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Abstract
This report explores aspects of developing obesity in two captive populations of common
marmosets (Callithrix jacchus), a small primate with a short lifespan that may be of value in
modeling chronic aspects of obesity acquisition and its lifetime effects. Two populations were
examined. In study 1, body composition, lipid parameters, and glucose metabolic parameters were
measured in a population of 64 adult animals. Animals classified as obese (>80th percentile
relative fat based on sex) displayed both dyslipidemia (higher triglyceride and very low–density
lipoprotein (VLDL)) and altered glucose metabolism (higher fasting glucose and HbA1c). Using
operational definitions of atypical values for factors associated with metabolic syndrome in
humans, five subjects (7.8%) had at least three atypical factors and five others had two atypical
factors. A previously unreported finding in these normally sexually monomorphic primates was
higher body weight, fat weights, and percent fat in females compared to males. In a second study,
longitudinal weight data for a larger population (n = 210) were analyzed to evaluate the
development of high weight animals. Differences in weights for animals that would exceed the
90th percentile in early adulthood were evident from infancy, with a 15% difference in weight
between future-large weight vs. their future-normal weight litter mates as early as 4–6 months of
age. The marmoset, therefore, demonstrates similar suites of obesity-related alterations to those
seen in other primates, including humans, suggesting that this species is worthy of consideration
for obesity studies in which its fast maturity, high fertility, relatively short lifespan, and small size
may be of advantage.

Introduction
Animal models are vital to understand the mechanisms leading to and outcomes stemming
from obesity. Rodent models (1–3) have provided the primary testing ground; however,
rodent models have limitations when applying findings to humans (4) given phylogenetic
differences in fat cell function and distribution (5), development and circadian rhythm of
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feeding behavior (6), and patterns of postnatal growth and its dependence upon milk vs.
postweaning. Finally, while some therapeutic targets have correlated effects in mouse
knockout models and humans, function of adipokines in rodents and humans can also differ
dramatically as demonstrated for the influence of resistin on insulin sensitivity (7).

There are advantages, then, to examining the development and effects of adiposity in
nonhuman primate models. Old World monkeys are the most commonly used primate
models in most areas, including obesity and diabetes research (8–14), often showing striking
similarities to human phenotypes. Drawbacks of using these species include special housing
requirements and, in the case of macaques, potential zoonotic risks. Perhaps the most serious
drawback is that the late maturity and long lifespan of these monkeys make following the
course of long-term chronic conditions, such as obesity, difficult and expensive.

A relatively fast maturing primate would offer advantages in certain types of obesity studies.
For example, evidence from animal models and epidemiological studies suggests that
prenatal condition may predispose offspring to adult obesity and associated metabolic
disorders (15,16). Common marmosets (Callithrix jacchus) offer the ability to model this
process in a short-lived primate. Small (350–400 g) South American primates that are
capable of producing twins or triplets every 5.5 months, marmosets are the most fertile of
the anthropoid primates (17). Marmosets begin puberty before 1 year of age and reach
sexual maturity at 1.7 years (18). The average lifespan for a captive marmoset is ～6 years
(17) and the maximum lifespan is ～16 years. Marmosets can be considered aged at ～8
years of age (18). Contrast this with the lifespan of a macaque or baboon, in which sexual
maturity is reached at 3–4 years of age, the average lifespan often exceeds 15 years and old
age is not reached until 20–25 years. In addition to the benefit offered by a fast life history,
the routine production of marmoset twins offers the opportunity to have >1 infant exposed to
the same uterine and postnatal family environments.

Marmosets show a secular trend toward larger size over captive generations (19; N. Schultz-
Darken, personal communication). Wild marmosets average 320–336 g (refs. 20,21).
Captive animals average from 283 to 530 g, depending upon the colony (22–25). The extent
to which this trend represents changes in lean vs. fat weight is unknown. One published
study of body composition in marmosets was based upon a relatively lean group of 20
animals, with an average weight of 342 g and average body fat of 8.34% (ref. 26).

This report explores aspects of developing obesity in two captive populations of common
marmosets. For one population, cross-sectional data were available for an array of
parameters related to defining obesity and its sequelae, including body composition, and
circulating lipid and glucose metabolism parameters. The relations among these parameters
were examined to determine whether marmosets display suites of associated traits that
would make them a valuable additional model for metabolic syndrome, a syndrome
encompassing change in the blood trafficking of both lipids and glucose, associated with
diabetic and cardiovascular symptoms (27).

A second population provided longitudinal data on body weight from birth through early
adulthood, allowing further exploration of possible sex differences in body weight and the
relation of those differences to early weight growth. Humans are sexually dimorphic in a
suite of characters related to fat distribution, accumulation and metabolism, and differences
in adiposity are evident in childhood (28). While humans are unusual in the extreme degree
of sexual dimorphism in relative amount of and distribution of body fat (29), many
nonhuman primates also display higher relative fat in females and higher absolute and
relative lean weight in males (30–32). However, the examination of sexual dimorphism in
the amount and distribution of body fat in nonhuman primates has been largely limited to
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those large-bodied, terrestrial species that display a high level of overall sexual dimorphism
in size, such as macaques and baboons. Marmosets do not display high levels of sexual
dimorphism in size and are generally described as sexually monomorphic (20,21) relative to
overall body weight. In our previously published study on body composition in this species,
the relation of body fat to body weight was identical in males and females (26). However, as
mentioned previously, the animals in this study were generally extremely lean. Preliminary
observations (33) suggested that this monomorphism may not extend to accumulation of
atypical amounts of adipose tissue, with females perhaps more likely than males to become
obese in a captive setting. We therefore, re-examined whether there is a sex difference in
absolute or relative degrees of adiposity in marmoset populations containing obese animals
and, if so, how early in life these differences can be observed.

Methods and Procedures
The subjects of the analyses described herein were part of two marmoset populations
maintained at the Southwest National Primate Research Center in San Antonio, TX. All
animal studies were reviewed and approved by Institutional Animal Care and Use
Committees at the Southwest Foundation for Biomedical Research (host institution of the
Southwest National Primate Research Center) and the University of Texas Health Science
Center at San Antonio.

Study 1
Subjects—Study 1 was conducted on 64 adult animals (32 males, 32 nulliparous females)
that originated from three different sources—two national primate research centers and one
commercial vendor. These animals were assigned to ongoing projects assessing obesity
propensity. They were singly housed and fed, in ad lib quantities, a commercial marmoset
diet (Purina Mazuri gelled diet; primary ingredients: glucose, casein, ground wheat, corn
flour, dehulled soybean meal, gelatin, porcine fat, dehydrated alfalfa meal, dried beet pulp,
egg yolk solids, dried whey, soybean oil; 22% protein, 6% fat; 4.47 kcal/g dry weight) and
3–5 days per week were given one small slice of fruit or 1–3 raisins in the afternoon.

Data collection—After a habituation period of 4 months, weights, body composition, and
blood samples were collected from each animal, within a 1-week period in August 2006.
Animals were weighed, either through placing a scale into the animal's home cage or by
removing the animal from its home cage in a catch box and weighing it in the catch box. All
scales provided weights to the nearest gram and were calibrated every 6 months.

Estimates of lean and fat mass were obtained through quantitative magnetic resonance scans,
using an EchoMRI unit (EchoMRI; Echo Medical Systems, Houston, TX) designed for
marmosets, based on a previously designed rat systems. This system has been extensively
validated for mice (34), and the detection methodology used in the marmoset system is
identical to that used in the mouse system with only the volume of the homogenous
magnetic region differing. Unsedated animals were placed in a plastic tube, which was then
inserted into the magnetic chamber. Scans took <2 min, on average, for each animal.

Glucose metabolism (glucose, HbA1c) and lipid (high-density lipoprotein (HDL), low-
density lipoprotein (LDL), very low–density lipoprotein (VLDL), and triglyceride)
parameters were measured in blood samples collected into a heparinized syringe from
unsedated animals that had been fasted overnight. At the time of blood draw, a drop was
used to measure glucose using a FreeStyle glucometer and 10 μl of whole blood separated
for use in assaying HbA1c. The remaining blood was processed for plasma collection. The
plasma and the HbA1c samples were shipped to the laboratory of M. Paulik, GSK, Research
Triangle, NC for analysis. All serum chemistry parameters were obtained utilizing the
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Olympus Au640 clinical chemistry analyzer (Olympus America Inc, Melville, NY) with the
reactions run at 37 °C.

The relationship of morphometric parameters—body weight, lean weight, fat weight, and
relative fat (total weight of fat based on magnetic resonance imaging divided by total body
weight)—to sex and age were determined through a generalized linear model analysis, with
sex as a main factor and age as a covariate.

In humans, obesity and other risk factors associated with increasing cardiovascular disease
or diabetes risks are often defined by assessment in large-scale epidemiological studies or in
consensus conferences of clinicians (35). Although information on actual body fat and its
distribution is most desirable, for practical reasons human obesity has been variously
defined relative to weight (>30% above average in relation to sex and age; BMI (weight/
height2, with values >30 kg/m2 indicative of obesity), waist circumference (>102 cm in men
or >88 cm in women), and only occasionally in relation to relative body fat (>25% in males
and 30% in females representing obesity). To relate the findings from the marmoset
population to assessments of human risk factors for metabolic syndrome, we used the
following operational definitions for atypically high or low values of parameters identified
as risk factors in various human metabolic syndrome models:

1. Total body fat or relative body fat >80th percentile (the top quintile of animals),
defined separately for males (58.2 g or 14%) and females (73.4 g or 17%). The
80th percentile was chosen to differentiate animals that were 30% above the sex-
specific mean relative body fat, making these results comparable to human studies
and to operational definitions of fatness in other nonhuman primate studies (e.g.,
ref. 14).

2. Average HDL—1 s.d.: <42 mg/dl.

3. Average fasting glucose + 1 s.d: 219 mg/dl or average HbA1c + 1 s.d.: 5.5%.

4. Triglyceride concentration >400 mg/dl, representing the point at which the
elongated portion of the high concentrations driving the non-normal distribution
began.

HDL, glucose and triglyceride cutoff values were not sex specific because a comparison of
the mean/median values for these parameters between males and females exceeding the 80th
percentile of relative body fat revealed no significant sex differences.

Two analyses of the relations among these variables were conducted: (i) the mean or median
concentration for metabolic and lipid parameters were compared in subjects exceeding vs.
not exceeding the 80th percentile in body fat. Comparisons involving non-normally
distributed variables (VLDL and triglyceride concentrations) were made using Mann–
Whitney U tests while comparisons involving normally distributed variables (all others)
were made using analyses of variance; (ii) the number and distribution of atypical factors
displayed among the subjects was tallied and is presented in tabular form.

Study 2
A set of longitudinal analyses were conducted on a second population consisting of
offspring produced from a single marmoset breeding colony, begun in 1994 and
continuously breeding since that time— see ref. 36 for details on the colony history and
management. All animals were housed in typical marmoset family groups consisting of one
breeding female, one breeding male and their offspring up to 2–4 years of age. This colony
has been maintained on two base diets fed simultaneously—a purified gelled diet (Teklad
Research Diets, Madison, WI; primary ingredients: lactalbumin, dextrin, sucrose, soybean
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oil; 15% protein, 5% fat, 4.0 kcal/g) and one of two commercial diets—either Purinary-
Mazuri gelled diet (see Study 1) or ZuPreem canned diet (primary ingredients: cracked
wheat, whole egg, soybean meal, sucrose, rice, vegetable oil, alfalfa meal; 22% protein, 6%
fat; 4.84 kcal/g). This population also received supplements of fresh or dried fruit 3–5 times
per week. The following data were available for >80% of individuals born into this colony
who were reared to weaning: dam, sire, sex, birth date, litter size, birth weight, and average
early adult weight (taken as the average of all weights between 17 and 24 months of age).
Details on methods for weighing are provided in ref. 36.

A general linear model analysis was used to determine the relations of the following
variables to early adult weight: sex, litter size, and birth year cohorts (as an estimator of
secular trends). Dam identity was included as a random variable to correct for possible
pseudo-replication effects inherent in individual dams contributing variable numbers of
offspring to the population. The total population in this analysis was 210 individuals.

A subset of individuals from this population was chosen to further examine the relation of
prepubescent growth in weight to early adult weight. The subset of subjects were selected as
follows: (i) all litters with at least one individual who exceeded the 90th percentile of body
weight as an early adult; (ii) each litter in the population immediately preceding or
proceeding the birth of the above defined litter with sufficient early weight data to calculate
early growth estimates. This selection process resulted in 49 animals from 29 litters born
between 1998 and 2006: 10 male–female litters, 4 male–male litters, 6 female–female litters,
four female singletons and five male singletons. Litter size refers, here to nursed litter size,
not necessarily birth litter size. Weight data for each subject from birth to 9 months of age
were used to calculate linear regression estimators. Marmoset growth is linear during this
age period (36), reflected in an average r2 of 0.90 for the animals in this analysis. As
compared to study 1, a more conservative approach was used to compare body sizes, given
that only body weight was available. A generalized linear model was used to compare
weights at 0, 2, 4, and 6 months for animals exceeding 90th percentile in weight vs. those
under the 90th percentile by early adulthood. A more stringent weight criterion (i.e., 90th vs.
80th percentile) was chosen for this analysis, given that we had only weight measures in this
population and could not, therefore, differentiate between fat and lean differences. In
addition, paired t-tests were used to compare estimated 2-, 4-, and 6-month weights within
litters.

All analyses were conducted using SPSS, version 15.0 (SPSS, Chicago, IL).

Results
Study 1

Table 1 provides descriptive statistics on the first population. Females were significantly
older, on average than males and had significantly higher body weights, fat weight, and
relative proportion of fat. These sex differences in body fat appear to be age-independent.
With age as a covariate, sex differences remained significant at P < 0.009 to P < 0.0001. As
an example of the age-independence of these sex differences in body fat, Table 1 also
provides descriptive statistics for a subset of the population that includes only individuals
between 3.5 and 5.5 years of age, an age range at which adult marmosets have reached a
stable weight and are not yet displaying age-related weight decline (23). In this subset of
individuals, males and females do not differ in age, yet the same sex differences in fat
weight (t = 2.24, P = 0.035) and relative fat (t = 2.10, P = 0.048) are observed. Because lean
weight did not differ between males and females, females had on average, 36% more
relative fat than males.
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Glucose metabolism variables were all significantly correlated with each other at P < 0.001
(plasma glucose × glucometer = 0.912; plasma glucose × HbA1c = 0.509; glucometer ×
HbA1c = 0.461). Lipid parameters were correlated as follows: cholesterol was positively
correlated with HDL (0.485), LDL (0.574), and VLDL (0.594) at P < 0.001; triglyceride was
negatively correlated with LDL (−0.277, P < 0.03) and VLDL (−0.797, P < 0.001).

Table 2 provides descriptive statistics for the obese (defined as a relative fat exceeding the
80th percentile) vs. nonobese animals in this population. Animals classified as obese did not
differ from nonobese in age, lean weight, cholesterol, LDL, or HDL, but had significantly
higher fat weight, fasting glucose, HbA1c, VLDL, and triglyceride concentrations.

Out of 64 subjects, 28 (43.75%) had at least one variable that met the operational definitions
of atypical metabolic syndrome risk factors (see Table 3). Of these 28 subjects, 64.3% (n =
18) had only one atypical factor, 17.8% (n = 5) had two, 14.3% (n = 4) had three, and 1
(3.6%) had four atypical factors, The most common risk factor was an elevated glucose
metabolism parameter (either elevated fasting glucose concentration or elevated HbA1c);
however, this variable was also the one least likely to be associated with others. Elevated
triglyceride concentration was always associated with at least one other atypical factor and,
in five of six cases, was associated with two or three additional factors—i.e., meeting the
metabolic syndrome definition if these operationally defined factors translate into risks
similar to those seen in humans.

Study 2
The population in study 2 offered the opportunity to examine sex differences in weights for
a larger population of males and females that were reared in the same colony and could be
examined at the same age. Sex differences in early adult weight in study 2 mirrored those
seen in study 1—females were significantly larger than males (mean ± s.e. for females =
395.10 ± 8.92 g; for males = 365.82 ± 5.92 g; F = 7.47, P < 0.007). It is possible that this sex
difference in weight reflected a difference in overall body size, rather than a specific
difference in body fat. Because we did not have measurements of body dimensions or
quantification of lean vs. fat weight for this population, we were unable to address this
question directly. We were able, a posteriori, to obtain weight and knee-heel length
measurements in four male–female litters, ranging from 2.5 to 4.5 years of age, in which the
female adult weight exceeded that of the male litter mate (female mean = 401.25 ± 73.4 vs.
male mean = 369.0 ± 58.6 g). Although the females were significantly heavier than their
male litter mates (paired t = 3.316, P = 0.052), their knee-heel lengths did not differ (female
= 72.4 ± 1.54; male = 74.6 ± 1.0 mm; paired t = −1.84, P = 0.163), suggesting that the
females were not likely larger in body length than were their male litter mates.

Figure 1 illustrates the early adult weights of all animals relative to their sequential birth
order within the colony. In the early period of colony development, early adult weights were
increasing linearly and were similar between males and females. However, once early adult
weights began to stabilize, female weights were significantly higher than male weights.

Early adult weight (17–24 months of age) was significantly related to birth weight in
females, but not in males (Figure 2). Individuals who exceeded the 90th percentile in early
adult weight were significantly larger than those that did not at 0, 2, 4, and 6 months of age
(birth F = 9.854, P < 0.004; 2 months F = 12.77, P < 0.001; 4 months F = 13.45, P <0.001; 6
months F = 12.96, P < 0.001; see Table 4). The difference at birth, although statistically
significant, was quite small (3%). The percent differences increased over infancy to ～15%.
The difference in early adulthood was 33.9%. Ten obese individuals had a litter mate—in
only one case (one female–female litter) did both litter members exceed the 90th percentile
in weight at early adulthood. Figure 3 illustrates the within-litter weight differences at 2–6
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months for six male–female litters and three female–female litters in which at least one litter
member exceeded the 90th percentile in early adulthood. Females litter mates tended to have
similar growth trajectories, even if they differentiated in weight postinfancy, while males in
male–female litters had a lower growth slope in infancy than did their sisters. There was no
female–male litter in which the male exceeded the female in early infant growth or in early
adult weight. These growth patterns resulted in an average early adult weight difference
between female litter mates of 35 g (n = 3, range 20–60) vs. an average difference of 98.3 g
(n = 6, range 43–162) between female–male litter mates.

Discussion
The results of these studies indicate that marmoset monkeys, in common with macaques (8–
11,13), baboons (12), and vervet monkeys (14), spontaneously develop high body weight
and high relative fat concentrations in captivity. The causes of the secular trend of increased
body weight in marmosets (19, this study) have not been determined. The basic forms of
caging and husbandry has remained the same throughout this colony's history. The
population described in study 2 was maintained on the same base diets until 2006 when we
switched from the ZuPreem to the Purina Mazuri base diet (reflecting changes in weaning
and early adult diet for births numbered ≥520—see Figure 2), while continuing to feed the
purified diet throughout. No striking change in adult weights, growth rates, or body
composition was noted in association with this change.

A previously unreported finding in this species was the sex differences in propensity to
develop large body weight and higher relative fat weight—i.e., to become overweight or
obese. Marmosets are generally described as sexually monomorphic in terms of body size.
We previously reported no sex differences in fat weight (estimated by deuterium- oxide-
labeled water dilution) relative to lean weight or total body weight in a sample of 20
subjects, representative of the adult population from the early years of the Southwest
National Primate Research Center breeding colony (26). Though fat and lean estimation
methods differed in the two studies, a comparison of (26) and study 1 of this paper suggests
that trends in larger body mass and fat mass in marmosets show a striking sex difference.
Average male weight was 6.0% higher and fat mass did not differ between the two studies.
In contrast, average female weight was 28.7% higher in study 1 than in ref. 26 and fat
weight was increased by 141% (22.99–55.48 g). There was no sex difference in lean weight
in ref. 26 or in this study. Therefore, female marmosets, in common with many other
mammals including humans and other nonhuman primates show a higher propensity than
males to store fat, but males marmosets do not show the lean weight sex difference often
seen in other species—i.e., males having higher absolute lean weight.

Growth data suggest that sex differences in propensity to obesity begin early in life. Female
birth weight was significantly related to adult size but this was not true for males. A sex
difference in relative fat preceding puberty has been frequently described in humans (e.g.,
refs. 37–42 but see refs. 43–45). Future studies will determine the extent to which these
early life weight differences in the marmoset reflect lean vs. fat weight accumulation.
Although no systematic examination of neonatal body composition in marmosets has been
conducted, studies from other nonhuman primates (46) as well as our anecdotal findings
from necropsy of stillborn, normal weight marmoset infants suggests that marmoset
neonates are unlikely to have large stores of body fat. Humans are unusual among primates
in terms of having substantial amounts of adipose tissue at birth (46). Exploring how rapidly
marmoset infants accumulate adipose tissue following birth and the variance in that trait is
part of an ongoing project in our laboratory.
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In study 1, animals classified as obese had altered lipid parameters (higher triglyceride and
VLDL) and altered glucose metabolism (higher HbA1c, indicating a higher degree of
ongoing hyperglycemia). Using our operationally defined risk factors, 7.8% of subjects fit
the ATP III definition of metabolic syndrome, with at least three risk factors. An additional
7.8% had two risk factors. We were unable in this study to monitor blood pressure, a factor
that we will add to future studies. Also of interest in future studies is to determine whether
or not exposure to higher caloric density diets will increase the percentage of subjects
meeting this operational definition of metabolic syndrome.

Fasting glucose (168 mg/dl) in nonobese subjects was high compared to larger-bodied
primates but similar to values previously reported for marmosets (47,48). The fact that high
fasting glucose was the single variable most likely to occur without association with any
other atypical values, suggests that some of these glucose concentrations may be elevated in
response to stress due to capture or handling; however, similar average values are reported
for sedated and unsedated marmosets (47). HbA1c and fasting glucose concentrations are
significantly positively correlated, suggesting that fasting glucose concentration may still be
a valid measure of hyperglycemia.

In summary, the marmoset demonstrates the similar suites of body composition, glucose
metabolism alterations and lipid alterations as are seen in other nonhuman primates and in
humans, suggesting that this species is worthy of consideration for obesity studies in which
its fast maturity, high fertility, relatively short lifespan, and small size may be of advantage.
Marmoset twins offer the opportunity to have >1 infant exposed to the same uterine and
postnatal family environments. Future studies may also take advantage of the fact that the
infants are easily fostered between parents.
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Figure 1.
Early adult weights of marmosets from one colony (study 2), 1994 through 2004 vs.
sequential birth number, in which animal no. 36 represents the first birth in the colony—
females = ♀ in black; males = ♂ in gray.
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Figure 2.
Relation between birth weight and early adult weight in males vs. females, with birth
weights segmented into low, (circles), medium (squares), and high (diamonds). Groups that
do not share a dotted line ([---]) differ from one another at P < 0.05.
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Figure 3.
Average within-litter weight differences for six female–male litters (circles) and three
female–female litters (♀, in gray) in which at least one member exceeded the 90th percentile
in early adult weight.
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Table 1
Body composition in males and females for the total population in study 1 and for an age-
matched, prime adult-aged (3.5–5.5 years) subset of that population

Female total sample (n =
32)

Male total sample (n = 32) Female 3.5–5.5 years (n = 19) Male 3.5–5.5 years (n = 5)

Age (years) 4.8 ± 1.1 3.1 ± 1.4 4.5 ± 0.5 4.2 ± 0.7

Body wt (g) 411.9 ± 52.5 386.0 ± 47.6 415.4 ± 54.4 374 ± 31.6

Lean wt (g) 282.9 ± 36.9 274.1 ± 29.8 281.5 ± 38.4 267.8 ± 17.2

Fat wt (g) 55.5 ± 21.7 39.3 ± 23.2 57.5 ± 22.6 33.4 ± 14.8

Fat wt/body wt 0.132 ± 0.04 0.097 ± 0.05 0.136 ± 0.05 0.087 ± 0.03

Values in boldface differ between sexes. See text for specific information on analyses and alpha values.
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Table 4
Weights (mean ± s.d.) through infancy and early adulthood for animals over (n = 13) or
below (n = 36) the 90th percentile of early adult weight

Age (months) >90th percentile <90th percentile % Difference

0 31.6 ± 3.0 29.9 ± 2.7 3.0

2 120.4 ± 12.0 105.1 ± 10.0 13.6

4 202.8 ± 12.0 175.9 ± 15.5 14.9

6 285.1 ± 16.2 246.8 ± 23.4 15.5

24 514.6 ± 36.1 383.3 ± 45.2 33.9
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