PHILOSOPHICAL
TRANSACTIONS B

royalsocietypublishing.org/journal/rsth

)

Research

updates

Cite this article: Cole MF, Cantwell A,
Rukundo J, Ajarova L, Fernandez-Navarro S,
Atencia R, Rosati AG. 2020 Healthy
cardiovascular biomarkers across the lifespan in
wild-born chimpanzees (Pan troglodytes). Phil.
Trans. R. Soc. B 375: 20190609.
http://dx.doi.org/10.1098/rsth.2019.0609

Accepted: 18 May 2020

One contribution of 16 to a theme issue
‘Evolution of the primate ageing process’.

Subject Areas:
evolution, physiology, health and disease and
epidemiology

Keywords:
primates, health, ageing, lifestyle,
human evolution

Authors for correspondence:
Megan F. Cole

e-mail: megancole@unm.edu
Alexandra G. Rosati

e-mail: rosati@umich.edu

Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.
€.5092087.

THE ROYAL SOCIETY

PUBLISHING

Healthy cardiovascular biomarkers across
the lifespan in wild-born chimpanzees
(Pan troglodytes)

Megan F. Cole'3, Averill Cantwell!, Joshua Rukundo*, Lilly Ajarova*,
Sofia Fernandez-Navarro’, Rebeca Atencia® and Alexandra G. Rosati'2

"Department of Psychology, and 2Department of Anthropology, University of Michigan, Ann Arbor,
MI, USA

3Department of Anthropology, University of New Mexico, Albuquerque, NM, USA

“Chimpanzee Sanctuary and Wildlife Conservation Trust, Entebbe, Uganda

5Jane Goodall Institute Congo, Pointe Noire, Republic of Congo

MFC, 0000-0003-0847-6268; AGR, 0000-0002-6906-7807

Chimpanzees (Pan troglodytes) are a crucial model for understanding the
evolution of human health and longevity. Cardiovascular disease is a major
source of mortality during ageing in humans and therefore a key issue for
comparative research. Current data indicate that compared to humans,
chimpanzees have proatherogenic blood lipid profiles, an important risk
factor for cardiovascular disease in humans. However, most work to date on
chimpanzee lipids come from laboratory-living populations where lifestyles
diverge from a wild context. Here, we examined cardiovascular profiles in
chimpanzees living in African sanctuaries, who range semi-free in large
forested enclosures, consume a naturalistic diet, and generally experience con-
ditions more similar to a wild chimpanzee lifestyle. We measured blood lipids,
body weight and body fat in 75 sanctuary chimpanzees and compared them to
publicly available data from laboratory-living chimpanzees from the Primate
Aging Database. We found that semi-free-ranging chimpanzees exhibited
lower body weight and lower levels of lipids that are risk factors for human
cardiovascular disease, and that some of these disparities increased with
age. Our findings support the hypothesis that lifestyle can shape health indices
in chimpanzees, similar to effects observed across human populations, and
contribute to an emerging understanding of human cardiovascular health in
an evolutionary context.

This article is part of the theme issue ‘Evolution of the primate ageing
process’.

1. Introduction

Cardiovascular disease, including disorders of the heart and blood vessels, is a
major cause of human mortality, especially for adults over 65 years [1]. Yet
increasing evidence indicates that high rates of cardiovascular disease, and par-
ticularly ischaemic heart disease, may be a relatively recent phenomenon in
human evolution associated with the transition to a sedentary lifestyle [2,3].
Within small-scale subsistence societies, even the elderly can maintain relatively
healthy cardiovascular profiles [4,5], suggesting cardiovascular disease may
stem in part from human bodies being poorly adapted to novel industrialized
environments [6,7]. Here, we test the hypothesis that the links between lifestyle,
ageing patterns and cardiovascular disease risk are conserved with other
primates by examining one of our closest living relatives, chimpanzees (Pan
troglodytes). In particular, we examined biomarkers of cardiovascular health
across the lifespan in chimpanzees living in African sanctuaries with species-
typical diets and ranging opportunities. We then compared these to publicly
available data on chimpanzees living in laboratories characterized by a more
processed diet and limited access to physical activity.

© 2020 The Author(s) Published by the Royal Society. All rights reserved.
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In humans, cardiovascular disease typically involves ather-
osclerosis, in which arteries become narrowed by the build-up
of plaque, restricting oxygenated blood flow to the heart and
brain and increasing the likelihood of a heart attack or stroke
[8]. Risk of plaque formation, and hence cardiovascular
disease, is increased by high levels of proatherogenic blood
lipids including cholesterol, triglycerides and especially
low-density lipoproteins (LDLs), but decreased by high con-
centrations of circulating high-density lipoproteins (HDLs)
[9,10]. High levels of proatherogenic blood lipids are often
comorbid with obesity, which can have independent negative
effects on cardiovascular health [11].

Cardiovascular disease is most prevalent among the
elderly, and as such, has been described as a ‘disease of
ageing’ [12]. Indeed, humans are characterized by an extremely
slow life-history relative to other animals [13], which suggests
that high rates of cardiovascular disease in later life might be
explained in part by our species’ extended lifespan. Yet
research in small-scale subsistence societies has shown that
humans can maintain excellent cardiovascular health into old
age. For example, healthy blood lipid profiles have been
reported across the lifespan in hunter—gatherer groups such
as the Hadza [5], as well as in forager-horticulturalists like
the Tsimane [4] and the Shuar [14]; cardiovascular disease is
also rare or absent in these populations. These patterns of
cardiovascular health have been attributed to high levels of
physical activity and healthy diets—key features of subsistence
lifestyles dependent on hunting, foraging or small-scale horti-
culture that characterize modern small-scale societies and also
typify a majority of human evolutionary history [15]. That indi-
viduals in these groups can often reach ages exceeding 70 years
without developing severe atherosclerosis [16] suggests that
the high risk of cardiovascular disease observed in post-indus-
trialized populations reflects an evolutionary mismatch rather
than an inevitable artefact of increased human longevity [6,7].

Other apes, such as chimpanzees, provide a valuable
comparative model for understanding the evolutionary history
of human health and ageing. Given that human risk for cardi-
ovascular disease may involve physiological pathways that
are conserved from our last common ancestor with chimpan-
zees [17], chimpanzees provide a crucial comparative test of
whether the sensitivity of blood lipids to lifestyle risk factors
is a shared trait. In addition to their close genetic similarity
to humans, chimpanzees are also very long-lived, with
some individuals surviving into their 50s or 60s in the wild
[18,19]. These shared life-history characteristics mean that
chimpanzees can elucidate whether age-related changes in
cardiovascular health are present in other long-lived species.
Chimpanzees are also an important model for understanding
cardiovascular health in particular because high concen-
trations of proatherogenic blood lipids are evidently not as
life-threatening among chimpanzees as they are among
humans. Although heart failure is the leading cause of death
in captive apes, it typically results from interstitial myocardial
fibrosis [17,20], which involves the accumulation of collagen
in the myocardium, rather than from atherosclerosis [21].
Elevated proatherogenic blood lipids do not appear to increase
risk of fibrosis or atherosclerosis in other apes, nor does this
risk increase appreciably with age [20] (though fibrotic
disease may be linked to obesity and ageing in gorillas [22]).
Therefore, chimpanzee data can illuminate age-related changes
in biomarkers of cardiac health independent of confounding
survivorship effects that can occur in humans [23].

Prior work indicates that captive apes exhibit very high
levels of proatherogenic blood lipids [24,25], in some cases
even higher than those seen in post-industrial human popu-
lations [26]. However, most data come from laboratory or zoo
populations that are often limited in their access to ranging
space and consume a diet consisting mainly of primate chow
[27] that is low in fat and simple carbohydrates, but contains
highly processed grains absent from a wild diet [28]. Accord-
ingly, captive chimpanzees typically have greater body
weight than wild conspecifics and many are obese [29,30].
Thus, the lipid profiles of captive chimpanzees may not be typi-
cal of the species but could rather reflect changes in lifestyle
analogous to those experienced by post-industrial human
populations. Indeed, dietary cholesterol and physical activity
levels are known to influence lipid profiles in humans [31,32]
and other primate species [33-35]. Furthermore, little work to
date has examined age-related change in these health bio-
markers in apes, so it is currently unclear if ageing patterns
seen in humans are shared with chimpanzees. Thus, studying
the trajectory of cardiovascular health across the lifespan in
apes living in more natural contexts can provide an integrative
understanding of the evolution of human cardiovascular dis-
ease, as well as inform captive welfare strategies in these
species [36-38].

In the current work, we assessed age-related trajectories
of cardiovascular health markers in wild-born chimpanzees
living in two African sanctuaries, and compared them to pre-
vious data from laboratory-living chimpanzees. In contrast
to laboratory populations, chimpanzees living in African
sanctuaries experience diets, activity levels and social con-
texts that are more similar to wild chimpanzee lifestyles
[39]. African sanctuaries meet the ‘top 10" suggestions for
the care of captive chimpanzees in terms of space, environ-
mental complexity and social groupings based on this
species’ wild behaviour [27], and sanctuary-living chimpanzees
exhibit species-typical patterns of behaviour, cognition and
physiology [40—42]. Yet, unlike in wild populations, blood col-
lection is possible during routine health exams. We used these
data to test whether (i) age-related changes and (ii) lifestyle
effects on body weight and blood lipid concentrations are
conserved across humans and chimpanzees. If so, we predicted
healthier cardiovascular profiles in sanctuary-living than
laboratory chimpanzees, especially during ageing.

We measured body weight and skinfold thickness and collected
blood samples from 75 chimpanzees during routine health
checks at Tchimpounga Chimpanzee Sanctuary in the Republic
of Congo (1 =25 chimpanzees) and Ngamba Island Chimpanzee
Sanctuary in Uganda (7=48 chimpanzees for all measures;
two additional individuals were assessed only for body weight).
Chimpanzees at Tchimpounga were assessed once, and all but
one chimpanzee at Ngamba were assessed annually across two
consecutive years. Our final sample for blood lipid measures
consisted of 37 males and 36 females ranging in age from 1 to 33
years (mean = 20.2 years). In addition, we collated up to 10 years
of historical body weight measurements from Ngamba.

All sanctuary chimpanzees at both sites were socially housed,
and the majority had semi-free-ranging access to large tracts of tro-
pical forest enclosures (1540 hectares). In addition to the wild
foods they could eat in the forests, individuals were supplemented



with a variety of species-appropriate food, including fruits and
vegetables, porridge and milk (primarily for infants), but not the
high-calorie chow characteristic of laboratory populations. Sanctu-
ary apes are primarily wild-born orphans mother-reared in the
wild for 1-3 years, although some individuals may have arrived
later after previously living in another sanctuary or a zoo setting,
and four individuals were born at the sanctuaries (contraception
failures). Upon arrival individuals are rapidly integrated into con-
specific groups at the sanctuary. We used age estimates made by
sanctuary veterinarians at arrival, validated by measurements of
body weight and dental emergence when available, following
prior work [43,44]. Many chimpanzees at Ngamba likely comprise
subspecies Pan troglodytes schweinfurthii, and many at Tchim-
pounga may comprise P. t. troglodytes, but detailed subspecies
information is unknown, and animals are not necessarily
confiscated in their place of origin.

All blood sample collection and morphometric measurements
occurred during routine health examinations performed by sanc-
tuary veterinarians. Body weight was measured using a scale,
and skinfold thickness was assessed using a Lange caliper [45] at
four locations (biceps, triceps, inguinal and subscapular). Skinfold
thickness is an index of subcutaneous fat, which correlates with
lipid levels and cardiovascular disease risk in humans [46]. This
approach provides a more direct measure of adiposity than body
weight alone and is feasible with sanctuary populations (unlike
more invasive dual energy X-ray absorptiometry). We repeated
all skinfold measurements for a subset of eight chimpanzees,
and intra-observer reliability was high (r=0.9). We conducted
rapid on-site diagnostics of total cholesterol, triglycerides, HDLs,
and LDLs using a portable Alere Cholestech LDX System, which
measures lipid concentrations in a small sample (40 pl) using enzy-
matic methodology (see electronic supplementary material for
assay details).

(b) Laboratory chimpanzee comparison dataset

We then extracted publicly available data on laboratory-living
chimpanzees from the Primate Aging Database (accessed
September 2019) [47]. This repository contains data from healthy,
non-experimental captive primates [30,48,49] including three US
laboratory chimpanzee populations: Alamogordo Primate Facility,
M.D. Anderson Cancer Center, and Yerkes National Primate
Research Center. We extracted data on age, sex, body weight,
total cholesterol, triglycerides, HDLs and LDLs as available. The
total dataset comprised 205 males and 266 females ranging in
age from 0 to 59.25 years (mean = 16.3 years); note that each time-
point did not necessarily include all relevant measurements. The
database categorized sites by housing status (indoors; outdoors;
or some outdoor access) and diet (only primate chow; or chow sup-
plemented with fruit and vegetables) but does not provide detailed
information on individual diets, reproductive status, parity or
cause of death. We expect laboratory chimpanzees to be primarily
subspecies P. t. verus but again did not have specific individual
data. Individuals in this sample approach 60 years, so it is unlikely
that this older cohort are second-generation laboratory chimpan-
zees; any differences from the sanctuary sample are therefore
unlikely to be due entirely to maternal effects.

(c) Statistical analyses and data availability

We analysed data with linear mixed models using the Imer func-
tion in R v. 3.6.1. Our general approach was to first construct a
base model with random effects of subject identity (to control for
unbalanced repeated measurements) and sex, and then test the sig-
nificance of fixed effects of subject’s age, facility (laboratory or
sanctuary), and an age X facility interaction in subsequent models
using likelihood ratio tests. Post hoc tests were then conducted
using the emtrends and emmeans functions to assess age-related
trends and pairwise comparisons. Additional analyses examined

variation between sites to test for more nuanced lifestyle effects
(see electronic supplementary material). We used age as a continu-
ous predictor but some figures depict age cohorts for ease of
interpretation (juveniles less than 15 years, adults 15-30 years,
and older adults over 30 [50]).

3. Results

We first addressed whether sanctuary-living and laboratory-
living chimpanzees differed in body weights (see figure 1a;
n =465 measurements from 75 sanctuary chimpanzees, 8652
measurements from 462 laboratory chimpanzees). As initial
inspection of the data suggested nonlinear age effects, we
added both age and age? in the second model, which improved
model fit [;(2 =12294.00, d.f. =2, p <0.0001]; post hoc compari-
sons showed that weight increased with age. We then added
facility (laboratory or sanctuary) in the third model, which
further improved fit [y =77.11, d.f. = 1, p < 0.0001]: sanctuary
chimpanzees had lower weight overall than laboratory chim-
panzees. We finally added the age X facility interaction, which
further improved fit [;(2 =101.08, d.f. =2, p <0.0001]; compari-
son of age trends revealed that weight increased more rapidly
with age in laboratory compared to sanctuary chimpanzees
[p <0.001]. In the full model, sex (males heavier than females),
facility, age and age X facility were all significant predictors (see
electronic supplementary material, table S1 for parameters).
We also ran the same basic analysis on the subset of data
including only adults, and again found that weight increased
more with age in laboratory chimpanzees (see figure 1b for
plot of estimated effects, and electronic supplementary
material for details).

We then confirmed that total body weight was a reasonable
proxy for adiposity using skinfold measurements from sanctu-
ary chimpanzees. We examined a summary skinfold score
(combining subscapular, inguinal, biceps and triceps measure-
ments; figure 1c), limiting analysis to 61 adult sanctuary
chimpanzees with complete data. The base model controlled
for subject, sex and age. Model comparisons showed that
individuals with heavier body weights had greater total
skinfold thickness [952=21.55, d.f.=1, p<0.0001]. Females
also had thicker skinfold measurements than males when
accounting for age and weight (see electronic supplementary
material, table S2). We found similar effects for each skinfold
measurement when analysed individually (see electronic sup-
plementary material). This indicates that lower weights in the
sanctuary populations likely reflect lower adiposity, not just
differences in body size across populations or subspecies.

We next addressed whether sanctuary-living and labora-
tory-living chimpanzees differed in their total cholesterol
(figure 2a; n = 120 measurements from 73 sanctuary chimpan-
zees, 5466 measurements from 462 laboratory chimpanzees). In
total, 1116 measurements (20.4% of the total) from laboratory
chimpanzees were above the adult human cardiovascular dis-
ease risk threshold of 240 mg dI™" [51], whereas only 2 (1.6%)
from sanctuary chimpanzees were. Total cholesterol surpris-
ingly decreased with age in this sample [y>=397.93, d.f.=1,
p <0.0001], and sanctuary chimpanzees had overall lower
cholesterol [ = 52.81,d.f. = 1, p < 0.0001]. Including age X facil-
ity also further improved fit [y*=7.43, d.f.=1, p<0.01l:
whereas sanctuaries did not show major age-related change,
laboratories showed a decline with age [p <0.01]. In the full
model, sex (males lower than females), age, facility and age X
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Figure 1. Body weight and adiposity. (a) Scatterplot of body weight, panelled by sex. Line indicates loess fit. (b) Estimates of age-related change in body weight in
adults. Ribbons indicate 95% confidence interval estimates from models accounting for individual identity, sex, age and facility, and are truncated at the age range for
each site. (c) Scatterplot of body weight by skinfold summary score in adult sanctuary chimpanzees, split by sex. Line indicates linear fit. (Online version in colour.)

facility were significant predictors (see electronic supple-
mentary material, table S3). As this pattern could be due to
higher dietary cholesterol in infants and juveniles, we con-
ducted the same analysis on only adults and found largely
similar results (see figure 2b and electronic supplementary
material). We also examined whether body weight differences
between sanctuary and laboratory populations could account
for this pattern by controlling for body weight (note that
body weights were available for only 55% of laboratory choles-
terol measurements), and again found largely similar results
(see electronic supplementary material).

We next examined triglycerides (see figure 2c; n =120
measurements from 73 sanctuary chimpanzees, 5240 mea-
surements from 462 laboratory chimpanzees). One hundred
and two measurements (1.9% of the total) from laboratory
chimpanzees were above the adult human cardiovascular dis-
ease risk threshold of 200 mg di™! [51], whereas none from
sanctuary chimpanzees were. Triglycerides increased with
age [y*=353.52, d.f.=1, p<0.0001]; sanctuary chimpanzees
had overall lower triglycerides [;(2 =12.11, d.f. =1, p<0.001];
and including age X facility improved fit [y*=6.90, d.f.=1,
p <0.01]: triglycerides increased more with age in the labora-
tory populations [p<0.01; see electronic supplementary
material, table S4]. Data checks controlling for body weight
and examining only adults indicated largely similar results

with two main differences: (i) males had lower triglycerides
only when controlling for body weight and when limiting
analyses to adults; and (ii) body weight predicted higher trigly-
cerides, but the inclusion of the age X facility interaction did
not improve fit when controlling for body weight, suggesting
that population differences in triglycerides may be due to
differences in body weights (see figure 2d and electronic
supplementary material).

We then examined HDLs and LDLs. While we had esti-
mates for both lipids for all the sanctuary chimpanzees in
our dataset (120 measurements from 73 chimpanzees), there
were fewer observations from laboratory chimpanzees and
all were from a single site with a restricted age range (216
measurements from 85 chimpanzees for HDLs; 206 from 85
chimpanzees for LDLs; maximum age of 37 years). An initial
comparison of HDLs (which are cardioprotective in humans)
showed that 34 measurements (15.7%) from laboratory chim-
panzees were below the healthy threshold indicative of risk
in adult humans of 40 mg di7! [51], and 16 (13.3%) were in
sanctuary chimpanzees. HDLs decreased with age [y*=9.44,
d.f. =1, p <0.01]; sanctuaries tended to have lower levels over-
all than laboratories [ZZ =3.57,d.f.=1, p=0.06]; and inclusion
of age X facility improved fit [y*=7.10, d.f. =2, p <0.05] with
greater declines in laboratories. There were similar findings
from the adult and weight-controlled samples (see figure 3a,b
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Figure 2. Total cholesterol and triglycerides. (a) Boxplots of total cholesterol in chimpanzees (adult human reference values: Hadza, 115 mg di™": Tsimane,
153 mg dI™"; Shuar, 153 mg dI™"; USA, 211 mq di™"; dashed line indicates human cardiac risk threshold: over 240 mg dI™"). (b) Estimates of age-related changes
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confidence interval estimates from model accounting for individual identity, sex, age and facility and are truncated at the age range represented for each site.
Human values reported in ref. [3] Hadza, [5]; Tsimane, [4]; Shuar, [14]; USA, [32]. Risk thresholds are from the National Cholesterol Education Program [51],

following Raichlen et al. [5]. (Online version in colour.)

and electronic supplementary material, table S5). Additionally,
total cholesterol to HDLs ratios, high values of which are used
as an index of cardiovascular disease risk in humans [10], were
lower in sanctuary chimpanzees (see electronic supplementary
material). High LDL is also a major cardiovascular disease risk
factor in humans, and 93 laboratory measurements (45.1%)
were above the adult human cardiovascular risk threshold of
150 mg dI™" [51], whereas only 1 (0.01%) was in sanctuary
chimpanzees. LDL levels decreased with age [y*=15.98,
d.f.=1, p<0.0001]; and sanctuaries had lower levels than lab-
oratories [;(2=100.13, d.f.=1, p<0.0001]; but there was no
improvement by including age X lifestyle [y*=1.14, d.f. =1,
p=0.29]. These findings generally held with additional
checks described above (see figure 3c,d and electronic
supplementary material, table S6). This indicates that there
were greater differences in LDLs than in HDLs across the
populations, with lower LDL levels in sanctuaries.

Our final set of analyses used information on diet and
housing context to examine how more nuanced lifestyle
characteristics impact body weights and blood lipids.
In addition to sanctuary chimpanzees categorized as semi-
free-ranging with plant-based diets, information provided
by the laboratories to the Primate Aging Database indicated
that the laboratory sample included three distinct lifestyle
categories: (i) only indoor access with chow diet; (ii) mixed
indoor/outdoor access with chow diet; and (iii) outdoor

access with chow diet supplemented by fruits and vegetables.
We examined how these lifestyle categories impacted body
weight, total cholesterol and triglycerides in adults (note
that all the HDL and LDL data came from the outdoors/
mixed diet laboratory population so we could not assess
those here). These analyses first confirmed that the sanctu-
aries generally exhibited lower lipid levels compared to the
laboratory populations, even when accounting for lifestyle
variation among laboratories. Second, laboratory chimpan-
zees living indoors had lower overall body weights and
lower slopes for age-related change than other laboratories,
which may reflect reduced muscle mass. Third, only the out-
doors/mixed diet laboratory population exhibited age-
related decreases in total cholesterol, likely driving the coun-
terintuitive finding that cholesterol declined with age. Finally,
there were greater age-related increases in triglycerides in the
two laboratory populations eating chow than in the labora-
tory population with outdoor access and a mixed diet (see
electronic supplementary material, table S7). A final analysis
comparing body weights, total cholesterol and triglycerides
across all five sites supported our general approach of collap-
sing the two sanctuary sites into a single lifestyle category, as
we found that the two sanctuary sites with similar lifestyles
exhibited similar cardiovascular profiles despite likely
comprising different subspecies, whereas laboratory chim-
panzees, who are likely the same subspecies, exhibited
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differential profiles based on lifestyle (see electronic
supplementary material, table S8).

4. Discussion

We assessed the impact of old age and lifestyle on chimpan-
zee cardiovascular profiles to understand evolutionary
processes shaping human and nonhuman ape cardiovascular
health. We found that wild-born, semi-free-ranging chimpan-
zees living in African sanctuaries had consistently lower
body weights as well as lower total cholesterol, triglycerides,
and LDL levels compared to laboratory populations. This
indicates that, rather than necessarily having higher levels
of proatherogenic blood lipids compared to humans, cardio-
vascular profiles in chimpanzees are influenced by lifestyle.
Chimpanzees with a plant-based diet and substantial oppor-
tunity for physical activity generally fell in healthy human
ranges, while laboratory chimpanzees more commonly fell
in the range indicative of cardiovascular disease risk for
humans, similar to sedentary people [24-26]. While veterin-
ary care and controlled diets experienced by the study
populations make direct comparisons challenging, our find-
ings support the hypothesis that lifestyle effects on
cardiovascular health are evolutionarily conserved across
chimpanzees and humans and thus were likely present in
our last common ancestor. More fine-grained data across

lifestyle contexts may reveal how these biomarkers are related
to future health and longevity in apes [17,22].

Unlike in humans, where biomarkers of cardiovascular dis-
ease risk increase during ageing, we found mixed evidence for
age-related change in chimpanzees. Body weight and triglycer-
ides increased during ageing in the laboratory populations, but
total cholesterol, HDLs and LDLs all unexpectedly decreased.
This decline may be related to a management intervention in
the laboratories, such as a change in diet, within the lifetime
of the oldest cohort. This would be consistent with the finding
that the decrease in cholesterol was driven by one site with the
lowest levels of triglycerides (reflecting relatively lower dietary
fat) among the laboratories. Unfortunately, detailed care and
feeding information was not included in the Primate Aging
Database, so we are not able to directly assess this. However,
because no other site actually showed significant increases in
cholesterol with age, our data are most consistent with the con-
clusion that age-related increases in total cholesterol are
specific to post-industrial human populations [3].

We further found that male chimpanzees exhibited lower
proatherogenic blood lipid levels and lower adiposity than
females across the lifespan. Body fat is also higher in human
women compared with men cross-culturally [3], as is preva-
lence of obesity in the post-industrial world [52]. This
similarity is likely due to the adaptive value of fat stores in
unpredictable environments [53] and the high energetic
demands of female reproduction [54]. By contrast, blood
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lipids are typically lower in women, although lipid levels tend
to increase after menopause [55] with the loss of estrogen [56].
However, because menopause is a derived human trait that
rarely if ever occurs in other primates [57], this cannot explain
the sex differences observed in the current study. Alternatively,
this finding may reflect an example of the male-female health-
survival paradox [58], which appears to have deep evolution-
ary roots [59]. In chimpanzees, females are reported to live
longer [18,19] and may be more prone to some illnesses,
although heart disease is more prevalent in males [20].

A major outstanding question from this work is why simi-
lar levels of adiposity and blood lipids result in differential
cardiovascular disease risk in chimpanzees and humans.
One possibility is that humans are more sensitive to or experi-
ence more extreme evolutionary mismatches [6,7],
particularly regarding diet and physical activity. Hunter—
gatherer diets are characterized by high-quality but difficult
to obtain foods such as fatty meat and carbohydrate-rich
honey [60], and as a result humans appear to have evolved
to fatten in times of food abundance [53]. Thus, high-calorie
post-industrial human diets often lead to obesity, especially
when paired with high rates of physical inactivity [61,62].
By contrast, even captive chimpanzees with nutrient-dense
diets exhibit low body fat relative to subsistence human
populations [63]. Humans may be further predisposed to
atherosclerosis due to genetic adaptations to increased con-
sumption of red meat in the recent past [64]. Finally, while
chimpanzees are adapted to short bursts of resistance activity
such as climbing or aggression [65], humans are thought to
be adapted to consistent moderate activity like walking to
facilitate wider ranging during foraging [66]. Human hearts
therefore maximize cardiac output during bipedal endurance
activity and have been proposed to show a greater response
to sedentism compared with other apes [65].

A final important consideration is the role of chronic
low-grade inflammation [67]. In post-industrialized human
populations, inflammation is often associated with obesity
and other risk factors of cardiovascular disease and is
additionally proposed to be directly involved in the patho-
genesis of atherosclerosis [68]. This may again be linked to
a mismatch between an adaptive pro-inflammatory response
and reduced pathogen exposure [69,70]. That some small-

1. Xu J, Murphy SL, Kochanek KD, Arias E. 2016
Mortality in the United States, 2015. NCHS Data

hunter-gatherers. Am. J. Hum. Biol. 29, €22919.
(doi:10.1002/ajhb.22919)

scale societies exhibit extremely low rates of cardiovascular

disease despite having high inflammatory biomarkers sup-
ports the hypothesis that a high parasite load may protect
against atherosclerosis in combination with healthy lipid pro-
files [70]. Current data suggest inflammation may not be
associated with ischaemic heart disease in other great apes
[20], but systematic, longitudinal studies are lacking.
Additional inflammatory biomarker data from naturalistic
chimpanzee populations living under greater pathogen
stress will help tease apart the links between ageing, lifestyle
and cardiac health across humans and other great apes.
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