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Abstract

The negative effects of malnourishment in utero have been widely explored; the effects of increased maternal macronutrient intake are not

known in relation to high fibre, and have been inconclusive with regard to high protein. In the present study, virgin Wistar dams were fed

either a control (C), high-protein (40 %, w/w; HP) or high-prebiotic fibre (21·6 %, w/w; HF) diet throughout pregnancy and lactation. Pups

consumed the C diet from 3 to 14·5 weeks of age, and then switched to a high-fat/sucrose diet for 8 weeks. A dual-energy X-ray absorp-

tiometry scan and an oral glucose tolerance test were performed and plasma satiety hormones measured. The final body weight and the

percentage of body fat were significantly affected by the interaction between maternal diet and offspring sex: weight and fat mass were

higher in the female offspring of the HP v. HF dams. No differences in body weight or fat mass were seen in the male offspring. There was

a significant sex effect for fasting and total AUC for ghrelin and fasting GIP, with females having higher levels than males. Liver TAG content

and plasma NEFA were lower in the offspring of high-prebiotic fibre dams (HF1) than in those of high-protein dams (HP1) and control

dams (C1). Intestinal expression of GLUT2 was decreased in HF1 and HP1 v. C1. The maternal HP and HF diets had lasting effects on

body fat and hepatic TAG accumulation in the offspring, particularly in females. Whereas the HP diet predisposes to an obese phenotype,

the maternal HF diet appears to reduce the susceptibility to obesity following a high-energy diet challenge in adulthood.
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The WHO projected that as of 2005, there were twenty million

overweight children and 400 million obese adults worldwide,

a number that is predicted to reach 700 million by 2015(1). The

rapid rise in obesity rates has been theorised to be at least par-

tially linked to developmental programming or the ability of an

insult occurring at a critical period in development to result in

persistent effects on metabolism and health(2). Compromised

nutritional exposure of the fetus in utero has been implicated

in programming of later CVD, hypertension and diabetes in off-

spring(2). Detrimental metabolic programming has been shown

to affect the birth size and body weight of future generations,

even up to twelve generations in rodents(3).

Glucose and lipid metabolism are responsible for energy use

and storage by the body and its various systems. Many of the

genes that regulate glucose and lipid metabolism are nutrient-

responsive and can therefore be up- or down-regulated in

response to changes in diet composition(4). Both fibre and pro-

tein are important dietary components that yield nutrient–gene

interactions in the body(5). The effects of consuming excess

amounts of these macronutrients in the context of pregnancy

and developmental programming are incompletely understood.

Depending on the type of dietary fibre examined, diets high in

fibre can enhance satiety and reduce food intake, reduce

hypercholesterolaemia, improve type 2 diabetes manage-

ment(6,7) and even prevent pre-eclampsia(8). The societal trend

towards the consumption of highly processed and energy-

dense foods has resulted in a decreased intake of dietary

fibre(9). We have shown that a high-prebiotic fibre diet (approxi-

mately 5%) is tolerated and effective in reducing body weight,

fat mass and food intake in human subjects(10). These same

effects can be seen in rodents fed diets containing 10–20%

prebiotic fibre(11–13). Despite the known benefits of fibre,

pregnant women are not meeting current recommendations

for dietary fibre intake(14,15).

There are also large variations in protein intake in pregnant

women, with some reports of intake as high as 350 g/d of
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protein in the third trimester(16). A high protein intake during

pregnancy has been linked to low birth weight(17), increased

blood pressure(18,19) and increased cortisol levels(20). It has

been previously shown in animal studies that a maternal

diet high in protein can lead to fetal growth retardation and

subsequently trigger increased fat mass in adulthood(21).

We have previously shown that a high-protein diet intro-

duced at weaning predisposes rats to an obese phenotype

when they are given a high-energy diet in adulthood; whereas

consumption of a high-prebiotic fibre diet during growth may

provide some protection(22). Furthermore, when dams were

fed the same high-protein and high-fibre diets during preg-

nancy and lactation, plasma glucose at 28 d of age was

lower in high-fibre v. control and high-protein offspring, and

glucagon-like peptide-1 (GLP-1), a potent insulin secretago-

gue and anorexigenic hormone, was increased in high-fibre

offspring(11). In brown adipose tissue, high-protein offspring

had increased resistin and IL-6 mRNA expression, two factors

associated with inflammation and insulin resistance. Because

changes in offspring were measured only from postnatal day

7 to 35, we do not know whether these early changes persist

into adulthood and to what extent they affect glucose control

and adiposity into adulthood.

The objective of the present study was therefore to deter-

mine the long-term effects of maternal diets high in protein

or prebiotic fibre content on the offspring’s glucose control

and adiposity in adulthood. Specifically, we examined body

weight, fat mass and the expression of satiety hormones and

genes related to glucose control and lipid storage in the off-

spring from dams consuming a control, high-fibre or high-pro-

tein diet during pregnancy and lactation. Given evidence that

the developmental programming effects of early nutrition can

be latent, we used an 8-week high-fat, high-sucrose (HFS) diet

challenge in adulthood to unmask the potential effects of early

programming.

Methods

Ethical approval

The University of Calgary Animal Care Committee approved

the experimental protocol that was conducted in accordance

with the Guide for the Care and Use of Laboratory Animals.

Animals and diets

A total of thirty-seven virgin Wistar dams were obtained from

Charles River and housed in a temperature- and humidity-con-

trolled facility with a 12 h light–12 h dark cycle. After 1 week of

acclimatisation, the animals were given one of three nutrition-

ally complete experimental diets: high prebiotic fibre (HF,

21·6 % (w/w), 1:1 ratio of oligofructose and inulin; 13·73 kJ/g);

high protein (HP, 40 % (w/w); 15·74 kJ/g); control (C, based

on the American Institute of Nutrition (AIN)-93G; 15·74 kJ/g).

All maternal diets were mixed in house using ingredients pur-

chased from Dyets, Inc.; the detailed composition has been

published previously(4). Dams consumed the diets for 1 week

before being bred with male Wistar rats in wire-bottomed

cages. Following the identification of a copulation plug, dams

were housed individually and continued to consume their

assigned experimental diet (C, HF or HP) until the pups were

weaned. Dams were weighed weekly, and food intake was

measured throughout week 2 of pregnancy.

Body composition

Pups were weighed on the day after birth, and litters then culled

to ten pups with equal numbers of males and females where

possible. Offspring were weighed weekly for the remainder

of the study. Food intake was also measured for five consecutive

days out of every 20 d by subtracting the weight of the cup and

diet from the previous day’s weight. At weaning (3 weeks), one

male and one female pup were randomly selected from each

litter to continue in the study until 22 weeks of age. By selecting

one male and one female from each litter, we examined ten indi-

vidual rats per sex that were not all from one litter, minimising

the effect of any single dam. Pups were weaned onto the AIN-

93G control diet(23). Offspring were then switched to AIN-93M

(15·07 kJ/g) for maintenance at 10 weeks of age. At 14·5

weeks of age, offspring were fed a HFS diet (19·26 kJ/g)(12) for

8 weeks. The HFS diet was composed of (g/100 g): maize

starch (5); casein (14), sucrose (51), soyabean oil (10), lard

(10), Alphacel (5), AIN-93M mineral mix (3·5), AIN-93 vitamin

mix (1), L-cystine (0·3) and choline bitartrate (0·25). Only one

male and one female pup not selected for the study underwent

a dual-energy X-ray absorptiometry scan (Hologic QDR-4500;

Hologic, Inc.) while lightly anaesthetised using isoflurane

1 week post-weaning. Hologic QDR software for small animals

was used to determine lean and fat mass. A separate group of

pups referred to as reference rats (n 10 male andn 10 female off-

spring fromn 5 control diet dams) was weaned at 3 weeks of age

onto the control diet (AIN-93G) and continued to consume this

diet (AIN-93M after 10 weeks of age) throughout the study (i.e.

no maternal intervention and no exposure to the HFS diet). This

reference group, matched for age and sex with the intervention

groups, provides a standard of normal growth in these rats.

Oral glucose tolerance test and tissue sampling

At the end of the 8 weeks of HFS diet consumption, rats were

fasted overnight and an oral glucose tolerance test (OGTT) per-

formed. Blood was sampled from the tip of the tail in conscious

rats followed by an oral glucose administration (2 g/kg). At 15,

30, 60, 90 and 120 min post-oral glucose administration,

additional blood was sampled from the tail and immediately

analysed using a blood glucose meter (Accu-Chek Blood

Glucose Meter; Roche). At 1 d before study termination, rats

underwent a dual-energy X-ray absorptiometry scan under

light anaesthetic as described previously. A second OGTT for

satiety hormone analysis was performed at the time of terminal

tissue collection. After an overnight fast, rats were anaesthetised

with isoflurane and a fasting cardiac blood sample was taken.

Rats were then given 50 % dextrose (w/v) by oral administration

at a dose of 2 g/kg. At 15, 30, 60 and 90 min post-oral dextrose

administration, another cardiac blood sample was taken accord-

ing to our previous study while rats were anaesthetised(24).
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Bloodwascollected in tubes containingdiprotin-A (0·034 mg/ml

blood; MP Biomedicals); Sigma protease inhibitor (1 mg/ml

blood; Sigma-Aldrich) and Roche Pefabloc (1 mg/ml blood;

Roche), and then centrifuged at 1600 g for 12 min at 48C.

Plasma was stored at 2808C until analysis. The OGTT was a

terminal procedure and after the 90 min blood collection,

rats were killed via over-anaesthetisation and aortic cut. The

liver, stomach, small intestine, caecum and colon were

weighed, and then a sample was snap-frozen in liquid N2 and

stored at 2808C.

Plasma analysis

A Milliplex Rat Gut Hormone kit (Millipore) and a Luminex

instrument were used to measure ghrelin (active), insulin,

amylin (active), leptin, glucose-dependent insulinotropic poly-

peptide (GIP, total) and peptide tyrosine tyrosine (PYY, total).

An ELISA was used to measure active GLP-1 (Millipore). NEFA

at fasting were measured using an enzymatic colorimetric

assay according to the manufacturer’s instructions (Wako Diag-

nostics). Homeostasis model assessment of insulin resistance

(HOMA-IR) was calculated from fasting insulin and fasting

glucose.

Hepatic TAG analysis

TAG content of the liver was quantified using 25 mg tissue

according to the manufacturer’s guidelines of the glycerol

phosphate oxidase (GPO) reagent set (Pointe Scientific, Inc.).

RNA extraction and real-time PCR

Total RNA was extracted from the stomach, small intestine,

colon and liver using TRIzol reagent (Invitrogen). RT was

performed with an input of 1mg of total RNA using the

first-strand complementary DNA synthesis kit for RT-PCR

(Invitrogen) with oligo d(T)15 as a primer. Complementary

DNA was amplified using primers synthesised by the University

of Calgary Core DNA Services (Calgary) and analysed by real-

time PCR. Primer sequences were according to our previous

study(4). A melt curve showed the melting point of the PCR pro-

duct of interest. Glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) was verified as a suitable housekeeping gene for

the tissues of interest and GAPDH primers included as an

internal control in the reactions. The 22DCT method (DCT ¼ CT

(gene of interest)–CT (reference gene)) was utilised for the

data analysis, where the threshold cycle (CT) indicates the

fractional cycle number at which the amount of the amplified

target reaches a fixed threshold(25). DCT is the difference in

threshold cycles for the gene of interest and GAPDH.

Statistical analysis

All data are presented as means with their standard errors. Data

collected from the dams were analysed with one-way ANOVA

with Tukey’s post hoc analysis. In offspring, a two-way

ANOVA was used to compare the main effects of diet and sex,

and their interaction. Only when a significant interaction

effect was identified were all the six groups compared using a

one-way ANOVA with Tukey’s post hoc analysis. The reference

group data are provided as a comparator for rats that did not

undergo any intervention (either maternal diet manipulation

or offspring’s HFS diet consumption). Given that there was

no intervention and they were for reference purposes alone,

the reference group was not included in the statistical analysis.

Given the numerous variables examined in the offspring,

a Bonferroni correction was applied such that only P#0·01

was considered as significant. Statistical analysis was performed

using PASW version 17.0 software (SPSS Inc.).

Results

Dams and litters

Of the thirty-seven dams originally obtained for the present

study, twenty-four delivered viable litters. Of the control

dams, three had spontaneous abortions and one exhibited

abnormal behaviour towards her litter. The abnormal behaviour

consisted of splitting the nest of pups into two at opposite ends

of the cage and tending to one nest more than the other, thus

resulting in greater weight gain in pups of one nest over the

other. Of the HP dams, two had a number of pups that died

within a week of delivery, resulting in litters too small to be

used in the present study. In addition one HP dam delivered

all stillborn pups and another also exhibited abnormal beha-

viour towards her litter. Of the HF dams, one did not conceive,

one died during the first week of pregnancy from cardiac arrest,

one became moribund after delivery of her pups and another

two died at 1 and 2 weeks, respectively, after delivery due to

intestinal complications.

The total weight gain during pregnancy was greater in the

C and HP dams compared with the HF dams (P,0·05;

Table 1). The birth weight of female offspring from the HF

dams was lower than that from the HP and C dams (Table 1),

whereas male offspring birth weights did not differ (hereafter,

offspring are referred to as HF1, HP1 or C1). There were no

differences in the number of pups delivered and the number

of males and females, or stillborns across the diet groups.

Offspring growth and food intake

As measured by dual-energy X-ray absorptiometry at 4 weeks

of age, the diet but not sex affected the percentage of body fat,

with HF1 having lower levels than C1 (C1: 20·0 (SE 0·9) %,

HP1: 18·4 (SE 1·7) %, HF1: 15·4 (SE 1·0) %; P¼0·01). As

expected with growth, there was a significant effect of week

(P¼0·0001) and a week £ sex interaction (P¼0·001) for

body weight from 4 to 22 weeks of age, with males having

a higher body weight than females (Fig. 1). The final body

weight was affected by the interaction of diet and sex

(P¼0·01), with female HP1 having a higher body weight

than C1 and HF1 (Fig. 2(A)). Similarly, for the percentage of

body fat, the interaction between diet and sex affected the

body fat (P¼0·01), with female HP1 having a higher body

fat than C1 which in turn were found to have a higher body

fat than HF1 (Fig. 2(B)). When maternal weight gain was
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examined as a covariate, no significant effect was found for

the female offspring’s final body weight (P¼0·112) or percen-

tage of body fat (P¼0·069). There were no differences in the

naso-anal length within male or female offspring, and there

were no differences between the diet groups for any organ

weights or lengths (data not shown). Independently, time

and sex affected the offspring’s intake of the control diet

from 4 to 13 weeks of age wherein food intake increased

with increasing age and males consumed more food than

females (P,0·01). There were no differences between the

diet groups during this period. When rats were switched to

the HFS diet, there was a significant effect of sex (P¼0·001),

with male rats consuming more of the diet than females

(Fig. 2(C)).

Plasma satiety hormones and blood glucose

Fasting values and AUC were examined for seven appetite-

regulating hormones. At fasting, there was a significant effect

of sex on insulin (P¼0·001), with males having higher levels

than females (Table 2). In contrast, females had higher fasting

levels of ghrelin (P¼0·001) and GIP (P¼0·002) than males.

Only fasting GIP was significantly affected by diet

(P¼0·004), with HF1 having higher levels than C1 and HP1.

For the AUC, which represents the exposure to the hormone

of interest over the entire course of the OGTT, females had

higher ghrelin than males (P¼0·001; Table 3). The diet

affected the GIP AUC (P¼0·0013) with HF1 having higher

levels than HP1 but not C1. Similarly, the PYY AUC was

higher in HF1 (P¼0·0015) compared with HP1 but not C1.

There were no differences between sexes for GIP or PYY

AUC. There were no differences in fasting or AUC for glucose

(Tables 2 and 3). Independently, diet (P¼0·004) and sex

(P¼0·001) but not their interaction affected HOMA-IR, with

males having higher values than females and C1 having

higher levels than HP1 at the end of the study (Table 2).

NEFA and liver TAG

Independently, maternal diet (P¼0·001) and sex (P¼0·001)

affected the liver TAG content. Hepatic TAG concentration

was lower in females than in males and lower in HF1 than

in C1 or HP1 (Fig. 3(A)). Independently, maternal diet

(P¼0·001) and sex (P¼0·001) also affected plasma NEFA con-

centrations, with males having higher levels than females and

HP1 having higher levels than C1 and HF1 (Fig. 3(B)).

Gastrointestinal tract gene expression

In the stomach, maternal diet affected ghrelin gene expression

(P¼0·01), with HP1 having higher levels than HF1 (Table 4).

The interaction of maternal diet and sex affected the mRNA

levels of sodium glucose co-transporter 1 (SGLT1; P¼0·014)

in the ileum, with male HF1 having lower levels than male

HP1 and female C1. Maternal diet alone affected the

expression of GLUT2 (P¼0·002), with HP1 and HF1 having

lower levels than C1.

Hepatic gene expression

Maternal diet affected the gene expression of hepatic fatty acid

synthase (FAS) (P¼0·006), with HP1 having lower levels than

HF1 and C1 (Table 5). Phosphoenolpyruvate carboxykinase

(PEPCK; P¼0·006) differed between sexes, with males

having higher mRNA levels than females. The interaction

Table 1. Weight gain and litter statistics of dams fed a control, high-protein or high-prebiotic fibre diet during pregnancy and
lactation*

(Mean values with their standard errors, n 8–10 per group)

Control High protein High fibre

Mean SE Mean SE Mean SE

Dam weight gain during pregnancy (g) 148·9a 8·9 146·5a 7·3 113·8b 8·4
Dam energy intake (kJ/d) 432·2a 23·8 468·2a 20·9 344·3b 20·9
Dam food intake (g/d) 27·5a,b 1·5 29·7a 1·5 24·6b 1·0
Female pup birth weight (g) 5·9a 0·8 6·1a 0·7 5·3b 0·7
Male pup birth weight (g) 6·0 0·9 6·1 0·8 6·0 0·8
Pups (n) 14·8 1·0 15·1 0·8 14·8 1·0
Males (n) 7·8 0·8 8·4 0·7 7·0 0·8
Females (n) 7·0 0·8 6·5 0·6 7·8 0·7

a,b Mean values with unlike superscript letters were significantly different between the diets (P,0·05).
* Food and energy intake was measured during the second week of pregnancy.
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between maternal diet and sex affected PPARg co-activator

1-a (PGC1a, P¼0·006). PGC1a mRNA levels were lower in

all males and HF1 females compared with female C1. There

were no differences in sterol regulatory element-binding

protein 1c (SREBP1c) or acetyl-CoA carboxylase 1 (ACC1)

expression (data not shown).

Discussion

Maternal diet is a well-recognised environmental factor that

influences the health of offspring later in life and is in part

attributed to epigenetic changes(26). In the present study,

examining the influence of maternal diets high in protein or

prebiotic fibre, we showed a difference in susceptibility to

an obese phenotype in the offspring of dams fed these diets

and a distinct sex effect, females being affected while males

were not. The pattern of growth and development in these

offspring may shed some light on the lasting influence of

maternal diet. Accelerated postnatal growth or ‘catch-up’

growth has been associated with later metabolic disease and

susceptibility to obesity(27). We observed catch-up growth in

HF1 offspring during the first 2 weeks of life. This rapid

growth was evident in female HF offspring, wherein their

birth weight was significantly lower than HP1 and C1 female

pups but no longer different from the other groups at wean-

ing. This observation is interesting on several fronts given

that there were no lasting detrimental effects on adiposity

and the availability of food to the dams did not change,

although the offspring may have altered their suckling habits

or maternal diet may have affected milk composition. While

it has recently been shown that milk from the HP dams com-

promises offspring growth due to impaired lactational func-

tion(28), it is not known how the HF diet affects milk

composition. Maternal weight loss during lactation does not

appear to explain the differences in the rate of growth in

pups, given that there were no differences among the control,

HP and HF dams. However, maternal weight gain during preg-

nancy was affected by the diet, and the HF dams gained less

weight compared with the HP and C dams. It may be tempting

to speculate that weight gain, independently of dietary

exposure, could have influenced offspring growth; however,

we have recently demonstrated that this may not be the

case. Consistent with the magnitude of differences in maternal

weight gain during pregnancy achieved in the present study,

we recently showed that offspring body weight was not

altered when maternal weight gain differed by 30–35 g on

AIN-93G-based diets (AJ Eslinger and RA Reimer, unpublished

results). This is in contrast to a maternal HFS diet that not only

resulted in a higher pregnancy weight gain, but probably

interacted with the fat and sugar content of the diet to produce

increased offspring body weight as well (AJ Eslinger and RA

Reimer, unpublished results). Outside of maternal influences,

it is possible that catch-up growth in HF1 female offspring

was influenced by changes to gut microbial communities.

Given the known bifidogenic effect of prebiotics, the HF1 off-

spring may have acquired a unique profile of bacterial species,

or simply a greater number of bacteria that could have led to

an initial increase in energy harvest similar to that which has

been seen with germ-free mice colonised with microbiota(29).

It is not clear what factors are responsible for catch-up

growth seen in the HF1 animals; however, it is clear that

they avoided the predicted increase in body weight and adi-

posity typically seen with accelerated postnatal growth(30). In

fact, at 4 weeks of age, the percentage of body fat was

lower in HF1 males and females than in C1. By the end of

the study, male body weight and fat mass did not differ

from the other two groups, but HF1 females retained a

lower body weight and percentage of body fat than HP1 off-

spring. Fat mass in HF1 females was not only lower than

that in HP1 but also decreased in comparison with C1. The

elevated percentage of body fat in HP1 is consistent with

other studies showing increased fat mass in the offspring of

dams fed a high-protein diet during lactation(31). Part of the
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reason behind this shift to fat mass may be impaired muscle

growth, which has been shown in offspring suckled by HP

dams(32). Although we did not observe the growth retardation

in HP1 offspring that has been demonstrated previously(33), it

is possible that growth restriction of lesser magnitude could

have predisposed the HP1 animals to increased adipose

accumulation as adults, especially when exposed to a HFS

diet in adulthood. Postnatal increases in body growth seem

to outpace increases in muscle growth in the offspring of

dams fed a HP diet during lactation(32), and this may have

contributed to the higher percentage of body fat that we

observed both at 4 weeks and 22 weeks of age.

Maternal satiety has been implicated as a key factor influen-

cing catch-up weight gain, with levels of leptin and ghrelin in

the cord blood able to predict catch-up growth in human sub-

jects(34,35), which in turn relate to food intake later in life(36).

While plasma concentrations of these satiety hormones were

not measured in our offspring at birth, we speculate that

Table 2. Fasting blood glucose and plasma satiety hormones in the offspring

(Mean values with their standard errors, n 8–10 per group)

Control Protein Fibre Reference

Sex Mean SE Mean SE Mean SE Mean SE Diet Sex Diet £ sex

Glucose* (mmol/l) M 5·2 0·2 5·4 0·2 5·9 0·4 4·6 0·2 0·216 0·134 0·547
F 6·0 0·4 5·5 0·3 6·2 0·5 5·4 0·5

Insulin (pg/ml) M 3578 501 2703 790 3395 794 2385 425 0·428 0·001 0·576
F 2154 334 1680 326 1186 137 1147 175

Amylin (pg/ml) M 50·4 3·6 46·0 4·6 58·5 7·4 77·9 7·8 0·476 0·079 0·049
F 65·6 4·6 59·0 4·1 51·0 3·9 80·0 8·4

Ghrelin (ng/ml) M 187·2 25·8 185·6 18·4 267·2 33·0 133·4 24·5 0·046 0·001 0·735
F 410·3 28·0 376·9 17·9 446·0 47·5 348·3 77·9

GIP (ng/ml) M 37·8a 4·7 32·4a 3·0 58·6b 6·9 51·0 4·2 0·004 0·002 0·255
F 54·1a 5·4 52·8a 5·0 61·8b 4·7 57·8 8·3

PYY (pg/ml) M 68·7 4·9 62·1 3·7 70·7 6·9 39·9 2·8 0·335 0·869 0·859
F 68·1 3·3 64·0 4·4 67·6 3·4 57·8 5·1

GLP-1 (pg/ml) M 7·2 0·6 5·6 0·7 5·8 0·5 41·4 3·7 0·742 0·392 0·237
F 5·7 0·5 6·2 0·5 5·8 0·4 48·2 5·2

Leptin (ng/ml) M 23·4 5·94 17·8 3·19 22·29 3·37 5·21 0·54 0·897 0·023 0·301
F 13·9 1·14 17·32 2·48 11·82 2·85 4·51 0·89

HOMA-IR M 18·8b 1·8 9·5a 2·0 13·7a,b 2·3 11·8 2·1 0·004 0·001 0·460
F 11·0b 2·0 6·4a 2·2 6·3a,b 2·3 6·4 0·96

GIP, glucose-dependent insulinotropic polypeptide; PYY, peptide tyrosine tyrosine; GLP-1, glucagon-like peptide-1; HOMA-IR, homeostasis model assessment of insulin
resistance.

a,b Mean values with unlike superscript letters were significantly different between the diets (P#0·01).
* Glucose concentrations were measured during an oral glucose tolerance test (OGTT) performed on conscious animals using a tail nick 1 week before study termination, while

all other hormone data were from anaesthetised rats at the terminal OGTT.

Table 3. AUC for blood glucose and plasma satiety hormones in the offspring during the oral glucose tolerance tests

(Mean values with their standard errors, n 8–10 per group)

Control Protein Fibre Reference

Sex Mean SE Mean SE Mean SE Mean SE Diet Sex Diet £ sex

Glucose* (mmol/l per 90 min) M 998 27·6 931 30·8 977 41·5 955 90·0 0·12 0·49 0·47
F 1052 56·9 979 22·4 942 27·4 969 43·7

Insulin (ng/ml per 90 min) M 457 36·4 390 48·1 387 32·6 275 30·2 0·46 0·027 0·49
F 330 41·8 366 58·3 296 38·6 202 18·3

Amylin (pg/ml per 90 min) M 5062 426 3865 264 5207 631 5785 587 0·023 0·71 0·016
F 5519 424 4598 295 3643 347 5765 669

Ghrelin (ng/ml per 90 min) M 13·0 2·6 12·1 1·8 17·2 2·3 14·6 1·9 0·41 0·001 0·59
F 24·9 2·8 22·5 3·1 24·2 1·2 31·8 4·4

GIP (pg/ml per 90 min) M 6285a,b 589 3943a 272 7819b 1871 5853 1071 0·013 0·55 0·90
F 6662a,b 599 5031a 1552 7928b 1699 4068 284

PYY (pg/ml per 90 min) M 7793a,b 600 5962a 519 8123b 825 3840 153 0·015 0·10 0·29
F 7360a,b 560 5868a 339 7262b 502 5230 358

GLP-1 (pg/ml per 90 min) M 621 39·8 542 50·2 546 58·1 414 36·7 0·43 0·11 0·53
F 517 42·5 535 25·4 479 30·2 482 52·0

Leptin (ng/ml per 90 min) M 2398 590 1870 330 1807 209 563 78 0·35 0·039 0·24
F 1297 160 1919 318 1047 239 405 51

GIP, glucose-dependent insulinotropic polypeptide; PYY, peptide tyrosine tyrosine; GLP-1, glucagon-like peptide-1.
a,b Mean values with unlike superscript letters were significantly different between the diets (P#0·01).
* Glucose data were taken from an oral glucose tolerance test (OGTT) performed on conscious animals using a tail nick 1 week before study termination, while all other hormone

data were from anaesthetised rats at the terminal OGTT.
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they may have played a role, especially since HF1 female off-

spring consumed approximately 25 % more HFS diet from 14

to 22 weeks of age than C1 females (although this did not

reach statistical significance). In our previous study, we

observed a decrease in plasma GLP-1 and amylin at 7 d of

age in the offspring of dams fed a HF v. HP diet(11). Both

GLP-1 and amylin reduce food intake and their lower levels

at birth could be associated with greater food consumption

and accelerated growth. Despite a lower birth weight in

females, early catch-up growth and a higher intake of the

HFS diet in adulthood, HF1 offspring did not gain excessive

body weight or fat, suggesting that other mechanisms were

at work that had a greater influence than the catch-up

growth itself. While glucose control was not negatively

affected in HF1 compared with the controls, HOMA-IR

scores were still higher than HP1. It is possible that the

catch-up growth had a negative impact on insulin sensitivity

that may not be fully apparent until an older age. Other nega-

tive effects of catch-up growth, such as decreased longevity

and/or senescence in various tissues(36), may also develop

but were not measured in the present study, and may have

been counteracted by exposure to prebiotic fibre, which has

been shown to increase longevity(37).

The offspring of HF dams had lower levels of liver TAG than

HP1. While elevated plasma TAG has been shown in the off-

spring of dams fed a high-protein diet during lactation(31),

the TAG-lowering effect of the maternal HF diet in offspring

is a novel finding. Oligofructose has been shown to decrease

the production of TAG in the liver, as well as increase the cat-

abolism of lipoproteins rich in TAG(38). In the present study,

the reduced hepatic TAG content is intriguing given that the

rats were not directly exposed to oligofructose, nor were

there diet differences in the expression of acetyl-CoA carboxy-

lase, an enzyme in the fatty acid synthesis pathway. NEFA

levels were also elevated in our HP1 animals, indicating the

availability of lipid as a fuel. The elevated NEFA that we

observed seem to be consistent with the shift, albeit transient,

towards oxidative metabolism and away from glycolytic
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Fig. 3. (A) Hepatic TAG content and (B) plasma NEFA in the female and

male offspring of dams fed a control ( ), high-protein ( ) or high-prebiotic

fibre ( ) diet during pregnancy and lactation. Values are means (n 10 males

and n 10 females), with their standard errors represented by vertical bars.
a,b Mean values with unlike letters were significantly different between the

diets (P#0·01). (A, B) There were significant effects for diet (P¼0·001) and

sex (P¼0·001). , Reference.

Table 4. Intestinal gene expression in the offspring of dams fed a control, high-protein or high-prebiotic fibre diet during
pregnancy and lactation

(Mean values with their standard errors, n 8–10 per group)

Maternal diet

Control High protein High fibre P (two-way ANOVA)

Sex Mean SE Mean SE Mean SE Diet Sex Diet £ sex

Stomach
Ghrelin M 71·1a,b 27·0 93·3b 32·0 46·4a 15·5 0·010 0·12 0·15

F 89·3a,b 29·0 205·5b 61·7 30·6a 11·8
Duodenum

GIP M 22·1 1·8 27·3 3·8 26·0 3·2 0·029 0·458 0·089
F 22·3 2·3 31·4 4·4 15·8 2·4

Ileum
Proglucagon M 46·2 12·1 64·5 13·9 96·1 19·3 0·018 0·019 0·035

F 60·9 8·8 194·6 52·7 104 20·3
SGLT1 M 43·4x,y 4·6 55·6y 11·5 26·4x 2·9 0·012 0·84 0·014

F 58·0y 7·6 33·0x,y 3·3 37·7x,y 5·3
GLUT2 M 22·5b 6·9 6·9a 1·7 14·1a 4·9 0·002 0·18 0·65

F 19·6b 5·2 4·9a 1·1 4·7a 1·3
Colon

PYY M 33·3 8·5 12·7 3·8 11·5 4·3 0·040 0·039 0·52
F 53·2 11·5 18·6 5·1 41·7 21·6

GIP, glucose-dependent insulinotropic polypeptide; SGLT1, sodium glucose co-transporter 1; PYY, peptide tyrosine tyrosine.
a,b Mean values with unlike superscript letters were significantly different between the diets (P#0·01).
x,y There was a significant diet £ sex interaction (P#0·01).
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muscle metabolism shown by Rehfeldt et al.(32) in animals

suckled by HP dams. The differences in body weight in females

could be partially due to the decreased availability of NEFA,

which may be involved in the regulation of hepatic fatty acid

metabolism, although despite similar decreases in NEFA in

males, they did not have a lower body weight(39). The decreased

expression of FAS in our HP1 animals may be affected by

the increased availability of NEFA, affecting hepatic fatty acid

metabolism. A similar decrease in FAS mRNA was observed in

our previous work in rats aged 28 and 35 d(22). This may be

a lasting effect from the maternal diet, as diets low in carbo-

hydrates and high in protein have been shown to decrease

hepatic FAS mRNA(40–43). Male HP1 animals showed decreased

PGC1a expression, which is characteristic for the animals

consuming a high-fat diet and/or with hypertriacylglycero-

laemia(44). This decreased expression, along with decreased

PEPCK expression, could be related to their improved

HOMA-IR score.

Decreases in the expression of GLUT2 and SGLT1 in the

ileum of HF1 and HP1, and HF1 males, respectively, could

be linked, particularly in HP1, to improvements in glucose

homeostasis as demonstrated by improved HOMA-IR scores.

However, SGLT1 mRNA expression, in particular, is not

always related to SGLT1 activity, as protein levels are more

influential than mRNA levels(45). Decreases in the expression

of these transporters in HF1 may be related to differences in

the gut microbiota, which remains to be examined. Should

there be an alteration in the microbial community leading to

increased fermentation, and therefore increased SCFA pro-

duction, the decreased carbohydrate content in the lumen

would result in the decreased expression of SGLT1. Glucose

transport has been shown to decrease in the distal portions

of the small intestine, and the decrease is more dramatic as

rats age(46). This could contribute to the differences seen in

SGLT1 expression in the ileum.

We have previously demonstrated that increases in GLP-1

and PYY secretion along with the up-regulation of PYY and

proglucagon expression occur in response to prebiotic con-

sumption in rats(22,24). In this model, only the dams consumed

the prebiotic fibre, and therefore we might expect that the

effect may not be passed on to the offspring. This is largely

confirmed, although the HF1 offspring did have a higher

PYY AUC than HP1 offspring but not C1. We acknowledge

that the use of anaesthesia during the OGTT could potentially

influence the concentrations of satiety hormones in the

plasma, although Zardooz et al.(47) showed that isoflurane

had no effect on glucose and insulin levels in fed rats and

decreased insulin but not glucose in fasted rats. Similarly,

Andrikopoulos et al.(48) showed that there was no difference

in blood glucose concentrations, and the ability to differentiate

glucose tolerance in a chow-fed v. high-fat diet-fed mice

under anaesthesia or while conscious was the same. While

the plasma concentrations of satiety hormones obtained in

our anaesthetised rats are within expected ranges, we have

recently made procedural advancements that allow us to

obtain sufficient blood from the tip of the tail in conscious

rats and thereby avoid the use of anaesthesia.

While there were no differences in male body weight or

composition, males did exhibit changes in hepatic and intesti-

nal gene expression, as well as differences in satiety hormones

and hepatic lipid storage and glucose control as measured by

liver TAG, plasma NEFA and HOMA-IR. It is possible that pro-

longed exposure to the HFS diet could eventually result in

differences in adiposity in response to the observed changes

related to hepatic lipid storage and metabolism, especially

since significant differences in female body weight were not

apparent until 22 weeks. Sex differences observed here,

wherein females were more affected than males, could be

due to the differences in placental gene expression. It has

been shown that placentae of females have been found to

have twice as many changes in gene expression compared

with the placentae of males, making females more sensitive

to environmental changes such as diet(49).

In conclusion, we demonstrated that in utero exposure to a

diet high in protein or prebiotic fibre has a lasting effect on

offspring adiposity, hepatic lipid storage and expression of

genes related to glucose and lipid metabolism. Within the

time frame that we examined, the effect was more pro-

nounced in female than in male offspring. Taken together,

these findings suggest that a maternal diet high in protein

Table 5. Hepatic gene expression in the offspring of dams fed a control, high-protein or high-prebiotic fibre diet during
pregnancy and lactation

(Mean values with their standard errors, n 8–10 per group)

Maternal diet

Control High protein High fibre P (two-way ANOVA)

Sex Mean SE Mean SE Mean SE Diet Sex Diet £ sex

FAS M 1·4b 0·3 0·86a 0·24 1·8b 0·5 0·006 0·18 0·31
F 1·7b 0·4 0·75a 0·11 3·1b 1·0

PEPCK M 4·3 0·8 3·9 0·7 7·5 1·2 0·11 0·006 0·037
F 2·8 0·8 3·9 0·7 3·0 0·7

PGC1a M 2·6x 0·9 1·8x 0·4 2·7x 0·7 0·004 0·001 0·006
F 8·1y 0·9 4·7x,y 1·2 2·9x 0·9

FAS, fatty acid synthase; PEPCK, phosphoenolpyruvate carboxykinase; PGC1a, PPARg co-activator 1-a.
a,b Mean values with unlike superscript letters were significantly different between the diets (P#0·01).
x,y There was a significant diet £ sex interaction (P#0·01).
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appears to have some adverse effects, particularly with regard

to body composition, while a high-prebiotic maternal diet

appears to provide some protection against an obese pheno-

type in offspring once they reach adulthood.
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