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The common marmoset (Callithrix jacchus) has proven to be 
an excellent model for biomedical and behavioral research in 
both the United States and Europe for many years (see reference 
15 for review). Recently, a particular interest has been in the 
use of marmosets for modeling human obesity and metabolic 
syndrome.27 There are many advantages to using marmosets 
in understanding metabolic diseases. As a primate species, 
marmosets are similar to humans in fat cell function.33 The 
marmoset pancreas exhibits the same structure, marker genes, 
and the presence of the Glut 5 and 9 transporters as does hu-
man pancreas.22 In addition, lipogenesis occurs in the adipose 
tissues of marmosets, as in all primates, rather than in the liver, 
as in rodents.2 Marmosets are cooperative breeders, showing 
the family arrangement most often seen in humans. Because 
marmosets have a short lifespan of approximately 16 y and 
achieve reproductive maturity by 2 y of age, many studies can 
be performed in a relatively short time. Furthermore, marmo-
sets generally produce twins, thus affording the opportunity to 
select subjects for different treatments within the same study. 
Indicating similar dietary needs to those of humans, the natural 
diet of marmosets is omnivorous and consists of fruits, plant 
exudates, nectar, invertebrates, and small vertebrates.26 In cap-
tivity, marmosets show diet-dependent early-onset weight gain 
and obesity.27 Dietary changes can have a pronounced influence 
on their weight and health.4,30,33

There is a lack of consensus regarding appropriate diets 
for laboratory-housed marmosets. Little is known about the 
optimal energy and nutrient requirements of marmosets.18 

Commercially available diets for marmosets differ in nutrients 
and makeup. There is limited knowledge of the fat requirements 
or the effects of different fat composition on the glucoregulatory 
system. Only one study has examined the effect of a high-fat diet 
on regulatory functioning. In that study,33 8 adult marmosets fed 
a high-fat diet (that is, 20% added saturated fats) for 1 y showed 
no adverse effects on the levels of glycosylated hemoglobin as 
an index of blood glucose use but manifested atherosclerosis. 
Whether the same effects occur with a combination of unsatu-
rated and saturated fats is unknown.

Many teenagers receiving a Western diet consume high 
amounts of sugars and fats in the form of snacks. Teen obesity has 
grown to epidemic proportions in the United States, with as many 
as 17% of 12- to 19-y-olds considered obese.3 Fat consumption 
and adiposity are significantly associated,4,8,21 but the relation-
ship between BMI and high fat consumption is unclear.1 Fats are 
important for brain and body functions, including the regulation 
of circulating lipid levels, neuronal development, cardiovascular 
health and immune, insulin, and visual functions.7,12,24,28 The dis-
crepancy in dietary fat’s influence on body function may be due 
to the type of fats consumed. The current study aims to provide 
evidence that increased fats, providing that they comprise appro-
priately balanced fatty acids (saturated and unsaturated), may be 
beneficial in adolescents. We monitored the metabolic effects of 
providing high-fat–high-protein snacks to male marmosets for 
3 mo. We hypothesized that this dietary scheme would not lead 
to detrimental changes.

Materials and Methods
Animals. Twelve subadult male common marmosets 

(Callithrix jacchus; age, 18 to 24 mo [equivalent to approximately 
15 to 20 y for humans]) from the Wisconsin National Primate 
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commercial enzyme immunoassay kit (47-ADPHU-E01, ALPCO 
Diagnostics, Salem, NH) developed for humans but validated 
for marmosets.34 The kit provides methods for measuring total, 
HMW, and low-molecular–weight adiponectin, because these 
variants have different biologic activities.23 Serum samples 
were diluted 1:2575 and assayed in 10-µL aliquots. For both the 
HMW and total adiponectin assays, the intraassay coefficient 
of variation was 1.5.

The cortisol:cortisone ratio, indexed by creatinine, was meas-
ured as a marker for increased intracellular cortisol production 
(a contributor to metabolic dysfunction). Four marmosets 
from each group were selected for twice-weekly (first morning 
void) urine collection. Prior to lights-on each morning, each 
marmoset was ushered individually into a small box within 
the homecage, where it remained until urination. The urine 
produced was collected through a funnel under the cage, 
centrifuged, and stored at −20 °C. For analysis, 500 µL urine 
underwent solvolysis to break single and complex conjugates, 
and extraction was performed with 5 mL ethyl acetate, 100 µL  
saturated NaCl, 50 µL 2.5 M H2SO4 after incubation at 60 °C 
for 2 h. The glucocorticoids in the samples were separated 
and quantified by liquid chromatography–mass spectrometry 
(model 1100, Agilent, Santa Clara, CA). The separation used 
a mobile phase consisting of 95% acetonitrile in H2O, 0.01% 
formic acid (B) and 95% H2O, 0.01% formic acid (A). The flow 
rate was 50 µL/min, and the run time was 15 min. A gradient 
was performed: 0 to 1 min at 30% B, 1 to 12 min at 60% B, and 
then 12 to 15 min at 100% B; cortisol and cortisone eluted within 
the first 10 min. Quality-control urine pools for marmoset urine 
indicated intraassay coefficients of variation of 10.6 for cortisol 
and 12.5 for cortisone.

Cardiovascular measures. Heart rate and blood pressure 
measurements were collected monthly under manual restraint at 
the time of body composition assessment. Systolic and diastolic 
arterial blood pressure and heart rate were measured by using 
a high-definition oscillometric tail cuff on awake, manually re-
strained animals. A standard lipid panel (UW-Meriter Hospital 
Clinics, Madison, WI) was used to measure circulating lipids 
(cholesterol, triglycerides, HDL, and LDL) in baseline serum 
samples collected during oral glucose tolerance testing.

Statistical analyses. Depending on the normality of the 
data, repeated-measures ANOVA, parametric (t tests), and 
nonparametric (Kruskal–Wallis) tests were used to determine 
changes over time. Changes in individual animals across the 
study were determined by using paired t or Mann–Whitney U 
tests. Change from baseline by treatment was assessed by using 
Mann–Whitney U tests.

Results
Weight and body composition. In all animals, body weight 

increased each month, indicating that the marmosets were still 
maturing; there were no differences between the 2 groups (f3,40 = 
2.31, P = 0.09, Figure 2) . Weights at months 2 and 3 were sig-
nificantly (Kruskal–Wallis, f = 12.7, P = 0.005, n = 12) increased 
over baseline values. Chest circumference increased significantly 

Research Center’s marmoset colony were randomized equally 
into 2 treatment groups (control and snack-fed) balancing body 
weight between the 2 groups. We chose only male marmosets 
to eliminate sex as a factor in a small sample-size study. There 
were 4 brother sets in the study, such that one brother was in the 
control group and the other in the snack-fed group to control 
for any possible genetic differences. At the start of the study, 
all of the marmosets were moved into the same room to facili-
tate supplemental feeding. Each study male was paired with 
a female and lived in cage sizes of 0.6 × 0.91 × 1.83 m. Female 
marmosets were prevented from becoming pregnant by using 
a prostaglandin F2α analog (cloprostenol sodium) to terminate 
conceptions. Animals were maintained on a 12:12-h lighting 
schedule (lights on, 0630 to 1830), with ambient temperature 
at approximately 27 °C and humidity of approximately 50%. 
Animals were weighed weekly, fed their standard allotment in 
2 daily feedings (approximately 0800 and 1300; Mazuri 5MI6, 
Land O’Lakes, Arden Hills, MN), with browse material daily 
(fruit, mealworms, vegetables). The diet was offered at 64 kcal/
kg body weight as 40 g of diet daily in 2 allotments, provides 
1600 kcal/kg of metabolizable energy, and consists of 20% pro-
tein and 4.5% fat (less than 3% of the total fat as unsaturated 
fatty acids). After the first month, supplemental feeding was 
provided at approximately 0900 to 1000 daily for 3 mo. Each 
subject in the snack-fed group received an additional approxi-
mately 14 kcal/d whereas the marmosets in the control group 
received maximum of 3 kcal/d additional. The snacks consisted 
of a grape for the control group and high-fat–high-protein 
cashews and waxworms (Figure 1) for the snack-fed group. 
Each marmoset in the snack-fed group received 2 waxworms 
(2.1 kcal) and 2 cashews (11.48 kcal) daily. The monkeys were 
handfed and voluntarily accepted their once-daily supplement 
while in their home cage. This feeding method assured that the 
marmosets ingested their allotment.

This study was reviewed and approved by the Graduate 
School Animal Care and Use Committee of the University of 
Wisconsin, Madison, and was performed consistent with the 
USDA.13 The animal care and use program at the University of 
Wisconsin maintains a Public Health Services Assurance and 
is fully AAALAC-accredited.

Body composition measures. Animals were weighed weekly 
in the morning prior to feeding to determine change over time. 
Weekly weights were averaged by month for each marmoset. 
Body composition parameters were collected once each month 
by manually restraining the marmosets for measurements of 
abdominal and chest circumferences and crown–rump length. 
Body mass index was calculated at each monthly time point by 
using body weight and crown–rump length. All measurements 
were recorded in centimeters.

Metabolic measures. Glucoregulatory function was assessed 
monthly by oral glucose tolerance testing. After a baseline blood 
sample was obtained, the marmosets each received an oral dose (5 
mL/kg) of a 40% sucrose solution. Blood samples were collected 
at 15, 30, 60, and 120 min after dosing. Insulin was measured by 
using 50 µL serum in radioimmunoassays according to methods 
we validated for marmosets;34 the intraassay coefficient of vari-
ation was 2.87. Glucose was measured by using a glucometer 
(Accu-Check Aviva, Roche Diagnostics, Indianapolis, IN). Basal 
insulin and glucose data were analyzed separately and modeled 
together by using standard insulin function assessments (homeo-
static model assessment of insulin resistance and Matsuda index 
of insulin sensitivity),19 as is done in humans.

As an index of glucose control, we measured adiponectin 
(both high molecular weight [HMW] and total) by using a 

Figure 1. Fat and protein compositions of cashews (Anacardium occi-
dentale)21 and waxworms (Galleria mellonella).4
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the control and snack-fed conditions. HMW:total adiponectin 
differed significantly (f1,3 = 13.36, P = 0.001) between differences, 
such that HMW:total values remained consistent across the 
study in control animals but declined in snack-fed marmosets. 
The ratio of HMW:total adiponectin differed significantly be-
tween groups at months 2 (t8 = 3.75, P = 0.006, Figure 4) and 3 
(t8 = 4.81, P = 0.001).

The ratio of urinary cortisol:cortisone was compared accord-
ing to the 2 conditions (Figure 5). The snack-fed marmosets 
showed a consistent mean level of the ratio of cortisol:cortisone 
across the months of the study, but the control animals had a 
significantly increased ratio during the final month of the study 
(U5,5 = 4.0, P = 0.04).

Cardiovascular measures. Total cholesterol, triglycerides, 
HDL, LDL, and total cholesterol:HDL ratios did not change 
throughout the study (Table 1). The only difference noted was 
a trend toward a decline in LDL levels (P = 0.08, t5 = 2.09) in 
control marmosets. No differences were detected in measure-
ments of heart rate or blood pressure.

Discussion
Our findings support our prediction that feeding high-fat–

high-protein snacks to adolescent male marmosets for 3 mo 
would not lead to detrimental changes. Importantly, snack-fed 
animals had improved glucoregulatory function in the absence 
of weight gain compared with that in controls. Our findings 
suggest that the types of fats or the saturated:unsaturated ratio 
may be relevant to the controversy regarding the role of fats 
in the diet.

Cashews are high in unsaturated compared with saturated fats,25 
in a 1:2:1 ratio of saturated: monounsaturated:polyunsaturated 
fats, the optimal ratio for healthy fat consumption.28 In addition, 
cashews provide protein and essential minerals.25 Waxworms 
have a high fat content— 60% as dry matter (22% as is)—but 
the majority of the fats are unsaturated, consisting of oleic, 
linoleic, and linolenic acids.5 The only other study concerning 
fats in marmosets29 used a diet supplemented with saturated 
fats only. Although the sample size was small in the cited study, 
the number of marmosets that developed atherosclerotic lesions 
was increased significantly after saturated fat supplementation, 
indicating the contribution of saturated fats to heart disease. We 
did not euthanize the marmosets in our study and therefore 
were unable to determine vessel condition, but heart rate and 
blood pressure—indicators of cardiovascular function—did not 
differ between control and snack-fed marmosets.

Among the important functions of dietary fats is their role in 
metabolic function. In humans, saturated fat can worsen insulin 
resistance, whereas monounsaturated and polyunsaturated 
fatty acids improve insulin sensitivity.24 Increasing the amount 
of ω3 fatty acids reduces diastolic blood pressure and improves 
cardiac function.28 Substituting unsaturated for saturated fats 
reduces both triglycerides and LDL cholesterol.12 Fats are also 
important for brain development and functioning.7,32 Evidence 
in nonhuman primates is sparse, but one would expect findings 
similar to those in humans. Fats in combination with other im-
portant substances such as fiber, vitamins, minerals, and protein 
facilitate improved metabolic activity.

The subadult male marmosets in our study were still growing, 
as evidenced by their increasing weight over the course of the 
study. By 2 y of age, male marmosets reach adult height, as indi-
cated by crown–rump measurements, but they continue to gain 
weight as they mature. Given that body weight did not differ 
between the 2 groups over the course of the study, food intake 
likely did not greatly differ. Chest circumference increased in 

(f3,30 = 3.67, P = 0.02) in controls, with the highest increase during 
month 3, when it was significantly (U6,6 = 4.0, P = 0.03) greater 
than that in snack-fed marmosets. Other measurements did not 
change according to treatment or time.

Glucoregulatory function. At baseline, all marmosets ex-
hibited normal serum glucose levels and insulin response to 
glucose (Figure 3). However, by the third month of treatment, 
significant differences in mean glucose (f1,4 = 14.63, P = 0.0004) 
and insulin (f1,4 = 7.54, P = 0.008) levels had developed between 
groups. During the final month of treatment, insulin levels at 
0 and 120 min were higher (0 min: U6,6 = 3.0, P = 0.02; 120 min: 
U6,6 = 6.0, P = 0.03) in controls than in snack-fed marmosets, and 
glucose did not return to baseline levels in the controls. Insulin 
sensitivity and resistance did not differ between groups.

HMW and the ratio of HMW:total adiponectin both differed 
by treatment, whereas total adiponectin did not differ between 

Figure 2. Body weight, BMI, and chest circumference (mean ± SEM) of 
control and snack-fed male subadult common marmosets. No differ-
ences were found between groups, and all marmosets showed signifi-
cant (F = 12.7, P = 0.005, n = 12) increases in weight during months 2 
and 3 of the treatment. BMI did not differ significantly between the 2 
groups, but chest circumference was significantly (U6,6 = 4.0, P = 0.03) 
increased in control compared with snack-fed marmosets.
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Both groups reached peak glucose by 30 min and peak insulin 
by 60 min after glucose challenge. However, by the third month, 
the snack-fed marmosets showed lower overall and peak levels 
of glucose than those in the controls. Insulin levels in the snack-
fed marmosets did rise but consistently returned to baseline by 
120 min after glucose challenge. The control marmosets showed 
an insulin peak by 60 min, but insulin levels did not return to 
baseline, indicating decreased insulin responsiveness over the 
study period. Marmosets in both conditions were normal and 
healthy in weight and appearance. However, it appears that 
under the present diet, glucose metabolism was not regulated 

the control marmosets but not in the snack-fed animals, likely 
reflecting an increase in the axillary fat pads typically displayed 
around the nipple area in both female and male marmosets. 
These fat stores are available for periods of high-energy need, 
such as when they are carrying infants—among common mar-
mosets, the male is the primary infant caretaker.26,35

Glucoregulatory function differed between our 2 groups of 
marmosets. All animals in the study underwent oral glucose 
tolerance testing to assess insulin response to glucose. At the 
beginning of the study (baseline), glucose and insulin curves 
throughout testing were similar between the 2 study groups. 

Figure 3. Glucocorticoid responses (mean ± SEM) of control and snack-fed males at baseline and after 3 mo of snack feeding. All marmosets 
showed similar baseline values of glucose and insulin (left graphs). At the third month of snack feeding, the groups differed significantly in both 
glucose and insulin at 0 and 120 min during an oral glucose tolerance test (0 min: U6,6 = 3.0, P = 0.02; 120 min: U6,6 = 6.0, P = 0.03).
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addition, in prepubertal children, HMW adiponectin differs 
according to weight and BMI in girls but not in boys.20 Less is 
known about the relationship of HMW adiponectin to body 
fat and metabolism in normal healthy adolescents, for which 
there are no obese subjects for comparison. Among our male 
marmosets, we saw no differences in abdominal circumference 
between our 2 conditions, and abdominal circumference did not 
correlate with HMW adiponectin (r = 0.24, P = 0.49). However, 
chest circumference did differ between the 2 groups, with the 
larger chest circumference occurring in our control animals. In 
addition, chest circumference was positively correlated with 
adiponectin (r = 0.77, P = 0.02). This finding may be unexpected, 
and little is known about the fat pads that exist in the chest area 
of marmosets. Additional research is required to understand 
what levels of adiponectin are appropriate in healthy, normal 
weight, adolescent marmosets.

The urinary cortisol:cortisone ratio has been established 
as a means to determine the enzymatic activity of 11β-
hydroxysteroid dehydrogenase type 1, which converts inactive 
cortisone to active cortisol in cells; the lower the cortisone, the 
higher the cortisol in the ratio. The additional cortisol works 
to amplify the action of local glucocorticoids in adipose and 
liver tissue, where they can reduce insulin sensitivity and 
action.29 The urinary cortisol:cortisone can provide additional 
information regarding the regulation of glucose metabolism, 
although 11 β-hydroxysteroid dehydrogenase does not seem 
to differ between healthy and type 2 diabetic subjects.14 Our 
snack-fed marmosets showed no significant change in the 
cortisol:cortisone ratio, whereas the control marmosets showed 
a higher cortisol:cortisone ratio, suggesting that more cortisone 
is converted to cortisol within the cells and could possibly affect 
insulin action. Additional research into the role of an increased 
cellular cortisol in adolescents is needed to increase our under-
standing regarding this relationship.

Although the proportion of unsaturated to saturated fats was 
the likely cause of the improved glucoregulation in our mar-
mosets, an alternative source of regulation may have been the 
protein added to the diet from the cashews and waxworms. In 
addition, both cashews and waxworms have other bionutrients, 
such as minerals, fiber, and other bioactive compounds, that may 
have a positive effect on metabolism.25 Increased protein may 

as tightly in the controls as in the snack-fed animals. The dietary 
supplementation achieved improved regulation of glucose 
metabolism.

Although there were no differences in total adiponectin be-
tween the 2 groups, the HMW form was significantly lower in 
the snack-fed marmosets. Adiponectin, which is secreted from 
fat cells, circulates in levels inversely correlated with obesity 
and insulin resistance in adult humans.10,11 The correlation 
may be mediated by altered secretion of adipokines by the 
adipose tissue, because increased adiposity downregulates the 
secretion of adiponectin.16 However, the roles of adiponectin 
and its multiple forms in prepubertal and adolescent humans 
are still unclear.15,31 When adiponectin levels in obese and 
normal-weight children and adolescents are compared, there 
is a correlation between adiponectin and waist circumference, 
such that higher levels of adiponectin are associated with 
smaller waist circumference.9 This association indicates that 
the more abdominal fat, the lower the adiponectin level. In 

Figure 4. High-molecular–weight (HMW):total adiponectin ratio in 
control and snack-fed preadult male marmosets. Compared with con-
trol animals, snack-fed marmosets had significantly lower HMW:total 
adiponectin ratios at months 2 (t8 = 3.75, P = 0.006) and 3 (t8 = 4.81, 
P = 0.001).

Figure 5. Cortisol:cortisone ratio (mean ± SEM) in the first void urine 
control and snack-fed male marmosets. Control males showed sig-
nificantly (U5,5 = 4.0, P = 0.04) higher cortisol:cortisone ratios during 
month 3.

Table 1. Lipid measurements (mean ± SEM) during 3 mo of snack-
feeding in subadult male marmosets

Baseline Month 3

Cholesterol Control 174.5 ± 10.2 180.7 ± 18.1
Snack-fed 167.8 ± 15.0 191.8 ± 9.7

Triglycerides Control 97.3 ± 14.8 139.3 ± 27.9
Snack-fed 84.3 ± 14.4 92.0 ± 14.8

HDL Control 90.3 ± 12.1 99.0 ± 9.2
Snack-fed 91.5 ± 10.8 105.2 ± 6.2

LDL Control 76.8 ± 13.7 53.7 ± 14.1a

Snack-fed 56.3 ± 4.3 68.3 ± 7.6

Cholesterol:HDL Control 2.1 ± 0.3 1.8 ± 0.1
Snack-fed 1.9 ± 0.1 1.8 ± 0.1

aValue significantly different (Mann–Whitney U test: P = 0.08, t = 2.09, 
df = 5) from that at baseline.
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have led more rapidly to satiety in the snack-fed marmosets, 
whereas the control animals may have eaten more to increase 
their caloric intake. However, without direct information on 
consumption, this hypothesis is unclear. If so, this mechanism 
may explain the similar weight between the 2 groups and the 
increased chest circumference (larger fat pads) in control com-
pared with the snack-fed animals. Alternatively, if the amount 
of calories consumed between the 2 groups did not differ, then 
perhaps components in the snacks altered (limited) fat accumu-
lations in the fat pads.

The glucoregulatory differences between the 2 groups of 
marmosets were pronounced, but there are limitations to this 
study. Our methods did not include measuring food intake to 
determine the total amount of calories consumed per subject 
for the 2 treatments. The addition of snack foods could have 
reduced the intake of normal chow, although we noted no dif-
ferences in the amount of leftover chow. In addition, because 
the snacks were not weighed, the exact amount of supplements 
per animal cannot be ascertained. Without determining the 
amount the marmosets were eating each day, we cannot deter-
mine the proportions of nutrients provided by the snack foods 
and whether the control animals had consumed more or fewer 
calories. Finally, because we fed the high-fat snack food for 
only 3 mo, we are unable to ascertain whether the differences 
between the 2 groups would persist. These data, however, do 
suggest that increasing the composition of balanced fatty acids 
in the diet may lead to improvements in health.

Both controls and snack-fed marmosets were normal, healthy, 
and appropriate in weight for their age. Although changes in 
metabolic function were apparent from the beginning of the 
study to the last month, it appears that the high-fat–high-protein 
snacks facilitated a stabilization of the metabolic system that 
didn’t occur in the control marmosets. Longer-term studies of 
high-fat–high-protein additions to the diet of these small pri-
mates likely would provide important additional information 
regarding longitudinal outcomes of balanced fats in complete 
food.
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