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Effects of a Western-Type Diet on Plasma
Lipids and Other Cardiometabolic Risk
Factors in African Green Monkeys
(Chlorocebus aethiops sabaeus)

Matthew ] Jorgensen,* S Tyler Aycock,? Thomas B Clarkson,! and Jay R Kaplan'

Our goal was to assess a nonhuman primate diet that mimicked the Western-type diet of humans with regard to palatability
and the diet’s effects on plasma lipid concentrations and other cardiometabolic risk factors. We evaluated male (n = 8) and
female (n = 11) African green monkeys (vervets; Chlorocebus aethiops sabaeus) that initially were fed a standard diet. Each
cohort then was divided into 2 groups, which received either standard chow or the Western diet. Food consumption and fecal
quality were measured weekly. Body weight, waist circumference, and body-mass index were measured every 2 wk. CBC
and clinical chemistry analyses were performed at baseline and 4 wk after the diet change. Plasma lipid concentrations, total
cholesterol, HDL cholesterol, LDL cholesterol, triglycerides, glucose, insulin, and fructosamine were measured at baseline
and at 4, 8, and 12 wk after the diet change. Isoflavones were measured in the male monkeys at 6 wk after diet change, and
lipid particle size was measured in the female monkeys at the 12-wk point. Green monkeys readily ate the Western diet and
maintained baseline body weight and morphometric measures, with no adverse effects on fecal quality or clinical measures.
Total plasma cholesterol was higher in monkeys fed the Western diet compared with standard chow. Isoflavones were higher
in male monkeys fed standard chow compared with the Western diet, but lipid particle size did not differ by diet in female
monkeys. Our data indicate that the Western diet led to changes in various biomedical risk factors of green monkeys to be-

come similar to those of humans in the United States.

Almost all nonhuman primates used for biomedical
research are fed commercially prepared, biscuit diets com-
monly referred to as ‘monkey chow.” Although these diets
have some advantages—including widespread availability,
easy storage, high palatability, and low cost— they have
critical disadvantages for use in translational research. The
primary disadvantage of these diets is that they typically rely
on soy as the almost-exclusive source of protein. Soy protein
contains high quantities of isoflavones, often referred to as
phytoestrogens. The isoflavones of soy consist primarily of
genistein, daidzein, and glycetin—all of which are biologi-
cally active compounds with robust effects particularly on the
cardiovascular and reproductive systems. Studies at our own
institution have identified a variety of effects on the cardio-
vascular system of Old World monkeys. Specifically, reports
have shown that postmenopausal female macaques fed a diet
rich in soy proteins had fewer atherosclerotic plaques than did
control animals? and decreases in inflammatory markers.!4
Similar studies in male monkeys found a significant reduc-
tion in atherosclerotic plaque size when animals consumed
moderate amounts of dietary soy.! In addition, soy isoflavones
diminish the proliferative effects of mammalian estrogens,
whether produced endogenously or exogenously, on the breast
and endometrium.? Isoflavones reduce the rate of ovarian
follicle depletion in cynomolgus monkeys.? Furthermore,
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soy isoflavones increased the aggressive behavior of male
cynomolgus monkeys and reduced their affiliative behavior.!”

Previously, a group at our institution, in collaboration with
the Yerkes National Primate Research Center, compared plasma
concentrations of soy isoflavones in rhesus macaques fed typi-
cal monkey chow with those of macaques fed an experimental
diet in which the source of protein was primarily isolated soy
protein.!® Plasma concentrations of isoflavones were higher
among animals eating the usual monkey chow than in animals
fed a diet with a purified isolated soy protein that provided an
amount of total isoflavones that was equivalent to a human
consumption of 130 mg daily. From a translational point of
view, such plasma concentrations are of considerable concern,
given that the average isoflavone consumption in women in the
United States is strikingly lower, at 3.2 mg daily.!®

Several recent studies have emphasized the importance of
various aspects of diet when studying nonhuman primate mod-
els of human disease. These include the effect of a high-sugar,
high-fat diet on adiposity and cardiometabolic syndrome,’!2
the effect of carbohydrate levels on metabolism,® and the influ-
ence of maternal nutrient reduction on development of insulin
resistance.’

Because traditional monkey chow diets induce high plasma
concentrations of isoflavone and given the robust effects of iso-
flavones on nonhuman primates, we sought to develop a diet
comparable to that consumed by adults in the United States. We
reason that such a diet will increase the translational value of
studies addressing age and age-related chronic diseases. Here
we report our efforts to devise such a Western-type diet, how
the monkeys responded to the newly formulated diet, and the
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finding that the diet led to changes in various biomedical risk
factors, making them more like those of humans in the United
States.

Materials and Methods

Subjects. The subjects in this study consisted of 2 cohorts of
African green monkeys (vervets; Chlorocebus aethiops sabaeus):
8 males (at the start of the study: age, 4.2 to 10.8 y; weight, 5.12
t09.01 kg) and 11 females (age, 4.5 to 24.9 y; weight, 3.90 to 7.03
kg). There were initially 12 female monkeys, but one died during
the baseline period for reasons not associated with the study. All
animals were captive-born, of known age, mother-reared, and
were part of the Vervet Research Colony, a multigenerational
breeding colony of Caribbean-origin vervets housed at Wake
Forest Primate Center. This colony is a genomically character-
ized, NIH-supported biomedical research resource that was
transferred from its original location in California to Wake
Forest in 2008.11

Housing. All animals were originally housed in large, indoor-
outdoor matrilineal breeding groups. Prior to the initiation
of this study, all animals were moved to indoor housing and
were housed in pairs in standard primate quad cages. All cag-
ing had perches and were supplied with enrichment devices
including toys, mirrors, and foraging devices. Animals were
maintained on a 12:12-h light:dark schedule. The pair-mate
of the female monkey that died was single-housed after the
baseline period.

Control and experimental groups. Prior to the initiation of
the study, and during the baseline period, all animals were fed
a standard commercial monkey chow (LabDiet 5038, Purina
Mills, St Louis, MO). Animals in both the male and female
cohorts were pseudorandomly assigned to either a control
(males, n = 4; females, n = 4) or an experimental diet (males,
n = 4; females, n = 7) group. Pair-mates were assigned to
the same diet group. Controls were maintained on standard
monkey chow for the duration of the study. Experimental
animals were fed standard chow at baseline and then switched
to a Western-type diet (LabDiet 5L3K, Purina Mills) over the
course of a 3-d acclimation period. This diet was formulated
to mimic a typical American diet and was higher in fat (34%
of calories) and lower in carbohydrates (45%) than was the
standard monkey chow. In addition, the source of protein in
the Western diet was mostly from animal sources, whereas the
protein in the standard chow was primarily from soy. We tried
to balance the sources of protein and fat in the Western diet to
be comparable to those eaten by humans in the United States
(Figures 1 and 2). Both diets meet the nutritional guidelines
of the National Research Council. Diet specification sheets
are available from LabDiet’s webpage (http:/ /labdiet.com/)
or on request.

Throughout the study, all animals had 24-h ad libitum access
to water and were given food enrichment, consisting of fruits,
vegetables, and seeds on a rotating basis, 3 times each week.
Enrichment foods made up only a small percentage (less than
5%) of the animals’ total caloric intake.

To facilitate the measurement of food intake, during the
baseline period and the first 8 wk after the diet change, the
study animals were fed their daily ration once each day and
were separated from their pair-mates during feeding. Pairs were
separated in the morning, and each monkey received 100 kcal
of diet per kilogram of prestudy body weight. All remaining
food was removed after 4 h, and the pair-mates were reunited.
Enrichment foods were provided in the afternoons. After 8 wk,
pairs were no longer separated during feeding, and the same

Source Protein Fat
Animal sources Porcine meat meal Porcine fat
Poultry meal Poultry fat
Fish meal Fish oil
Whole egg Egg yolk
Casein
Plant sources Wheat flour Ground wheat

Ground corn
Corn oil

Ground wheat
Ground corn
Soy protein

Figure 1. Sources of protein and fat in the Western diet (LabDiet 5L3K).

quantity of diet was available to each pair, ad libitum, for the
entire day. During the entire study, diet amounts were main-
tained at 100 kcal/kg according to the prestudy body weights
of the individual subjects or pairs.

Procedures. Animals were acclimated to the feeding proce-
dures for at least 4 wk prior to the diet change. All monkeys
were fed standard chow during this acclimation period. Food
consumption was measured once each week by recording the
weight of food (in g) fed to each animal and the weight of
food remaining in the cage after the 4-h feeding period. The
percentage of food consumed was calculated. Once each week,
fecal quality was rated according to a 5-point Likert scale that
ranged from 1 (solid, normal stool) to 5 (diarrhea, extremely
runny stool).

Once during baseline and once every 2 wk thereafter for the
duration of the 12 wk study, monkeys were anesthetized with
ketamine (10 to 15 mg/kg IM) for the collection of blood sam-
ples, body weights, and other morphometric measurements.
Animals were fasted prior to each collection unless otherwise
noted. Body weight and morphometric measures including
waist circumference and crown-rump and trunk lengths (in
cm) were measured every 2 wk; body mass indices (in kg/cm?)
were derived by using these 2 length measurements.

Blood samples were collected via femoral venipuncture
according to standard techniques. CBC and blood chemistry
assays were run by a commercial laboratory (Idexx Laborato-
ries, Greensboro, NC; www.idexx.com). Fasted blood samples
were collected for lipid and glycemic assays. Unfasted (4 h after
feeding) blood samples for isoflavone assays were collected
from the male cohort only. At 12 wk after the diet change, blood
samples for lipid particle-size assays were collected from the
female cohort only.

All procedures involving animals were reviewed and ap-
proved by the Wake Forest University Animal Care and Use
Committee. Wake Forest is an AAALAC-accredited institu-
tion, and all research was conducted in compliance with the
eighth edition of the Guide for the Care and Use of Laboratory
Animals.'0

Assays. Plasma levels of total plasma cholesterol, HDL cho-
lesterol, LDL cholesterol, and triglycerides were measured.
Lipoprotein distributions were measured via gel filtration
chromatography,® and all measures were recorded in ng/
dL. Hydrodynamic radius determinations (in nm) were done
by using purified lipoprotein preparations, and a multiangle
light-scattering detector was used in conjunction with gel fil-
tration chromatography of purified lipoprotein preparations to
determine the hydrodynamic radius of LDL and HDL. Fasting
blood glucose (in mg/dL), fructosamine, and insulin levels were
assayed by using enzymatic colorimetric methods. Isoflavones
were assayed by using liquid chromatography and mass spec-
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Standard chow (LabDiet 5038)

Western diet (LabDiet 5L3K)

Fiber (crude) 5% 9%
Calories from protein 18% 20%
Calories from fat 13% 34%
Calories from carbohydrates 69% 45%
Metabolizable energy (kcal/g) 3.22 3.45
Cholesterol (ppm) 75 600
Starch 42.4% 23.6%
Glucose 0.29% 0.05%
Fructose 0.32% 3.29%
Sucrose 2.24% 7.29%
Lactose 1.68% 0.00%

Figure 2. Comparison of the standard and Western diets.

trometry.!”” The major isoflavones, genistein and daidzein, as
well as the daidzein metabolite equol were measured (innm/L).

Statistics. All results are reported as mean £ SEM. Data were
analyzed by using repeated-measures ANOVA, independent-
group t tests, correlations, and ANCOVA. Analyses were
performed by using raw data or percentage change from
baseline. Experimental group (standard or Western diet) was
used as a between-subjects independent variable and, when ap-
plicable, time point (baseline, 4 wk, 8 wk, 12 wk) was used as a
within-group independent variable. All variables were tested for
normality and homogeneity of variance. All statistical tests were
performed separately by sex, and all analyses were performed
by using SAS (version 9.1, SAS Institute, Cary, NC).

Results

Overall, both male and female green monkeys tolerated the
Western diet well. Weekly food consumption was comparable
between diet groups and remained stable across the first 8 wk
of the study (Figure 3). The male monkeys fed the Western diet
tended to consume more food than did those eating standard
chow, but this difference in consumption was mirrored during
the baseline period and remained stable during the study. The
low level of food consumption by female monkeys during the
first baseline measurement period was attributed to lack of
habituation to the temporary separation during feeding, given
that food consumption increased to a stable level after that
first week. In addition, fecal quality ratings remained normal
throughout the study and showed no significant differences
over the course of the study for either male or female monkeys.
The only alteration observed was a slight softening of the stool
in both groups immediately after the diet change. Fecal ratings
averaged between 1.00 and 1.85 for female monkeys and 1.00
and 1.33 for male monkeys, with no significant differences by
diet group or time point.

Body weight in male monkeys did not differ significantly by
diet group, time period, or their interaction (F&18 =0.16, nonsig-
nificant; Figure 4). For female monkeys, there was a significant
main effect of time period (F3,27 = 7.80, P < 0.001), but the 2
diet groups did not differ at baseline or at any of the postdiet
change time periods. There were no significant differences for
waist circumference or body—mass index over the course of the
study (Table 1).

CBC and blood chemistry results indicated that all animals
remained in good health and showed no adverse effects of
the Western diet after 4 wk. Although various parameters in
both the blood chemistry panel and CBC analysis did change
for each animal over time, no consistent changes were noted
across groups, with the exception of total plasma cholesterol.
In addition, values in all animals remained either within ref-
erence ranges for each analyte or were sufficiently consistent

between baseline and the 4-wk sample that they prompted no
clinical concern.

Concentrations of total plasma cholesterol were higher in
both male and female monkeys that were fed the Western
diet (Figure 5). Male monkeys showed a baseline difference
in total plasma cholesterol concentrations, even when both
diet groups were eating monkey chow (¢, = 3.30, P < 0.05).
However, the magnitude of this difference was much higher
after the change in diet, and there was a significant dietxtime
period interaction (F, , = 13.12, P < 0.0001). Total plasma
cholesterol in female monkeys was comparable between
diet groups at baseline (t, = 0.36, nonsignificant) but, like
male monkeys, showed a dietxtime interaction (Fsl27 =5.83,
P <0.01). By the end of the 12-wk study, the monkeys eating
the Western diet had higher total cholesterol concentrations
(male, 222 + 9 mg/dL; female, 207 + 11 mg/dL) than did
those eating chow (male: 130 + 11 mg/dL, t, = 6.73, P <0.001;
female: 164 + 13 mg/dL, t, = 2.51, P < 0.05). Total plasma
cholesterol among animals fed the Western diet increased
47% in male monkeys and 22% in females (Table 1). All 4 of
the male monkeys and 3 of the 7 females that were fed the
Western diet had total plasma cholesterol concentrations that
exceeded 200 mg/dL by the end of 12-wk period.

In addition, significant differences were identified between
the standard-chow and Western-diet groups for HDL choles-
terol and LDL cholesterol. The results for HDL cholesterol
paralleled those for total plasma cholesterol: male and female
monkeys fed the Western diet had higher HDL cholesterol
concentrations (male, 97.6 + 6 mg/dL; female, 79 + 4 mg/dL)
than did monkeys fed standard chow (male: 56 + 4 mg/dL,
t,=5.88, P<0.01; female: 47 + 4 mg/dL, t,= 5.15, P <0.001). For
LDL cholesterol, only the male monkeys showed a difference
(Western diet, 126 + 4 mg/dL; standard chow, 74 + 7 mg/dL;
t,=6.82, P<0.001). Lipid particle-size analyses—performed only
in female monkeys at the 12-wk point—indicated no difference
between those fed standard chow compared with the Western
diet. Neither LDL particle size (standard chow, 11.28 + 0.07
nm/L; Western diet, 11.33 £0.09 nm/L; t, = 0.36, nonsignificant)
or HDL particle size (standard chow, 6.08 +£0.18 nm/L; Western
diet, 5.74 +0.04 nm/L; t, = 2.01, P = 0.08) showed a significant
difference. In addition, triglyceride, insulin, and fructosamine
levels did not differ by diet in either male or female monkeys.
Over the 12-wk evaluation, glucose went down 21% in male
monkeys maintained on standard chow and increased 7% in
those switched to the Western diet; glucose did not vary in
female monkeys.

Given the potential effects of age on the various analyates,
Table 2 shows the correlations between age at baseline and
the percentage change from baseline to 12-wk for each meas-
urement. For female monkeys, significant correlations were
identified between age and levels of LDL cholesterol (r =-0.56,
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Figure 3. (A) Percentage food consumption (mean + SEM) in male green monkeys by diet type and week of study. Food consumption data
represent the percentage of food consumed during the daily 4-h individual feeding session, when animals were separated temporarily from
cagemates and given ad libitum access to diet (100 kcal/kg). (B) Percentage food consumption (mean + SEM) in female green monkeys by diet
type and week of study. Additional experimental details were as those for male monkeys.
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Figure 4. (A) Body weight (kg, mean = SEM) of male green monkeys by diet type and time point. (A) Body weight (kg, mean + SEM) of female

green monkeys by diet type and time point.

P <0.05) and fructosamine (r = 0.58, P < 0.05). In light of these
findings, analyses in Table 1 were repeated by using ANCOVA
with age as a covariate. The only notable change in overall
results was that triglycerides were significantly decreased in
female monkeys switched to the Western diet (-20.5% compared
with 13.8% for females maintained on chow, F, ;=7.24, P <0.05).
All other effects described in Table 1 were maintained.

Isoflavone concentrations were higher in male monkeys
eating chow than in those eating the Western diet. At the 6-wk
point, daidzein was 69.3 £ 2.7 nM in males fed chow compared
with 11.1 + 3.8 nM in those fed the Western diet (t, = 4.90, P <
0.01). The same was true for equol (129.7 + 5.9 nM compared
with 5.5+ 1.3 nM; t, = 7.48, P < 0.001). For genistein levels, the
difference approached significance (16.5 + 3.4 compared with
0.3£0.2;t, =232, P=0.059).

Discussion

This study indicates that African green monkeys given a West-
ern diet readily ate the diet and showed no remarkable changes
inbody weight, abdominal obesity, or fecal quality, even after 12
wk, but demonstrated an increase in plasma cholesterol levels
and other adverse health effects. Plasma isoflavone concentra-
tions were significantly higher in animals fed monkey chow, a
diet high in soy, compared with those fed the more Western diet,
which contained primarily animal-source protein.

In general, total plasma cholesterol and HDL cholesterol tend
to covary in green monkeys.!> Therefore, the observation that
both total plasma cholesterol and HDL cholesterol were higher
in African green monkeys fed the Western diet is not necessarily
surprising, but this characteristic should not distract from the
overall result that feeding this Western diet led to an increase
in plasma cholesterol concentrations.

Despite the absence of changes in overall body weight or
waist circumference, changes in lean mass, fat mass, or bone
mass may have occurred. Because neither dual-energy X-ray
absorptiometry nor equivalent measures were performed, our
study cannot address this issue. Future studies on the effect
of this Western-type diet would benefit from these additional
measures.

In light of the results of this study, we plan to test the long-
term effects of this Western diet (LabDiet 5L3K) in a larger
cohort of animals from our breeding colony of African green
monkeys. Given the palatability of this diet, the lack of adverse
effects, and the expected changes in plasma lipid and isoflavone
concentrations, using this diet in these nonhuman primates may
be appropriate for mimicking the nutritional context of humans.
Although the Western-type diet we used may not be ideal for
maximizing the health of captive nonhuman primates, it likely
will be valuable for studying the effects of diet on a wide-range
of biomedically relevant traits.

Nonhuman primates play a crucial role in the translation
between basic and clinical science. Although rodents are an
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Table 1. Summary of percentage changes (mean + SEM) in evaluated parameters from baseline to 12 wk after diet change

Male monkeys

Female monkeys

Chow (n =4) Western diet (1 = 4) Chow (n =4) Western diet (n =7)
Body weight 6% 5% 4% = 5% -2% £2% -5% £ 1%
Waist circumference 0% 1% 3% £ 6% —3% £ 3% —5% £ 1%
Body mass index 5% 3% 1% £2% —6% £ 5% —6% £ 2%
Total plasma cholesterol 9% +7% 47% * 8%*° -1% £ 3% 22% % 3%
HDL cholesterol 10% £ 12% 37% + 7% —20% £ 3% 11% + 4%*°
LDL cholesterol 12% £ 10% 56% £ 9%"* 9% £ 3% 30% £ 5%
Triglycerides 47% +19% 18% + 20%* 4% +12% -15% + 7%
Glucose —21% £ 5% 7% * 8% -15% £ 6% -10% £ 5%
Insulin 180% £ 113% 36% * 33% 149% £ 98% 29% % 26%
Fructosamine —11% £ 4% -25% £ 5% —2% £ 4% —14% £ 8%

3Significant (f test, P < 0.05) difference between animals fed standard chow compared with Western diet after baseline values were obtained.
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Figure 5. (A) Total plasma cholesterol (mg/dL, mean + SEM) of male green monkeys by diet type and time point. (B) Total plasma cholesterol
(mg/dL, mean + SEM) of female green monkeys by diet type and time point.

Table 2. Correlations between age and percentage change from baseline

to 12 wk after diet change

Male monkeys

Female monkeys

(n=28) (n=11)
Body weight -0.57 0.00
Waist circumference -0.44 0.02
Body mass index -0.34 -0.03
Total plasma cholesterol 0.26 -0.47
HDL cholesterol 0.10 -0.38
LDL cholesterol 0.27 —-0.56?
Triglycerides 0.10 -0.26
Glucose -0.23 0.26
Insulin 0.19 0.41
Fructosamine -0.32 0.582

aSignificant (P < 0.05) Pearson correlation (r) between age at baseline
and percentage change from baseline to 12 wk after diet change.

increasingly important tool for biomedical research, there are
numerous instances in which nonhuman primates provide
greater generalizability to humans. In particular, nonhuman
primates have been shown to be excellent models for reproduc-
tive function, cancer, obesity, diabetes, cardiovascular disease,
aging, cognition, and many other areas of interest.1®
Nutritional context often plays a key role in many of these
areas of inquiry. Relying on commercial diets that are high in soy
isoflavones can constitute an often unrecognized experimental

confound.'® For example, isoflavones bind to estrogen recep-
tors and can have a profound effect on reproductive function.
Feeding female monkeys diets rich in soy isoflavones results
in plasma concentrations of genistein, daidzein, and equol
that are several orders of magnitude higher than endogenous
estrogen concentrations and which therefore are quite dissimilar
from plasma concentrations in women.’ Feeding of soy-heavy
compared with soy-free diets can alter the progression of
menopause.’

In conclusion, we here demonstrated that a Western-type diet
(LabDiet 5L3K) is suitable for use in African green monkeys and
potentially for other Old World primate species. The use of more
Western diets, in particular those devoid of soy isoflavones, will
help expand the generalizability of biomedical research using
these important translational models.
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