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Abstract

Background and Aims—Low birth weight affects 1 in every 7 babies born globally and can
predict a lifetime of increased risk for adverse health outcomes, including cardiovascular disease,
hypertension, obesity, diabetes, and metabolic syndrome. Maternal low protein diet during
pregnancy and lactation is a well-characterized rat model for low birth weight and the subsequent
increase in chronic disease risk. However, mice have been relatively understudied in this paradigm
and represent a critical resource for investigating the underlying molecular mechanisms that link
adverse early life experience and the development of chronic disease.

Methods and Results—The present manuscript describes a mouse model of low birth weight
(maternal consumption of low protein diet (8% protein) through pregnancy and lactation) and
characterizes metabolic adaptations (food intake, locomotor activity, oxygen consumption, and
glucose tolerance test) in male and female offspring. At weaning, mice were maintained either on
the control diet or a high fat diet. Notable sex differences were observed, with male mice from the
low protein pregnancies showing increased food intake, hyperactivity and increased metabolic rate
only when weaned to the high fat diet, while female mice consistently showed increased food
intake and were hypometabolic, regardless of postweaning diet.

Conclusion—These data identify offspring sex and postweaning diet as critical variables in the
metabolic adaptations to early life protein deficiency, and suggest that females may be more
vulnerable to the adverse long term health consequences of low birth weight.
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Introduction

The “fetal origins” hypothesis developed by Barker and colleagues noted the relationship
between inadequate maternal nutrition and the eventual development of metabolic disease
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(hypertension, insulin resistance, and dyslipidemia) in adulthood (1). This relationship has
been seen across diverse examples of human famine, including the Dutch Hunger Winter (2)
and the 1950s Chinese Famine (3, 4). To varying degrees, this finding has been replicated in
animal models, as aspects of the metabolic syndrome (hypertension, atherosclerosis,
dyslipidemia, glucose/insulin imbalance, central adiposity) can be seen in the adult offspring
born to dams that consume limited nutrition during pregnancy and/or lactation. Maternal
protein restriction (typically restricted to half the normal protein levels) has been extensively
studied as a valid rodent model for the development of low birth weight (growth-retarded)
offspring (5-9). The vast majority of the protein-restriction experiments have been done
using rats, and relatively few studies to date (10-12) have examined the effects of maternal
protein restriction in a mouse model. Further, significant sex differences have been noted in
the offspring’s response to prenatal undernutrition (13-17). For example, male mice from
undernourished dams were adversely affected with respect to weight gain, adiposity and
glucose tolerance (13), effects which were all absent in females. From these and other
studies, it is clear that species, sex and the timing of the restriction (pregnancy and/or
lactation) exhibit critical interactions that impinge on the outcome of study. Given the power
of mouse genetics, it is critically important to fully characterize the effect of maternal
protein restriction in a mouse model; therefore, current experiments were designed to
examine the effect of maternal protein restriction on metabolic endpoints in male and female
mouse offspring.

Animals and experimental model

Eight to 12 week old C57BL/6J females (The Jackson Labs, Bar Harbor, ME) were mated
with DBA/2J males (The Jackson Labs, Bar Harbor, ME) and fed either a control (18%
protein) or isocaloric 8.5% low protein (LP) diet during breeding, pregnancy and lactation
(diet details below, and see Supplemental Table). Breeding pairs were housed in standard
mouse cages with the addition of nestlets and breeding houses; males were removed from
the pair just prior to the birth of the pups. Litters with fewer than 6 or greater than 8 pups
were excluded from analysis. At weaning, half the litters were fed the control diet, and half
were fed a high-fat diet (60% calories from fat). One animal per litter from 6-8 different
dams/group was randomly chosen for use in individual experiments, to control for any litter
effect. There was no difference in litter size between LP and control pregnancies. Body
weights were recorded weekly, and male and female mice (n=4-6/group) were used in all
experiments. All procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Pennsylvania.

Diet Composition

Total energy content of control diet (Test Diet 5755, Richmond, IN) was 4.09 kcal/g with
18% of total energy calories from protein, 22% from fat, and 60% from carbohydrate. The
isocaloric, low protein diet (Test Diet 5769) was 8.5% protein purified diet with total energy
content of 4.13 kcal/g with 8.5% of total energy calories from protein, 22% from fat, and
69.5% from carbohydrate. High fat diet (Test Diet 58G9) had a total energy content of 5.21
kcal/g with 18% of total energy calories from protein, 60% from fat, and 22% from
carbohydrate.

Metabolic measurements

Animals were tested in the Comprehensive Lab Animal Monitoring System (CLAMS,
Columbus Instruments, Columbus, OH), which monitors food and water intake, indirect
calorimetry, and x-axis activity. Animals had unrestricted access to powdered chow through
a feeder located in the middle of the cage floor, which was directly connected to a precision

Nutr Metab Cardiovasc Dis. Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Whitaker et al.

Page 3

scale. At least one week prior to testing, animals were housed in the CLAMS overnight to
acclimate to powdered food and a novel cage. While in the CLAMS cages, animals had ad
libitum access to powdered diet and water. Food intake was normalized to body weight.
Animals were placed in the cages one hour prior to lights out and were removed 20 hrs later.
Data from the 12 hr dark period and the first 6 hrs of the light period were analyzed and
reported. Data in Figure 2D were previously published in (18).

Glucose tolerance test

An intraperitoneal glucose tolerance (IPGTT) test was performed at 3 months (males) or 6
months (females) of age after an 18-hr overnight fast (n=5/group). A glucometer (Ascensia,
Bayer) was used to determine blood glucose levels using blood from a tail nick. After
determination of fasting blood glucose levels, each animal received a 2g/kg intraperitoneal
injection of 20% glucose. Blood glucose levels were detected after 15, 30, 60, and 120 min.
Glucose tolerance was calculated by adding the areas under the glucose-time curve (AUC-
GTT) for the intervals 0-15, 15-30, 30-60, and 60-120 min.

Statistical analyses

Results
Weights

Data, presented as means + s.e.m., were analyzed using Prism 4 (GraphPad) and Excel tools
for statistical analysis. Student’s t-test was used to analyze differences between groups in
Fig 1B-E. Two-way repeated measures ANOVA (maternal diet x time) was used to analyze
all other data sets. A p-value of 0.05 or lower was considered significant.

Dams were fed either a low protein (LP) diet or an isocaloric control diet through breeding,
pregnancy and lactation. There was no difference in maternal weight gain during pregnancy
between the groups (Figure 1A). At birth, the average weight of each litter was calculated
(n=6-8 litters) and the LP offspring weighed significantly less at birth (1.37(0.02) g versus
1.21 (0.04) g, p<.05, Figure 1B). At weaning, both males and females from the LP-fed dams
weighed significantly less than offspring from control pregnancies (Males: 11.9 (0.3) vs.
15.6 (0.3), Females: 11.5 (0.3) vs 14.1 (03), p<.0005, Figure 1C). After weaning, pups were
placed on either the control diet or a diet high in fat (HF; 60% fat). The rate of weight gain
was measured between weeks 5-6 and revealed that males from the LP pregnancies
demonstrated significantly greater “catch up” growth than did males from control
pregnancies (Figure 1D), on both the control or high fat diet. Females did not differ in their
rate of growth, regardless of postnatal diet (Figure 1E).

Metabolic parameters (weight gain, food intake, locomotor activity and metabolic rate) were
examined every 3 weeks in a subset of animals (n=4-5 /group) from 9-20 weeks of age. All
animals gained weight over time, with a significant (p<.0001) effect for time for all groups.
Regardless of the postweaning diet, male offspring from the LP pregnancies maintained a
lower body weight from 6-20 weeks of age (Main effect for group; Control diet:
F(1,42)=9.3, p<.05; HF diet: F(1, 35)=6.4, p=.05, Figure 1F). A similar pattern of weight
gain was observed in the females. Regardless of the post-weaning diet, female offspring
from LP pregnancies weighed significantly less than offspring from control pregnancies
(Main effect for group: Control diet: F(1,36)=36.7, p<.0009, HF diet: F(1, 36)=74.4, p<.
0001, Figure 1G).

Males-Dark period

Male mice from LP pregnancies did not differ in food intake or locomotor activity from their
control counterparts when weaned postnatally to the control diet (Figure 2A, 2C). However,
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when animals were presented with a metabolic challenge (consumption of the high calorie,
high fat diet) significant differences were observed. Repeated measures ANOVA revealed
that male mice from the LP pregnancies ate significantly more food compared to mice from
the control pregnancies (main effect for group: F(1,12)= 33.5, p=.004, Figure 2B) and
demonstrated a significant hyperactivity (F(1,15)=16.8, p<.009, Figure 2D). Similarly,
oxygen consumption (an indicator of basal metabolic rate) did not differ between the groups
when animals were weaned to the control diet (Figure 3A). However, when offspring were
weaned to the high fat diet, there was a significant increase in metabolic rate, such that
animals from the LP pregnancies had a significantly greater oxygen consumption
(F(1,18)=7.98, p=.03, Figure 3B).

As expected for a nocturnal animal, food intake and locomotor activity were significantly
reduced during the lights on period, but neither food intake nor locomotor activity differed
between the groups during the lights on period (data not shown). However, as in the dark
period, oxygen consumption was significantly elevated in animals from the low protein-fed
dams (F(1,18)=14.7, p=0.009, Figure 3D) when weaned to the HF diet, while there was no
group difference in animals fed the control diet (Figure 3C).

Comparison between postnatal diets

Females

It is also informative to examine the two groups’ response to the presence of HF diet. Both
LP and control offspring decreased food intake in the presence of high fat diet, although less
so for the LP offspring. However, for both locomotor activity and oxygen consumption there
were notable differences. Activity level in control offspring decreased in the presence of a
high fat diet, however in offspring from the LP pregnancies, activity levels were
significantly increased, particularly in the 14-17 week timeperiod. Further, oxygen
consumption did not change in the presence of the high fat diet for controls, but LP-derived
offspring had an elevated VVO2 in the presence of the HF diet.

The pattern of metabolic responses observed in females was notably different than that
observed in the males. With regard to food intake, female offspring from dams that were fed
the LP diet during pregnancy and lactation ate significantly more food, regardless of the
postweaning diet (Main effect for group; Control diet: F(1,24)=10.3, p=.0184, Figure 4A;
HF diet: F(1, 24)=10.9, p=.0165, Figure 4B). Food intake was significantly less during the
lights on period, and did not differ between the groups (data not shown). There were no
differences in locomotor activity during the dark, regardless of the pregnancy or
postweaning diet (data not shown), nor during the lights on period when animals were fed
the control diet (Figure 4C). However, during the lights on period, x-axis activity was
significantly increased in LP offspring weaned to the HF diet (F(1, 18)=18.7, p=.005, Figure
4D). Metabolic rate was significantly reduced in offspring from LP-fed dams, regardless of
the postweaning diet, in both the dark and light period (Dark: Main effect for group; Control
diet: F(1,18)=12.3, p=.0127, Figure 5A; HF diet: F(1, 15)=14.2, p=.013, Figure 5B, Lights
on; Control diet: F(1,18)=19.6, p=.004, Figure 5C; HF diet: F(1, 18)=11.1, p=.016, Figure
5D). In contrast to males, the female offspring’s response to the high fat diet did not differ
between the groups. Weaning to the high fat diet, decreased food intake, decreased
locomotor activity and increased metabolic rate in both control and growth restricted female

pups.
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Glucose tolerance test (GTT)

Intraperitoneal glucose tolerance tests were performed following a 12 hr fast when male
mice were 3 months of age and female mice were 6 months of age (Table 1). Male LP
offspring had significantly higher fasting glucose levels (control: 102.3 mg/dl (15.8) vs. LP:
162 mg/dl (14.8) p<.05), while females did not (control: 154.4 (6.6) vs. LP: 150.2 (5.5). As
expected, exposure to the HF diet significantly increased fasting blood glucose levels (in all
groups of animals), but the increase was not significant in the LP offspring due to the
increased fasting glucose levels when on the control diet. Area under the curve for the
IPGTT did not differ in males or females, regardless of postweaning diet.

Discussion

In the present manuscript, we describe metabolic consequences of early life protein
restriction that vary by sex and postweaning diet. Maternal protein restriction in mice led to
offspring that were low birth weight and remained lower birth weight through 20 weeks of
age. This growth pattern mirrors the pattern seen in a similar mouse model of maternal
protein restriction (where the protein restriction was limited to pregnancy only (13)), as well
as in rat studies in which the protein restriction encompassed pregnancy and lactation (5-8).
Males, but not females, demonstrated catch-up growth on both the control and high fat diet.
In male offspring, there was an interaction between maternal diet and postweaning diet, such
that after chronic consumption of high fat diet, LP males had increased food intake, were
hyperactive and had increased metabolic rate, as compared to control offspring.
Hyperactivity and increased metabolic rate may compensate for the increased food intake
and partially explain why the low protein offspring did not weigh significantly more than the
controls. These data are particularly interesting given that an increased risk for attention
deficit hyperactivity disorder (ADHD) has been linked (independently) to both small size at
birth (19, 20) and overweight (21).

Importantly, the impact of maternal low protein diet during pregnancy and lactation on
metabolic parameters was dependent on sex. In contrast to the males, females from the low
protein pregnancies ate significantly more food and were hypometabolic, regardless of the
postweaning diet. Female offspring from the low protein pregnancies continued to weigh
less than control offspring, which is surprising given the observed increase in food intake
coupled with lowered metabolic rate. It remains possible that a longer assessment would
reveal an eventual increased weight gain relative to controls in the low protein offspring.
Findings using similar protein restriction models show increased body weight in LP females
only beyond 6 months of age (10), the time at which the current study was concluded, or
even later at 32 weeks of age (13). Further, increased adiposity has been reported in the
absence of a differential weight gain (16), and it would be important for future studies with
female offspring from low protein pregnancies to examine independent measures of
adiposity in addition to body weight. The mechanistic explanation for the observed sex
difference is beyond the scope of the current study, but known sex differences in metabolic
regulation (22) and the interaction of sex hormones with food intake, activity and metabolic
rate are likely to play an important role.

The developmental window during which protein restriction occurs is a critical variable
affecting the development of adverse effects in the offspring. Because related studies in our
laboratory focus on the effects of early life protein restriction on brain development (18), we
include protein restriction during both pregnancy and lactation, as rodent brain development
through postnatal days 7-10 is similar to the third trimester of human pregnancy. Further, a
number of seminal papers using the rat model that examine growth and metabolic
phenotypes have used protein restriction through pregnancy and lactation (23-25). A
comparison of the present results to those in a mouse model in which protein restriction was
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limited to only pregnancy identified similarities as well as differences. Similar to the present
findings, eight week old LP male offspring ate more food, were more active during the dark
phase, and had increased energy expenditure during lights on (11). However, in our model,
these metabolic changes were only observed once animals were challenged with chronic
exposure to the high fat diet. Further, offspring from protein-restricted dams in our study
weighed less than controls, regardless of diet, while animals in the other study gained
significantly more weight than controls when put on a high fat diet starting at 8 weeks of
age. It may be the case that extension of the protein restriction to the lactation period is the
reason for this difference, as previous studies have reported that when protein restriction was
limited to the lactation period only, there was a net beneficial effect, as mice lived longer,
weighed less, and were not affected by a high fat diet (26). The fathers were also exposed to
the LP diet, however, a contribution from the paternal nutritional history to the observed
phenotypes is unlikely given that females became pregnant within 0-4 days of pairing, a
timeframe during which novel spermatogenesis would not occur (i.e., > 20 days).

Results from this mouse model appear to have notable differences with observations in the
rat. The bodyweight phenotype is similar in mice and rats, with LP offspring born low
birthweight (23, 27) and remaining lower body weight (5-8). However, when examining
metabolic adaptations, clear differences emerge. Increased food intake was not observed in
either males or females in a similar rat model in which protein restriction was continued
through pregnancy and lactation (7). An early but transient increase in food intake (present
at ~35-60 days of age, but not at later timepoints) was observed when the protein restriction
was limited to pregnancy (not lactation) (28, 29). And no change in food intake was
observed, even with the introduction of a high fat diet, when the protein restriction was
limited to mid or late gestation (30). Interestingly, when calorie restriction during pregnancy
(as opposed to protein restriction) has been studied in the rat, an increase in food intake
appears to be a more robust finding (31, 32). A survey of the literature found no studies that
examined the effect of protein restriction on offspring locomotor activity. Undernutrition
during pregnancy in the rat coupled with high fat diet at weaning was found to increase
sedentary behavior (33), a pattern which is opposite to what we observed in the mouse,
however a direct comparison between the two studies is difficult given the difference in
species (mouse versus rat), model (low protein versus reduced caloric intake), timeframe
(pregnancy and lactation versus gestation only) and hypercaloric diet (60% versus 30% high
fat diet).

The glucose tolerance test revealed that males, but not females, on a control diet from the
low protein pregnancies had significantly increased fasting glucose levels at the start of the
challenge as compared to control offspring, which may indicate an increased risk for the
development of diabetes. Given that females were studied later than males (6 months versus
3 months), if anything a more severe, not less severe, phenotype may have been expected in
the females. Similar reports in the literature have been inconsistent (11, 13), with fasting
glucose levels either unchanged in males and females (7), increased only in females (8), or
increased in males (6), while AUC of the GTT was not elevated (7, 8) or increased in males

only (6).

In summary, these data demonstrate that early life protein restriction can be used as a mouse
model of low birth weight offspring with associated metabolic alterations. Consistent with
other reports that have used protein restriction through both pregnancy and lactation (5, 13,
26), both males and females maintain a lower bodyweight regardless of the postweaning
diet. LP males show a difference in metabolic parameters only when maintained on the high
fat diet from weaning, while LP females showed increased food intkae and were
hypometabolic, regardless of the postweaning diet, indicating an increased sensitivity of the
female offspring to the /n utero insult. This increased sensitivity may lead to a greater risk
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for obesity and/or increased adiposity over time, particularly with the loss of estrogen in
later life (34). The present findings in combination with the extensive related literature
highlight the importance of key variables (species, timing, model, sex, postnatal diet) that
affect the in utero programming of metabolic endpoints. The present studies significantly
enhance our understanding of the metabolic effects associated with low birth weight by
defining how metabolic adaptations are altered by postweaning diet and offspring sex in a
mouse model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Dam and offspring weight gain
(A) Maternal weight from the time of mating through 18 days of pregnancy did not differ
between dams fed the low protein diet (gray diamond) and dams fed the control diet (black
square). (B) Average litter birth weight was significantly reduced when dams were fed the
low protein diet. (C) Weaning weight for both males and females was significantly lower in
offspring from dams fed the low protein diet (gray) as compared to control offspring (black).
(D) Percent weight gain between weeks 5 and 6. Males from low protein pregnancies gained
significantly more weight than controls, however, the rate of weight gain for females (E) did
not differ between groups (*p<.05, **p<.008, ***p<.0005). Offspring weight gain over

Day

(2]
ht(g) -

19!

Weaning we

Bodyweight (g)

% weight gain from week 5-6

14

@

W
o

N
(=}
1

10

Day 18

16
ke "
12
Il Control
[ Low Protein
4

Males Females

Females

I'm Control
@ Low Protein

Control HF
Postweaning diet

Females
® Con-HF
O LP-HF
H Con-Con
0 LP-Con

30

N
i

} p<.0001

} p<.0009

B

6 & 10 12 14 16 18 20
Weeks of age

Nutr Metab Cardiovasc Dis. Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Whitaker et al.

Page 11
time in males (F) and females (G). Offspring from dams fed the low protein diet during

pregnancy and lactation (gray) weighed less than controls (black) regardless of postweaning
diet (control diet (squares) or high fat diet (circles)).

Nutr Metab Cardiovasc Dis. Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Whitaker et al

A.
2
Q
~
(2]
=
©
O
a4
N—
Q
¥4
L]
g
£
O
o}
(o]
L
C.
>
=
=
—-—
(&)
@
2
x
¢
>

Weaned to control diet

Page 12

Weaned to high fat diet
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Figure 2. Food intake and locomotor activity in male offspring

Food intake (A, B) and locomotor activity (C, D) were evaluated every three weeks in male
offspring from 11 through 20 weeks of age. When offspring were weaned to the control diet,
there were no differences due to maternal diet (A, C). However, when offspring were
weaned to the high fat diet (HF), the offspring from dams fed the low protein diet had a
significantly increased food intake (B) and were hyperactive (D). (*p=.004, **p=.009)
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Figure 3. Oxygen consumption in male offspring

Metabolic rate was evaluated every three weeks in male offspring from 11 through 20 weeks
of age, during the lights off period (6pm-6am, A, B) and the first 6 hrs of the lights on
period (6am-12pm, C, D). When offspring were weaned to the control diet, there were no
differences due to maternal diet (A, C). However, when offspring were weaned to the high
fat diet (HF), the offspring from dams fed the low protein diet had significantly increased
oxygen consumption (B, D). (*p<.03, **p=.009)
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Figure4. Food intake and locomotor activity in female offspring

Food intake (A, B), locomotor activity (C, D) were evaluated every three weeks in female
offspring from 9 through 18 weeks of age. During lights off, female offspring from low
protein fed dams showed an increase in food intake, regardless of the postweaning diet (A,
control diet; B, high fat diet). During lights on animals from the low protein fed dams who
were weaned to the HF diet were significantly more active (D). (*p<.02, **p=.005)
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Figure 5. Oxygen consumption in female offspring

Metabolic rate was evaluated every three weeks in female offspring from 9 through 18
weeks of age, during the lights off period (6pm-6am, A, B) and the first 6 hrs of the lights on
period (6am-12pm, C, D). Female offspring from low protein fed dams were had
significantly lower metabolic rate, regardless of the postweaning diet or the light cycle (A,
C, control diet; B, D, high fat diet). (*p<.02, **p=.004).
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Glucose tolerance test in males (3 months) and females (6 months).

Table 1

Mater nal Diet

Control Low Protein

102.3 (15.8) 162.0 (14.8) *

199.7 (26.3)7 178.5(17.3)

874.2 (88) 810.7 (32)

988.4 (88) 1038.2 (78.5)
Maternal Diet

Control Low Protein

MALES
Postweaning diet
Fasting glucose Control
High fat
AUC-IPGTT Control
High fat
FEMALES
Postweaning diet
Fasting glucose Control
High fat
AUC-IPGTT Control
High fat

1544 (6.6) 1502 (5.5)

176 6.2)7  186.4 (13.8)7
593.2(29.8)  636.3 (23.5)
7257 (62.6)  682.7 (22.9)

Page 16

Glucose tolerance test performed after 18hr fast. Male mice from LP pregnancies demonstrate a significantly elevated fasting glucose level when

maintained on the control diet from weaning compared to mice from control pregnancies (* p<.05, mean + S.E.M.).

Animals weaned to the high fat diet had significantly increased fasting glucose levels as compared to animals on the control diet in the glucose
tolerance test, as indicated (tp<.05, mean + S.E.M.).
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