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Abstract

In this study we examined the 24-hour plasma melatonin patterns of young adult (~11 years of 

age) and old (~24 years of age) rhesus macaques, and determined how they would be influenced 

by 30% caloric restriction (CR). Well-defined 24-hour plasma melatonin rhythms were observed 

in all the males but only the old animals showed significant attenuation of nighttime melatonin 

levels. Moreover, 4.5 years of CR failed to prevent the age-associated decline in plasma melatonin 

levels in the old males, and caused a significant decrease in the young adult males. Similar plasma 

melatonin rhythms were also observed in all the females but no age-related decline was detected, 

and 2 years of CR had no obvious effect on plasma melatonin levels. If anything, there was a trend 

for the CR to decrease melatonin levels in the young adult females. Taken together, the results fail 

to show any clear benefit of CR on plasma melatonin levels in old rhesus macaques and may even 

be detrimental to plasma melatonin levels in young adults.
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1. Introduction

Clinical studies have shown that nighttime melatonin secretion decreases markedly during 

aging, especially in individuals with sleep disorders, although in some individuals it remains 

elevated (Iguchi et al., 1982; Haimov et al., 1994; Pandi-Perumal et al., 2005; 

Supplementary Material). Therefore, the aim of the present study was to examine age-related 

changes in circulating melatonin levels in male and female rhesus macaques and to 

determine if these hormone levels are affected by caloric restriction (CR), a well-established 

non-genetic manipulation that can influence longevity and can attenuate many of the 

biological changes associated with aging (Colman et al., 2014; Mattison et al., 2017).

2. Materials and methods

As previously described (Downs et al., 2008), the rhesus macaques used in this IACUC-

approved study were housed in a temperature controlled environment (24°C), under a 12:12 

hr light-dark cycle, and fed a specially formulated monkey chow (Agway, Ithaca, NY, USA), 

supplemented daily with fresh fruit or vegetables. The study comprised 10 young adult 

(10.6±0.1 years old; 9.5±0.6 kg body weight) and 10 old (26.5±0.7 years old; 7.6±0.7 kg 

body weight) males, and 8 young adult (11.5±0.1 years old; 6.6±0.4 kg body weight) and 12 

old (22.2±0.7 years old; 7.1±0.3 kg body weight) females. Approximately half of the 

animals from each age group were maintained on a continuous CR diet, receiving 30% fewer 

calories than the control animals, which were fed at approximately ad libitum levels. The CR 

lasted for ~4.5 years in the males and 2 years in the females. Hourly blood samples were 

collected remotely from each animal for 24 hours, and the plasma assayed for melatonin by 

RIA (Supplementary Material).

3. Results

All monkeys displayed clear 24-h rhythmicity in circulating plasma melatonin 

concentrations, characterized by elevated melatonin levels at night and borderline detectable 

levels during the day. In the control males, however, plasma melatonin concentrations were 

significantly (p<0.001) lower in the old animals compared to the young (Fig. 1A). In 

addition, the young males subjected to CR had significantly (p<0.01) lower plasma 

melatonin concentrations, compared to age-matched controls (Fig. 1B). In contrast, CR had 

no effect on the melatonin levels in the old males (Fig. 1C), and after 4.5 years of treatment 

plasma melatonin levels in the old males still had not been restored to youthful levels (Fig. 

1D). In the females, neither age nor CR had any obvious effect on plasma melatonin 

concentrations (Fig. 1E–H). Although the young CR females appeared to have lower 

melatonin concentrations than their age-matched controls (Fig. 1F), as seen in the young 

males (Fig. 1B), this trend was not statistically significant.

4. Discussion

The root cause of perturbed sleep cycles in elderly humans is unknown and the therapeutic 

potential of exogenous melatonin unclear (Brzezinski et al., 2005). In the present study, we 

maintained our animals under highly controlled environmental conditions and subjected 
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them to one of two carefully controlled diet regimens. Therefore, our examination of plasma 

melatonin rhythms was conducted under conditions with minimal environmental 

interference, and based on previous animal studies we expected to observe significant effects 

of CR. For example, in a previous study involving 28-month-old male rats, 40% food 

restriction resulted in increased circulating melatonin concentrations relative to age-matched 

controls (Stokkan et al., 1991). Similarly, in a previous study involving aged (>22-year-old) 

male and female rhesus macaques, plasma melatonin concentrations were significantly 

higher in long-term 30% CR animals than in age-matched controls (Roth et al., 2001). In the 

present study, however, 30% CR failed to elicit any obvious benefit on maintaining elevated 

concentrations of melatonin in the circulation. If anything, the results from our young 

animals were more consistent with those of Röjdmark & Wetterberg (1989), who showed a 

decrease in melatonin secretion in healthy men subjected to a short-term fast. Although the 

reason for the discrepancy between the previous studies and our findings is unclear, one 

possibility may stem from differences in the body weight response to the CR paradigm. For 

example, the 40% food restriction used in the rat study produced a significant (40%) 

reduction of body mass in the treated animals compared to their age-matched controls; the 

associated reduction in blood volume may have simply served to concentrate the melatonin 

in the circulation (Stokkan et al., 1991). Similarly, the 30% CR employed in the previous 

rhesus macaque study produced a significant (32%) reduction of body mass in the old CR 

males (but not in the females) compared to their age-matched controls (Roth et al., 2001). In 

contrast, the 30% CR employed in the present study did not lead to significant differences in 

mean body mass between the CR animals and their age-matched controls, in either sex. Our 

findings are consistent with those of Mattison et al., (2017), which also failed to detect 

significant changes in body weight in rhesus macaques due to CR, but did observed reduced 

adiposity and food intake in the CR animals. Consequently, it is plausible that any 

contribution of blood volume differences between experimental groups would have had 

minimal impact on differentially diluting plasma melatonin concentrations in the present 

study.

Although the old males and females used in the present study were on average only 1–2 

years younger than those used in the previous rhesus macaque study (Roth et al., 2001), they 

had been exposed to the CR treatment for a much shorter period (i.e., 4.5 years for the males 

and 2 years for the females, compared to 12 years for the males and 7 years for the females 

in the previous study). It is possible, therefore, that in long-lived species such as the rhesus 

macaque beneficial effects of CR on plasma melatonin levels become evident only if the 

treatment starts earlier in life and is continued for a much longer period. Another possible 

explanation for the difference between the present results and those previously reported for 

the rhesus macaque (Roth et al., 2001) may stem from the different way in which the blood 

samples were collected. In the earlier study the monkeys were anesthetized for blood 

collection, and to minimize disturbance the nocturnal blood samples were collected under 

dim red light. In contrast, in the present study the monkeys remained un-sedated at all times 

and hourly blood samples were collected remotely from an adjacent room, via an indwelling 

vascular catheter and swivel-tether system (Urbanski, 2011).

Interestingly, the failure to detect a significant age-related decrease in plasma melatonin 

levels in the females reflects a similar finding for the adrenal steroid, 
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dehydroepiandrosterone sulfate (DHEAS), observed in the same cohort of animals (Downs 

et al., 2008). Rhesus macaques, like humans, normally show a marked age-related decrease 

in circulating levels of DHEAS and the absolute levels are lower in females than in males 

(Sorwell et al., 2012; 2014). Consequently, it is plausible that the age differential between 

the young and old females in the present study (11.5 versus 22.2 years) was too small to 

disclose a significant age-related decline in the circulating levels of DHEAS as well as 

melatonin.

Taken together, the data suggest that a combination of age, duration and/or severity of the 

CR treatment may ultimately determine how circulating melatonin levels are affected. In 

monkeys, CR appears to show beneficial effects on plasma melatonin levels only if the 

treatment is continuously adopted for an extended period (i.e., >7 years), and only if the 

animals are very old (i.e., showing a naturally occurring age-associated decline, which was 

not at all obvious in our 22-year-old females). Furthermore, there appears to be no evidence, 

either from the present study or from the previous rhesus macaque study (Roth et al., 2001) 

that plasma melatonin levels of young adults benefit from CR; if anything, CR causes an 

attenuation of these levels. Therefore, although CR has been shown to delay the onset of 

aging-related pathologies, it is unlikely that changes in melatonin play a key role in 

mediating these beneficial effects. However, this does not rule out the potential benefits of 

supplementation in elderly individuals who have highly attenuated melatonin levels (e.g., 

due to excessive bright light exposure at night, or due to taking medications that suppress 

melatonin secretion as a side effect).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Effect CR on circulating 24-h melatonin patterns in young and old rhesus macaques. Left 
panels: Mean plasma 24-h melatonin profiles from (A) young control (n=5) and old control 

(n=6) males; (B) young control (n=5) and young CR (n=5) males; (C) old control (n=6) and 

old CR (n=4) males; (D) young control (n=5) and old CR (n=4) males; (E) young control 

(n=4) and old control (n=7) females; (F) young control (n=4) and young CR (n=4) females; 

(G) old control (n=7) and old CR (n=5) females; (H) young control (n=4) and old CR (n=5) 

females. The horizontal black and white bar on the abscissas correspond to the 12 h light:12 

h dark lighting schedule. Right panels: Analyses of age, CR and age in combination with 

CR-related differences in the mean 24-h area under the curve (AUC) of melatonin 

concentrations. Data are expressed as mean ± SEM. *p < 0.05, ***p < 0.001 (Newman 

Keuls test).
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