by induction of periodontitis, CR monkeys
had significantly less deterioration, inflammation, bleeding, and attachment loss than the
CONs1. In contrast, CR rodents challenged by an influenza15, bacterial16, and
parasitic17 infection experienced detrimental effects despite reports of overall improvement
on many immune parameters18.
The incidence of cancer was dramatically improved in young-onset CR monkeys, in fact,
neoplasia has not been identified in any monkey from this group (Fig. 5a). In contrast, 5 of
the 6 cases in young-onset CON monkeys were considered the cause of death with a mean
age at diagnosis of 22.8 ±1.7 years. The incidence was similar between the CON and oldonset CR groups indicating that early intervention may be necessary to have an impact on
cancer. Colonic carcinomas were the most common in all the monkeys. Other cancers
included: hepatocellular and thyroid carcinomas, pancreatic adenocarcinoma, fibrosarcoma,
lymphoplasmacytic leukemia, basal squamous cell carcinoma, rhabdomyosarcoma,
esophogeal squamous cell carcinoma, renal and adrenal adenoma.
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Glucoregulatory function is also improved in CR monkeys (Fig. 5a). However, 2 cases of
diabetes have been diagnosed in CR monkeys; thus, the prevention of obesity did not
prevent the occurrence of insulin-dependent diabetes and further investigation of the
etiology of such cases is of interest. Interestingly, CR did not reduce the incidence of
cardiovascular disease as was reported in the WNPRC colony; however, our findings were
based on tissue pathology since these diagnoses were identified after death.
An analysis of first occurrence of age-related disease was done on the NIA monkeys using
the same disease criteria as defined by the WNPRC study. These conditions included:
cancer, diabetes, arthritis, diverticulosis, and cardiovascular disease. Although age-related
diseases were detected in CON monkeys at an earlier age than in CR monkeys, the incident
curves were not significantly different at this time (p=0.06) (Fig. 5b).
In many reports emerging over years, both NIA and WNPRC have extensively documented
beneficial health effects of CR in these two apparently parallel studies. Additionally, Bodkin
et al. reported in a preliminary study with a small number of CR monkeys that survival was
improved compared to AL-fed controls19. In 2009, Colman et al. reported that the positive
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effects of CR implemented in adulthood decreased mortality due to age-related deaths5. The
implications of this finding were important as it extended CR findings beyond the laboratory
rodent and to a long-lived primate. By contrast, CR appears to have had no significant effect
on survival in the NIA colony. Considering that these two projects maintain high quality
veterinary support in comparable experimental settings, study the same species of primates,
and test the same intervention, what could account for the differences in survival outcome?
A notable difference between the two studies is the composition of the monkey diets. The
NIA-1-87 formulation (Labdiet, PMI Nutrition International, LLC, Brentwood, MO) has a
natural ingredient base while WNPRC's diet is purified (Harlan Teklad, Madison, WI).
Although natural ingredient diets risk having some variation between batches, they contain
components that may impact health such as phytochemicals, ultra trace minerals, and other
unidentified elements; yet some consider them to be more complete and possibly better for
long-term studies 20. In purified diets, each ingredient supplies a specific nutrient and each
required mineral and vitamin is added as a separate component.
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Additional differences between the two diets include the source of nutrients. Protein sources
for the NIA study include wheat, corn, soybean, fish, and alfalfa meal, whereas the WNPRC
diet protein source was lactalbumin. The NIA study diet also contains flavonoids, known for
their antioxidant activity and specifically, isoflavones with estrogenic activity, which may
contribute to decreased arterial stiffness21, 22. Fat content of the NIA study diet was derived
from soy oil and the oils from the other natural ingredients (i.e. corn, wheat, and fish). Fish
meal contains approximately 8–12% fat and is rich in omega-3 fatty acids. The WNPRC
study dietary fat was derived from corn oil. Carbohydrate content was also strikingly
different; although both diets have 57–61% carbohydrate by weight, the NIA study diet was
comprised primarily of ground wheat and corn, while the WNPRC study diet contained corn
starch and sucrose. Indeed, the WNPRC diet was 28.5% sucrose, while the NIA study diet
was only 3.9% sucrose. This latter point may be particularly important as a diet high in
sucrose can contribute to the incidence of type II diabetes23, 24.
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The NIA and WNPRC studies also had different approaches to vitamin and mineral
supplementation to ensure that the CR monkeys received 100% of the recommended daily
allowance. The NIA study used one diet for both CR and CON monkeys, which was
supplemented with an additional 40% of the daily-recommended allowance. Thus, the NIA
diet formulation super-supplemented the CON monkeys. The WNPRC study fed two
different diets and only the CR monkeys were supplemented. Despite numerous attempts, it
has not been established whether vitamin, mineral, and thus antioxidant intake beyond those
naturally found in a healthy diet or the recommended levels has any additional protective
effects. In fact, data suggest that supplementation has benefited specific pathologies25, 26 but
also increased mortality26.
Another important difference in study design is that the NIA study CON monkeys were not
truly fed AL, unlike the WNPRC study. The regulated portioning of food for the NIA CON
monkeys may be a slight restriction and thus, largely prevented obesity. Rodents can benefit
from even a moderate 10% CR; rats lived significantly longer than those fed AL as reported
by Duffy et al.27. Survival was increased at all levels of CR (10, 25, and 40%) compared to
AL. The NIA CON monkeys may experience survival benefits similar to the 10% restriction
reported in the rodent data.
Calorie restriction effectively lowered body weight in the NIA and WNPRC monkeys
(Table 1)9, 11. Female monkeys were more resistant to weight loss despite a comparable
level of restriction9; this effect was evident in both studies. The effect of CR on body weight
was slightly greater in WNPRC males compared to age-matched NIA males despite a
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comparable restriction level. However, overall WNPRC monkeys ate more and weighed
more than matched NIA monkeys. At 17 years of age, WNPRC males weighed
approximately 12% more than corresponding NIA males and the difference was
approximately 18% for the females.
It has been suggested that lifespan extension by CR might be a laboratory phenomenon and
thus might not extend lifespan in nonhuman primates simply because“control” animals are
overfed28; CR merely optimizes survival to what might be expected under non-laboratory
conditions29, 30. In a study of Wistar rats, Wang et al. reported that the effect of CR on
mortality was dependent on more than body weight31. They calculated that only 11% of the
CR effect was due to changes in weight; other variables, some likely correlated to weight,
contributed to the majority of the CR effect on mortality. Additionally, CR in genetically
obese ob/ob mice extended their lifespan beyond both normal and CR wild type mice
despite a high level of body fat32. Moreover, short-term CR in adult (>18 years) rhesus
monkeys improved glucoregulatory markers prior to changes in body composition33.
Certainly more research is needed to understand the connection between body weight loss
and the mechanisms of CR.
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NIA monkeys originated from both China and India, and have greater genetic diversity
compared to the strictly Indian colony at WNPRC. In comparison, a study of 41
recombinant inbred mouse strains demonstrated that CR had different effects on lifespan,
CR induced shortening of lifespan in approximately a third of them34; thus, genetic
components influenced the outcome. Similarly, in genetically heterogeneous wild-caught
mice, although hormonal effects common in laboratory rodents were reported and the loss in
body mass was approximately 50%, there was no overall mean survival effect of CR30.
Although the basis for the strikingly different lifespan response in rhesus monkeys is
unclear, it is apparent that the effect of CR is not straightforward, and genetic differences
may play a larger role than has been considered to date. A final analysis which includes all
monkeys and controls for genetic origin can address this confounding variable.
Lastly, as in rodent studies35, the age of onset of the CR regimen for the two studies could
certainly impact survival outcome as it has other measures. CR initiated in the youngest
male monkeys delayed maturation36 and slowed skeletal growth37. Additionally, the
immune response of only the adolescent males was improved by CR13.
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Data from human CR studies clearly document the benefits of a reduction in caloric intake
and healthy life styles; yet, it remains unclear whether these benefits will translate to
increases in lifespan. Six months of CR improved several biomarkers of aging and improved
cardiovascular health in a controlled study in humans38. Even a self-imposed CR regimen in
lean individuals improved several metabolic, inflammatory, and cardiovascular measures39.
Current findings show that in nonhuman and human primates, CR evokes very similar
metabolic, hormonal, and physiological changes that are linked to longevity in CR
rodents39.

Conclusion
Our data indicate that under our laboratory conditions, CR does not improve mean survival
in rhesus compared to CON monkeys despite clear improvements in overall health and
function. Our finding contrasts with previous reports5, 19 and suggests that study design,
husbandry, and diet composition are important factors for the life-prolonging effect of CR in
a long-lived NHP, similar to what has been shown in rodent studies40–42. It will be valuable
to continue to compare findings from on-going monkey CR studies to dissect mechanisms
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behind the improvement in health that occurred with and without significant effects on
survival.
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Fig 1.

Kaplan-Meier Survival Curves for All-Cause Mortality for Old-Onset Monkeys. All-cause
mortality in the old-onset monkeys was analyzed using Cox regression with age of onset,
sex, and diet as predictors. The effect of Diet was not significant (p = 0.934) and Sex was
the only significant predictor (p =0.003), therefore Kaplan-Meier survival curves for the four
(diet-by-sex) groups were plotted to display the results. Open circles represent monkeys that
are still alive.
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Fig 2A.

NIH-PA Author Manuscript

Body weight (kg) predicted from age-dependent individual-specific trajectories for CR
and CON monkeys (Old-onset). There were significant changes in body weight over time
[F(20,311) = 2.52, p = 0.0004]. There was a significant main effect for Sex [F(1,29) = 21.11,
p < 0.0001] with males being substantially heavier. Also there were significant Sex-by-Year
[F(18,311) = 2.96, p < 0.0001] and Diet-Sex-Year interactions [F(17,311) = 2.37, p =
0.0019] with reductions in body weight due to CR being more prevalent for the male
animals. Solid lines represent males; dashed lines represent females. Overall body weight
trajectories were based 420 observations for 34 monkeys (84 observations for 8 CON-F; 145
for 10 CON-M; 57 for 7 CR-F; 134 for 9 CR-M). For ages 15–20 years, there were: 12
observations for 5 CON-F; 17 for 7 CON-M; 9 for 5 CR-F; 7 for 4 CR-M. For ages 20–25
years, there were: 38 observations for 8 CON-F; 42 for 10 CON-M; 21 for 5 CR-F; 34 for 8
CR-M. For ages 25–30 years, there were: 21 observations for 5 CON-F; 40 for 8 CON-M;
20 for 4 CR-F; and 41 for 8 CR-M. For ages > 30 years, there were: 46 observations for 8
CON-M; 52 for 6 CR-M and too few to plot for the females. One CR Male that weighed
over 14 kg at the start of the experiment had undue influence on the average trend lines for
CR Males and therefore the first 5 observations of his data were not used to construct the
plot; however, the omission of these observations had virtually no influence on the results of
the statistical analyses.
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Fig 2B.

Fasting serum triglycerides (mg/dL) predicted from age-dependent individual-specific
trajectories for Old-onset CR and CON monkeys. Triglyceride levels increased with age
[F(16,162) = 2.12, p = 0.0096] and CR monkeys had significantly lower levels than CON
[F(1,21) = 5.76, p = 0.026]. Overall triglyceride trajectories were based 249 observations for
34 monkeys (50 observations for 6 CON-F; 87 for 8 CON-M; 32 for 4 CR-F; 80 for 8 CRM. For ages 20–25 years, there were: 16 observations for 5 CON-F; 10 for 6 CON-M; 5 for
3 CR-F; 3 for 3 CR-M. For ages 25–30 years, there were: 21 observations for 5 CON-F; 32
for 7 CON-M; 20 for 4 CR-F; 27 for 7 CR-M. For ages > 30 years, there were: 45
observations for 7 CON-M; 50 for 6 CR-M and too few to plot for the females.
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Fig 2C.

Cholesterol predicted from age-dependent individual-specific trajectories for Old-onset
CR and CON monkeys. Cholesterol levels increased with age [F(53,774) = 1.54, p = 0.009],
and male monkeys had significantly lower levels than females [F(1,24) = 23.60, p < 0.0001].
A significant 3-way Diet-Sex-Age interaction [F(40,774) = 1.53, p = 0.02] indicated that
cholesterol levels increased with age for CON males while CR males tended to have a slight
reduction in cholesterol. Thus, at older ages (> 30 years), CR male monkeys have
significantly lower cholesterol levels as compared to CONs. Overall cholesterol trajectories
were based on 994 observations for 28 animals (204 observations for 7 CON-F; 301 for 7
CON-M; 134 observations for 5 CR-F; and 355 observations for 9 CR-Male). For ages 15–
20 years, there were: 48 observations for 6 CON-F; 65 observations for 6 CON-M; 21
observations for 4 CR-F; and 32 observations for 4 CR-M. For ages 20–25 years, there were:
91 observations for 5 CON-F; 102 observations for 7 CON-M; 62 observations for 5 CR-F;
and 118 observations for 8 CR-M. For ages 25–30 years, there were: 41 observations for 5
CON-F; 70 observations for 6 CON-M; 39 observations for 4 CR-F; and 101 observations
for 8 CR-M. For ages > 30 years, there were: 64 observations for 6 CON-M; and 104
observations for 7 CRM; and too few to plot for the females.
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Fig 2D.
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Fasting serum glucose (mg/dL) levels predicted from age-dependent individual-specific
trajectories for Old-onset CR and CON monkeys. Five glucose measurements above
100mg/dL for one diabetic CON-M were omitted to remove the influence of these outliers
on the analyses and graphs. There were significant changes in glucose over time [F(20,285)
= 10.48, p < 0.0001] and males and females were significantly different in the trends over
time [F(18,285) = 3.58, p < 0.0001] with males having increases in glucose levels over time
whereas the glucose levels of the females slightly decreased. The overall CR difference was
not significant, F(1,22) = 1.18, p = 0.288, and the CR differences in trend over time were not
significant, F(20,285) = 1.23, = 0.2259. Additional analyses stratified by sex conditions
showed that CON males had significantly higher glucose levels compared to CR males, F(1,
14) = 5.27, p = 0.04. Overall glucose trajectories were based 387 observations for 34
monkeys (79 observations for 7 CON-F; 131 for 8 CON-M; 48 for 4 CR-F; 129 for 8 CRMale). For ages 15–20 years, there were: 12 observations for 5 CON-F; 17 for 7 CON-M; 2
for 2 CR-F; 6 for 3 CR-M. For ages 20–25 years, there were: 33 observations for 7 CON-F;
39 for 8 CON-M; 19 for 4 CR-F; 30 for 7 CR-M. For ages 25–30 years, there were: 21
observations for 5 CON-F; 35 for 7 CON-M; 20 for 4 CR-F; 41 for 8 CR-M. For ages > 30
years, there were: 45 observations for 7 CON-M; 52 for 6 CR-M; and too few to plot for the
females.
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Fig 3A.

Kaplan-Meier Survival Curves for All-Cause Mortality for Young-Onset Monkeys. Allcause mortality in the young-onset monkeys was analyzed using Cox regression with age of
onset, origin, sex, and diet (p = 0.255) as predictors with none of these factors being
statistically significant. Therefore Kaplan-Meier survival curves for the two diet groups
were plotted to display the results. Open circles represent monkeys that are still alive.
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Fig 3B.

Kaplan-Meier Survival Curves for Age-Related Mortality for Young-Onset Monkeys. Agerelated mortality in the young-onset monkeys was analyzed using Cox regression with age
of onset, origin, sex, and diet (p = 0.975) as predictors with none of these factors being
statistically significant. Therefore Kaplan-Meier survival curves for the two diet groups
were plotted to display the results. Open circles represent monkeys that were censored as
non-age related deaths or are still alive.
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Fig. 4A.
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Fasting serum glucose (mg/dL) levels predicted from age-dependent individual-specific
trajectories for young-onset CR and CON monkeys. 14 glucose measurements above
100mg/dL in diabetic monkeys (7 observations for 3 CON-M; 5 for 2 CR-M; 2 for 1 CONF) were omitted to remove the influence of these outliers on the analyses and graphs. There
were significant changes in glucose over time [F(18,1112) = 11.24, p < 0.0001], and males
and females were significantly different in the trends over time [F(18,1112) = 1.98, p =
0.0088] with males having a larger increase in glucose levels over time. There was no
significant difference due to diet group. Solid lines represent males; dashed lines represent
females. Overall glucose trajectories were based 1260 observations for 81 monkeys (346
observations for 23 CON-F; 350 for 20 CON-M; 281 for 20 CR-F; 283 for 19 CR-M). For
ages < 5 years, there were: 23 observations for 8 CON-F and 22 observations for 9 CR-F;
data for males < 5 years was not available. For ages 5–10 years, there were: 71 observations
for 18 CON-F; 55 for 19 CON-M; 65 for 16 CR-F; 48 for 15 CR-M. For ages 10–15 years,
there were: 93 observations for 20 CON-F; 100 for 20 CON-M; 79 for 17 CR-F; 85 for 18
CR-M. For ages 15–20 years, there were: 95 observations for 20 CON-F; 95 for 19 CON-M;
75 for 16 CR-F; 75 for15 CR-M. For ages 20–25 years, there were: 53 observations for 17
CON-F; 85 for 18 CON-M; 30 for 12 CR-F; 64 for 15 CR-M. For ages > 25 years, there
were: 13 observations for 6 CON-F; 22 for 12 CON-M; 10 for 2 CR-F; 16 for 11 CR-M.
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Fig 4B.
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Fasting serum triglycerides (mg/dL) predicted from age-dependent individual-specific
trajectories for young-onset CR and CON monkeys. There were significant changes in
triglycerides over time [F(14,843) = 17.59, p < 0.0001] and males and females were
significantly different in the trends over time [F(14,843) = 5.36, p < 0.0001]. Furthermore,
there was a Diet-by-Sex interaction indicating that the overall effect of CR on triglycerides
was significantly different for male and female monkeys [F(1,68) = 5.07, p = 0.0276].
Specifically, CR males had lower triglycerides than CON males. By contrast, CR females
had higher triglyceride levels than CON females. Overall triglyceride trajectories were based
973 observations for 81 monkeys (266 observations for 23 CON-F; 280 for 20 CON-M; 213
for 20 CR-F; 14 for 19 CR-M). For ages < 10 years, there were: 32 observations for 9 CONF; 30 for 8 CR-F; data for males < 10 years was not available. For ages 10–15 years, there
were: 76 observations for 18 CON-F; 77 for 20 CON-M; 71 for 16 CRF; 58 for 16 CR-M.
For ages 15–20 years, there were: 91 observations for 20 CON-F; 95 for 19 CON-M; 72 for
16 CR-F; 75 observations for 15 CR-M. For ages 20–25 years, there were: 55 observations
for 17 CON-F; 86 for 18 CON-M; 30 for 12 CR-F; 65 for 15 CR-M. For ages > 25 years,
there were: 12 observations for 5 CON-F; 22 for 12 CON-M; 10 for 2 CR-F; 16 for 11 CRM.
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Fig 5A.

Incidence of three major age-related conditions. “Y” represents an occurrence in a youngonset monkey and “O” indicates an old-onset monkey at the age of diagnosis. Animals may
be represented more than once if multiple conditions existed. All cardiac conditions were
diagnosed at necropsy and were either the cause of death or a significant pathological
finding in addition to the immediate cause of death.
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Fig 5B.

Estimated proportions for the first occurrence of any age-related disease in each monkey
from the young-onset age group (males and females combined) statistically controlling for
sex of the animal and sex-by-CR interaction. These conditions included: cancer, diabetes,
arthritis, diverticulosis, and cardiovascular disease. The difference between CON and CR is
not statistically significant, p=0.06. Old-onset monkeys are not represented.
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