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Abstract Maternal food restriction during pregnancy

results in adverse consequences for offspring, including

obesity and cardiovascular disease. Early pregnancy is a

critical period for this programming effect. Leptin is a

regulator of energy homeostasis that also affects placental

and fetal development. As food restriction results in

decreased serum leptin levels, at least in non-pregnant

animals, leptin depletion may be one mechanism by which

food restriction affects development. The objective of this

study was to test whether moderate food restriction affects

serum leptin concentrations during the first half of preg-

nancy. We found that restriction to 50% of ad libitum

consumption levels resulted in a significant decrease in

serum leptin concentrations in both pregnant and non-

pregnant female mice. There was no significant difference

in serum leptin concentrations between non-pregnant

females and at pregnancy day 11.5 when fed ad libitum.

However, there was a difference in the source of leptin

during pregnancy, with greater production in visceral fat in

pregnant mice, and greater production in subcutaneous fat

in non-pregnant mice. Leptin concentrations were depen-

dent on time of day and time of sampling relative to

feeding, particularly in restricted mice. There was a sig-

nificant difference in serum leptin concentrations between

fed and restricted mice when they were fed and sampled in

afternoon, but not when they were fed and sampled in

morning. We conclude that food restriction results in a

significant decrease in leptin concentration during the first

half of pregnancy in mice, but that detection of this rela-

tionship is subject to experimental design considerations.
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Introduction

There is a large and growing body of evidence, known

as the Developmental Origins of Health and Disease

(DOHaD) hypothesis, that maternal food restriction during

pregnancy causes permanent developmental changes that

may not become apparent until offspring reach adulthood.

Furthermore, early pregnancy is a critical time for these

programming effects. In the Dutch Hunger Winter Study, it

was found that the offspring of women who were exposed

to famine only during the first trimester of pregnancy grew

up to have a higher body mass index, LDL/HDL ratio, and

rate of cardiovascular disease than infants who developed

before or after the famine [1, 2]. Similarly, offspring of

sheep or rats that underwent nutrient restriction during

early-mid-pregnancy exhibited increased adiposity as

adults [3–5]. Although deficiencies in individual dietary

components such as methyl donors and protein have been

implicated in this process, overall energy restriction likely

plays a role [6, 7].

We hypothesize that depletion of leptin, a hormone

produced by adipose tissue, is a potential mediator of these

effects of food restriction during early pregnancy on

embryo development. Leptin levels generally fall in

response to food restriction, and leptin affects reproductive

physiology and embryonic development. For example,

replacement of leptin restores ovarian cycles in food-

restricted mice and in women with low body fat [8, 9],

indicating that depletion of leptin is the immediate cause of
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reproductive failure in cases of low energy storage. Leptin

is required for puberty, ovulation, lactation, and likely for

embryo implantation [10–12]. Within the embryo, it is

required for normal muscle and skeletal development [13,

14]. Thus, loss of leptin likely has developmental conse-

quences. However, it is not known whether leptin con-

centrations decline in response to food restriction during

pregnancy, as they do in non-pregnant animals.

In non-pregnant animals, obesity from various causes is

associated with elevated serum leptin concentrations

whereas weight loss is associated with declining leptin

concentrations [15–17]. Leptin concentrations also fall in

response to fasting in both mice and humans, even after

periods too brief to cause weight loss [10, 18–20]. This

short-term change is most likely mediated by changes in

the concentration of insulin, which directly stimulates

leptin production [17, 21]. In addition to regulation by

adiposity and food restriction, leptin concentrations are

influenced by time of day, with a peak occurring during the

night in both rodents and humans [22, 23].

There are significant changes in the regulation of leptin

production during pregnancy. Serum leptin concentrations

increase dramatically during pregnancy in every mamma-

lian species studied thus far [3, 24–27]. This is due in part

to high concentrations of estrogen, which stimulates leptin

production [25, 28]. In addition, there is an increase in the

binding protein, LEPRE, which extends the half-life of

circulating leptin [29]. The placenta contributes signifi-

cantly to leptin production in the pregnant human [26, 28],

little brown bat [24], and rat [27]. In contrast, although one

group has found evidence of placental leptin production in

the mouse [30, 31], others have not [32–34], and increased

secretion from abdominal fat accounts for at least some of

the increase in serum leptin in the pregnant mouse [25, 34].

The effect of food restriction on serum leptin concen-

trations has not been examined during early pregnancy, a

critical period for developmental programming [1, 2, 4,

5]. During mid-pregnancy in sheep, nutrient restriction

to 60% of metabolizable energy requirements (*40%

ad libitum consumption) from days 28–80 resulted in

significantly lower leptin concentrations than in pregnant

controls [3]. In late pregnancy, rats restricted to 50% of

ad libitum intake from days 10–20 showed a slight

decrease in leptin concentrations at day 16, but a signif-

icant increase at day 20 [35]. We hypothesize that in the

first half of pregnancy, food restriction significantly

decreases serum leptin concentrations and leptin gene

expression, just as it does in non-pregnant mice. In

addition, we examine relative differences in leptin pro-

duction from subcutaneous and visceral fat between

pregnant and non-pregnant mice. Finally, we show that

timing of feeding and sampling significantly affects

measurement of serum leptin concentrations.

Materials and methods

Ethics statement

All animal procedures were approved by the University of

Missouri institutional animal care and use committee

(protocol #4123) and performed in accordance with the

National Institutes of Health Guide for the Care and Use of

Laboratory Animals.

Animal procedures

Female Swiss Webster mice were obtained from Harlan

(http://www.harlan.com) and individually housed at the

University of Missouri. They were maintained on a 12:12

light:dark cycle, with lights on at 0600. Mice were

8–12 weeks of age at the start of each experiment. All mice

were fed AIN-93G diet for pregnancy and lactation

(Research Diets, New Brunswick, NJ) in a powdered, blue-

dyed form in specialized feeding dishes so that average

daily individual food consumption levels could be deter-

mined by food weighing [36]. Mice were euthanized by

means of a carbon dioxide filled chamber and cervical

dislocation. Terminal blood samples were collected by

cardiac puncture. Serum was obtained by centrifugation of

blood samples at 10009g for 12 min. All animal proce-

dures were approved by the University of Missouri Animal

Care and Use Committee.

Daily pattern of serum leptin concentrations following

10-day food restriction

Average daily food consumption was determined in 36

female mice fed ad libitum over a 10 day adjustment

period. They were then divided into two groups: one fed

ad libitum and one fed to 50% of the food consumed per

day during the adjustment period. This is the same degree

of maternal food restriction demonstrated to cause pro-

gramming of adult obesity in rats [5], and that was asso-

ciated with increased serum leptin in rats during late

gestation [35]. All mice were fed and weighed daily at

17:00–18:00 for 10 days. On the 10th day, three mice from

each treatment group were sacrificed each at 10:00, 14:00,

18:00, 22:00, 02:00, and 06:00. Mice sacrificed at 18:00

had not been fed since the previous day. Blood was col-

lected by cardiac puncture for measurement of serum leptin

and insulin levels and blood glucose.

10-Day food restriction in pregnant vs. non-pregnant

female mice

Food consumption was determined as above in 32 female

mice that were then divided into four treatment groups of
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eight mice each: non-pregnant, ad libitum fed; non-preg-

nant, 50% food restricted; pregnant, ad libitum fed; preg-

nant, 50% food restricted. Seven of the mice assigned to

the pregnant ad libitum group and six of the mice assigned

to the pregnant restricted group were judged to be plug-

positive (day 0.5) and respective treatments were begun on

pregnancy day 1.5. Two mice in the pregnant restricted

group were not pregnant at the time of sacrifice and were

excluded from analysis. Mice were fed each day at 17:00.

All mice were sacrificed at 16:00–17:00 on the 10th day of

treatment (pregnancy day 11.5) and blood collected by

cardiac puncture for analysis of serum leptin, insulin, and

blood glucose. Subcutaneous and visceral fat were dis-

sected and frozen in Trireagent (Sigma, St. Louis, MO) at

-80�C for analysis of leptin gene expression.

Effect of morning feeding

An additional 15 females were divided into the same four

treatment groups, non-pregnant, ad libitum fed; non-preg-

nant, 50% food restricted; pregnant, ad libitum fed; preg-

nant, 50% food restricted for days 1.5–11.5 of pregnancy or

the equivalent time period. However, these mice were fed

in the morning, at 09:30 and sacrificed at 12:00 for blood

collection by cardiac puncture.

Statistics

GraphPad Prism software (GraphPad, La Jolla, CA) was

used for statistical analyses. Serum leptin levels were

compared among groups by two-way ANOVA, with diet

and pregnancy status as factors, followed by Bonferroni

post-tests. The same analysis method was used to compare

insulin and glucose levels among diet and reproductive

status groups.

Measurement of blood glucose

Blood glucose was measured using a One-Touch� Ultra

Glucose Meter and One-Touch� test strips (LifeScan Inc.,

Milpitas, CA). Before conducting the blood glucose read-

ings, the meter was calibrated using a control solution

provided by the manufacturer. For each measurement, a

test strip was inserted into the meter, and following the

instructions on the meter’s screen, one drop of fresh whole

blood was expelled from a syringe onto the end of the test

strip.

Measurement of serum leptin and insulin

Serum leptin was measured in duplicate using a Mouse

Leptin ELISA (Millipore, Billerica, MA; formerly Linco).

The inter-assay CV was 8.0%. Manufacturer-determined

sensitivity is 0.05 ng/ml. Serum insulin was measured in

duplicate using a Rat/Mouse Insulin ELISA (Millipore).

The inter-assay CV was 9.3%. Manufacturer-determined

sensitivity is 0.2 ng/ml.

Real-time RT-PCR

Adipose tissue samples were lysed in Trireagent (Sigma)

using an Omni GLH homogenizer. Samples were centri-

fuged at 10,0009g to remove debris (pellet) and excess

lipids (top layer) before the addition of chloroform. After

phase separation, the aqueous phase was removed and

mixed with an equal volume of buffer RLT (RNEasy Mini

Kit, Qiagen, Valencia, CA), then ethanol. This mixture was

applied to an RNEasy column and RNA purified according

to manufacturer’s instructions. RNA quality and quantity

were assessed spectrophotometrically. Equal amounts of

total RNA were reversed transcribed by using Superscript

III Reverse Transcriptase and random hexamers according

to manufacturer’s instructions (Invitrogen, Carlsbad, CA).

Sequences for LEP specific primers: CAGCCTGCCTT

CCCAAAAT and ATGGAGGAGGTCTCGGAGAT and

probe: 50FAM TGCTGCAGATAGCCAATGACCTGG,

were designed using Primer Express (Applied Biosystems,

Foster City, CA). LEP was amplified by using Taqman

Universal PCR Master Mix (Applied Biosystems). Results

were normalized to an 18s RNA control reaction (forward-

TTCGGAACTGAGGCCATGAT; reverse-TTTCGCTCT

GGTCCG TCTTG) performed with RT2 SYBR Green/

ROX qPCR Master Mix (SABiosciences/Qiagen, Frederick

MD), in which cDNA was first diluted 1:10. 18s has been

shown to be stably expressed in adipose tissue [37]. All

reactions were performed in triplicate on an Applied Bio-

systems 7500 Real-time PCR System. Within each tissue

type (subcutaneous or visceral), DCt were analyzed by

three-way ANOVA with diet, fat depot pregnancy status

as factors, followed by Holm-Sidak post-tests, by using

SigmaPlot software.

Results

Daily pattern of serum leptin concentrations following

10-day food restriction

Leptin concentrations are affected by time of day. There-

fore, we first conducted a pilot experiment to examine

whether differences in serum leptin concentration caused

by food restriction are also affected by time of day. Daily

patterns of serum leptin concentrations were similar in

mice fed ad libitum, and those fed 50% of ad libitum levels

(restricted), with a peak in the night at 22:00, and a

decrease by morning (Fig. 1a). In both diet groups, there
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was a nadir at 18:00, the time point furthest from the last

feeding, although food was continuously available in the

ad libitum group (Fig. 1a). Over a 24 h period, leptin

concentrations were higher in the ad libitum fed group than

in the restricted group, although at some time points, par-

ticularly in the morning, there was no apparent difference

in leptin concentrations between the two groups (Fig. 1a).

In the restricted group, serum insulin was undetectable,

and mean blood glucose concentration lowest, at 18:00, the

time at which leptin concentrations were also lowest

(Fig. 1). As with leptin, insulin concentrations were lower

in the restricted group than the ad libitum group over the

24 h period (Fig. 1b). In the ad libitum group, neither mean

blood glucose nor insulin concentrations varied greatly

over time, suggesting that food consumption was fairly

constant, and that a peak in food consumption was proba-

bly not responsible for the night time peak in leptin

(Fig. 1).

10-Day food restriction in pregnant vs. non-pregnant

female mice

We then compared the effects of moderate food restriction

on leptin concentrations during the first half of pregnancy

and in non-pregnant females. Mice were again randomized

into ad libitum and restricted groups for 10 days, with all

mice fed in the afternoon and sacrificed at 16:00, the time

at which the largest difference in leptin concentrations was

expected based on the time-course experiment (Fig. 1a).

Serum leptin concentrations were similar in pregnant and

non-pregnant animals fed ad libitum (Fig. 2a). Leptin sig-

nificantly decreased in response to food restriction in both

non-pregnant and pregnant animals, but the decrease was

more dramatic in the pregnant mice. Differences in leptin

concentrations were mirrored by differences in insulin
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Fig. 1 Interaction between circadian pattern of leptin release and

food restriction. Thirty-six female mice were fed ad libitum, or given

50% of their average consumption (‘‘restricted’’) for a period of

10 days. Three mice in each group were sacrificed every 4 h and

leptin (a) and insulin (b) measured by ELISA, and blood glucose

(c) with a blood glucose meter. Bars represent SEM

0.0

2.5

5.0

7.5

10.0
ad libitum
restricted

se
ru

m
 le

pt
in

 (
n

g/
m

l)

n=8 n=7n=8 n=4

non pregnant pregnant

*

**

0

1

2

3

4 ad libitum
restricted

se
ru

m
 In

su
lin

 (
n

g
/m

l)

n=8
n=7

n=8
n=4

**
**

A

B

non pregnant pregnant

Fig. 2 Effect of food restriction in pregnant versus non-pregnant

mice. Mice were fed either ad libitum or to 50% of their average

ad libitum consumption levels (‘‘restricted’’) from days 1.5–11.5 of

pregnancy, or for the same length of time in non-pregnant females.

Mice were fed daily at 16:00 and were sacrificed at 16:00 on the 10th

day for blood collection. Serum leptin (a) and insulin (b) were

measured by ELISA. Effects of diet and pregnancy status were

compared by two-way ANOVA and Bonferroni post-tests. By

ANOVA, diet had a significant effect on both leptin (P \ 0.0001)

and insulin (P = 0.0006) concentrations, whereas pregnancy did not

have a significant effect. Bonferroni *P \ 0.05, **P \ 0.01 versus

ad libitum
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concentrations, which were also significantly decreased by

food restriction in both reproductive states, but more so in

pregnant than in non-pregnant mice (Fig. 2b).

In addition to insulin, adiposity regulates leptin con-

centrations, at least in non-pregnant animals. Indeed, the

decrease in leptin concentrations mirrored changes in body

weight. Both pregnant and non-pregnant mice lost 14% of

their body weight after 10 days food restriction (Table 1).

Among the ad libitum fed mice, those in the pregnant

group gained weight by pregnancy day 11.5, but there was

no change in weight over the same time period in the non-

pregnant group.

At the end of the 10-day diet period, subcutaneous and

visceral adipose tissue samples were taken for analysis of

leptin mRNA content by real-time RT-PCR (Fig. 3).

Reflecting the changes in serum leptin concentrations, LEP

gene expression was significantly lower in restricted ani-

mals than in ad libitum fed animals (P \ 0.001). Within

the restricted group, leptin expression was significantly

different between fat types (P \ 0.001) when reproductive

states were averaged and was significantly lower within

pregnant mice when fat depots were averaged (P \ 0.001).

There was also an overall difference in LEP expression

between pregnant and non-pregnant mice (P \ 0.001), and

a difference in the expression pattern across the two depots

between pregnant and non-pregnant mice. Among the

ad libitum fed mice, in subcutaneous fat, LEP expression

was higher in non-pregnant mice than in pregnant mice

(P \ 0.001). In the ad libitum fed, pregnant mice, LEP

expression was significantly higher in visceral fat than in

subcutaneous fat (P \ 0.001).

Effect of morning feeding and sampling

In the time-course experiment above, leptin concentrations

declined in the morning regardless of diet, and plasma

concentrations of leptin did not appear to be different

between feeding groups in the morning (Fig. 1a). In addi-

tion, we observed that when the mice on the restricted diet

were presented with food each afternoon, they rapidly

consumed all of it. This may cause a spike in glucose and

insulin and briefly increase leptin secretion in the restricted

mice. We hypothesized that failure to control for timing of

sampling and feeding could lead to a failure to detect the

overall effect of food restriction on leptin concentrations.

To test this, we fed pregnant and non-pregnant mice

ad libitum or restricted diets each morning at 09:30 for

10 days and all mice were sacrificed on the 10th day at

12:00 for blood collection. With this feeding schedule, we

observed that the ad libitum mice ate throughout the day

and night, but consumed most food during the dark period

(18:00 to 06:00) whereas mice in the restricted group ate all

of their food within a few hours after it was provided each

morning. Accordingly, there was a trend toward higher

insulin concentrations in the restricted versus ad libitum

fed mice (P = 0.057) at noon, though this was not sig-

nificant due to large variation in the ad libitum group

(Fig. 4b). There was no difference in leptin concentrations

between the ad libitum and restricted groups, though if

anything, leptin was slightly higher in the restricted than

the ad libitum group among the non-pregnant mice

(Fig. 4a). Leptin concentrations in the restricted group

under this morning feeding/sampling routine (Fig. 4a) were

considerably higher than they had been when animals were

fed at night and sampled in the afternoon (Fig. 2a),

Table 1 Weight changes during 10-day diet experiment

Pregnant Non-pregnant

Diet Initial weight (g) Final weight (g) Initial weight (g) Final weight (g)

ad libitum 26.0 ± 0.7a 30.1 ± 0.6 (?4.1)b 25.0 ± 0.8a 25.6 ? 0.7 (-0.3)a

50% restricted 25.4 ± 0.4a 21.8 ± 1.2 (-3.6)c 25.9 ± 0.7a 21.3 ? 0.6 (-3.6)c

Data are mean ± SEM. Weights with different superscript letters (a, b, c) are significantly different, P \ 0.01; Two-way ANOVA with

Bonferroni post-tests
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Fig. 3 Leptin gene expression in subcutaneous and visceral fat. At

the conclusion of the 10-day diet experiment, subcutaneous and

visceral fat were collected and leptin gene expression assessed by

real-time RT-PCR. Data were normalized to 18s. All expression is

shown as fold-change relative to that in visceral fat of ad libitum fed,

non-pregnant mice. Error bars represent 2DDCt±SEM. Comparisons

among treatment groups were made by three-way ANOVA and

Holm-Sidak post-tests. Diet (restricted vs. ad libitum) and reproduc-

tive state (pregnant vs. non-pregnant) but not fat depot had significant

overall effects on LEP expression
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reflecting the recent food consumption and high insulin

concentrations.

Discussion

Consistently with previous experiments in multiple species,

we found that LEP expression in non-pregnant mice was

higher in subcutaneous fat than in visceral fat [38–41].

Although it has previously been shown that secretion of

leptin by abdominal visceral fat increases at mid-pregnancy

in mice [25], this is the first study to examine the relative

effect of pregnancy on subcutaneous and visceral fat leptin.

We found that there is a switch from higher LEP expres-

sion in subcutaneous fat of non-pregnant mice to higher

expression in visceral fat at mid-pregnancy. The reason for

this switch is unknown, but may be due to changes in fat

distribution, or to differential responsiveness of the depots

to hormones associated with pregnancy. Fat mass increases

by the addition of stored fat to existing adipocytes. Leptin

release per adipocyte is roughly proportional to the amount

of stored fat in that cell while 18s, the control gene in this

study, remains constant per cell as the amount of stored

lipids increases. In non-pregnant mice, the difference

between subcutaneous and visceral fat LEP production can

be mostly accounted for by differences in adipocyte size,

which is greater in subcutaneous fat [41]. Pregnancy fat

gain occurs primarily in visceral fat [42], and the resulting

increase in visceral adipocyte size may promote higher

LEP expression per cell or per 18s RNA, thereby

explaining the switch that we observed.

Direct hormone stimulation of LEP expression during

pregnancy may also promote increased visceral versus

subcutaneous leptin expression. Progesterone, though

associated with both pregnancy and weight gain, does not

directly influence leptin production [43]. In vivo, but not in

vitro, estrogen treatment stimulates leptin secretion in

visceral fat from pregnant mice [25]. However, estrogen

stimulates LEP gene expression equally in adipocytes

isolated from subcutaneous and visceral fat of ovariecto-

mized rats [44], which does not support a role for estrogen

in differential leptin expression between subcutaneous and

visceral fat during pregnancy. A more likely candidate for

preferential stimulation of visceral fat LEP expression is

glucocorticoids, which potently stimulate leptin secretion

from pregnant mouse visceral fat [25]. Glucocorticoid

receptor expression is higher in epididymal (visceral) than

inguinal (subcutaneous) and retroperitoneal (visceral) fat in

male mice [41]. The synthetic glucocorticoid dexametha-

sone does not affect LEP gene expression differently in

human visceral and subcutaneous fat, but does have a

greater effect on leptin secretion in visceral fat [45, 46].

Surprisingly, despite significant weight gain during the

first 11.5 days of pregnancy, pregnant mice did not have

higher concentrations of serum leptin than their non-preg-

nant counterparts on the ad libitum diet. This is consistent

with previous studies, which show a sharp increase in

serum leptin beginning just after this time in pregnancy

[25, 29, 34]. Kronfeld-Schor et al. [25] and others sug-

gested that a simultaneous increase in the leptin binding

protein, Lepre, may be absorbing the increased leptin

secretion from visceral fat, but Marakami et al. [47]

showed that Lepre injections actually increased leptin

measurements. The switch in leptin production that we

have identified, with significant loss of subcutaneous leptin

expression, may explain why serum leptin is unchanged

despite the increases in body weight and visceral leptin

secretion.

Leptin concentrations declined in response to 50% food

restriction in non-pregnant females in our study. This

finding is consistent with some studies [15, 22], but differs

from the results of one study (Shi et al.) that specifically

examined sex differences in the leptin response to moder-

ate food restriction [48], and found no decrease in leptin in

females. Our study employed a longer (10 days vs. 6) and
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Fig. 4 Effect of morning feeding and sampling on detection of food

restriction effects. Mice were fed either ad libitum or to 50% of their

average ad libitum consumption levels (‘‘restricted’’) from days

1.5–11.5 of pregnancy, or for the same length of time in non-pregnant

females. Mice were fed daily at 09:30 and were sacrificed at 12:00 on

the 10th day for blood collection. Serum leptin (a) and insulin

(b) were measured by ELISA. Effects of diet and pregnancy status

were compared by two-way ANOVA and Bonferroni post-tests. There

were no significant differences in leptin or insulin levels between

diets or between pregnant and non-pregnant mice
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more severe (50 vs. 60% of ad libitum) food restriction,

which may be required for a significant decrease in leptin

concentrations, although mice in both studies showed sig-

nificant weight loss. The most likely explanation for the

differing results is higher initial adiposity of the mice in our

study versus that of Shi et al. Our mice were approximately

20% heavier at the start of the feeding experiment, and

serum leptin concentrations were considerably higher in

the ad libitum fed mice at the end of the present experiment

versus that of Shi et al. (8.56 vs. 2.42 ng/ml). Thus, our

mice may have simply had more fat, and more leptin, to

lose by food restriction. We conclude that, with a large

enough initial leptin concentration, leptin does fall in

response to food restriction in female mice.

Leptin also fell significantly in response to moderate

food restriction during the first half of pregnancy. This

period is of particular interest because of evidence that it is

critical for the developmental programming of adult dis-

ease (DOHaD). In addition, we reasoned that in the period

of pregnancy before the dramatic rise in leptin concentra-

tions, regulation of leptin concentrations was likely to be

similar to that in non-pregnant animals. In rats, Jelks et al.

(2009) [35] found an increase in leptin concentrations

following food restriction on day 20 (but not day 16) of

gestation. Thus, it is likely that the hormonal milieu of

pregnancy predominates over adiposity and food intake as

the key regulator of leptin in late pregnancy. The differing

results may also reflect a species difference; it was pla-

cental leptin production that increased in restricted rats in

the Jelks et al. study, and adipose tissue appears to be the

more significant source of leptin in the pregnant mouse [25,

32–34]. Like adipose tissue, the placenta (in humans) is

stimulated to produce leptin by insulin [49] and estrogen

[28], but may differ in regulation by cellular lipid content

or other factors.

Finally, we found that detection of the effects of food

restriction on leptin concentrations was strongly dependent

on the timing of both feeding and sampling and their

interaction. It is already well established that circadian

rhythms of leptin release result in a decline in leptin con-

centrations in the morning. We found that this resulted in

an inability to detect differences between the ad libitum

and restricted groups during the morning. Thus, it is critical

to carefully select the time of sampling to determine the

effect of any treatment on leptin concentrations. It is even

more challenging to control for the timing of food intake in

food restriction studies. We observed that, whereas

ad libitum mice tended to ‘‘graze’’ throughout the day and

night, restricted mice tended to ‘‘binge’’ when presented

with food each day. Therefore, postprandial effects, such as

insulin release, are amplified and synchronized in the

restricted mice. As a result, we hypothesized that if mice

were fed and sampled in the morning, leptin concentrations

would be at their lowest for the day in the ad libitum mice,

due to circadian rhythms, and at their highest for the day in

restricted mice, due to recent food consumption. Indeed,

we were unable to detect a significant difference in leptin

concentrations between treatment groups, and there were

tendencies toward higher leptin and higher insulin in the

restricted group at the time of sampling with this experi-

mental design. In contrast, when we sampled in the after-

noon, and not postprandially, leptin and insulin

concentrations were significantly higher in the ad libitum

fed mice. These findings are a reminder that a consider-

ation of postprandial effects is critical for design of any

food restriction experiment.

We conclude that there are changes in leptin gene

expression during early pregnancy, with a switch to

predominately visceral fat leptin expression from the pre-

dominately subcutaneous leptin expression in non-pregnant

animals. However, food restriction results in leptin deple-

tion during the first half of pregnancy in mice, just as in

non-pregnant animals. Adult health has been shown to be

particularly vulnerable to programming by food restriction

during early pregnancy. Because leptin influences such

variables as embryo implantation [12], placental cell dif-

ferentiation [50], and placental amino acid transport [51],

as well as fetal muscle and skeletal development [13, 14]

the shortage of leptin following food restriction that we

have demonstrated here is worthy of future study as one

route by which food restriction exerts its effects.
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