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Aging leads to profound changes in glucose homeostasis, weight, and adiposity, which are
considered good predictors of health and survival in humans. Direct evidence that these age-
associated metabolic alterations are recapitulated in animal models is lacking, impeding progress
to develop and test interventions that delay the onset of metabolic dysfunction and promote
healthy aging and longevity. We compared longitudinal trajectories, rates of change, and mortality
risks of fasting blood glucose, body weight, and fat mass in mice, nonhuman primates, and
humans throughout their lifespans and found similar trajectories of body weight and fat in the
three species. In contrast, fasting blood glucose decreased late in life in mice but increased

over the lifespan of nonhuman primates and humans. Higher glucose was associated with lower
mortality in mice but higher mortality in nonhuman primates and humans, providing a cautionary
tale for translating age-associated metabolic changes from mice to humans.

Graphical Abstract

BLOOD GLLUICOSE:

In brief

Fasting blood glucose is widely used to measure metabolic health, and mice are used to model
age-associated metabolic diseases in humans. Here, Palliyaguru and Shiroma et al. reveal that
fasting blood glucose trajectories and mortality risk associations differ between species—a
cautionary tale for using mice to model perturbations in age-associated glucoregulation.
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INTRODUCTION

Human life expectancy is increasing globally (Beard et al., 2016; Christensen et al., 2009),
leading to an expansion of the proportion of individuals afflicted with chronic diseases and
disabilities (Berry et al., 2012). The development of chronic diseases, such as obesity, type 2
diabetes, and cardiovascular disease, begins as early as gestation and continues dynamically
through life (Bjerregaard and Baker, 2018; Burton et al., 2016). Studying this progression
in humans is time and resource intensive and poses several challenges (Mody et al., 2008).
Therefore, mice and nonhuman primates (NHPs) are often used as model organisms to
study human diseases and aging processes (Ackert-Bicknell et al., 2015; Kenyon, 2010;
Mattison and Vaughan, 2017). Mice are readily available, convenient to house and handle,
genetically malleable, and have short lifespans. Hence, mice have been successfully used

to dissect biological mechanisms and understand the pathophysiology of diseases and test
pharmacological interventions (Mitchell et al., 2015; Perlman, 2016). Studies conducted

in NHPs are substantially more costly, ethically challenging, and less amenable to genetic
manipulation than those conducted in mice. However, NHPs are evolutionarily closer to
humans, and there is consensus that findings of these studies are more directly relevant to
humans (Mattison et al., 2017). Translation of results from animal models to humans hinges
on the assumption that the underlying biological mechanisms that sustain life and cause
diseases are similar across species. Broadly speaking, whereas many essential biological
elements are conserved across species, overlooking physiological differences between model
organisms and humans may lead to translational inferences from scientific findings that

are not valid and may result in the eventual failure of lengthy and costly research efforts
(Kleinert et al., 2018; Moore et al., 2018; Perel et al., 2007).

Metabolic measures, such as blood glucose (fasting or after ingestion of a standard glucose
load), body weight, and body compasition, are routinely assessed in clinical practice for
disease risk assessment and tracking the efficacy of interventions. Therefore, these indices
can serve as physiological biomarkers to study complex links between weight, adiposity,
and glucose homeostasis as they pertain to disease development as people age (Kahn et
al., 2006). Body fat mass gradually increases until ~70 years in most individuals (Hughes
et al., 2002), and fasting glucose increases progressively from adult to old age even

in people who never develop type 2 diabetes (Chia et al., 2018; Danaei et al., 2011).
Elevated fasting glucose, body mass, and fat content generally correlate with higher rate

of mortality (Gerstein and Yusuf, 1996; Global BMI Mortality Collaboration et al., 2016;
Rao Kondapally Seshasai et al., 2011), but losing body weight and adiposity in older people
could also be detrimental to survival (Chapman, 2010), indicating the important effect of
aging on these metabolic health indices.

Despite mice and NHPs being used to model aspects of human metabolism, how these
metabolic variables change over their lifespans and affect longevity is poorly understood.
Many studies that have examined age-associated metabolic changes in wild-type mice thus
far have been cross-sectional with small sample sizes and did not examine incremental and
nonlinear changes across the entire lifespan (Azzu and Valencak, 2017). To provide a better
understanding of normative mouse aging, the Study of Longitudinal Aging in Mice (SLAM)
was initiated to assess longitudinal changes in functional and molecular characteristics of
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aging in two different strains of mice (C57BL/6 and HET3) of both sexes (Palliyaguru

et al., 2020). Furthermore, mouse metabolic aging has not been directly compared with
human metabolic aging using the same standardized methodology. To address this gap in
knowledge, we examined data from SLAM with NHP aging studies at the National Institute
on Aging (NIA) and Wisconsin National Primate Research Center (referred to as WIS), as
well as with humans from the Baltimore Longitudinal Study of Aging (BLSA). Therein, we
compared longitudinal trajectories and associated mortality risks of three well-established
human biomarkers of metabolic health (fasting blood glucose, body weight, and body fat)
among mice, NHPs, and humans.

RESULTS

Species-specific population and lifespan characteristics are shown in Figure 1. Details of
populations and specific criteria are listed in the STAR Methods section. Using an a priori
methodological choice, 50%, 75%, and 90% of median life expectancy of each species

was used to categorize specific life stages (midlife, late life, and oldest in life) based on

the distribution of life expectancy of each population. In SLAM mice, there were 776
natural deaths (62.5% of total population of 1,241 animals, number of deaths were equally
distributed by sex and strain), resulting in a median life expectancy (IQR) of 115.0 (98.0,
129.0) weeks; midlife, late life, and oldest in life were then defined as 57.5, 86.3, and
103.5 weeks, respectively. It is noteworthy that the SLAM study design includes planned
euthanasia of randomized mice at various time points, which would not be considered
natural deaths (Palliyaguru et al., 2020). In NHPs, there were 87 deaths (34.3% of total
population of 254 animals; 57% of the 87 deaths were NIA and 43% were WIS; 43% of
the 87 deaths were females and 57% were males), leading to a median life expectancy
(IQR) of 26.7 (23.1, 30.3) years; midlife, late life, and oldest in life were therefore defined
as 13.4 years, 20.1 years, and 24.1 years, respectively. In BLSA human participants, there
were 1,193 participant deaths as of 2019 (39.5% of total population of 3,023; 34% of 1,193
deaths were females and 66% were males), with a median life expectancy (IQR) of 86.0
(79.0, 91.0) years; midlife, late life, and oldest in life were thus 43.0, 64.5, and 77.4 years,
respectively. Sex and strain/site-specific characteristics are shown in Figure S1 and Table S1.

Due to the large differences in life expectancy across species, a time variable that is
comparable between species was established to estimate the rate of change across species.
5% of the median life expectancy was chosen, as it was a short time interval that would
allow for rates of change to be modeled linearly to facilitate interpretability. Species-specific
5% of median life expectancies used for this estimation of rates of change corresponded to 6
weeks (SLAM mice), 1 year (NHPs), and 4 years (BLSA humans).

Pearson correlation analysis showed that glucose, weight, and body fat were positively
correlated with each other to varying degrees in all 3 species. Weight and body fat showed
the strongest correlations, whereas glucose was less strongly correlated with body weight
and body fat across life stages in all 3 species (Table S2). Next, age-associated trajectories
of change in metabolic indices were explored in the 3 species by sex and strain/site. Given
that the metabolic indices changed substantially throughout the lifespan and in a nonlinear
fashion, rates of change were also examined per increase in 5% median life expectancy.
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Subgroup-specific trajectories and rates of change were modeled to account for differences
by sex and mouse strain/NHP site.

Fasting blood glucose

In SLAM mice, glucose levels remained stable until mid to late life, then significantly
decreased at a rate of —3.08% every 6 weeks (p < 0.0001) (Table 1). In NHPs and humans,
glucose increased throughout life (0.48% per year and 0.70% per 4 years, respectively, p <
0.0001) (Table 1).

The overall shapes of the trajectories were similar between subgroups, but differences were
apparent in both absolute values and when metabolic indices peaked (Figures 2 and S2).
Male HET3 mice exhibited the highest glucose levels, followed by male B6 and female
HET3, whereas female B6 mice showed the lowest levels. Interestingly, the age at which the
peak glucose occurred was earlier for HET3 mice (male, ~36 weeks; female, ~40.7 weeks)
compared with B6 mice (male, ~76.4; female, ~81.4 weeks). In addition, the rate of glucose
decline post-peak was highest for male B6 mice (4.38% decrease every 6 weeks) and was
lowest for female HET3 mice (1.02% decrease every 6 weeks).

WIS NHPs appeared to have higher blood glucose whose levels increased more dramatically
with advancing age than NIA animals. Additionally, the reduction in blood glucose observed
in the extremely long-lived female monkeys in the NIA study were not observed in the WIS
monkeys. The peak of glucose occurred the latest for NIA male monkeys (~39 years) and the
earliest for NIA female monkeys (~26 years).

Looking at BLSA data, the analysis was carried out by sex only as there were insufficient
data to conduct an analysis by race. Blood glucose in BLSA females peaked at ~69 years,
whereas males peaked at ~67 years. The pre-peak rate was 0.75% increase every 4 years
among males and 0.65% increase every 4 years in females.

Since status of diabetes has important implications for the outcomes being examined here,
NHP and human data were stratified by diabetes status (Figure S3). Diabetes status was

not applicable to mice. Age-associated trajectories were similar between the diabetic and
nondiabetic groups, but the diabetic groups sustained clearly higher absolute values of
metabolic indices through the lifespan, as well as earlier ages at which the metabolic indices
peaked. A comprehensive listing of drugs administered to diabetic participants was not
available and, therefore, could not be included as a covariate; however, diabetic participants
routinely begin standard glucose-lowering drug regimens upon first diagnosis.

Data were also analyzed by groups of subjects that survived up to various time points to
explore the effect of potential survivorship bias. All groups of subjects, independent of how
long they lived, followed the same general trajectory as the full population. To examine
any site-specific events that may lead to differential trajectories of glucose between mice
and humans, SLAM and BLSA fasting glucose data were compared with data from two
independent studies. The decreasing glucose across lifespan was recapitulated in a large
cohort of Diversity Outbred mice from an independent study at The Jackson Laboratory
(Churchill et al., 2012) (Figure S4). Data from National Health and Nutrition Examination
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Survey (NHANES) participants showed similar increasing trends across the lifespan to that
of BLSA, although BLSA participants had lower absolute values of circulating glucose
(Figure S4).

Weight and body fat

Weight and body fat followed the same general trend in all 3 species during the life course,
where peaks were observed between mid and late life. Weight markedly increased from
early to midlife and decreased later in life in mice (increase, 0.65% [p < 0.0001]; decrease, —
0.67% [p < 0.0001]; every 6 weeks), NHPs (increase, 0.28% [p < 0.0001]; decrease, —0.05%
[p < 0.0001]; annually), and humans (increase, 0.81% [p < 0.0001]; decrease, —1.35% [p <
0.0001]; every 4 years) (Table 1). Subgroup analyses revealed some differences (Figures 2
and S2; Table 1). In mice, HET3 mice were heavier than B6 mice and males were heavier
than females. The peak weight occurred about 13 weeks later in females (females, ~84-85
weeks; males, 68—74 weeks). Similarly, in NHPs, males were heavier than females, and
NHPs at WIS were heavier than those at the NIA. Once again, the peak weight was later for
females (18.4-19.3 years) compared with males (16.5-16.6 years). As observed in both mice
and NHPs, BLSA females were lighter than males and peaked at ~61 years compared with
~52 years in males.

In all three species, body fat increased significantly until midlife and decreased thereafter:
mice (increase, 0.36% [p < 0.05]; decrease, —0.36% [p < 0.0001]; every 6 weeks), NHPs
(increase, 0.17% [p < 0.0001]; decrease, —0.03% [p < 0.0001]; annually), and humans
(increase, 0.88% [p < 0.0001]; decrease, —0.55% [p < 0.0001]; every 4 years) (Table

1). Subgroup analyses showed some differences (Figures 2 and S2; Table 1). In mice,

males showed overall higher adiposity compared with females, and HET3 mice had higher
adiposity than B6. Female adiposity peaked later than male mice (~81-88 weeks versus 66—
67 weeks, respectively), reminiscent of peak weight. In NHPs, WIS males showed highest
adiposity whereas NIA females showed the lowest, with body fat peaking earlier in females
than males. The trajectory of adiposity was more stable and showed a double peak in NIA
male monkeys. In BLSA humans, female waist circumference was lower than males, but the
age at peak appeared similar between females and males.

Mortality risk—fasting blood glucose

To determine whether subgroups can be combined for the survival analysis to increase power
and facilitate comparisons across species, statistical interactions were tested by sex and
strain/site (Table S3). Model fit was evaluated using a nested likelihood ratio test to compare
the addition of an interaction term by sex or strain. The testing clearly showed that almost

all interactions in our survival model are insignificant (except SLAM, body fat—oldest in
life and strain, which could be driven by spurious effects). Based on this analysis, there

was insufficient evidence to support adding an interaction of strain to the survival models.
Although no significant interaction was observed, sex-specific estimates were calculated
according to a priori research questions.

Specific life stages were categorized using 50%, 75%, and 90% of median life expectancy of
each species (midlife, late life, and oldest in life, respectively) based on the distribution of
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life expectancy and the clinical significance of these life stages. Data were divided into sex-
specific quartiles at these time points, and Kaplan-Meier survival curves and age-adjusted
mortality hazard ratios were calculated, comparing individuals above the highest and below
the lowest quartiles of metabolic indices. At midlife, individuals in the highest quartile

of glucose levels compared with the lowest did not have a significantly different risk of
mortality in any of the three species (Figure 3). At late life, no statistically significant
association between glucose and mortality was observed in mice. In contrast, in NHPs

and humans, the highest glucose quartile experienced a significantly higher mortality rate
compared with the lowest quartile (NHPs, HR = 2.46 [1.12, 5.38], p = 0.025; humans, HR
=1.40 [1.05, 1.86], p = 0.028; Figure 3). At oldest in life, mice with higher glucose levels
had a significantly lower mortality rate (HR = 0.76 [0.59, 0.97], p = 0.025), whereas the
opposite association was observed in NHPs (HR = 2.74 [1.24, 6.04], p = 0.012) and humans
(HR =1.32[1.06, 1.65], p = 0.026) (Figure 3). Examination of sex-specific, age-adjusted
mortality hazard ratios showed that high glucose was more protective in female than male
mice at oldest in life (Table 2). Further adjustment for body fat did not markedly alter the
results (Table 2).

Mortality risk—weight and body fat

Higher weight in mice did not predict mortality at midlife but was associated with lower
mortality rates at late life (HR = 0.78 [0.63,0.97], p = 0.023) and oldest in life (HR = 0.61
[0.48, 0.77], p < 0.0001) (Figure S5). In NHPs, the highest weight quartile was associated
with over twice the mortality rate compared with the lowest quartile at midlife and late

life (HR = 2.04 [1.00, 4.15], p = 0.049; HR = 2.23 [1.10, 4.49], p = 0.026), respectively.
However, at oldest in life, there was no association between weight and mortality. In
humans, weight was not associated with mortality in the BLSA population. Higher body fat
was associated with significantly better survival at late and oldest in life in mice, whereas
in NHPs, the opposite effect was observed at mid and late life (Figure S6). In BLSA
participants, body fat neither significantly reduced nor elevated risk of death.

DISCUSSION

This study comparing longitudinal trajectories of fasting blood glucose, body weight, and
adiposity among mice, NHPs, and humans reveals that the impact of age on circulating
glucose levels is similar in NHPs and humans, where a gradual increase was detected over
the lifespan for both species. In contrast, glucose levels significantly decreased after midlife
in mice. Among NHPs and humans, individuals with higher glucose levels had higher
mortality rates than those with lower glucose at later stages of life. On the contrary, mice
with higher glucose had an ~24% lower mortality rate compared with the lower glucose
group. Marked sex differences were seen in all three species in terms of absolute values, age
at which indices peaked, and mortality risks. The low levels and delayed peaks of metabolic
measures in females seen here may propagate a survival advantage in some groups (Cheng
et al., 2019), but these observations need to be explored further (Zore et al., 2018). Strain-
and site-specific differences were also observed in life-course trends in metabolic indices.
Adjusting for body fat did not substantially alter the association of high glucose with low
mortality rate in mice. However, the relationship between glucose and specific fat depots in
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mice needs to be further explored, especially within the context of aging-associated insulin
resistance (Fink et al., 1983).

In contrast to glucose trajectories, longitudinal changes in body weight and adiposity in
the 3 species were similar, increasing until midlife, and then decreasing through oldest

in life. Weight and adiposity were prominent correlative determinants of mortality after
midlife. Strikingly, higher weight and body fat were associated with lower mortality rates
in mice, whereas in NHPs, the risk of death was greater for heavier animals and those with
high adiposity, with most prominent associations around midlife (Ejima et al., 2016). This
protective effect of adiposity on longevity of mice agrees with previous reports (Liao et
al., 2011). However, we and others have previously shown that mice on caloric restriction
that have much lower body fat lived longer (Mitchell et al., 2016), indicating the complex
associations between fat and longevity. It is also noteworthy that earlier studies have shown
that adipose function plays an important role in health (Miller et al., 2017), which was

not examined here. In the BLSA population, no significant mortality associations with
weight and body fat were seen. Although this is in contrast to some prior observations
(Pischon et al., 2008), it may be consistent with the so-called obesity paradox where being
overweight is not associated with increased mortality, whereas being obese is (Global
BMI Mortality Collaboration et al., 2016). The absence of association between weight/
adiposity and mortality risk may be explained by the grouping of overweight and obese
participants in the highest quartile in our dataset and thus inadvertently attenuating the
association of obesity on mortality. Although retention of weight and body fat provides

a survival advantage in older persons with illness (Childers and Allison, 2010), we were
unable to statistically validate this within the BLSA, a population that is generally healthy.
Previous studies have shown a slightly earlier inflection point in human body composition
changes (Westerterp, 2018) compared with what we observed here (~70 years), suggesting
population-specific characteristics. Waist circumference was used as a proxy for adiposity
as more comprehensive measures, such as body composition scans, were unavailable when
the BLSA was first initiated. Future studies should examine other proxies for adiposity,
including waist-to-hip ratio, if these measures are available.

Glucose homeostasis becomes impaired with aging over the human lifespan, and the rate of
dysregulation in this system has been proposed as a strong candidate biomarker of aging and
a risk factor for mortality in humans (Heianza et al., 2012; Yashin et al., 2009). High fasting
blood glucose is a correlate of insulin resistance, visceral fat accumulation, sarcopenia,

and other manifestations of metabolic dysfunction in older adults (Barzilai and Ferrucci,
2012). Similarly, there is evidence from epidemiological studies that the accumulation of
fat, especially in the visceral compartment, is associated with insulin resistance and higher
levels of fasting glucose (Chia et al., 2018). Data availability on crosstalk between metabolic
markers and their role in spontaneous disease in mice is limited. However, small studies
using only a single strain of mice and one sex show that blood glucose levels appear to

go down and glucose tolerance to increase with age (Ko et al., 2017; Leiter et al., 1988;

Oh et al., 2016). These data support our observations using longitudinal measures from

both sexes and two strains (C57BL/6 and HET3). This finding was further validated with
data from the Diversity Outbred strain of mice from The Jackson Laboratory. Although
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age-associated changes in fasting glucose in mice have been widely assumed to be similar
to that of humans, our large longitudinal study using diverse animal species and strains from
multiple testing sites has revisited this concept, and the results clearly indicate that mice are
not equivalent to NHPs and humans in the context of age-associated glucose homeostasis
patterns. This observation has critical implications for translational studies that focus on
improving aging-related outcomes by modulating glucose homeostasis.

Targeting imbalances in metabolism with glucoregulatory drugs has been proposed as a
way to mitigate age-related chronic diseases and extend lifespan (Curtis et al., 2005).
Mouse models serve as essential tools to study these phenomena; however, our data

reveal a potential challenge in using mice to study the impact of aging, specifically on
glucoregulatory function. Thus, interventions in mice focused on correcting age-related
metabolic dysfunction, particularly lowering blood glucose, may not necessarily translate
to NHPs and humans. Moreover, strategies that are effective at lowering blood glucose in
mice could show minimal or detrimental effects on mouse lifespan and yet be valuable

for their potential to improve health, preserve function, and perhaps, increase lifespan in
humans. Indeed, some drugs that are primarily known for their glucose-lowering action,
such as acarbose and canagliflozin, have shown lifespan extension in select groups of mice
(Harrison et al., 2019; Miller et al., 2020). Longitudinal, life-course levels of fasting glucose
were not reported in these studies, but interestingly, neither of these drugs lowered HbAlc
levels, indicating that perhaps the lifespan extension effects of such drugs might occur
independently of glucose modulation. Future studies should, therefore, carefully investigate
how glucoregulatory drugs can be used for lifespan and healthspan extension. Importantly,
our study suggests that strategies to “‘correct elevated glucose’” would not be relevant for
mouse aging. A central corollary is that other glucose-lowering drugs that are ineffective in
extending lifespan in mice might still have potential for humans and NHPs, where elevated
glucose is an outcome of advanced age. This important finding has not been previously
reported and is currently not recognized in the aging field.

This study has several strengths. Examining metabolic indices longitudinally across the
lifespan in 1,241 mice (both sexes and 2 strains), 254 NHPs (both sexes and 2 study sites),
and 3,023 humans (both sexes), as well as comparing these indices with those from external
mouse and human cohorts provides evidence of the generalizability of these findings. The
robustness of these findings is supported by the consistency in findings across sexes, strains,
and study sites. The prospective study design reduces potential bias of reverse causation

(or more precisely, confounding by preexisting illness). The use of standardized, common
metabolic indices that are noninvasive and convenient to measure allows for comparison
with prior and future studies as well.

Standard models and methods that are commonly used in biomedical and epidemiological
research were employed here. It is noteworthy that some of these standard methodologies
need to be reconsidered to improve the strength of translational aging research and the
aging field as a whole. For example, there have been extensive discussions about how
laboratory conditions can contribute to comparative biology studies where reproductive
status and housing temperatures may play a role in how model organisms age. However,
as the primary goal of this work was to compare between commonly used models of aging
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and human populations, the most studied conditions for mouse studies were examined (i.e.,
virgin animals, sub-thermoneutral housing conditions, and the inclusion of C57BL/6 mice).
Environmental exposures could significantly affect aging and survival outcomes—whether

it is housing temperature in laboratory animals (Speakman and Keijer, 2012) or exposure

to environmental toxicants in humans (Lelieveld et al., 2020). Several other confounders

are specific to human populations that could lead to larger heterogeneity (e.g., variations

in diet, smoking status, socioeconomic status, height, and birthweight) that may have

effects on the outcomes examined here. However, since the purpose of this study was to
compare across species, such confounders could not be meaningfully considered within

the context of laboratory animals. Yet we surmise that having multiple variables such as
strain and NHP study sites (the diets at the two sites were markedly different, as previously
published; Mattison et al., 2017) recapitulates partially the variability expected in the human
population. Interestingly, our data also show that animal models display a high degree of
heterogeneity on par with what is observed in the human population, despite being subjected
to a smaller number of genetic and environmental confounders. Examining how observations
made in this study compared with studies that account for these modifications could be the
focus of future studies that are more refined to address these issues.

Limitations of study

Due to the complexity, cost, enroliment methodology, and duration of NHP and human
life-course studies, there were lower numbers of NHP and humans compared with SLAM,
particularly for humans in the younger age groups. This may have reduced our statistical
power in some of the subgroup analyses. Examining other measures of glucose homeostasis
(e.g., insulin levels, HOMA-IR as an index for insulin resistance) should be the focus of
future studies, where the volume of blood that can be obtained from mice would be a
central consideration. It is postulated that older mice may respond differently to fasting,
which could lead to alterations in biological responses, indicating that fasting time could

be a driver of the observations made here. However, we have noted that age-associated
non-fasted blood glucose also decreases in a randomly selected subset of SLAM mice
(unpublished observation). As the technology to measure lean mass was not available at the
early phases of BLSA, lean mass was not examined in the present analysis. Future studies
should examine, where possible, the effect of lean mass on mortality, given evidence in
humans (Wang et al., 2019). Additionally, this study did not attempt to untangle the separate
contributions of stature (height/length) and obesity to weight changes that were observed,
although a separate analysis of body fat was performed. As stature has previously been
shown to impact risk of important age-related diseases in human populations, future work
should look more directly at the impact of stature on mortality risk across species (e.g., tail
to tip of nose measurement as an equivalent for stature in mice).

Although some differences in life-course trajectories were observed across mouse strain

and NHP sites, we did not observe differences when examining their effects on survival,
allowing for the subgroups to be pooled for the survival analyses. Future studies should be
designed with sufficient power so that potential subgroup differences, however minor, could
be examined in depth within the context of survival. Future studies should also examine how
survivorship bias contributes to these findings, as long-lived subjects may exhibit specific
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phenotypes that are not representative of the general population. additionally, as the age of
enrollment into BLSA and NHP studies varied, this study was not able to directly address
how trajectories of change at earlier ages in metabolic parameters impacted mortality risk
across species. To examine differences between individuals, we conducted a mixed model
analysis and observed that the individual baseline (random effect) was not significant, and
accounting for the individual variability does not substantially change the estimated hazard
ratios for glucose, age, sex, or strain. Lastly, this analysis was not intended to examine
specific biological mechanisms of metabolic and glucoregulatory action as a function of age
(Amisten et al., 2017; Chandrasekera and Pippin, 2014; Dolen3ek et al., 2015; Rorsman
and Ashcroft, 2018; Wentworth et al., 1986) and, thus, cannot explain the species-specific
differences reported. This will be the goal of ongoing follow-up studies.

In conclusion, mice are widely used to model human metabolism due to considerable
genetic and physiological overlap and our ability to control variables in experimental
design—including genetics, environment, diet, and husbandry. Moreover, most of the

core machinery regulating glucose homeostasis is conserved between mice and humans
(Chandrasekera and Pippin, 2014). Therefore, mice are without a doubt a valuable tool for
identifying factors that lower blood glucose within the context of diabetes mellitus and

other metabolic conditions. In the context of aging, our finding that longitudinal trajectories
of glucose and associations with mortality rates are markedly different between mice and
humans holds critical bearing, particularly in the context of interventions for health span and
lifespan, since several dietary interventions and metabolically active compounds regulate
blood glucose, weight, and body fat (caloric restriction, rapamycin, metformin, resveratrol,
disulfiram, etc.). Our data also highlight the importance of conducting longitudinal
measurements of established parameters to fully understand the translational value of animal
models and to define which markers truly recapitulate disease onset, progression, and
mortality predictors of the aging process in humans and which ones are solely relevant

for understanding the underlying biology of the aging mouse.

STAR*METHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Rafael de Cabo
(decabora@mail.nih.gov).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. The human data used in this paper are from the Baltimore Longitudinal Study
of Aging (BLSA). Specific language included in the BLSA consent form does
not allow publication in public domain. However, BLSA data are available upon
request from the BLSA website [https://www.blsa.nih.gov/] pending approval of
the IRB of the National Institutes of Health, the IRB overseeing the BLSA. All
requests submitted through the website are routed to the BLSA Data Sharing
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Proposal Review Committee that oversee all data requests/releases. All murine
and nonhuman primate data have been deposited at Zenodo (https://zenodo.org/)
and will be publicly available as of the date of publication. The DOI is listed in
the key resources table.

. All original code has been deposited at Zenodo and will be publicly available as
of the date of publication. The DOI is listed in the key resources table.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study of longitudinal aging in mice (SLAM)—SLAM is an ongoing, longitudinal
cohort-based assessment of normative aging in mice conducted at the National Institute

on Aging (NIA) (Palliyaguru et al., 2020). Mice were born at The Jackson Laboratory

(Bar Harbor, ME), shipped to the NIA animal facility (Baltimore, MD) under a special
breeding contract in cohorts of ~200 12-week-old mice every 3 months, and followed
longitudinally thereafter. Mice are inbred C57BL/6 (stock number: 000664) and outbred
HET3 (stock number: 409673) of both sexes. For the current analysis, data collected from
1241 mice (cohorts 1 to 6; ~50% female, ~50% HET3) between 2015-2019 were included.
Mice were grouped housed (4 mice per cage) and fed NIH-31 diet ad libitum and had

free access to acidified water. Mice were housed in rooms that were maintained at 22.2 +

1 °C and 30-70% humidity. Routine tests are performed to ensure that mice are pathogen-
free and sentinel cages are maintained and tested according to American Association for
Accreditation of Laboratory Animal Care (AAALAC) criteria. This study was approved by
the Animal Care and Use Committee of the NIA in Baltimore, MD under Animal Study
Protocol number TGB-458-2021.

Nonhuman primates: NIA & Wisconsin National Primate Research Center
(WNPRC;WIS)—Rhesus monkey (Macaca mulatta) data were pooled from control animals
in multiple studies conducted at the NIA (Indian and Chinese origin) and Wisconsin
National Primate Research Center (WIS, WNPRC) (Indian origin) primate colonies. The
current analysis consisted of data collected from 254 monkeys (44% female, 85% NIA)
between 1987-2018. Housing, husbandry, and diet conditions are in some cases different
between the two study sites and have been previously published (Mattison et al., 2017).

For example, NIA monkeys were fed a natural ingredient diet containing 17.3% protein

and 5% fat and WIS monkeys were fed a semi-purified, nutritionally fortified, low-fat diet
containing 15% protein and 10% fat. All animal rooms were maintained at ~21 C and
50-65% humidity. All animals were maintained in accordance with recommendations in
the “*Guide for the Care and Use of Laboratory Animals’” (NIH publication No. 85-23)
(National Research Council et al., 2011). All procedures were approved by the Institutional
Animal Care and Use Committees (IACUC) and conducted as per applicable guidelines and
regulations.

Baltimore longitudinal study of aging (BLSA)—BLSA is a long-running (1958 to
present), continuous-enrollment longitudinal cohort study of healthy aging in community-
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dwelling men and women residing primarily in the Baltimore/Washington area (Ferrucci,
2008). At enrollment, participants were at least 20 years old and free from functional
limitations, cognitive impairment, and chronic disease. For the current analysis, data from
3023 adults (47% women, 22% non-White) collected between 1958-2019 were included.
All participants provided written consent and study protocols were approved by the
Institutional Review Board at the National Institute of Environmental Health Sciences
(AG000015-60).

METHOD DETAILS

Study of longitudinal aging in mice (SLAM)—BIlood glucose was measured every 12
weeks from submandibular blood after a 6-hour fast in all mice. All mice were weighed
every other week and underwent NMR spectroscopy without anesthesia for absolute body
fat quantifications every 12 weeks. Inclusion criteria were that mice belonged to cohorts 1
through 6. As per the study design of SLAM, most mice were followed until their natural
death, but subsets of randomly selected mice undergo planned euthanasia throughout the
course of the study. While these selections were not based on any of the data collected

as part of the study, animals whose cage-mates had died during the course of the study
were preferentially selected for euthanasia to minimize impact of individual housing on
longitudinal measurements. Mortality, defined as a natural death, was reported by daily cage
checks and veterinary inspection.

Nonhuman primates: NIA & Wisconsin National Primate Research Center
(WNPRC;WIS)—Fasting blood glucose was measured under anesthesia after an overnight
fast at least bi-annually. Body weight and absolute body fat (by DEXA) were assessed

at least annually. Only NHPs with both body weight and body fat data obtained at the

time of DEXA were used. The exact frequency of measurements was dependent on each
NHP colony and their study protocol. For some groups, more measurements were available
for glucose than for weight and body fat at earlier and later stages, in part due to the
development of kyphosis in aged NHPs, which prevented assessment of body composition
by DEXA. Inclusion criteria were having lived past 10 years, not being removed from the
studies due to health reasons and having at least one valid glucose, body weight, or body
fat measurement. At both sites, NHPs were assessed daily and euthanized when clinically
indicated and the animal was approaching the end of its life.

Baltimore longitudinal study of aging (BLSA)—Fasting blood glucose, body weight,
and waist circumference (as an indirect measure of body fat) were collected at each visit.
Inclusion criteria was having at least one valid glucose, body weight, or waist circumference
measurement. Mortality was assessed by attempted participant contact, medical records,
obituaries, and the National Death Index.

QUANTIFICATION AND STATISTICAL ANALYSIS

Kaplan-Meier survival curves were constructed for each population using those who died
to determine median (with interquartile range, IQR) and maximum life expectancy. Midlife,
late life and oldest in life were defined as 50%, 75% and 90% of median life expectancy,
respectively. This was an a priori methodological choice based on the distribution of life
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expectancy and the clinical significance of the life stages that allowed for comparison
between species. Trajectories over the lifespan for each metabolic index were plotted
against age with a LOESS smoothed trend curve for all three species by subgroup (sex
and strain/site). It is important to note that dots in the trajectory plots represent repeated
assessments on individual animals at different time points, showing differences in absolute
values at different ages. This approach was necessary because participants of nonhuman
primate and BLSA studies are not enrolled into the study at the same age, unlike SLAM
mice. Additionally, presenting data as absolute measures allowed for generalizability and
interpretability with regard to other studies that are most frequently conducted in a cross-
sectional fashion.

Next, the mean age corresponding to the highest values for each metabolic index (denoted as
the peak; based on pre-and post-values) along with 95% confidence intervals were identified
using the highest peak based on general additive model-predicted values at each age for each
species subgroup. Pre-peak period was defined as 25% of median life expectancy to age at
peak value and post-peak period was defined as age at peak to 125% median life expectancy.
Secondary, minor peaks although present were not examined during this analysis. Mean

pre- and post-peak rates and corresponding 95% confidence intervals were modeled linearly
per 5% increase in median life expectancy. One sample Student’s t test was used to test
whether means were significantly different from zero. Missing values were imputed with
last observed value carried forward when possible. Statistical significance was set at p <0.05
(2-tailed). All analyses were conducted in R (version 1.2.1335).

Mortality risk analysis—To determine mortality risk associated with life course
trajectories of fasting blood glucose, body weight and fat, Kaplan-Meier survival curves
were plotted comparing the mortality rates of subjects above the highest and below the
lowest quartile (Altman and Bland, 1994) of each metabolic index. Statistical interactions
of the association of the trajectory and mortality by sex and strain/site were tested using a
nested log-likelihood model comparison with and without the interaction term. This testing
clearly showed that while most subgroups do show differences in absolute values of the
lifespan trajectory, this did not translate to the association of the trajectory on mortality,
allowing for pooling by sex and strain/site for the survival analysis. Sex-specific hazard
ratios are also presented according to an a priori research question. Subjects alive in each
study at the beginning of three time points: midlife, late life and oldest in life were used
for this analysis. As such, sex-specific quartiles were used to dichotomize the continuous
variables (glucose, body weight, adiposity) so that they were appropriate for group-wise
comparison. Since Cox regression is a multivariable form of semi-parametric regression, it
allows for regression using both indicator and continuous confounders with fewer statistical
distribution assumptions. In standard output of these regressions for group-wise comparison,
a log-rank test with the null hypothesis that the hazard ratio is not different from zero was
used (Clark et al., 2003). Therein, hazard ratios (95% confidence intervals) were calculated
using Cox proportional hazard models, adjusting for age and additionally for sex and/or
body fat. The proportion hazards assumption was tested and met. Subjects that did not
undergo a natural death, were alive at the time point of interest and those lost to follow-up
were censored in the mortality analysis, where they were included in the population *“at
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risk’” for an event (in this case, death) until the date of their removal from the study (e.g.,
due to a planned euthanasia).

Assessment of generalizability to external studies—L.ife course trends of glucose
of SLAM mouse cohort were compared to an independent cohort of Diversity Outbred
(DO) mice (=597, 53% female) from The Jackson Laboratory, which had 3 longitudinal
assessments of blood glucose. Similarly, BLSA glucose data were compared to data from
the National Health and Nutrition Examination Survey (NHANES, 1999-2016), a cross-
sectional, US population-based study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

The authors would like to thank all the personnel, staff, and participants who were involved in the respective
studies. The authors are especially grateful to all animal technicians and research personnel who played a

critical role in the collection and curation of data for the SLAM study. A full list of SLAM investigators can

be found in Palliyaguru et al. (2020). The authors would also like to thank Dr. John R. Speakman (University

of Aberdeen, UK) for critically reading the manuscript. This research is supported in part by the Intramural
Research Program at the NIA, National Institutes of Health. Funding for the UW study was provided by NIH
grants PO1AG011915, R0O1AG040178, and R56AG047358, and the Department of Medicine, School of Medicine
and Public Health, University of Wisconsin-Madison. This publication was made possible in part by NCRR/ORIP
grants P51RR000167/P510D011106 to the Wisconsin National Primate Research Center, University of Wisconsin-
Madison, and the use of resources and facilities at the William S. Middleton Memorial Veterans Hospital, Madison,
WI. The internet Primate Aging Database is funded by contract HHSN-263-2013-00026C from the NIA. The
Jackson Laboratory Nathan Shock Center is funded by P30AG038070.

REFERENCES

Ackert-Bicknell CL, Anderson LC, Sheehan S, Hill WG, Chang B, Churchill GA, Chesler EJ,
Korstanje R, and Peters LL (2015). Aging research using mouse models. Curr. Protoc. Mouse
Biol 5, 95-133. [PubMed: 26069080]

Altman DG, and Bland JM (1994). Quartiles, quintiles, centiles, and other quantiles. BMJ 309, 996.
[PubMed: 7950724]

Amisten S, Atanes P, Hawkes R, Ruz-Maldonado I, Liu B, Parandeh F, Zhao M, Huang GC, Salehi
A, and Persaud SJ (2017). A comparative analysis of human and mouse islet G-protein coupled
receptor expression. Sci. Rep 7, 46600. [PubMed: 28422162]

Azzu V, and Valencak TG (2017). Energy metabolism and ageing in the mouse: a mini-review.
Gerontology 63, 327-336. [PubMed: 28118636]

Barzilai N, and Ferrucci L (2012). Insulin resistance and aging: a cause or a protective response? J.
Gerontol. A Biol. Sci. Med. Sci 67, 1329-1331. [PubMed: 22859390]

Beard JR, Officer A, de Carvalho IA, Sadana R, Pot AM, Michel JP, Lloyd-Sherlock P, Epping-Jordan
JE, Peeters G, Mahanani WR, et al. (2016). The world report on ageing and health: a policy
framework for healthy ageing. Lancet 387, 2145-2154. [PubMed: 26520231]

Berry JD, Dyer A, Cai X, Garside DB, Ning H, Thomas A, Greenland P, Van Horn L, Tracy RP, and
Lloyd-Jones DM (2012). Lifetime risks of cardiovascular disease. N. Engl. J. Med 366, 321-329.
[PubMed: 22276822]

Bjerregaard LG, and Baker JL (2018). Change in overweight from childhood to early adulthood and
risk of type 2 diabetes. N. Engl. J. Med 378, 2537-2538.

Burton GJ, Fowden AL, and Thornburg KL (2016). Placental origins of chronic disease. Physiol. Rev
96, 1509-1565. [PubMed: 27604528]

Cell Metab. Author manuscript; available in PMC 2022 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Palliyaguru et al.

Page 16

Chandrasekera PC, and Pippin JJ (2014). Of rodents and men: species-specific glucose regulation and
type 2 diabetes research. ALTEX 31, 157-176. [PubMed: 24270692]

Chapman IM (2010). Obesity paradox during aging. Interdiscip. Top. Gerontol 37, 20-36. [PubMed:
20703053]

Cheng CJ, Gelfond JAL, Strong R, and Nelson JF (2019). Genetically heterogeneous mice exhibit a
female survival advantage that is age- and site-specific: results from a large multi-site study. Aging
Cell 18, €12905. [PubMed: 30801953]

Chia CW, Egan JM, and Ferrucci L (2018). Age-related changes in glucose metabolism,
hyperglycemia, and cardiovascular risk. Circ. Res 123, 886-904. [PubMed: 30355075]

Childers DK, and Allison DB (2010). The ‘obesity paradox’: a parsimonious explanation for
relations among obesity, mortality rate and aging? Int. J. Obes. (Lond) 34, 1231-1238. [PubMed:
20440298]

Christensen K, Doblhammer G, Rau R, and Vaupel JW (2009). Ageing populations: the challenges
ahead. Lancet 374, 1196-1208. [PubMed: 19801098]

Churchill GA, Gatti DM, Munger SC, and Svenson KL (2012). The diversity outbred mouse
population. Mamm. Genome 23, 713-718. [PubMed: 22892839]

Clark TG, Bradburn MJ, Love SB, and Altman DG (2003). Survival analysis part I: basic concepts and
first analyses. Br. J. Cancer 89, 232-238. [PubMed: 12865907]

Curtis R, Geesaman BJ, and DiStefano PS (2005). Ageing and metabolism: drug discovery
opportunities. Nat. Rev. Drug Discov 4, 569-580. [PubMed: 15976816]

Danaei G, Finucane MM, Lu Y, Singh GM, Cowan MJ, Paciorek CJ, Lin JK, Farzadfar F, Khang
Y-H, Stevens GA, et al. (2011). National, regional, and global trends in fasting plasma glucose
and diabetes prevalence since 1980: systematic analysis of health examination surveys and
epidemiological studies with 370 country-years and 2.7 million participants. Lancet 378, 31-40.
[PubMed: 21705069]

Dolen3ek J, Rupnik MS, and StoZer A (2015). Structural similarities and differences between the
human and the mouse pancreas. Islets 7, e1024405. [PubMed: 26030186]

Ejima K, Li P, Smith DL Jr., Nagy TR, Kadish I, van Groen T, Dawson JA, Yang Y, Patki A, and
Allison DB (2016). Observational research rigour alone does not justify causal inference. Eur. J.
Clin. Invest 46, 985-993. [PubMed: 27711975]

Ferrucci L (2008). The Baltimore longitudinal study of aging (BLSA): a 50-year-long journey and
plans for the future. J. Gerontol. A Biol. Sci. Med. Sci 63, 1416-1419. [PubMed: 19126858]
Fink RI, Kolterman OG, Griffin J, and Olefsky JM (1983). Mechanisms of insulin resistance in aging.

J. Clin. Invest 71, 1523-1535. [PubMed: 6345584]

Gerstein HC, and Yusuf S (1996). Dysglycaemia and risk of cardiovascular disease. Lancet 347, 949—
950. [PubMed: 8598762]

Global BMI Mortality Collaboration, Di Angelantonio E, Bhupathiraju ShN., Wormser D, Gao P,
Kaptoge S, Berrington de Gonzalez A, Cairns BJ, Huxley R, Jackson ChL., et al. (2016). Body-
mass index and all-cause mortality: individual-participant-data meta-analysis of 239 prospective
studies in four continents. Lancet 388, 776-786. [PubMed: 27423262]

National Research Council; Division on Earth and Life Studies; Institute for Laboratory Animal
Research; Committee for the Update of the Guide for the Care and Use of Laboratory Animals
(2011). Guide for the Care and Use of Laboratory Animals (Eighth edition) (National Academies
Press).

Harrison DE, Strong R, Alavez S, Astle CM, DiGiovanni J, Fernandez E, Flurkey K, Garratt M,
Gelfond JAL, Javors MA, et al. (2019). Acarbose improves health and lifespan in aging HET3
mice. Aging Cell 18, e12898. [PubMed: 30688027]

Heianza VY, Arase Y, Fujihara K, Hsieh SD, Saito K, Tsuji H, Kodama S, Yahagi N, Shimano H,
Yamada N, et al. (2012). Longitudinal trajectories of HbAlc and fasting plasma glucose levels
during the development of type 2 diabetes: the Toranomon Hospital Health Management Center
Study 7 (TOPICS 7). Diabetes Care 35, 1050-1052. [PubMed: 22456865]

Hughes VA, Frontera WR, Roubenoff R, Evans WJ, and Singh MA (2002). Longitudinal changes in
body composition in older men and women: role of body weight change and physical activity. Am.
J. Clin. Nutr 76, 473-481. [PubMed: 12145025]

Cell Metab. Author manuscript; available in PMC 2022 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Palliyaguru et al.

Page 17

Kahn SE, Hull RL, and Utzschneider KM (2006). Mechanisms linking obesity to insulin resistance and
type 2 diabetes. Nature 444, 840-846. [PubMed: 17167471]

Kenyon CJ (2010). The genetics of ageing. Nature 464, 504-512. [PubMed: 20336132]

Kleinert M, Clemmensen C, Hofmann SM, Moore MC, Renner S, Woods SC, Huypens P, Beckers J,
de Angelis MH, Schirmann A, et al. (2018). Animal models of obesity and diabetes mellitus. Nat.
Rev. Endocrinol 14, 140-162. [PubMed: 29348476]

Ko KY, Wu YW, Liu CW, Cheng MF, Yen RF, and Yang WS (2017). Longitudinal evaluation of
myocardial glucose metabolism and contractile function in obese type 2 diabetic db/db mice
using small-animal dynamic 18F-FDG PET and echocardiography. Oncotarget 8, 87795-87808.
[PubMed: 29152121]

Leiter EH, Premdas F, Harrison DE, and Lipson LG (1988). Aging and glucose homeostasis in
C57BL/6J male mice. FASEB J 2, 2807-2811. [PubMed: 3044905]

Lelieveld J, Pozzer A, Pdschl U, Fnais M, Haines A, and Miinzel T (2020). Loss of life expectancy
from air pollution compared to other risk factors: a worldwide perspective. Cardiovasc. Res 116,
1910-1917. [PubMed: 32123898]

Liao CY, Rikke BA, Johnson TE, Gelfond JA, Diaz V, and Nelson JF (2011). Fat maintenance is a
predictor of the murine lifespan response to dietary restriction. Aging Cell 10, 629-639. [PubMed:
21388497]

Mattison JA, and Vaughan KL (2017). An overview of nonhuman primates in aging research. Exp.
Gerontol 94, 41-45. [PubMed: 27956088]

Mattison JA, Colman RJ, Beasley TM, Allison DB, Kemnitz JW, Roth GS, Ingram DK, Weindruch R,
de Cabo R, and Anderson RM (2017). Caloric restriction improves health and survival of rhesus
monkeys. Nat. Commun 8, 14063. [PubMed: 28094793]

Miller KN, Burhans MS, Clark JP, Howell PR, Polewski MA, DeMuth TM, Eliceiri KW, Lindstrom
MJ, Ntambi JM, and Anderson RM (2017). Aging and caloric restriction impact adipose tissue,
adiponectin, and circulating lipids. Aging Cell 16, 497-507. [PubMed: 28156058]

Miller RA, Harrison DE, Allison DB, Bogue M, Debarba L, Diaz V, Fernandez E, Galecki A, Garvey
WT, Jayarathne H, et al. (2020). Canagliflozin extends life span in genetically heterogeneous male
but not female mice. JCI Insight 5, e140019.

Mitchell SJ, Scheibye-Knudsen M, Longo DL, and de Cabo R (2015). Animal models of aging
research: implications for human aging and age-related diseases. Annu. Rev. Anim. Biosci 3,
283-303. [PubMed: 25689319]

Mitchell SJ, Madrigal-Matute J, Scheibye-Knudsen M, Fang E, Aon M, Gonzéalez-Reyes JA, Cortassa
S, Kaushik S, Gonzalez-Freire M, Patel B, et al. (2016). Effects of sex, strain, and energy intake on
hallmarks of aging in mice. Cell Metab 23, 1093-1112. [PubMed: 27304509]

Mody L, Miller DK, McGloin JM, Freeman M, Marcantonio ER, Magaziner J, and Studenski S
(2008). Recruitment and retention of older adults in aging research. J. Am. Geriatr. Soc 56, 2340—
2348. [PubMed: 19093934]

Moore TJ, Zhang H, Anderson G, and Alexander GC (2018). Estimated costs of pivotal trials for novel
therapeutic agents approved by the US Food and Drug Administration, 2015-2016. JAMA Intern.
Med 178, 1451-1457. [PubMed: 30264133]

Oh YS, Seo EH, Lee Y, Cho SC, Jung HS, Park SC, and Jun HS (2016). Increase of calcium sensing
receptor expression is related to compensatory insulin secretion during aging in mice. PLoS One
11, e0159689. [PubMed: 27441644]

Palliyaguru DL, Vieira Ligo Teixeira C, Duregon E, di Germanio C, Alfaras I, Mitchell SJ, Ignacio
NE, Shiroma EJ, Studenski S, Bernier M, et al. (2020). Study of longitudinal aging in mice:
presentation of experimental techniques (SLAM POET). J. Gerontol. A Biol. Sci. Med. Sci 76,
552-560.

Perel P, Roberts I, Sena E, Wheble P, Briscoe C, Sandercock P, Macleod M, Mignini LE, Jayaram P,
and Khan KS (2007). Comparison of treatment effects between animal experiments and clinical
trials: systematic review. BMJ 334, 197. [PubMed: 17175568]

Perlman RL (2016). Mouse models of human disease: an evolutionary perspective. Evol. Med. Public
Health 2016, 170-176. [PubMed: 27121451]

Cell Metab. Author manuscript; available in PMC 2022 November 02.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Palliyaguru et al.

Page 18

Pischon T, Boeing H, Hoffmann K, Bergmann M, Schulze MB, Overvad K, van der Schouw YT,
Spencer E, Moons KG, Tjgnneland A, et al. (2008). General and abdominal adiposity and risk of
death in Europe. N. Engl. J. Med 359, 2105-2120. [PubMed: 19005195]

Rao Kondapally Seshasai S, Kaptoge S, Thompson A, Di Angelantonio E, Gao P, Sarwar N, Whincup
PH, Mukamal KJ, Gillum RF, Holme 1, et al. (2011). Diabetes mellitus, fasting glucose, and risk of
cause-specific death. N. Engl. J. Med 364, 829-841. [PubMed: 21366474]

Rorsman P, and Ashcroft FM (2018). Pancreatic beta-cell electrical activity and insulin secretion: of
mice and men. Physiol. Rev 98, 117-214. [PubMed: 29212789]

Speakman JR, and Keijer J (2012). Not so hot: optimal housing temperatures for mice to mimic the
thermal environment of humans. Mol. Metab 2, 5-9. [PubMed: 24024125]

Wang H, Hai S, Liu Y, Liu Y, and Dong B (2019). Skeletal muscle mass as a mortality predictor
among nonagenarians and centenarians: a prospective cohort study. Sci. Rep 9, 2420. [PubMed:
30787413]

Wentworth BM, Schaefer IM, Villa-Komaroff L, and Chirgwin JM (1986). Characterization of the two
nonallelic genes encoding mouse preproinsulin. J. Mol. Evol 23, 305-312. [PubMed: 3104603]
Westerterp KR (2018). Changes in physical activity over the lifespan: impact on body composition and

sarcopenic obesity. Obes. Rev 19 (suppl 1), 8-13. [PubMed: 30511504]

Yashin Al, Ukraintseva SV, Arbeev KG, Akushevich I, Arbeeva LS, and Kulminski AM (2009).
Maintaining physiological state for exceptional survival: what is the normal level of blood glucose
and does it change with age? Mech. Ageing Dev 130, 611-618. [PubMed: 19635493]

Zore T, Palafox M, and Reue K (2018). Sex differences in obesity, lipid metabolism, and
inflammation-a role for the sex chromosomes? Mol. Metab 15, 35-44. [PubMed: 29706320]

Cell Metab. Author manuscript; available in PMC 2022 November 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Palliyaguru et al.

Page 19

Highlights

. Age-associated fasting blood glucose trends differ between mice and
monkeys/humans

. Mice, monkeys, and humans have similar body weight trajectories with age

. The association of glucose with survival is inverse for mice versus monkeys/
humans

. Mice do not fully recapitulate aging-related glucose metabolism changes of
primates
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Cumulalive Survival
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Figure 1. Species-specific population and lifespan characteristics
Kaplan-Meier survival curves (top panel) and population characteristics (bottom panel) for

mice, NHPs, and humans involved in this study. Life expectancy values are in weeks for
mice and years for nonhuman primates and humans. SLAM, Study of Longitudinal Aging in
Mice; BLSA, Baltimore Longitudinal Study of Aging; IQR, interquartile range.
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Figure 2. Trends in metabolic indices over the lifespan across species by sex and strain/site
Life-course trajectories for fasting blood glucose (top panels), weight (middle panels), and

body fat (bottom panels) in mice (left), NHPs (middle), and humans (right). Age is listed

in weeks for mice and years for NHPs and humans. Fasting blood glucose is measured in
mg/dL in all three species, whereas weight and body fat are measured in grams (g) in mice
and kilograms (kg) in NHPs. In humans, weight is measured in kg and body fat is measured
by waist circumference (cm). Diamonds represent age at peak index value between 25% and
125% of median life expectancy. SLAM B6 females (n = 310), B6 males (n = 313), HET3
females (n = 311), HET3 males (n = 307), NHP female NIA (n = 96), NHP male NIA (n =
120), NHP female WIS (n = 15), NHP male WIS (n = 23), BLSA females (n = 1,410), and
BLSA males (n = 1,613). SLAM, Study of Longitudinal Aging in Mice; BLSA, Baltimore
Longitudinal Study of Aging.
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Figure 3. Mortality analysis based on metabolic stratification
Kaplan-Meier survival curves and age-adjusted mortality hazard ratios (HRggj, 95%

confidence intervals) comparing individuals above the highest (orange) and below the lowest
(purple) quartiles of fasting glucose at midlife (50% median life expectancy, top panels),

late life (75% median life expectancy, middle panels), and oldest in life (90% median life
expectancy, bottom panels) across in mice (left), NHPs (middle), and humans (right). Age

is listed in weeks for mice and years for NHPs and humans. *p < 0.05 was considered
statistically significant. SLAM mice (n = 776); NHPs (n = 87); BLSA (n = 1,193). SLAM,
Study of Longitudinal Aging in Mice; BLSA, Baltimore Longitudinal Study of Aging.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Murine and nonhuman primate data This study https://doi.org/10.5281/zenodo.5167639
Human data BLSA study Available upon request/approval

All original codes This study https://doi.org/10.5281/zenodo.5167639

Experimental models: Organisms/strains

Female and male C57BL/6J mice
Female and male HET3 mice

Nonhuman primates (Indian and Chinese
origin)

Nonhuman primates (Indian origin)

The Jackson Laboratory
The Jackson Laboratory
National Institute on Aging

Wisconsin National Primate Research
Center

000664
409673
N/A

N/A

Software and algorithms

R

Microsoft Excel 2019

SAS

The Comprehensive R Archive Network
(CRAN)

Microsoft

Statistical Analysis System (SAS)

https://cran.r-project.org/

https://www.microsoft.com/en-gb/; RRID:
SCR_016137

https://www.sas.com/

Other

Minispec LF90

Contour Next EZ Glucometer and strips

Bruker Optics

Bayer

https://www.bruker.com/products/mr/td-nmr/

minispec-If-series.html

https://www.contournext.com/products/contour-

next-ez/
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