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ABSTRACT

Background and objectives: Lifestyle has widespread effects on human health and aging. Prior results
from chimpanzees (Pan troglodytes), one of humans’ closest evolutionary relatives, indicate that these
lifestyle effects may also be shared with other species, as semi-free-ranging chimpanzees fed a natu-
ralistic diet show healthier values in several specific health biomarkers, compared with their sedentary,
captive counterparts. Here, we examined how lifestyle factors associated with different environments
affect rates of physiological aging in closely related chimpanzees.

Methodology: We compared physiological dysregulation, an index of biological aging, in semi-free-
ranging chimpanzees in an African sanctuary versus captive chimpanzees in US laboratories. If the rate
of aging is accelerated by high-calorie diet and sedentism, we predicted greater age-related dysregulation
in the laboratory populations. Conversely, if costs of a wild lifestyle accelerate aging, then semi-free-
ranging chimpanzees at the sanctuary, whose environment better approximates the wild, should show
greater age-related dysregulation. We further tested whether dysregulation differed based on sex or body
system, as in humans.

Results: We found that semi-free-ranging chimpanzees showed lower overall dysregulation, as well as
lower age-related change in dysregulation, than laboratory chimpanzees. Males experienced lower dys-
regulation than females in both contexts, and the two populations exhibited distinct aging patterns based

on body system.
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Conclusions and implications: Our results support the conclusion that naturalistic living conditions result in healthier aging in chimpan-

zees. These data provide support for the proposal that lifestyle effects on human health and aging are conserved from deeper into our

evolutionary history.

LAY SUMMARY We found that chimpanzees living in naturalistic, semi-free-ranging conditions show a slower rate of biological aging

relative to chimpanzees living in captive conditions associated with increased sedentism and processed diets. This supports the idea that

lifestyle effects on human health and aging are conserved from deeper in our evolutionary history.

KEYWORDS: primates; health; aging; lifestyle; human evolution

INTRODUCTION

Lifestyle factors have widespread effects on human health and
longevity. For example, sedentism, high-calorie diets and smok-
ing predict incidence of chronic disease (e.g. cardiovascular
disease, diabetes and cancer) [1, 2] as well as acceleration of
some biological measures of aging, such as telomere length and
oxidative stress [3, 4]. These lifestyle factors may explain some
population differences. For example, small-scale subsistence
populations, which have high levels of physical activity and diets
low in processed foods, display lower rates of cardiovascular dis-
ease compared to industrialized human populations [5, 6]. This
is in contrast to the lower adult life expectancies in these pop-
ulations, which may be influenced by comparatively high levels
of infectious disease [7, 8]. It is less clear how these factors may
influence rates of biological aging across populations. Tsimane
forager-horticulturalists of the Bolivian Amazon, who experience
a high infectious disease burden but also physically active life-
styles, exhibit a slightly higher rate of physiological aging com-
pared with a combined industrialized sample [9] but appear to
age more slowly than White Americans by some epigenetic mea-
sures [10]. While comparative demography supports the conclu-
sion that aging patterns may be somewhat constrained at the
species level [11], environmental factors may play a strong role in
determining ‘healthy aging’, the resistance to disease and disabil-
ity with age. To better understand how lifestyle differences affect
aging in long-lived species, we examined how analogous life-
style factors associated with different living environments affect
age-related physiological dysregulation in chimpanzees (Pan
troglodytes), one of humans’ two closest living relatives. Captive
chimpanzees live significantly longer than most chimpanzees in
the wild but are more likely to die of chronic (e.g. heart) disease,
while wild mortality is more often linked to infectious (e.g. respi-
ratory) disease or injury [7]. Notably, prior work suggests that
chimpanzees in naturalistic living conditions that more closely
approximate the wild also show improvements in some biomark-
ers of health, such as weight and cholesterol [12, 13]. As these
effects are analogous to those observed between industrialized
and subsistence human populations, comparisons across chim-
panzee populations living in different environments provide an
informative model for understanding the evolutionary history of
lifestyle effects on human health.

Aging is a complex process involving changes across multiple
interacting systems, posing challenges for comparative research.
Complex systems approaches, such as quantifying multisystem
physiological dysregulation, provide a holistic basis for compar-
ing aging across individuals, populations or even species [14].
Physiological dysregulation is an emergent phenomenon that
reflects the breakdown of physiological regulatory networks’ abil-
ity to maintain homeostasis and is implicated as both a conse-
quence and driver of the aging process [14-16]. Dysregulation
can be quantified using the statistical index Mahalanobis distance
(D), which calculates the distance of a set of biomarkers from a
healthybaseline, typicallyayoungadultpopulationaverage[17,18].
In particular, higher Dy scores reflect biomarker profiles that are
more divergent from baseline or involve more unusual combina-
tions of biomarker concentrations, indicating greater disruption
of homeostasis. In humans, Dy, reliably increases with age—and
often exponentially during old age—and is predictive of mortal-
ity and health outcomes such as frailty, cardiovascular disease
and diabetes [17, 19-21]. Importantly, this index is broadly com-
parable across study systems even when different biomarkers
are included or when differing laboratory methods were used
to assess them [17, 22]. Although this approach focuses on
including biomarkers that should be independent, the Dy metric
automatically adjusts for the correlation structure among bio-
markers, and analyses can further account for the total number
of biomarkers used. Importantly, this multivariate measure is
by design not subject to substantial influence by any one sin-
gle variable, allowing it to better capture high-order regulatory
processes compared to any individual biomarker [23]. As such,
physiological dysregulation has emerged as a useful and holistic
metric of aging and associated health decline in humans.

The Dy method is also a valuable tool for comparative
studies of aging across populations and even across species.
Comparative data demonstrate that the age-associated increase
in Dy is a conserved signal of aging that is detectable across
different human populations [19, 21], as well as across primate
taxa [24]. However, in a cross-species analysis of 11 primate
species, Dansereau et al. [24] found significant species variation
associated with lifespan and phylogenetic distance. Humans, the
longest-lived species, exhibited the least amount of age-related
change in Dy (i.e. the lowest age slope), consistent with our
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exceptionally slow pace of aging [25, 26]. Physiological dysregula-
tion in chimpanzees, who are also long-lived, increased markedly
less steeply across the lifespan in comparison to other primate
taxa like monkeys and lemurs with faster life histories. Indeed,
chimpanzees and humans showed the greatest comparability in
patterns of dysregulation across this sample.

Prior work has also highlighted that physiological dysregula-
tion may differ between sexes within the same species. Sex dif-
ferences in aging patterns in humans are generally consistent
with the male—female health-survival paradox, where females live
longer than males despite experiencing poorer health across the
lifespan [27]. Accordingly, Arbeev et al. [28] found faster dysregu-
lation in human females, but higher mortality risk at a given Dy in
males. In contrast, other work [29] has found no sex differences
in dysregulation during aging in humans. Available data on sex
differences in physiological dysregulation in captive primates is
mixed [24], so it is not currently clear if these sex differences in
dysregulation patterns are more widely shared.

Finally, recent research shows that physiological dysregulation
can proceed at different rates or have differential health impacts
across different body systems. For instance, Li et al. [23] found
that while Dy was correlated across six body systems and gener-
ally increased with age (except in lipids), these systems differed
in their ability to predict health outcomes. For example, whereas
all systems reliably predicted mortality, cardiovascular disease
incidence was associated only with liver and vitamin dysregu-
lation, and diabetes incidence was associated only with electro-
lyte, liver and lipid dysregulation. This study provides a strong
rationale for measuring integrated, multi-system physiological
dysregulation and supports the hypothesis that aging is a suite
of emergent, interdependent processes, rather than either a sin-
gle global process or entirely independent processes in different
systems [14, 23].

One limitation of existing studies of physiological dysregulation
is that they have been mostly restricted to humans living in indus-
trialized societies and captive primates (but see Refs. [30, 31]).
As a result, these data may not be broadly representative of
physiological aging in these species. For example, many of the
captive primates studied in prior work live in laboratories or
other species-atypical environments, while the industrialized
environments many human populations live in today depart
significantly from the contexts that shaped the evolution of our
species [32]. Some work has addressed this by extending studies
of physiological dysregulation cross-culturally to the Tsimane, a
population of Bolivian forager-horticulturalists [9]. This popula-
tion is notable for their healthy lifestyle and low risk of cardio-
vascular disease [5], but also for living in harsh environmental
conditions, characterized by high pathogen load and high energy
expenditure [8, 33]. The Tsimane exhibited dysregulation scores
2-12 times lower than most primates (with one exception being

male chimpanzees), but only about 15% higher than industrial
humans. While the different methods preclude direct compar-
ison across these studies, these data suggest that human dys-
regulation is fairly conserved at the species level but is also still
sensitive to environmental context. Furthermore, healthy aging
(i.e. low incidence of chronic disease during old age) may not
necessarily be associated with slower physiological aging. This
highlights the importance of understanding how lifestyle factors
affect different components of the aging phenotype in humans
and other long-lived primates.

Comparative data from chimpanzees—who share much of our
evolutionary history, a long lifespan and genetic and physiolog-
ical similarities—can inform biological perspectives on human
health and aging by helping to identify processes that may have
shaped our species’ health in our evolutionary past, as well as to
understand more broadly how health and aging characteristics
differ across species [34, 35]. In the current study, we examined
patterns of physiological dysregulation in primarily wild-born,
semi-free-ranging chimpanzees living in an African sanctuary,
comparing them to available data on captive chimpanzees living
in US laboratories. African sanctuary chimpanzees have access
to species-appropriate forest habitats and eat a naturalistic diet
dominated by fruits and vegetables [36]. This contrasts with the
relatively sedentary lifestyle of laboratory chimpanzees, who con-
sume mainly processed foods. African sanctuary chimpanzees
notably show species-typical patterns of behavior and physiol-
ogy [37, 38]. They exhibit cardiovascular profiles characterized by
lower body weight, lower blood pressure and healthier levels of
blood lipids than chimpanzees living in US laboratories [12, 39,
40], as well as hormonal and viral infection patterns similar to
their wild counterparts [41-43].

In comparing age-related dysregulation in chimpanzees across
contexts, we aimed to test between several alternative hypothe-
ses about how lifestyle shapes the rate of aging. First, if the rate
of aging is accelerated by high-calorie diet and sedentary lifestyle,
we predicted greater age-related dysregulation in chimpanzees
living in laboratories. In contrast, if the demands associated with
living in the wild—which might include exposure to species-
typical pathogens or the costs associated with more intense phys-
ical activity in such environments [44, 45]—increases the rate of
aging, then we would expect greater age-related dysregulation
in sanctuary chimpanzees, whose environments better approx-
imate the wild. Finally, it is also possible that there is no major
difference in age-related dysregulation at the sanctuary versus
laboratories, for example, because the rate of aging in chimpan-
zees may not be particularly sensitive to lifestyle, or if the shared
features of both environments (such as routine veterinary care)
result in comparable rates of aging in both populations. We fur-
ther tested whether dysregulation differed based on sex or body
system, as observed in humans, across these two populations,
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with the goal of examining if chimpanzees share some of these
more nuanced features of human aging.

METHODS

Sanctuary chimpanzee data and ethics statement

Research at Ngamba Island Chimpanzee Sanctuary was approved
by the Uganda Wildlife Authority, the Uganda National Council for
Science and Technology, and the Institutional Animal Care and Use
Committee at the University of Michigan, the University of New
Mexico and Harvard University. Research practices and animal
care procedures complied with the Pan-African Sanctuary Alliance
standards, and shipment of chimpanzee blood complied with inter-
national CITES regulations. Data collected for this project are avail-
able from the Dryad Digital Repository: https://doi.org/10.5061/
dryad.37pvmcvt7. The comparison dataset is available from the
Primate Aging Database at https://primatedatabase.org/.

For this project, we curated health data from 46 healthy adult
chimpanzees living at the sanctuary (see Table 1 for description
of sanctuary versus laboratory chimpanzees). This included
27 females and 19 males ranging in age from 15 to 38 years
(mean = 24.1). All of the sanctuary chimpanzees were socially
housed, with semi-free-ranging access to ~40 hectares of tropi-
cal forest (some individuals may be retained separately from the
group due to health or husbandry issues, during which time they
may have access to smaller enclosures). These chimpanzees can
forage on wild foods in their forest enclosures, and their diet
was supplemented with species-appropriate fruits and vegeta-
bles. Importantly, this provisioning does not include any high-
calorie primate chow typical of captive chimpanzee diets. Most

sanctuary individuals are wild-born orphans who were mother-
reared in the wild for 1-3 years and integrated into species-
typical social groups upon arrival at the sanctuary (one subject
in this study was born at the sanctuary due to contraception
failure). Age was estimated by sanctuary veterinarians on arrival
and validated by patterns of dental emergence and body weight
during subsequent health checks [12, 46].

All data for sanctuary chimpanzees were collected during
routine annual health examinations conducted by sanctuary vet-
erinarians between 2012 and 2022. These biomarkers were com-
piled from several sources. First, every year, body weight was
measured using a scale and blood samples were taken for stan-
dard testing at local medical clinics. This typically included com-
plete blood count tests that assess the health and function of
the circulatory system (e.g. platelets, hemoglobin), the liver and
kidney system (e.g. bilirubin, albumin) and the immune system
(e.g. white blood cell counts). Because samples were assayed at
several different local clinics over the course of the data collec-
tion, we ensured that data were comparable within and between
years by converting individual biomarker units as necessary and
visually checking that reference ranges were consistent across
time (see supplemental information for details). Second, for two
of the sampled years, we included several additional biomarkers
of the cardiometabolic system obtained from samples collected
for specific research projects. Specifically, we measured skin-
fold thickness (as a metric of adiposity) and several cardiovas-
cular biomarkers (e.g. cholesterol, triglycerides) on-site using a
portable Alere Cholestech LDX System (see Cole et al. [12], for
details of the lipid sampling). We further assayed samples col-
lected in those years for biomarkers of inflammation and oxida-
tive stress at the University of New Mexico Comparative Human

” Table 1. Lifestyle factors of sanctuary versus laboratory chimpanzees

Sanctuary Laboratories

Location Ngamba Island Chimpanzee Sanctuary, 3 US laboratories from NIH Primate
Uganda Aging Database

Housing Mixed-age and -sex grouping(s) ‘Social’

Diet Wild foods supplemented with domesticated ‘Only chow’ or ‘Chow supplemented
fruits and vegetables; no primate chow with fruits and vegetables’

Ranging Semi-free ranging in large primary rainforest ‘Indoors’, ‘Outdoors’ or ‘Mixed’
enclosures

Age 15-38 years (mean = 24.1) 15-38 years (mean = 23.5)

N 46 adults (27 females) 325 adults (188 females)

392 health checks

3351 health checks

Diet and physical activity patterns at African sanctuaries more closely approximate wild contexts. Laboratory lifestyle categories were extracted from the

Primate Aging Database at the site level.
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” Table 2. Biomarkers included in Dy calculation, by body system

Circulatory

Liver and renal

Immune

Cardiometabolic

Red blood cell count (RBC)©
Hemoglobin (HGB)®
Hematocrit (%HCT)¢

Mean corpuscular volume
(MCV)©

Mean corpuscular hemoglobin
(MCH)©

Mean corpuscular hemoglobin
concentration (MCHC)¢
Platelet count (PLT)®

Red blood cell distribution
width (%RDW)S
Men platelet volume (MPV)s

Platelecrit (%PCT)®

Platelet distribution width
(9%PDW)S

Platelet larger cell ratio
(%P-LCR)S

Iron (FE)*

Creatinine (CR)¢
Globulin (GLOB)®

Alkaline phosphate
level (ALP)©
Sodium (NA)C

Potassium (K)©

BUN/creatinine
ratio (BUN/CR)®
Albumin/globulin
ratio (ALB/GLOB)¢
Albumin/protein
ratio (ALB/TP)©
Total bilirubin
(TBIL)C
Gamma-glutamyl
(GGT)

Chloride (CL)

Bicarbonate
(HCO3)
Asparate
aminotransferase
(AST)S

Alanine transaminase

(ALT)®

Direct bilirubin
(DBIL)®

Indirect bilirubin
(IBIL)®

Calcium (CA)*

Creatinine
phosphokinase (CPK)*
Lactic dehydrogenase
(LDH)*

Glutamic pyruvic
transaminase (SGPT)*
Glutamic oxalocetic
transaminase (SGOT)"
Phosphorous (PO4)*

Uric acid (UA)*
Magnesium (MG)"
Lipase (LIPA)*

Amylase (AMYL) *

White blood cell count
(WBC)©

Lymphocytes (LYM)®
Monocytes (MON)©

Eosinophils (EOS)¢

Basophils (BAS)©

C-reactive protein (CRP)®

Interleukin 6 (IL6)*
Neopterin®

8 Hydroxy

deoxyguanosine (OHdG)*

Isoprostanes®

Total antioxidant capacity

(TAC)®
Neutrophils (NEU)®

Neutrophils banded
(NEU-B)*

Neutrophils segmented

(NEU-S)*

Body weight®
Glucose (GLU)¢

Total cholesterol
(TO)F
Triglycerides
(TRG)©
TC/HDL ratio

Inguinal skinfold
thickness®

Biceps skinfold
thickness®

Triceps skinfold
thickness®
Subscapular
skinfold thickness®
Upper arm
circumference®

Biomarkers were in both the sanctuary dataset and the laboratory datasets (i.e. available for one or more laboratory sites), unless denoted S (only at sanctuary;

N =21) or L (only at laboratories; N = 13). C indicates biomarkers available at all four sites (N = 25). Main analyses used all available biomarkers at each site.

and Primate Physiology Center. For inflammation, we mea-
sured C-reactive protein (CRP, Catalog No. KHA0031, Thermo
Fisher Scientific), Interleukin 6 (IL-6, Catalog No. BMS213HS,
Thermo Fisher Scientific), and urinary neopterin (Ref. RE59321,
IBL International). For oxidative stress, we measured urinary
8-hydroxy-2'-deoxyguanosine (OHdG, Catalog No. KOG-200S/E,
Genox JalCA), 15-Isoprostane Fy (isoprostanes, Prod. No. E85,
Oxford Biomedical Research), and total antioxidant capacity
(TAC, Item No. 709001, Cayman Chemical) (see Thompson
Gonzélez et al. [47] for details of assay methods). We excluded
data from chimpanzees who were known to be ill at the time of
sampling (i.e. where veterinary notes or clinical results indicated

clear illness at the time of sample collection; N =4 datapoints
from four chimpanzees).

The sanctuary dataset spanned 11 years of longitudinal data for a
total of N = 392 chimpanzee datapoints. This included up to 50 bio-
markers per health check comprising four body systems: circulatory
(12 biomarkers); liver and renal (16 biomarkers); immune (12 bio-
markers) and cardiometabolic (10 biomarkers) (see Table 2 for all
biomarkers included in the dataset sorted by body system and chim-
panzee population; Supplementary Table S1 for details about how
these biomarkers were statistically transformed by site, as described
in more detail below; and supplemental excel files for correlation
matrices for biomarkers at each site).
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Laboratory chimpanzee data

We extracted a comparative dataset for laboratory-living chim-
panzees from the Primate Aging Database (accessed February
2021). This publicly available database comprises biomarker
data, collected quarterly, from healthy, non-experimental captive
chimpanzees living in three US laboratory sites: Alamogordo
Primate Facility, Yerkes National Primate Research Center, and
MD Anderson Cancer Center. Based on information provided in
the Primate Aging Database, these chimpanzees were socially
housed (categorized broadly at the site level as indoors; out-
doors; or some outdoor access) and fed a diet of primarily pri-
mate chow (categorized as only chow; or chow supplemented
with fruits and vegetables) [48]. We converted each biomarker
as necessary such that units matched the sanctuary data, and
further ensured that data were comparable across sites by visu-
ally checking that distributions overlapped with one another and
human reference ranges.

Because the full laboratory dataset encompassed a larger age
range compared to Ngamba (up to 58.25 years), our main anal-
yses used a truncated, age-matched dataset of up to 38 years
across groups. The main laboratory dataset comprised N = 3351
datapoints from 325 chimpanzees (188 females and 137 males;
mean age = 23.5). This included up to 42 biomarkers per health
check, representing the same four body systems as at Ngamba:
circulatory (8 biomarkers); liver and renal (22 biomarkers);
immune (7 biomarkers) and cardiometabolic (5 biomarkers)
(see Table 2 and Supplementary Table S1 for details). Twenty-
nine of the biomarkers available at the laboratories were direct
matches to those at the sanctuary—specifically from complete
blood count tests. Additional variables unique to the laboratories
included other common indices of liver and renal function (min-
erals and enzymes such as iron and phosphorous).

Biomarker selection and Mahalanobis distance (Dw)
calculation

Because the sanctuary dataset sometimes included multiple
measurements from the same chimpanzee in close succession
(e.g. if an individual was being monitored for active illness or
injury), we restricted data to measurements at least 0.25 years
apart per individual to match the rate of sampling in the Primate
Aging Database. In order to ensure we had sufficient longitudinal
data from a given individual, we further required that each chim-
panzee in each dataset have measurements from at least two
time points (i.e. two different health checks) per biomarker, and
at least five biomarkers per time point. The sample sizes listed
above were calculated after these exclusions.

Before calculating Dy, we removed outliers, such as biologi-
cally implausible values or extreme statistical outliers (see sup-
plemental information for details). We then standardized each

biomarker separately for each site. Specifically, all individual bio-
markers were log- or square-root-transformed as relevant for the
reference sample to approach normality and were then z-scored
to the reference sample [17, 18] (see Supplementary Table S1
for a detailed list of data transformations for each biomarker by
site). We used all available biomarkers at each site in the main
analyses.
Dy is calculated as:

Do =/ (x — 1) S (x — ),

where x is a multivariate observation, p is the mean of the ref-
erence sample, and S is the variance—covariance matrix of the
reference sample; T indicates the transpose of the matrix [18].
Given that this method accounts for correlation structure, it not
only allows variables to be highly correlated, but it also corrects
for any potential redundancy among variables. This is important
when modeling emergent processes, where multiple biomarkers
may feed back onto one another [23]. Due to uneven sampling
across time, we calculated Dy using the MDmiss package in R,
which accounts for missing observations [9]. Because MDmiss
requires no missing values in correlation matrices, and remov-
ing all observations with missing values from the references
would have greatly reduced the sample sizes, we followed the
approach described by Kraft et al. [9] of populating missing val-
ues in reference correlation matrices as the medians of each bio-
marker from each reference sample. MDmiss produces a square
of Mahalanobis distance, so we took the square root to obtain raw
Du scores. We used the logarithm of Dy for analyses, z-scored
(centered to the mean and divided by the standard deviation)
within each site.

To accurately measure changes in dysregulation in each
population of chimpanzees, our primary analyses used a site-
specific reference sample to calculate Dy separately for each
of the four sites (one sanctuary and three laboratories). This
approach allowed us to examine age-related changes at each site
while also accounting for any baseline physiological differences
across groups. Following best practices, reference samples
comprised data from healthy young adults. This included non-
overweight individuals aged 15-20 years old [49]. While some
approaches for calculating this reference sample focus on using
only the first measurement (e.g. the youngest visit) of a given
individual [17, 24], this would have provided a reference sample
size that was insufficient to analyze the current data. Following
the recommendation of Cohen et al. [22], we, therefore, used all
data (e.g. including repeated measurements) of individuals who
fell in this young, non-overweight range.

We used a weight cutoff to calculate the reference sam-
ples because overweight and obesity are associated with
negative health outcomes such as elevated blood pressure
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and proatherogenic blood lipids [12, 50, 51], and as such is
an informative proxy for health status. We categorized non-
overweight females as <54.4 kg following Videan et al. [51], where
54.4 kg corresponded to BMI 20% above the group mean in a
population of laboratory-housed chimpanzees (and we could
not calculate BMI in the current study). This value has subse-
quently been used as an overweight threshold in other captive
chimpanzee studies [50]. We confirmed this was appropriate in
the current study by visually assessing this cutoff in our pooled
data (combining all three laboratories as well as Ngamba) and
determined that including weights above 54.4 kg shifted a rel-
atively normal distribution to a right skewed, bimodal distribu-
tion (Supplementary Fig. S1). We applied the same methodology
to the male data, where published standards were unavailable,
to categorize non-overweight as =67.4 kg. We confirmed this
approach was not too conservative by additionally using the
upper quintile (top 20%) of sex-specific weight measurements
as an overweight cutoff (68 kg for females and 70 kg for males)
(see supplemental information for details).

Statistical analysis

We asked whether age-related change in Dy varied by (1) facil-
ity (sanctuary or laboratory), (2) sex (female or male), and (3)
body system (circulatory; liver and renal; or immune), using lin-
ear mixed effects models implemented with the Imer function
in R. Our general approach was to first construct a base model
with a random effect of subject identity to account for unbalanced
repeated measurements across multiple timepoints, and fixed
effects of age (in years) and number of biomarkers (at that mea-
surement timepoint) [9, 17]. Because number of biomarkers is
generally positively correlated with overall dysregulation scores,
it is standard practice to account for this as a control variable
during statistical modeling. In each set of models, we then tested
whether the independent variable of interest significantly affected
D, alone or in interaction with age, using likelihood ratio tests.
We finally conducted post hoc analyses using the emtrends func-
tion to examine pairwise comparisons of age-related trends.

In our first analysis, which tested the effect of facility and age
on the rate of dysregulation, we directly compared age-related
change in Dy in the sanctuary versus laboratory datasets. In con-
trast, we examined the impacts of sex and body system separately
in the sanctuary and laboratory populations. While Dy values
were calculated separately for each population to account for any
differences in baseline health profiles, we pooled these standard-
ized values in the analyses to focus on the broad comparison
between laboratory and sanctuary. In laboratory-only models, we
controlled for site location.

The rate of age-related dysregulation can be quantified via the
age slope of Dy, or its standard effect coefficient for age [23].

We, therefore, report age slopes from mixed models for each
facility, sex and body system (with the latter two calculated sepa-
rately at each facility). This value can be used to compare rates
of aging across populations or predictors within a study (e.g.
whether sanctuary versus laboratory chimpanzees exhibit differ-
ent rates of aging across body systems) but also between stud-
ies (e.g. whether global dysregulation in sanctuary chimpanzees
progresses more rapidly than in human samples). To this end,
we used a standardized (z-scored) metric of age throughout to
facilitate direct comparison across studies, regardless of the age
range sampled [9, 24]. However, figures use unstandardized ages
for ease of interpretation.

We further conducted several data checks to ensure our
results were methodologically robust since dysregulation scores
can be sensitive to selection of reference samples and biomarker
composition [22, 24]. First, we ran the primary analysis (i.e. com-
paring dysregulation in sanctuary and laboratory chimpanzees)
using the full age range at the laboratories (up to 58.25 years), to
assess potential increases in the rate of aging during senesence.
This also was important since slopes reported from prior studies
using Primate Aging Database data did not use an age cutoff.
Second, we ran these primary analyses using a pooled reference
sample (which included all reference observations across all four
sites), to examine if the choice of the reference sample drove
our primary results. Third, we ran these analyses using a set of
25 common biomarkers (which were present at all four sites),
rather than the full set of available biomarkers, to examine how
biomarker selection may have impacted results. Finally, as noted
above we checked if a different overweight cutoff for the healthy
reference sample impacted these patterns.

RESULTS

We first examined the data to ensure it met assumptions of
the approach. Initial visualization indicated that raw Dy scores
increased with age in laboratory and sanctuary chimpanzees
(Supplementary Fig. S3). This validates that the Dy method cap-
tures age-related physiological dysregulation in both populations
in the current study. Many individual biomarkers were weakly but
significantly associated with age (See Supplementary Table S2
for biomarker correlations to age and Dy as well as supplemen-
tal excel files for pairwise correlation matrices of individual bio-
markers at each site). Only one was highly correlated with Dy
(I]> =0.70): banded neutrophil count (NEU-B) at Yerkes, which
we removed in the primary analyses [17]. However, this removal
did not appreciably alter the pattern of results. Overall, this sug-
gests that our calculations of Dy reflect a holistic measure of
health that are not dependent on any one biomarker.

We first modeled whether Dy differed across the sanctuary
versus laboratory populations (N =392 and 3351 datapoints,
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respectively; Fig. 1; Supplementary Table S3). Dy increased with
age in the base model [f§ = 0.22; P <0.001], Adding facility as
a predictor improved model fit [y?=8.49, df=1, P<0.01]: Dy
was higher overall at the laboratories, indicating that these pop-
ulations of chimpanzees exhibited greater levels of dysregula-
tion from homeostasis. Subsequently adding age x facility also
improved model fit [y =9.51, df =1, P < 0.01]. Post hoc analysis
revealed that Dy increased with age faster in the laboratory pop-
ulations (P < 0.01). Notably, model-predicted values of Dy in the
facility analysis comparing both sanctuary and laboratory popu-
lations were generally negative at Ngamba, despite raw scores
being z-scored within each site. This is likely because the pre-
dicted values account for the effect of facility on these scores, as
well as group differences in number of biomarkers (which was typ-
ically much higher at Ngamba). We compared the effect of age
on Dy in sanctuary versus laboratory chimpanzees by extracting
the standard effect coefficient for age in separate linear mixed
effects models for each facility controlling only for subject identity
and number of biomarkers (and site for the laboratory model), that
is, without accounting for age x facility interaction. Age slopes
were much steeper at the laboratories than at Ngamba (0.24
compared to 0.18; see Table 3 for age slopes from each model).

We next examined sex differences in dysregulation in
sanctuary-living and laboratory-living chimpanzees, conducting
these analyses separately for each population (Supplementary
Fig. S4; Fig. 2; Supplementary Table S4). Consistent with the
above results, the age effect was positive in the sanctuary base

model [£ =0.18; P < 0.01], indicating that Dy increased with age.
Adding sex improved model fit for the sanctuary model [N = 231
datapoints from females and 161 from males; y*=6.72, df =1,
P =0.01], showing that, across ages, Dy was lower in males than
females. However, adding the interaction between age x sex did
not further improve model fit [? = 2.31, df = 1, P = 0.13], indicat-
ing that age-related increase in Dy was not different for males
versus females. The results for the laboratory population paral-
leled the results from the sanctuary. There was also a positive
age effect [£ = 0.24; P <0.001]. Model fit was similarly improved
with the inclusion of sex [N = 2015 datapoints from females and
1336 from males; y*>=4.41, df =1, P=0.04], with lower Dy in
males, and inclusion of the age x sex interaction similarly did
not improve fit [y?=0.87, df =1, P=0.35]. For each sex, we
compared the effect of age on Dy in sanctuary versus laboratory
chimpanzees by extracting the standard effect coefficient for age
in separate models for males and females at each facility (with-
out controlling for potential age x sex interactions). While age
slopes were similar for males of both groups, females at the lab-
oratories exhibited steeper slopes compared to those at Ngamba
(see Table 3 for age slopes from each model).

We finally explored whether dysregulation varied by body
system, again testing this separately in the two populations
(Supplementary Fig. S5; Fig. 3; Supplementary Table S5). We
removed cardiometabolic biomarkers in these analyses, as
they had a disproportionately low sample size compared to
other systems across sites (see supplemental information). In
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Figure 1. Age-related change in Dy, split by facility. Predicted values are estimates of Dy (log-transformed and z-scored within each site) from model accounting

for subject identity, age, facility, age x facility and number of biomarkers. Lines indicate linear fit; ribbons indicate 95% confidence intervals. See Supplementary

Fig. S3 for raw dysregulation scores, which increase in both groups
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” Table 3. Standardized age slopes (95% confidence interval) calculated separately by facility, sex and body system

Sanctuary Laboratories

Facility models 0.18 (-0.01, 0.30) 0.24 (0.21, 0.28)
Sex models

Females 0.13 (-0.12, 0.26) 0.21 (0.17, 0.26)

Males 0.28 (0.11, 0.41) 0.27 (0.20, 0.34)
Body system models

Circulatory system -0.02 (-0.16, 0.10) 0.06 (0.02, 0.11)

Liver and renal system 0.18 (0.05, 0.30) 0.18 (0.14, 0.22)

Immune system 0.13 (0.02, 0.23) —0.05 (-0.09, —0.01)

Cardiometabolic system 0.33 (0.06, 0.61) -0.04 (-0.30, 0.23)
Supplemental facility models

Full laboratory age range NA 0.24 (0.21, 0.28)

Pooled reference 0.03 (-0.12,0.12) 0.19 (0.15, 0.23)

Common biomarkers 0.16 (0.02, 0.28) 0.30 (0.26, 0.34)

Alternative overweight cutoff 0.17 (-0.01, 0.28) 0.23 (0.20, 0.27)

Age slopes are standard effect coefficients for age (z-scored within each site) from models controlling for subject identity and number of biomarkers (and site for
laboratory models). Unlike in the main analysis, models were run separately for each facility, sex (for each facility) and body system (for each facility) to allow
for comparison of age effects on dysregulation between and within datasets. Facility, sex and body system models used the main dataset. Supplemental mod-

els used different datasets for each analysis, which are described in more detail in the supplemental information. Bolded slopes were significantly different

from zero.
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Figure 2. Age-related change in Dy, split by sex at the (A) sanctuary and (B) laboratories. Predicted values are estimates of Dy (log-transformed and z-scored
within each site) from models accounting for subject identity, age, sex, age x sex and number of biomarkers (and site for the laboratory model). Lines indicate linear

fit; ribbons indicate 95% confidence intervals. See Supplementary Fig. S4 for raw dysregulation scores

the sanctuary base model, dysregulation did not appreciably from liver and renal, and 384 from immune; y?>=11.55, df =2,
change with age [£=0.01; P=0.71]. Including body system did P <0.01]. Adding the interaction between age x body system did
improve fit [N = 375 datapoints from the circulatory system, 384 not further improve fit [2=3.76, df = 2, P=0.15]: there was no
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Figure 3. Age-related change in Dy, split by body system at the (A) sanctuary and (B) laboratories. Predicted values are estimates of Dy (log-transformed and

z-scored within each site) from models accounting for subject identity, age, body system, age x body system and number of biomarkers (and site for the laboratory

model). Lines indicate linear fit; ribbons indicate 95% confidence intervals. Cardiometabolic biomarkers were removed from body system analysis due to low

sample size. See Supplementary Fig. S5 for raw dysregulation scores, which increase across body systems at Ngamba

difference in effect of Dy across body systems. We used the same
approach for the laboratory data. Here, dysregulation increased
with age in the base model for laboratory chimpanzees [8 = 0.09;
P < 0.001]. Model fit was improved with the addition of both body
system [N = 2725 datapoints from the circulatory system, 3104
from liver and renal, and 2292 from immune; 2= 50.71, df = 2,
p <0.001], as well as and the inclusion of an age x body system
interaction [y*=91.16, df = 2, P < 0.001]. Post-hoc tests showed
that dysregulation in the laboratory population increased with
age faster for circulatory than immune (P <0.001) biomarkers;
and faster for liver and renal than both immune (P<0.001)
and circulatory (P <0.001) markers. For each body system, we
compared the effect of age on Dy in sanctuary versus laboratory
chimpanzees by extracting the standard effect coefficient for age
in separate models for the circulatory, liver and renal, immune
and cardiometabolic systems at each facility (without controlling
for potential age x body system interactions). While we excluded
cardiometabolic biomarkers in our main analysis due to unequal
sample size, we were able to calculate age effects in system-
specific models (though note the extremely large confidence
intervals). The circulatory slope was steeper at the laborato-
ries; the immune and cardiometabolic slopes were steeper at
Ngamba; and the liver and renal slope was the same at both
facilities (see Table 3 for age slopes from each model).

We conducted several additional analyses to check the robust-
ness of these results. These yielded similar results as our primary
facility analysis (see supplemental information for all details

of these analyses). First, the analysis using the full age range
from the laboratories confirmed our primary finding in show-
ing higher dysregulation in the laboratory than the sanctuary,
as well as steeper age-related change at the laboratories (with
the same age-related slope for the laboratory sample as in the
truncated dataset). The analyses using a pooled reference sam-
ple or only the common biomarkers across sites did not find a
significant effect of facility, but both showed the same key inter-
action between age x facility, such that laboratory chimpanzees
exhibited steeper increases in dysregulation with age compared
to the sanctuary. Finally, we confirmed that our selection of a
healthy (non-obese) reference sample was not too conservative
by checking patterns using the upper quintile (top 20%) of sex-
specific weight measurements as an overweight cutoff and found
largely similar results to those reported in the main analyses.

DISCUSSION

In this study, we asked whether physiological dysregulation,
indexed by Mahalanobis distance, Dy, differs based on living con-
ditions in chimpanzees. We found that, relative to a within-group
baseline, wild-born, semi-free-ranging chimpanzees exhibited
overall lower dysregulation, and slower rates of age-associated
increase, compared to captive chimpanzees living in laborato-
ries. Our results extend prior findings of improved health among
chimpanzees living in African sanctuaries compared with those
in typical captive environments [12, 39, 40]. Chimpanzees in
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sanctuaries experience several notable lifestyle differences from
conventional laboratory settings: large, forested areas that pro-
mote physical activity, diets comprised primarily of plant mate-
rial, and large, social groups. Thus, our findings support an
emerging literature that sedentary lifestyles and processed diets
contribute to unhealthy aging patterns not only in humans but in
our closest evolutionary relatives.

African sanctuaries are an interesting test case that allows
us to separate the particular lifestyle factors that approximate
the chimpanzees’ natural environment, such as diet composi-
tion and physical activity, from others that are more similar to
captivity. Sanctuary chimpanzees receive routine medical care
including preventative vaccination and treatment of illness and
injury, mitigating risks of infectious disease likely to be experi-
enced in the wild. For example, two recent studies revealed a vast
majority of identified viruses in African sanctuary chimpanzees
to be apathogenic [41, 42]. Furthermore, chimpanzees at African
sanctuaries are buffered from the experience of resource short-
ages, unlike wild chimpanzees, as sanctuary-living chimpanzees
receive some food provisioning in addition to the foods they can
eat in their forest enclosures. Additionally, females are on hor-
monal contraception to prevent pregnancy [36], limiting poten-
tial influences of gestation and lactation on energetic costs and
immune function. Thus, while we can determine that some fea-
tures of the natural environment promote healthy aging in chim-
panzees, our results do not allow us to extrapolate whether wild
chimpanzees would experience faster or slower rates of physi-
ological aging than the populations in the current study. While
wild chimpanzees notably experience higher rates of mortality
than captive chimpanzees across adulthood [52], rates of mor-
tality in African sanctuary populations are generally very low [53].
We also caution that these different living contexts may be dif-
ferently affected by survival bias and experience differing causes
of mortality.

As in chimpanzees, human subsistence populations exhibit
higher mortality but lower rates of degenerative disease than
industrialized populations (i.e. improved cardiometabolic health,
physical function, and cognitive health and slower epigenetic
aging) [5, 6, 10, 54-56], supporting the hypothesis that seden-
tism and high-calorie diets are critical factors that affect healthy
aging. However, in the one subsistence population for which it
has been assessed, Tsimane forager-horticulturalists, physiolog-
ical dysregulation proceeds slightly faster than in industrialized
populations [9]. This highlights the need for additional compara-
tive research across phylogeny and living conditions to parse the
effect of specific lifestyle factors on primate aging.

Sanctuary chimpanzees in this study maintained a moderate
rate of dysregulation relative to published scores for other pri-
mates, including humans. Age slopes at the laboratories (0.24)

were similar to prior reports from captive chimpanzees (0.26)
[24], while sanctuary slopes were lower (0.18). Slight differences
in the slopes we obtained from the laboratory samples in the
Primate Aging Database compared with this prior study were
likely due to our selection of a different reference sample, one
that is slightly older (15-20 years) to better represent the age at
which growth is complete [52], and which excluded overweight
individuals. Age slopes in sanctuary chimpanzees were only
slightly higher than those of US humans (0.14) and the Tsimane
(0.17) [9], consistent with chimpanzees’ moderately faster
pace of life history compared to humans [25, 26]. However, it is
important to note that one plausible explanation for this could be
that our sample only included chimpanzees up to 38 years old.
While this age range exceeds the median adult lifespan of chim-
panzees, it does not represent the full lifespan experienced by
this species, which can live past the age of 60 years [52]. Indeed,
some human studies have documented exponential increases
in dysregulation during old age [17, 19-21]. While we found no
such exponential increase within the laboratory sample—which
included older chimpanzees up to 58.25—this sample may be
impacted by a survival bias, if only the healthiest individuals lived
long enough to be present in the dataset at the oldest ages. We
note that such a survivorship bias could not explain patterns in
the sanctuary data, as none of the individuals in the sample died
during this range.

We also identified a sex difference in dysregulation in both
laboratory and sanctuary chimpanzees. Specifically, males had
overall lower dysregulation scores than females in both popu-
lations, but their progression was no faster than females with
aging. While a male—female health-survival paradox is robust for
some human health indices [27], sex differences in physiologi-
cal dysregulation are ambiguous in humans [28, 29] and other
primates [24]. Our results are similar to those of Dansereau and
colleagues, where dysregulation was overall higher in females,
though one of two samples in their analysis also showed a faster
age increase in dysregulation among males, which we did not
detect in the current analyses. More broadly, though female
chimpanzees show a reliable survival advantage [57, 58], evi-
dence for a male health advantage is generally more equivocal
[45, 59]. For instance, females in captivity exhibit a higher inci-
dence of metabolic syndrome, including obesity and relatedly
high blood pressure, whereas males are more often affected by
myocardial fibrosis [51, 59].

Our system-by-system analyses also suggest that system-
specific aging in chimpanzees differs based on living conditions.
While dysregulation of the circulatory system progressed more
rapidly in laboratory chimpanzees, mirroring patterns of global
D, dysregulation of the immune and cardiometabolic systems
increased faster at the sanctuary. As mentioned above, both
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sanctuary and laboratory chimpanzees received veterinary care
during the period of biomarker collection and, therefore, would
have faced relatively low pathogen loads relative to wild adult
chimpanzees. However, these groups may have experienced
important differences in their prior history of infection. Most lab-
oratory apes in this study were likely born on-site and, therefore,
would have experienced similar environments throughout their
lives (although individual housing history is unknown, and some
laboratory chimpanzees born before 1973 could have been wild-
caught) [60]. African sanctuary chimpanzees, on the other hand,
are normally born into relatively high pathogen environments in
the wild, and many are also victims of the bushmeat and pet
trade before arrival at a sanctuary, where crude conditions could
have exposed them to diseases. Other early influences of wild-
born animals (e.g. energetic constraints during gestation and
lactation) may also set the pace of aging. As early life adversity
has long-lasting effects on the aging process across humans and
other animals (e.g. on dysregulation of the HPA axis [61] and
lifespan [62]), an important next step would be to examine how
these earlier experiences influence aging.

One notable feature of our results is the apparently non-
positive age slopes observed for some body systems. While neu-
tral slopes have been observed in system-by-system studies of
humans, as well (e.g. lipids [23]), this is nonetheless a surprising
result. One possibility is that this stems from within-individual
shifts in dysregulation scores that were influenced by lifestyle
interventions. Unlike in the wild, captive apes are fed controlled
diets, which are increasingly regulated to manage their weight
and associated cardiovascular health in response to indications
that these chimpanzees have emerging health problems [36,
63, 64]. This is not dissimilar to diet and exercise interventions
implemented in industrialized human populations. Along these
lines, total cholesterol declined with age in one of the labora-
tories examined in this study, suggesting that at least by some
metrics, they may be getting healthier over time [12]. While it is
not possible for us to directly assess why some metrics of health
may improve with age, it does raise the possibility that diet or
lifestyle interventions can alter trajectories of physiological dys-
regulation in primates.

Finally, because lifestyle affected not just the magnitude of
dysregulation, but the importance of particular systems in driv-
ing global dysregulation, this does suggest that dysregulation
scores are not completely insensitive to biomarker selection.
In smaller biomarker datasets, it is important to investigate the
possibility of biases in biomarker composition between sam-
ples. For example, higher dysregulation of the immune and car-
diometabolic systems at Ngamba could reflect the inclusion of
unique targeted biomarkers (e.g. measures of inflammation and
body fat that are not present in the Primate Aging Database).
However, our global results were robust to the use of a smaller

set of biomarkers common to each population, and we also
found that no one biomarker disproportionately contributed to
our results. As such, our overall results are consistent with the
complex systems theory of aging, in which integrated, resilient
networks explain organismal aging more powerfully than do indi-
vidual biomarkers [14-16].

CONCLUSIONS AND IMPLICATIONS

Age-related increases of physiological dysregulation in both
chimpanzee groups were more similar to current data on
humans than to those from other primate species [9, 24]—that
is, lower and less variable. This suggests that within-species
constraints of Dy may extend beyond humans and more gen-
erally accords with prior findings that aging parameters are
phylogenetically conserved [11, 65]. Concurrently, sanctuary
chimpanzees showed slower global rates of aging than labora-
tory chimpanzees, despite experiencing faster dysregulation of
several body systems. This supports the idea that lifestyle effects
on the human healthspan [2, 6] are conserved from deeper in
our evolutionary history. It is also consistent with accumulating
evidence that animals can show remarkable resilience to early
life adversity [66—68]. On the whole, these findings bolster semi-
free-ranging chimpanzees as a valuable evolutionarily model for
healthy human aging.

SUPPLEMENTARY DATA

Supplementary data is available at EMPH online.
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