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The relationship between food availability and metabolic physiology was
studied in groups of free-ranging baboons (Papio spp.) living in the Amboseli
National Park and the Masai Mara National Reserve of Kenya. Three groups
subsisted entirely on natural forage, while two other groups lived near tour-
ist facilities and often consumed food wastes from these lodges. The refuse
provided a very accessible food source with relatively high caloric density.
Consumption of the refuse was associated with reduced locomotion. Sexu-
ally mature individuals from all five groups were sedated surreptitiously in
the early morning and blood samples were collected. Compared to animals
foraging exclusively in the wild, animals that supplemented their diet with
the refuse items had two- to threefold elevations in serum insulin concen-
trations, as well as increased total cholesterol (C), HDL-C, and VLDL+LDL-
C levels. No sex differences in physiological measures were observed except
in body mass. Elevated serum insulin, and cholesterol and lipoprotein con-
centrations influence the development of cardiovascular disease and have
been shown to be subject to dietary manipulation and exercise under con-
trolled conditions. The present results suggest potentially deleterious ef-
fects of a highly accessible, calorically dense food source, and associated
reduction of physical activity for baboons living in an otherwise natural en-
vironment. Am. J. Primatol. 57:13-19, 2002.  © 2002 Wiley-Liss, Inc.
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INTRODUCTION

Eating habits and physical activity have large effects on the maintenance of
health or progression of disease. Diets that elevate serum cholesterol increase
the development of atherosclerosis and coronary heart disease (CHD) [McGill,
1979]. Exercise can improve insulin sensitivity and reduce insulin levels, which
will reduce the risk of developing diabetes mellitus, hypertension, and heart dis-
ease [Ginsberg, 2000]. Hyperinsulinemia may exacerbate the deleterious effects
of elevated cholesterol by further increasing cholesterol synthesis, altering the
lipoprotein profile, and stimulating cell proliferation in the arterial wall [Stout,
1985; but see also Jarrett, 1988]. Physical inactivity, social stress, and other fac-
tors also contribute to the development of insulin resistance and cardiovascular
disease [Walker et al., 1999; van Baak & Borghouts, 2000; Winston, 1988].

The effects of diet and reduced physical activity have been investigated in a
variety of animal models of human disease in controlled conditions. Numerous
experimental studies with captive nonhuman primates have found a significant
correlation between obesity and reduced physical activity, and between plasma
lipoproteins and atherosclerosis [McGill et al., 1981b]. In contrast, the effects of
diet and activity on lipid measures or obesity in nonhuman primates in self-
selecting situations, analogous to those in humans, are not comparably docu-
mented. In this report we describe the results of measurements from two groups
of baboons (hereafter referred to as “lodge groups”), from two different locales,
that consumed a mixed diet (some of which contained refuse items) and adopted
a relatively sedentary lifestyle. In each locale, these animals were contrasted
with other groups living in adjacent ranges whose diet and behavior were more
typical of wild baboons (referred to as “wild-foraging groups”).

METHODS
Sites and Subjects

Data were collected from June through September, the dry season, at two
study sites: Amboseli National Park and Masai Mara National Reserve, both in
Kenya. The baboons at both sites had been extensively studied previously and
became well habituated to observers. Study groups included ones that were en-
tirely wild-foraging and others that were eating a diet derived principally from
refuse at tourist lodges. A variety of behavioral and endocrinological data on
these group have been reported (e.g., Amboseli [Altmann et al., 1993, 1996;
Altmann & Muruthi, 1988; Muruthi et al., 1991], and Masai Mara [Sapolsky,
1986; Sapolsky and Mott, 1987]).

In Amboseli, the 35 female and 29 male subjects (Papio cynocephalus) were
members of three study groups: two completely wild-foraging and one lodge group.
The females were at least 40 months of age, while the males were at least 96
months old. Late-gestational or nursing females were excluded. In the Masai Mara,
a site where research and detailed demographic records have focused primarily on
males, 30 male subjects (Papio anubis) were studied from two social groups: one
completely wild-foraging and one lodge group. The wild-foraging groups subsist
entirely on a natural diet that is almost entirely vegetarian, consisting primarily
of grass blades and corms, various parts of Acacia trees, shrubs, and tubers. Con-
siderable time and locomotion are required on a daily basis for obtaining and ex-
tracting these foods. The lodge groups relied predominantly on food waste that is
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available in a concentrated supply throughout the year from a nearby lodge’s refuse
dump. As a result, they travel only a third of the distance, spend less than half the
time feeding compared to the wild-feeding groups, and are larger and fatter
[Altmann & Muruthi, 1988; Muruthi et al., 1991; Altmann et al., 1993]. Nonethe-
less, estimated daily energy intake in the wild groups did not differ significantly
from those of the lodge group for Amboseli females, the one class of individuals for
which such comparative data are available [Muruthi et al., 1991].

Field Methods

Individuals were anesthetized with phencyclidine HCI (approximately 2 mg/
kg/body weight) in the Mara, and Telazol® (tiletamine hydrochloride and
zolazepam; Fort Dodge Laboratories, Inc., Fort Dodge, IA) in Amboseli, using
injection by a syringe propelled from a blowpipe at less than 10 m. Both are
dissociative anesthetics, with similar mechanisms of action at glutamatergic re-
ceptors. Telezol® was not yet available when the data were collected in the Mara,
and was used for the more recent Amboseli studies because of tighter regulatory
restrictions on access to phencyclidine. Unpublished data from the Mara popula-
tion indicate no change in the endpoints measured as a result of anesthetic expo-
sure. To preclude anticipatory stress or loss of habituation, animals were darted
only when their backs were turned. To control for diurnal variability in physi-
ological variables, darting was done as early as possible— only between 0700
and 1000 hr in Mara, and between 0730 and 1030 hr in Amboseli. Animals had
typically eaten some amount during that time period, with the pattern of eating
being similar at the two field sites. Thus, insulin data most conservatively repre-
sent “random” rather than “fasted” levels.

Within 15 min of darting, blood samples were collected and each animal was
weighed to the nearest 0.1 kg. In Amboseli, other morphometric measures were
taken, and fatness was also measured for females through the use of labeled
water [methods in Altmann et al., 1993].

Sample Handling and Laboratory Methods

All blood samples were put on ice immediately after collection. They were
centrifuged and serum was frozen within 1 hr.

Insulin was measured by radioimmunoassay (Cambridge Medical Technol-
ogy, Billerica, MA) and glucose was measured by the glucose oxidase method at
the Wisconsin Regional Primate Research Center (J.W.K.).

Analysis of lipid levels for the Amboseli baboons was conducted at Stanford
University (M.L.S.). Plasma total cholesterol was measured enzymatically. HDL-
cholesterol was measured by dextran sulfate-magnesium precipitation [Warnick
et al., 1982], followed by enzymatic determination of cholesterol. Levels of
VLDL+LDL-cholesterol (VLDL+LDL-C) were calculated as the difference between
total cholesterol and HDL-C. Lipids for the Masai Mara baboons were similarly
measured at the University of Texas Health Science Center at San Antonio
(G.E.M.). Total cholesterol and HDL-cholesterol (HDL-C) were measured enzy-
matically [Allain et al., 1974], the latter after precipitation of VLDL+LDL-C with
heparin-manganese [Mott et al., 1982]. VLDL+LDC-C was calculated as above.
Apolipoproteins A-I and B were quantitated by electroimmunoassay [Mott et al.,
1982]. Lipid measurements at both laboratories were consistently within speci-
fied limits as monitored by the Centers for Disease Control National Heart, Lung
and Blood Institute Lipid Standardization Program.
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TABLE I. Serum Insulin and Lipoprotein Concentrations by Diet Group for Female
Baboons, Amboseli National Park

Wild-foraging groups Lodge group
Measurement (n=14) (n=11) P*
Insulin (UU/mL) 21 + 2° 72 £ 11 <0.001
Glucose (mg/dL) 72 £ 4 79 +5 NS
Total cholesterol (mg/dL) 111 + 10 128 + 9 NS
HDL-C (mg/dL) 49 + 4 77+ 9 0.005
VLDL-C plus LDL-C (mg/dL) 52 + 7 47 £ 7 NS
Body mass (kg) 10.6 £ 0.6 152 + 1.4 0.004

“Indicated probabilities are based on t-tests with 23 degrees of freedom.
"Mean + SEM.
NS, not significant (P > 0.1).

Data were evaluated by Student’s #-tests and Pearson’s product moment co-
efficient of correlation with subsequent ¢-tests.

RESULTS
Amboseli

Lodge group members of both sexes had approximately threefold higher in-
sulin (IRI) levels than the baboons in the wild-foraging groups (Tables I and II).
These animals also had higher HDL-C, and the lodge males had elevated total
cholesterol levels. Lodge females were heavier than their fully wild-foraging coun-
terparts (Table I), but male body mass did not differ significantly between forag-
ing conditions (Table II).

Body mass was significantly correlated with age within each sex x diet group
(0.56 < r < 0.82, P < 0.01), but diet groups did not differ significantly in age.
There were no statistically significant sex differences in insulin or metabolite
measures.

Masai Mara

Insulin (IRI) concentration was twofold higher in the lodge group than in the
wild-foraging group (Table III). Total cholesterol, VLDL+LDL-C, and HDL-C were
higher in the lodge group than in the fully wild-foraging group. Across both groups,
Apo B was correlated with VLDL+LDL-C (r = 0.87, P < 0.01), and Apo A-I corre-
lated with HDL-C (r = 0.61, P < 0.01), as expected.

TABLE II. Serum Insulin and Lipoprotein Concentrations by Diet Group for Male
Baboons, Amboseli National Park

Wild-foraging groups Lodge group
Measurement (n =28) (n =22) P?
Insulin (WU/mL) 22 + 4 62 + 18 0.02
Glucose (mg/dL) 72 + 3 81 +4 NS
Total cholesterol (mg/dL) 89 £ 6 123 £ 5 <0.001
HDL-C (mg/dL) 49 + 4 73 4 <0.001
VLDL-C plus LDL-C (mg/dL) 40 + 4 50 + 4 0.007
Body mass (kg) 20.6 + 1.3 242 + 2.2 NS

“Indicated probabilities are based on t-tests with 49 degrees of freedom.
"Mean + SEM.
NS, not significant (P > 0.1).
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TABLE III. Serum Insulin and Lipoprotein Concentrations by Diet Group for Male
Baboons, Masai Mara National Reserve

Wild-foraging groups Lodge group
Measurement (n=19) n=9) p?
Insulin (UU/mL) 32 + 6 69 + 16 0.01
Glucose (mg/dL) 52 £ 04 50 £ 0.4 NS
Total cholesterol (mg/dL) 66 + 3 87 + 17 <0.03
HDL-C (mg/dL) 38 +3 48 + 3 <0.06
VLDL-C plus LDL-C (mg/dL) 28 £ 1 39 +6 <0.02
Apo A-1 (mg/dL) 72 5 80 + 3 0.10
Apo B (mg/dL) 22 1 27 £ 3 <0.06
Body mass (kg) 26.5 £ 0.8 28.1 + 1.2 NS

“Indicated probabilities are based on t-tests with 26 degrees of freedom except for body mass, where df = 25
and IRI where df = 28.

"Mean + SEM.

NS, not significant (P > 0.1).

DISCUSSION

Although the effects of food availability and reduced activity have been in-
vestigated in captive animal models of human metabolic disorders, these studies
usually involved conditions beyond the animals’ control. In this study voluntary
differences in eating patterns and lifestyle were associated with elevated serum
insulin and cholesterol levels in the lodge groups compared to wild-foraging ba-
boons. Lodge groups ate fresh refuse intensively and spent less time traveling
than completely wild-foraging groups. The differences in metabolic measures be-
tween diet groups within each site were similar. The higher lipid values at
Amboseli compared to Masai Mara may be due to different activity levels, amounts
of refuse consumed, or differences in the subspecies at each site— possibilities
that cannot be determined in the current investigation.

Elevated insulin concentration can result from increased adiposity or reduced
physical activity [Bjorntorp, 1976; Horton, 1986; Walker et al., 1999; van Baak &
Borghouts, 2000]. Among the Amboseli animals, in which measures of fatness
were obtained, lodge females weighed more than the wild-foraging ones, had
higher body-mass index and greater skinfold values, and higher percentage of
body fat as measured by labeled water [Altmann et al., 1993]. Older lodge fe-
males were strikingly obese compared to age peers in wild groups. However, their
fatness levels were similar to those in well-provisioned, group-housed captive
animals, and these animals were considerably leaner than singly-housed captive
animals with richer diets and lower activity levels [Altmann et al., 1993]. The
relative physical inactivity in the lodge group might have shifted body composi-
tion from lean tissue to fat. Although lodge females were heavier and fatter than
wild-foraging ones, adult males did not differ in body mass between diet groups.
One possible explanation is that females had resided their whole lives in the
same groups and, therefore, with the same diet conditions, whereas adult males
probably immigrated into the study groups, and potentially the diet conditions,
during or after adolescence. Lower levels of physical activity have been docu-
mented previously for the lodge group in Amboseli [Altmann & Muruthi, 1988;
Muruthi et al., 1991]. Similar observations have been made for baboons at Gilgil,
Kenya [Forthman-Quick & Demment, 1988].

The differences among groups probably were not attributable to genetic dif-
ferences; at each site lodge and wild-foraging groups form a single genetic popu-
lation, have adjacent ranges, and males transfer between the two types of groups.
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Therefore, the changes in cholesterol profiles in the lodge groups compared to
the males of the wild-foraging groups are likely due to diet and activity levels.
This increase in VLDL+LDL-C concentrations in lodge males, as well as the in-
crease in HDL-C in male and female lodge animals at both sites is typical of the
significant increase in HDL-C for baboons in captivity fed diets high in choles-
terol and saturated fats [McGill et al., 1981a]. The relative hyperinsulinemia of
the lodge groups also may have contributed to the differing cholesterol levels. Of
note, the insulin and cholesterol elevations in the lodge groups were not extreme,
as compared to captive primates on atherogenic diets.

ACKNOWLEDGMENTS

This work was supported by NIH grants RR00167, HL.27358 (J.W.K.), and
HL28972 (G.E.M.); the Harry Frank Guggenheim Foundation (R.M.S.); NSF IBN-
9985950 and its predecessors (J.A.), the Chicago Zoological Society (J.A.); and
USPHS-DK26678 (J.A.). For the Mara research, R.K. Kones provided excellent
technical assistance in the field. For contributions to the Amboseli fieldwork, we
are grateful to S.C. Alberts, R.S. Mututua, S.N. Sayialel, L. Share, and R.K.
Kones. The assistance of S.T. Baum and T.J. Flitsch in the RIA laboratory, and
C.M. Farley and B. Hesby in the lipid laboratory is gratefully acknowledged. The
Ministry of Tourism and Wildlife and the Office of the President, Republic of
Kenya, approved the field procedures. This is publication number 41-014 of the

Wisconsin Regional Primate Research Center.

REFERENCES

Allain CC, Poon LS, Chan CSG, Richmond
W, Fu PC. 1974. Enzymatic determination
of total serum cholesterol. Clin Chem
20:470-475.

Altmann J, Muruthi P. 1988. Differences in
daily life between semiprovisioned and
wild-feeding baboons. Am J Primatol 15:
213-221.

Altmann J, Schoeller D, Altmann SA, Muruthi
P, Sapolsky RM. 1993. Body size and fat-
ness of free-living baboons reflect food
availability and activity levels. Am J
Primatol 30:149-161.

Altmann J, Alberts SC, Haines SA, Dubach
J, Muruthi P, Coote T, Geffen E, Cheesman
DJ, Mututua RS, Saiyalel SN, Wayne RK,
Lacy RC, Bruford MW. 1996. Social struc-
ture predicts genetic structure in a wild
primate group. Proc Natl Acad Sci U S A
93:5797-5801.

Bjorntorp P. 1976. Effect of exercise and
physical training on carbohydrate and
lipid metabolism in man. Adv Cardiol
18:158-166.

Forthman-Quick DL, Demment MW. 1988.
Dynamics of exploitation: differential en-
ergetic adaptations of two groups of ba-
boons to recent human contact. In: Fa JE,
Southwick CH, editors. Ecology and behav-
ior of food-enhanced primate groups. New
York: Alan R. Liss. p 25-51.

Ginsberg HN. 2000. Insulin resistance and

cardiovascular disease. J Clin Invest 106:
453-458.

Horton ES. 1986. Exercise and physical
training: effects on insulin sensitivity and
glucose metabolism. Diabetes Metab Rev
2:1-117.

Jarrett RJ. 1988. Is insulin atherogenic?
Diabetologia 31:71-75.

McGill Jr HC. 1979. The relationship of di-
etary cholesterol to serum cholesterol con-
centration and to atherosclerosis in man.
Am J Clin Nutr 32:2664—-2702.

McGill Jr HC, McMahan CA, Kruski AW,
Kelley JL, Mott GE. 1981a. Responses of
serum lipoproteins to dietary cholesterol
and type of fat in the baboon. Arterioscle-
rosis 1:337-344.

McGill Jr HC, McMahan CA, Kruski AW,
Mott GE. 1981b. Relationship of lipo-
protein cholesterol concentrations to ex-
perimental atherosclerosis in baboons.
Arteriosclerosis 1:3—12.

Mott GE, McMahan CA, Kelley JL, Farley
CM, McGill Jr HC. 1982. Influence of
infant and juvenile diets on serum choles-
terol, lipoprotein cholesterol, and apolipo-
protein concentrations in juvenile baboons
(Papio sp.). Atherosclerosis 45:191-202.

Muruthi P, Altmann J, Altmann S. 1991.
Resource base, parity, and reproductive
condition affect females, feeding time
and nutrient intake within and between



Food Availability, Insulin, and Lipids / 19

groups of a baboon population. Oecologica
87:467-472.

Sapolsky RM. 1986. Stress-induced eleva-
tion of testosterone concentrations in high-
ranking baboons: role of catecholamines.
Endocrinology 118:1630-1635.

Sapolsky RM, Mott GE. 1987. Social sub-
ordinance in wild baboons is associated
with suppressed high density lipoprotein-
cholesterol concentrations: the possible
role of chronic social stress. Endocrinology
121:1605-1610.

Stout RW. 1985. Overview of the associa-
tion between insulin and atherosclerosis.
Metabolism 34(Suppl 1):7-12.

van Baak MA, Borghouts LB. 2000. Rela-

tionships with physical activity. Nutr Rev
58:516-S18.

Walker KZ, Piers LS, Putt RS, Jones JA,
O’Dea K. 1999. Effects of regular walking
on cardiovascular risk factors and body
composition in normoglycemic women and
women with type 2 diabetes. Diabetes
Care 22:555-561.

Warnick GR, Benderson J, Albers JdJ. 1982.
Dextran sulfate-Mg2+ precipitation for
quantitation of high-density-lipoprotein
cholesterol. Clin Chem 28:1379-1388.

Winston M. 1988. Heart disease: a review.
In: Frankle RT, Yang M-U, editors. Obe-
sity and weight control. Rockville, MD:
Aspen Publishers. p 393-409.



