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of energy as fat). Twenty weeks later, male mice had impaired 
glucose tolerance and insulin resistance, independent of 
their weanling weight classification. While on high fat feeds, 
macrosomic males maintained a significantly higher body 
weight than control males.  Conclusions:  We conclude that 
(1) in our murine model, neonatal macrosomia is an indepen-
dent risk factor of adult metabolic syndrome, and (2) neona-
tal macrosomia accentuates the sexually dimorphic predis-
position of C57Bl6 male mice towards glucose intolerance 
and C57Bl6 female mice towards hypertension. 

 Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Macrosomic infants are at an increased risk of type 2 
diabetes mellitus, hypertension, and obesity in adulthood 
 [1–4] . While epidemiological studies have shown neona-
tal macrosomia is associated with adverse effects on adult 
metabolic health, these observations are confounded by 
obesity-prone genotypes, obesity-linked lifestyles and 
maternal comorbidities  [1] . Animal models have been de-
veloped to clarify these associations.
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 Abstract 
  Background:  Weight in infancy correlates with risk of type 2 
diabetes, hypertension, and obesity in adulthood. Clinical 
observations have been confounded by obesity-prone gen-
otypes and obesity-linked lifestyles.  Objectives:  To define 
the effects of isolated neonatal macrosomia in isogenic ani-
mals, we compared macrosomic and control C57Bl6 mice
co-fostered by healthy dams receiving standard laboratory 
feed.  Methods:  Naturally occurring neonatal macrosomia 
was identified by a gender-specific weanling weight above 
the 90th percentile for the colony. Macrosomic and control 
mice were phenotyped in adulthood by exercise wheel, tail 
cuff and intraperitoneal insulin or glucose challenge.  Re-
sults:  Compared to control males, adult males with a history 
of neonatal macrosomia had significantly increased body 
weight, reduced voluntary activity, insulin resistance, fasting 
hyperinsulinemia, and impaired glucose tolerance. In con-
trast, adult females with neonatal macrosomia had no sig-
nificant alteration in body weight or endocrine phenotypes, 
but did have higher blood pressures and lower heart rates 
than control females. After these baseline studies, all mice 
were switched to a hypercaloric, high fat diet (5 kcal/g, 45% 
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  Typical rodent models have induced neonatal macro-
somia through maternal overnutrition or the induction 
of maternal diabetes  [5, 6] . When high fat feeding occurs 
during gestation and lactation, pups develop a phenotype 
in adulthood similar to the metabolic syndrome  [7–9] . 
These studies are consistent with epidemiological evi-
dence showing that maternal obesity plus neonatal mac-
rosomia increase the risk of developing metabolic syn-
drome  [10] . While the maternal overnutrition model rep-
licates a common cause of neonatal macrosomia, the 
independent long-term effects of neonatal macrosomia 
remained clouded by unknown programming effects of 
maternal obesity and obesity-induced diabetes mellitus. 
To define the effects of isolated neonatal macrosomia, we 
sought to compare macrosomic mice to isogenic controls 
co-fostered by healthy dams receiving standard labora-
tory feed.

  While beginning our investigation into the long-term 
consequences of natural perinatal growth variation, we 
demonstrated that spontaneous neonatal growth restric-
tion programs the development of metabolic syndrome 
in isogenic mice  [11, 12] . As in other programming mod-
els, marked sexual dimorphism was noted, with neonatal 
growth restriction eliciting hypertension in adult male 
mice and glucose intolerance in adult female mice  [12] . 
Notably, the C57Bl6 strain of mice used in those studies 
is known to carry a genetic predisposition to metabolic 
syndrome with relative hypertension seen in female mice 
and glucose intolerance seen in male mice  [13–16] . We 
hypothesized that naturally occurring neonatal macro-
somia would exacerbate this sexually dimorphic predis-
position to aspects of the metabolic syndrome, and the 
introduction of a high fat diet in adulthood would further 
accentuate the phenotypes of macrosomic mice.

  Methods 

 Animal Model 
 The investigation was approved by the University of Iowa An-

imal Care and Use Committee and conforms to National Insti-
tutes of Health guidelines. Adult C57Bl/6J mice (Jackson Labora-
tory, Bar Harbor, Me., USA) were bred for 2 weeks, and then 
moved into individual cages. Dams delivered naturally, fostered 
their own pups, and were maintained on standard rodent chow
(4 kcal/g, 6% of energy as fat; 7013; Harlan Teklad, Madison, 
Wisc., USA) throughout pregnancy and lactation. Pups were 
weighed upon weaning (day 20 of life). Utilizing standard clinical 
criteria, macrosomia was identified by a gender-specific weight 
above the 90th percentile. For control mice, appropriate growth 
was defined by a weight within 1 standard deviation of the colony 
mean. For every macrosomic mouse identified (21 males and 18 

females), littermate control mice were retained (27 males and 25 
females). All study groups consisted of mice from at least 14 dif-
ferent litters.

  Baseline Studies 
 At 20 weeks, glucose and insulin tolerance tests were per-

formed following a 3-hour fast, as previously described  [12] . For 
glucose tolerance tests, 20% dextrose was administered by intra-
peritoneal injection (2 g/kg). After at least 48 h of recovery, insu-
lin tolerance tests were performed by intraperitoneal injection of 
regular human insulin (0.75 U/kg; Humulin-R; Eli Lilly, India-
napolis, Ind., USA). Insulin levels were measured on plasma col-
lected from fasting mice immediately prior to glucose tolerance 
testing, as previously described  [12] . Following the endocrine 
tests, tail cuff systolic blood pressure (SBP) and heart rate were 
recorded for 5 consecutive days, as previously described  [11, 12] . 
During the final week on the baseline diet, feed intake was re-
corded and an exercise wheel (35 cm circumference, Thoren Cag-
ing Systems, Hazleton, Pa., USA) was placed inside each cage to 
evaluate voluntary activity. Exercise wheel revolutions were digi-
tally recorded over the ensuing 72 h.

  High Fat Diet 
 After completing the baseline studies, 12–15 mice/group were 

switched to a hypercaloric, high fat diet (5 kcal/g, 45% of energy 
as fat; D12451; Research Diets, New Brunswick, N.J., USA). The 
caloric composition of the diet included 45% fat (39% lard and 6% 
soybean oil), 35% carbohydrates (18% sucrose, 10% maltodextrin, 
and 7% corn starch), and 20% protein (19.7% casein and 0.3%
 L -cystine). Twenty weeks later, glucose and insulin tolerance tests 
were repeated. The mice were then weighed and anesthetized for 
organ harvest.

  Data Analysis 
 All values are presented as mean  8  SEM. Statistical compari-

sons were performed by 2-tailed t test or ANOVA with Bonfer-
roni post hoc testing when appropriate. A Shapiro-Wilk test was 
employed as a test of normality. Levene’s test was used to verify 
homogeneity of variances.

  Results 

 Establishment of the Model 
 Median litter size was 7 pups with an interquartile 

range of 6–9 pups. Weanling weight was inversely corre-
lated with litter size ( fig. 1 a; R 2  = 0.9). Neonatal mouse 
weights were normally distributed ( fig. 1 b; W = 0.99, p   1    
0.05). Female mice weighed significantly less than male 
mice on day 20 (female 8.1  8  0.1, male 8.4  8  0.1 g; p   !  
 0.05). Based on the initial 178 male mice, macrosomia 
(weight above the 90th percentile) was defined by weight 
above 9.80 g on day 20 ( fig. 1 b). Based on the initial 156 
female mice, the corresponding 90th percentile weight 
was 9.40 g ( fig.  1 b). By definition, macrosomic pups 
weighed more than control pups at weaning ( fig. 1 c).
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  Phenotypes on Standard Chow 
 At 20 weeks, macrosomic males weighed significantly 

more than the controls, while female macrosomic mice 
showed no significant difference in adult weight versus 
controls ( fig. 1 d). While neither macrosomic males nor 
macrosomic females had altered caloric intake compared 
to the controls (macrosomic male 509  8  33, control male 
552  8  31, macrosomic female 701  8  18, control female 
670  8  10 kcal/kg/day), macrosomic males had signifi-

cantly reduced voluntary activity (macrosomic male 1.4 
 8  0.2, control male 3.1  8  0.4, macrosomic female 5.7  8  
0.8, control female 6.0  8  0.6 km/day). Macrosomic fe-
males had elevated SBP (macrosomic 115  8  3 versus con-
trol 108  8  1 mm Hg, p   !   0.05) with decreased heart rate 
(macrosomic 616  8  15 vs. control 667  8  11 bpm, p   !   
0.01), whereas macrosomic males had no significant al-
terations in heart rate (macrosomic 591  8  25 vs. control 
588  8  11 bpm) or blood pressure (macrosomic 111  8  3 
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  Fig. 1.  In isogenic C57BL/6 mice, weanling weight was inversely proportional to litter size ( a ; 57 litters, R 2  = 0.9). 
Male and female mice had normally distributed weanling weights ( b ; 334 mice, W = 0.99). Neonatal macro-
somia was defined by a weight greater than the 90th percentile on postnatal day 20. Weanling ( c ) and adult 
weights ( d ) were measured on postnatal day 20 and at 20 weeks, respectively.  *  *  p   !   0.01 versus control by t test. 
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vs. control 109  8  2 mm Hg). Although there were no al-
terations in fasting glucose levels in male or female mice 
( fig. 2 a), macrosomic males had elevated fasting insulin 
levels ( fig. 2 b; p   !   0.05) with equal variance confirmed by 
Levene’s test. Compared to control males, macrosomic 
males also had impaired glucose tolerance ( fig. 2 c) and 
reduced insulin sensitivity ( fig. 2 d). In comparison to fe-
males, males overall had decreased activity (p   !   0.001), 
increased fasting glucose ( fig.  2 a; p   !   0.001), impaired 
glucose tolerance ( fig. 2 c; p   !   0.001) and reduced insulin 
sensitivity ( fig. 2 d; p   !   0.01).

  Phenotypes on High Fat Chow 
 While on a high fat diet, female mice gained more 

weight than male mice (p   !   0.01), but neonatal macroso-
mia did not alter this relationship ( fig. 3 a). Compared to 
phenotypes on standard chow, male (F = 277, p  !  0.001) 
and female mice (F = 245, p  !  0.001) had an overall im-
pairment in glucose tolerance that was independent of 
their weanling weight classification ( fig.  2 c compared 
with  fig. 3 c). Only the males had insulin resistance (F = 
21, p   !   0.001) independent of their weanling weight clas-
sification ( fig. 3 d). Compared to control females, macro-
somic females had no significant alteration in fasting glu-
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  Fig. 2.  Fasting glucose ( a ) and insulin ( b ) levels were measured among control and macrosomic mice prior to 
glucose tolerance test ( c ) and insulin tolerance test ( d ).  *  p   !   0.05,  *  *  p   !   0.01 versus control by ANOVA. 
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cose ( fig. 3 b), glucose tolerance ( fig. 3 c), or insulin sensi-
tivity ( fig. 3 d).

  At the completion of the high fat intervention, macro-
somic male mice had significantly increased body weight 
compared to the controls (p  !  0.01;  table 1 ). Macrosomic 
females, but not males, had a significant reduction in 
adult brain weight versus controls ( table 1 ). Compared to 
male mice, female mice were significantly lighter and had 
a significant increase in the relative weight of the brain, 
heart and white adipose tissue, yet a significant decrease 
in relative liver weight ( table 1 ).

  Discussion 

 Our unique model allows us to conclude that neonatal 
macrosomia is an independent risk factor for components 
of the adult metabolic syndrome. We demonstrate that 
neonatal macrosomia accentuates the sexually dimorphic 
predisposition of C57Bl6 male mice towards glucose in-
tolerance and C57Bl6 female mice towards hypertension. 
We further demonstrate that the long-term effects of neo-
natal macrosomia are not accentuated, but are rather 
masked by the introduction of a high fat diet in adulthood.
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  Fig. 3.  After 20 weeks of high fat diet administration, weight gain ( a ) and fasting glucose levels ( b ) were measured 
among the control and macrosomic mice prior to the glucose tolerance test ( c ) and insulin tolerance test ( d ).               
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  This is the first study to identify long-term physiolog-
ic alterations attributable to natural neonatal macroso-
mia in a colony of isogenic mice raised under standard 
laboratory conditions. It is clear that divergent patterns 
of neonatal growth and nutrition exert independent ef-
fects of adult health  [17] . In contrast to the protective en-
docrine effects of neonatal growth restriction  [11] , exces-
sive childhood growth increases the risk of metabolic 
syndrome in adulthood  [18] . Given the importance of 
both birth weight and childhood weight gain in the
establishment of adult susceptibility  [1–3, 18] , we used 
weanling weight rather than birth weight as a marker of 
increased disease risk. Of note, Fok et al.  [19]  recently 
validated a number of neonatal anthropometric indices 
that can be monitored to tailor neonatal nutrition to-
wards optimal growth and development.

  Accentuating the sexual dimorphism towards higher 
blood pressures seen in C57Bl6 females  [14] , neonatal 
macrosomia led to sex-specific programming of cardio-
vascular outcomes in female mice. Sex-specific program-
ming of hypertension has been seen in many models of 
developmental programming  [20, 21] . With studies show-
ing a reversal of these gender differences following go-
nadectomy and a recapitulation of the phenotypes with 
hormonal replacement  [22–24] , it is possible that sex hor-
mone levels play an important role in the elaboration of 
programmed adult phenotypes.

  Intriguingly, macrosomic females had both increased 
blood pressures and reduced brain weight. Neonatal 
brain growth and development is known to display strong 
sexual dimorphism  [25] . We have previously demonstrat-
ed that postnatal growth restriction also leads to a decline 
in absolute brain weight that is likewise associated with 
tail cuff hypertension  [11, 12] . Neurobehavioral testing 

and radiotelemetric blood pressure recordings during 
both rest and psychologic stress would help clarify the 
role of altered neonatal neurodevelopment in the pro-
gramming of adult blood pressure.

  Alternatively, the relative reduction in macrosomic fe-
male brain weight may reflect a disproportionately in-
creased body weight. This was not the case for heart 
weight ratios. We speculate that heart weight remained 
proportional to body weight in macrosomic mice given 
the presence of significant hyperinsulinism (primarily in 
males) and hypertension (primarily in females). Longitu-
dinal tissue weights would help address whether the al-
tered adult tissue weights are a direct result of asymmet-
ric neonatal growth patterns or an indirect consequence 
of neonatal macrosomia-induced adult disease.

  In contrast to macrosomic females, macrosomic males 
had sex-specific programming of endocrine outcomes 
that was associated with a decreased level of voluntary 
exercise. We speculate that these phenotypes (inactivity, 
insulin resistance, hyperinsulinism and glucose intoler-
ance) are linked, but further studies are necessary to de-
fine the primary alteration. Since early exercise has been 
found to prevent insulin resistance and diabetes, the 
long-term effects of early exercise intervention in suscep-
tible populations should be investigated  [26] . Obesity-
prone male mice with neonatal macrosomia are one pop-
ulation that may be amenable to early intervention.

  Surprisingly, the introduction of a high fat diet in 
adulthood did not accentuate the phenotypes of macro-
somic mice. It is possible that the lack of interaction be-
tween neonatal macrosomia and the administration of a 
high fat diet was masked by the development of signifi-
cant glucose intolerance in even the control mice. The 
presence of a ceiling effect could be studied by assessing 

Male Male Female Female
control macrosomic control macrosomic

Mice, n 14 12 15 12
Weight, g†† 44.680.9 47.781.1** 42.381.2 44.181.6
Brain, mg/g† 13.280.7 12.280.6 18.080.4 16.080.6*
Heart, mg/g†† 5.180.2 5.080.4 6.180.3 6.180.4
Liver, mg/g†† 6184 6986 5282 5283
Kidneys, mg/g 14.180.9 13.281.0 14.880.5 15.281.1
White adipose, mg/g†† 101817 9585 213814 207825
Brown adipose, mg/g 7.580.6 8.580.7 8.781.0 7.981.3

* p < 0.05 or ** p < 0.01 versus control by ANOVA; † p < 0.05 or †† p < 0.01 for male 
versus female by ANOVA.

Table 1.  Growth parameters for control 
and macrosomic adult mice following 
 administration of a hypercaloric high fat 
diet
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the effects of shorter courses of high fat diet administra-
tion, for example, limiting high fat diet administration to 
4 rather than 20 weeks.

  Perspectives and Significance 
 This unique isogenic mouse model demonstrates that 

the neonatal environment elicits long-term physiologic 
alterations. The pathways responsible for these altera-

tions have yet to be elucidated, and it is possible that the 
effects of neonatal macrosomia are most pronounced in 
animals, such as the C57BL6 strain of mice, that have a 
genetic predisposition towards obesity, diabetes and hy-
pertension. Further investigations into the links between 
the early environment and later health may facilitate the 
prevention of adult metabolic syndrome in obesity-prone 
individuals.
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