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Abstract

OBJECTIVE: This experimental study aimed to prospectively investigate the impact of combina-
tions of prenatal and postnatal food manipulations on the metabolic profile of adult offspring. 
DESIGN: On day 12 of gestation, 67 timed pregnant rats were randomized into three nutritional 
groups, control: standard laboratory food; starved: 50% food restricted, FR; fat-fed: fat-rich diet, 
FF. Seven hundred and seventy-four (774) pups were born on day 21 and culled to 8 (4 males, 
4 females) per litter to normalize rearing. Rats born to starved mothers were later subdivided, 
based on birthweight (BiW), into fetal growth restricted (FGR) and non-FGR. The pups were 
then weaned to the diet of their fostered mother until one year old. Thus, 12 groups were stud-
ied: 1. CONTROL/CONTROL: 14 rats, 2. CONTROL/FR: 12 rats, 3. CONTROL/FF: 15 rats, 
4. FGR/CONTROL: 16 rats, 5. FGR/FR: 10 rats, 6. FGR/FF: 15 rats, 7. non-FGR/CONTROL: 
10 rats, 8. non-FGR/FR: 17 rats, 9. non-FGR/FF: 10 rats, 10. FF/CONTROL: 15 rats, 11. FF/
FR: 14 rats, and 12. FF/FF: 13 rats. During sacrifice, body weight (BW) and liver weight (LW) 
were measured (expressed in grams) and concentrations of serum glucose, triglycerides, HDL 
and NEFA were determined. RESULTS: Postnatal food restriction, compared to control diet 
significantly reduced BW (p=0.004, p=0.036, p<0.001, p=0.008) and LW (p<0.001) in all 
study groups. Postnatal control diet significantly increased BW in non-FGR compared to FGR 
rats (p=0.027). No significant differences were detected in biochemical parameters (excluding
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Introduction

The interaction between genetic and environmental 
factors determines the physical growth and metabolism 
of an individual and its biological propensity to health 
and disease. Accumulating data from epidemiologi-
cal and experimental studies indicate that “early-life 
events” (prenatal and early postnatal) can initiate 
changes in gene expression which determine not only 
the risk for postnatal disease but also an individual’s 
response to the postnatal environment.1-9 Nutrition 
is one of the environmental variables with the widest 
range of effects on physical growth, metabolism and 
brain development.10,11

Animal studies have demonstrated that manipula-
tion of the fetal or neonatal environment can lead to 
altered metabolic and/or cardiovascular function. Most 
of these manipulations have been dietary and mainly 
include global caloric restriction, reduction of dietary 
protein content or dietary fat supplementation.12-21 The 
majority of studies have not distinguished between the 
effects of maternal diet during pregnancy and those 
during the lactating period since the same diet has 
continued postnatally until weaning. The contribu-
tion of maternal diet during the suckling period is 
also important as organ development and maturation 
obviously continue after birth. Moreover, mismatch 
between fetal and postnatal environments through 
manipulation of postnatal diet could be the basis of 
disease manifestation according to the ‘Predictive 
Adaptive Response’ hypothesis.22

According to the hypothesis of fetal origins of adult 
disease, prenatal exposure to excessive or deficient 
nutrition alters adipocyte development (adipogen-
esis). These alterations involve a relatively permanent 
increase in the ability of adipose tissue to form new 
cells and to store lipids in existing adipocytes (lipogen-
esis).23,24 The process of adipogenesis occurs mainly 

during late prenatal and early postnatal life and is 
strongly influenced by the nutritional environment 
at this time point. The number of adipocytes remains 
fairly stable during adulthood, showing a very low 
turnover rate of adipose cells, providing evidence that 
events during both fetal and early postnatal life are 
vital for the development of adipose tissue.25

Furthermore, obesity and diabetes have been 
associated with the deleterious effect of high NEFA 
levels on β-cell function and their relationship to the 
phenomenon of glucotoxicity.26

The aim of this experimental study was to in-
vestigate prospectively the impact of prenatal and 
postnatal food manipulation on weight status and 
the metabolic profile of the offspring at one year of 
age. More precisely, it was to examine the combined 
effects of a) prenatal starvation, b) fat feeding or c) 
standard diet, with postnatally a) restricted, b) fat 
or c) standard diet on the growth and metabolism of 
one-year offspring Wistar rats. We hypothesized that 
the mismatch of prenatal and postnatal nutritional 
status might have adverse effects on metabolism 
in adulthood. Furthermore, we hypothesized that 
apart from birthweight, which can be influenced by 
prenatal adverse events, it may be the prenatal ad-
verse event itself combined with postnatal diet that 
has a great influence on the metabolic profile of the 
adult offspring.

Experimental animals  
and methodology

This is part of a larger study involving the effects 
of prenatal and postnatal food manipulation on 
metabolism, body composition, organ weight and 
tissue morphology of the offspring at one year. The 
study was designed by the Fetal Medicine Foundation 

NEFA) between FGR and non-FGR, regardless of the postnatal diet. CONCLUSIONS: Interac-
tion between prenatal and postnatal nutrition produces distinct metabolic profiles. Apart from 
BiW, prenatal diet had an important impact on the metabolic profile of the adult offspring, 
implying that intrauterine events should be considered in the estimation of the metabolic risk 
of an individual, independently of BiW.

Key words: Fat-fed, Fetal Growth restriction, Food restriction, Perinatal nutritional manipulation



270	 M. Eleftheriades ET AL

and the Harris Birthright Research Centre for Fetal 
Medicine, King’s College Hospital, London, UK, and 
it was conducted at the Experimental Laboratory at 
Aretaieion University Hospital in Athens, Greece.

Rat model of prenatal and postnatal 
food manipulation

All studies were approved by the Animal Research 
Committee of the Aretaieion Hospital Experimental 
Laboratory at Aretaieion Hospital, Athens, Greece, 
and guidelines established by Aretaieion Hospital’s 
Animal Research Committee, Ethical Committee and 
Standards of the Greek State and European Com-
munity on the Protection, Care and Use of Animals 
for experimental purposes were followed throughout 
the experiment. All efforts were taken to minimize 
pain or discomfort.

Sixty-seven (67) first-time pregnant Wistar rats 
were obtained at 11 days of gestation (Harlan Ani-
mal Research Laboratories, The Netherlands) and 
housed individually in standard rat cages with free 
access to water. The rats were kept in the same room 
with constant temperature and humidity and on a 
controlled 12-hour light to dark cycle. A model of 
rat dams that were either normally fed or underwent 
50% food restriction or dietary fat supplementation 
during pregnancy was used.

At 12 days of gestation, timed pregnant rats were 
randomized into one of the following three nutritional 
groups:

1.	 Control Diet Group: continued on an ad libitum 
diet of standard laboratory food (4RF25, Muced-
ola, Milan, containing 22% protein, 3.5% fat and 
50.5% carbohydrates, metabolizable energy 2789 
kcal/kg);

2.	 Starved Group: receiving 50% food restricted diet 
that was determined by quantification of normal 
intake in the ad libitum fed rats;

3.	 Fat-Fed Group: receiving a fat-rich diet (standard 
laboratory food enriched with 20% animal lard, 
Mucedola, Milan);

The respective diets were given from 12 days of 
pregnancy to term and throughout the 25-day lacta-
tion period.

The offspring

Rat dams gave birth normally on day 21; 24 hours 
after birth, the pups were culled to 8 (4 males and 4 
females) per litter to normalize rearing. In order to 
differentiate the impact of prenatal food restriction 
and birthweight on postnatal heath, pups that were 
born from food restricted mothers were further di-
vided into two subgroups:

i)	 FGR group: including prenatally starved neonates 
with mean body weight at birth < -2SD of the 
mean body weight of the prenatal normally fed 
pups;

ii)	non-FGR group: prenatally starved neonates with 
mean body weight at birth > -2SD of the mean 
body weight of the prenatal normally fed pups.

All neonates were cross-fostered in order to dis-
tinguish between the effects of prenatal and postnatal 
food manipulation and to avoid bias caused by se-
lective maternal deprivation stress. We accordingly 
cross-fostered pups so that the offspring of moth-
ers fed on a standard diet during pregnancy were 
suckled by normally fed, food restricted and fat-fed 
dams. The same cross-fostering procedure involved 
the offspring of food restricted and fat-fed mothers. 
Thus, 12 groups were studied:

1)	 normally fed prenatally / normally fed postnatally 
(CONTROL/CONTROL);

2)	 normally fed prenatally / food restricted postnatally 
(CONTROL/FR);

3)	 normally fed prenatally / fat-fed postnatally (CON-
TROL/FF);

4)	 food restricted prenatally (FGR) / normally fed 
postnatally (FGR/CONTROL);

5)	 food restricted prenatally (FGR) / food restricted 
postnatally (FGR/FR);

6)	 food restricted prenatally (FGR) / fat-fed post-
natally (FGR/FF);

7)	 food restricted prenatally (non-FGR) / normally 
fed postnatally (non-FGR/CONTROL);

8)	 food restricted prenatally (non-FGR) / food re-
stricted postnatally (non-FGR/FR);

9)	 food restricted prenatally (non- FGR) / fat-fed 
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postnatally (non-FGR/FF);

10) �fat-fed prenatally / normally fed postnatally (FF/
CONTROL);

11) �fat-fed prenatally / food restricted postnatally 
(FF/FR);

12) �fat-fed prenatally / fat-fed postnatally (FF/FF).

Litters were left undisturbed until the 25th postnatal 
day. On postnatal day 26, the offspring of all groups 
were weaned to the same diet that their fostered 
mother was receiving during the lactation period. 
All offspring continued on the diet until one year of 
age (Figure 1).

In this paper we analyze and discuss data produced 

Figure 1. A & B. Experimental design of the study.

A

B
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by the three types of post-weaning food manipula-
tion (control diet, food restriction and high-fat diet) 
on the four groups produced by prenatal and during 
lactation nutrition assignment (CONTROL, FGR, 
non-FGR and FF). We further focus on the com-
parison of the impact of postnatal food manipulation 
(control diet, food restriction and high-fat diet) on 
the two groups of prenatally food restricted animals 
(FGR and non-FGR).

Serum biomarkers and tissue 
collection

At the time of sacrifice (one year of age), all rats 
were deeply anesthetized under isoflurane anesthesia 
(5%) and blood was taken via abdominal aorta punc-
ture by using a needle (size 0.50 × 16 mm) to collect 
2-3 ml of blood. Serum was centrifuged at 1600 rpm 
for 15 min and stored at -80°C until analyzed. The 
whole liver was then quickly removed and its weight 
was measured.

During the study period, due to the expected 
limited quantity of the blood samples, we decided 
to measure the standard metabolic parameters used 
in the clinical practice and comprising the metabolic 
syndrome. Determination of plasma glucose, tri-
glycerides, total cholesterol, HDL-cholesterol and 
NEFA was performed by enzymatic colorimetric 
assays using commercially available kits (Alpha Was-
sermann Diagnostics, Woerden, The Netherlands) on 
an automated analyzer (ACE Sciapparelli Biosystems, 
Fairfield, IN, USA). Quality control procedures re-
lating to the measurements of glucose, triglycerides, 
total cholesterol, HDL-cholesterol and NEFA were 
also performed.

Statistical analysis

Statistical evaluation was performed using Sta-
tistical Package for the Social Sciences Software, 
version 19.0. (SPSS Inc, Chicago, IL, USA). Con-
tinuous variables are presented as mean ± standard 
deviation, while categorical variables are presented 
using absolute numbers (n) and frequencies. The 
level of significance was set to ≤0.05. Variables were 
presented as mean values + standard deviation (SD) 
using analysis of variance (ANOVA), while relations 
between variables were assessed by Tukey’s HSD for 

multiple comparisons. Further analysis of the impact 
of postnatal food manipulation on prenatally starved 
groups was assessed using non-parametric procedures 
due to the small sample (group) sizes (Mann-Whitney 
and Kruskal-Wallis tests).

Results

Overall 774 rats were born. One hundred and 
ninety-two (192) animals were born to normally fed 
mothers [weight grams (mean ± sd): 7.92 ± 0.84], 204 
to fat-fed [weight grams (mean ± sd): 8.78 ± 0.91] 
and 378 to starved mothers [weight grams (mean ± 
sd): 6.29 ± 0.78].

At one year of age, 161 rats (83 males and 78 
females) of the following 12 groups were sacrificed: 
1. CONTROL/CONTROL: 14 rats (7 males and 7 
females), 2. CONTROL/FR: 12 rats (6 males and 6 
females), 3. CONTROL/FF: 15 rats (7 males and 8 
females), 4. FGR/CONTROL: 16 rats (7 males and 9 
females), 5. FGR/FR: 10 rats (10 males), 6. FGR/FF: 
15 rats (7 males and 8 females), 7. non-FGR/CON-
TROL: 10 rats (8 males and 2 females), 8. non-FGR/
FR: 17 rats (9 males and 8 females), 9. non-FGR/FF: 
10 rats (2 males and 8 females), 10. FF/CONTROL: 
15 rats (8 males and 7 females), 11. FF/FR: 14 rats 
(6 males and 8 females), 12. FF/FF: 13 rats (6 males 
and 7 females).

Animal group characteristics at one year of age 
are shown in Table 1.

1. �Rats fed control diet prenatally

Mean values (± SD) of body weight (BW) liver 
weight (LW) and serum biomarkers are presented 
in Table 2. Rats of the CONTROL/FR group had 
significantly lower BW compared to the CONTROL/
CONTROL and CONTROL/FF groups (p=0.004 
and p<0.001, respectively). LW of the CONTROL/
FR group was significantly lower compared to the 
CONTROL/FF groups (p=0.011). The CONTROL/
FF group showed significantly higher levels of glu-
cose compared to the CONTROL/CONTROL and 
CONTROL/FR groups (p=0.006 and p=0.010, re-
spectively) and significantly higher levels of tric-
lycerides compared to the CONTROL/FR group 
(p=0.018). NEFA levels were significantly lower in 
CONTROL/FR and CONTROL/FF (p<0.001 and 



Table 1. Animal group characteristics at 1 year

Groups No of animals Males Females

Control/Control 14 7 7

Control/FR 12 6 6

Control/FF 15 7 8

FGR/Control 16 7 9

FGR/FR 10 10 -

FGR/FF 15 7 8

non-FGR/Control 10 8 2

non-FGR/FR 17 9 8

non-FGR/FF 10 2 8

FF/Control 15 8 7

FF/FR 14 6 8

FF/FF 13 6 7

Total 161 83 78

Table 2. Rats fed control diet prenatally

CONTROL/CONTROL
Mean (SD)

CONTROL/FR
Mean (SD)

CONTROL/FF
Mean (SD)

Sig

Body weight 455 (102) 313 (78.1) 525 (127)
pa <0.001

(p1=0.004,  p2=0.190,  p3<0.001)

Liver weight 11.8 (1.90) 10.6 (2.57) 14.4 (4.41)
pa <0.012

(p1=0.595,  p2= 0.095,  p3=0.011)

Glucose 106 (34.5) 107 (44.4) 155 (40.1)
pa =0.003

(p1=0.994,  p2=0.006,  p3=0.010)

Cholesterol 91.7 (38.5) 71.2 (25.9) 81.7 (24.4)
pa=0.242

(p1=0.212,  p2=0.650,  p3=0.650)

Triglycerides 121 (58.6) 101 (34.9) 169 (78.7)
pa =0.018

(p1=0.665,  p2=0.107,  p3=0.018)

HDL 40.5 (15.7) 28.7 (11.1) 37.0 (8.85)
pa=0.057

(p1=0.050,  p2=0.733,  p3=0.199)

NEFA 0.66 (0.26) 0.24 (0.15) 0.48 (0.12)
pa <0.001

(p1<0.001,  p2=0.057,  p3=0.006)
a: ANOVA, 1,2,3: Tukey’s HSD for multiple comparisons between CONTROL/CONTROL and CONTROL/FR, between CONTROL/
CONTROL and CONTROL/FF and between CONTROL/FR and CONTROL/FF, respectively.

Perinatal nutritional manipulation in rats	 273

had significantly lower BW compared to the FGR/
CONTROL group (p=0.036). However, LW of the 
FGR/FR group was significantly lower compared 
to both the FGR/CONTROL and FGR/FF groups 
(p=0.017 and p=0.005, respectively). The FGR/FF 
group showed significantly higher levels of glucose 
and triglycerides compared to the FGR/FR groups 
(p=0.036 and p<0.001, respectively). HDL levels 
were significantly higher in FGR/CONTROL rats 
compared to the FGR/FF group (p=0.018) (Table 3).

3. �Prenatally food restricted rats (birthweight  
>-2SD of the mean body weight  
of the prenatal normally fed pups)

Mean values (±SD) of BW and serum biomark-
ers are presented in Table 4. Standard diet postna-
tally significantly increased BW in the non-FGR/
CONTROL group compared to the non-FGR/FR 
and non-FGR/FF groups (p<0.001 and p=0.002, 
respectively). Food restriction postnatally significantly 
decreased LW in the non-FGR/FR group compared 
to the non-FGR/CONTROL and non-FGR/FF groups 
(p<0.001 and p<0.001, respectively). High-fat diet 
postnatally significantly increased triglyceride levels 
in the non-FGR/FF group compared to the non-FGR/
CONTROL and non-FGR/FR groups (p=0.004 and 
p<0.001 respectively) (Table 4).

p=0.057, respectively) and HDL levels were higher 
in CONTROL/CONTROL rats compared to the 
CONTROL/FR group (p=0.050) (Table 2).

2. �Prenatally food restricted rats (birthweight 
<-2SD of the mean body weight  
of the prenatal normally fed pups)

Mean values (± SD) of BW and serum biomarkers 
are presented in Table 3. Rats of the FGR/FR group 



Table 3. Prenatally food restricted rats (Birth weight <-2SD of the mean body weight of the prenatal normally fed pups)

FGR/CONTROL
Mean (SD)

FGR/FR
Mean (SD)

FGR/FF
Mean (SD)

Sig

Body weight 392 (135) 272 (30.9) 379 (124)
pa=0.033

(p1=0.036,  p2=0.942,  p3=0.073)

Liver weight 10.2 (4.13) 6.23 (3.63) 10.8 (3.63)
pa =0.005

(p1=0.017,  p2=0.861,  p3=0.005)

Glucose 93.3 (32.7) 84.1 (38.1) 119 (31.9)
pa=0.028

(p1=0.776,  p2=0.090,  p3=0.036)

Cholesterol 89.8 (33.8) 79.3 (8.87) 66.8 (13.7)
pa=0.031

(p1=0.503,  p2=0.023,  p3=0.395)

Triglycerides 114 (44.6) 50.2 (6.61) 111 (25.9)
pa<0.001

(p1<0.001,  p2=0.966,  p3<0.001)

HDL 39.1 (11.2) 38.3 (3.21) 30.9 (4.45)
pa =0.016

(p1=0.974,  p2=0.018,  p3=0.094)

NEFA 0.65 (0.21) 0.68 (0.21) 0.57 (0.19)
pa=0.348

(p1=0.934,  p2=0.498,  p3=0.377)
a: ANOVA, 1,2,3: Tukey’s HSD for multiple comparisons between FGR/CONTROL and FGR/FR, between FGR/CONTROL and FGR/
FF and between FGR/FR and FGR/FF, respectively.
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Table 4. Prenatally food restricted rats (Birth weight > - 2SD of the mean body weight of the prenatal normally fed pups)

non-FGR/CONTROL
Mean (SD)

non-FGR/FR
Mean (SD)

non-FGR/FF
Mean (SD)

Sig

Body weight 512 (97.4) 262 (37.5) 373 (116)
pa<0.001

(p1<0.001,  p2=0.002,  p3=0.005)

Liver weight 13.3 (1.77) 6.34 (0.91) 12.2 (3.88)
pa<0.001

(p1<0.001,  p2=0.515,  p3<0.001)

Glucose 117 (47.9) 103 (31.1) 124 (60.8)
pa= 0.585

(p1=0.794,  p2= 0.950,  p3=0.569)

Cholesterol 106 (27.0) 75.2 (13.1) 85.0 (44.8)
pa=0.034

(p1=0.026,  p2=0.231,  p3=0.670)

Triglycerides 90.0 (18.7) 52.7 (14.9) 203 (138)
pa<0.001

(p1=0.414,  p2=0.004,  p3<0.001)

HDL 42.6 (13.2) 36.2 (7.19) 40.2 (18.8)
pa= 0.451

(p1=0.442,  p2=0.908,  p3=0.727) 

NEFA 0.45 (0.19) 0.53 (0.16) 0.61 (0.22)
pa=0.199

(p1=0.520,  p2=0.172,  p3=0.604)
a: ANOVA, 1,2,3: Tukey’s HSD for multiple comparisons between non-FGR/CONTROL and non-FGR/FR, between non-FGR/CON-
TROL and non-FGR/FF and between non-FGR/FR and non-FGR/FF, respectively.

4. Prenatally fat-fed rats

Mean values (± SD) of BW and serum biomarkers 
are presented in Table 5. Food restriction postnatally 
significantly decreased BW, LW and triglyceride levels 
in the FF/FR group compared to the FF/CONTROL 
and FF/FF groups (p=0.008 and p=0.001, respec-
tively, for BW; p<0.001 and p<0.001, respectively, 
for LW and p<0.001 and p<0.001, respectively, for 

triglycerides) (Table 5).

5. �Postnatal control diet in prenatally starved 
animals
There was no statistically significant difference in 

BW and LW between the CONTROL/CONTROL, 
FGR/CONTROL and non-FGR/CONTROL groups. 
However, the non-FGR/CONTROL rats showed 
significantly increased BW and lower levels of NEFA 



Table 5. Prenatally fat fed rats

FF/CONTROL
Mean (SD)

FF/FR
Mean (SD)

FF/FF
Mean (SD)

Sig

Body weight 380 (114) 249 (42.8) 424 (149)
pa<0.001

(p1=0.008,  p2=0.558,  p3=0.001)

Liver weight 12.5 (2.97) 7.05 (1.64) 13.2 (2.61)
pa<0.001

(p1<0.001,  p2=0.745,  p3<0.001)

Glucose 88.0 (25.8) 114 (34.1) 136 (66.2)
pa=0.023

(p1=0.248,  p2=0.018,  p3=0.428)

Cholesterol 89.9 (24.8) 63.1 (14.8) 91.9 (16.8)
pa<0.001

(p1=0.002,  p2=0.961,  p3=0.001)

Triglycerides 133 (64.4) 59.1 (10.6) 146 (13.5)
pa<0.001

(p1<0.001,  p2=0.750,  p3<0.001)

HDL 36.1 (11.3) 29.0 (6.01) 41.5 (9.53)
pa=0.005

(p1=0.111,  p2=0.287,  p3=0.003)

NEFA 0.63 (0.33) 0.53 (0.17) 0.77 (0.33)
pa=0.095

(p1=0.607,  p2=0.390,  p3=0.079)
a: ANOVA, 1,2,3: Tukey’s HSD for multiple comparisons between FF/CONTROL and FF/FR, between FF/CONTROL and FF/FF and 
between FF/FR and FF/FF, respectively.
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compared to the FGR/CONTROL group (p=0.027 
and p=0.022) (Figure 2A, 2B).

6. �Postnatal starvation in prenatally starved 
animals

There was a statistically significant difference in 
LW between CONTROL/FR and both prenatally 
starved groups (FGR/FR and non-FGR/FR; p<0.001 
and p<0.001, respectively). In both prenatally starved 
groups HDL and NEFA levels were significantly 
increased compared to CONTROL/FR (p=0.037 

and p=0.059, respectively, for HDL; p<0.001 and 
p<0.001, respectively, for NEFA), whereas triglyc-
eride levels were significantly decreased (p<0.001 
and p<0.001, respectively) (Figure 3A, 3B, 3C, 3D).

7. �Postnatal high-fat diet in prenatally starved 
animals

The CONTROL/FF group showed increased BW 
and glucose levels compared to the FGR/FF and non-
FGR/FF groups (p=0.007 and p=0.012, respectively) 
(Figures 4A, 4B). Furthermore, the CONTROL/FF 

Figure 2. A & B. Postnatal control diet on prenatally starved animals.

A B
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group showed marginal statistical difference in LW 
compared to FGR/FF (p=0.05).

Discussion

The findings of this experimental rat model have 
demonstrated that a combination of specific prenatal 
and postnatal nutritional statuses produces distinct 
metabolic profiles in the offspring which may have 
potential health implications in adult life. Specifi-
cally, in the CONTROL pups (representing a model 
of normal outcome in human infants), BW, LW, 
glucose, cholesterol, trigycerides and HDL concentra-
tions were shown to be dependent on postnatal diet, 
with postnatal fat-fed rats being heavier and having 
greater blood glucose and triglyceride concentrations 

than those with a postnatally restricted diet. Blood 
NEFA concentrations were lower in the postnatally 
food-restricted group.

In the FGR group (representing a model of hu-
man infants with IUGR), those with restricted food 
postnatally had lower body weight, liver weight and 
triglyceride concentrations compared with animals that 
received a standard diet and lower glucose concentra-
tions compared to those that received a high-fat diet.

In the non-FGR group (representing a model of 
human infants having experienced adverse intrauterine 
conditions but born with mean BW > - 2SD of the 
mean body weight of the normal population), those 
with restricted food postnatally showed lower BW and 
LW compared to rats that received either a standard 

A

C

B

D

Figure 3. A, B, C, D. Postnatal starvation in prenatally starved animals.
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Figure 4. A & B. Postnatal high-fat diet in prenatally starved animals.

A B

or high-fat diet and lower triglyceride concentrations 
compared with animals that received a high-fat diet.

In pups born to fat-fed mothers (representing hu-
man infants of obese mothers), restricted postnatal 
diet significantly reduced BW, LW and cholesterol 
and triglyceride levels compared to rats that received 
either a standard or high-fat diet and lower HDL levels 
compared to animals that received a high-fat diet.

Furthermore, comparing the metabolic profiles of 
the FGR and non-FGR groups, with the exception of 
BW and NEFA concentrations in those animals that 
continued with control diet postnatally, no significant 
differences were detected in LW, glucose, cholesterol, 
triglycerides and HDL concentrations, regardless of 
the postnatal diet (control, restricted or high-fat), 
suggesting that it is the prenatal environment rather 
than birthweight per se, combined with postnatal 
diet, that influences metabolic profiles in adulthood.

It has been suggested22 that mismatch between 
fetal and postnatal environments could lead to adult 
disease, thus the manipulation of postnatal diet—by 
exposing the developing organism postnatally to the 
same amount of nutrition it was exposed to prena-
tally—could theoretically prevent adverse metabolic 
consequences. Since current medical interventions 
for FGR are mainly focused on the prevention of 
adverse perinatal complications, whereas postnatal 
therapeutics for FGR are lacking, it would be essen-
tial for IUGR infants to implement lifelong lifestyle 
interventions (low-fat diet consumption, regular 

body exercise) aiming at avoiding exposure to condi-
tions of plenty.27 Epidemiological and experimental 
studies have demonstrated that FGR newborns that 
exhibit rapid catch-up growth are at increased risk 
of developing the metabolic syndrome, which how-
ever can be improved or even prevented by delaying 
the rapid catch-up growth phase of the newborn by 
restricting nutrition.28-30 Similarly, the data from this 
study demonstrate that the FGR animals continued 
on restricted nutrition postnatally showed lower 
levels of triglycerides compared to FGR animals fed 
a control or high-fat diet. Furthermore, it has been 
suggested that food restriction improves lipid and 
glucose metabolism in obese and hypertensive rats.16

In our experimental model, postnatal food restric-
tion was shown to decrease triglyceride levels and 
increase HDL levels in both the FGR and non-FGR 
groups at the age of one year compared to animals fed 
with control diets postnatally, supporting the concept 
of fetal and neonatal environmental mismatch as a 
cause of metabolic disease in adult life. Furthermore, 
no statistically significant difference between the levels 
of the abovementioned metabolic parameters and LW 
in both postnatal food restricted FGR and non-FGR 
animals was observed, suggesting that postnatal preven-
tion and treatment of metabolic syndrome should be 
administered not only to those with low birthweight, 
but also to offspring of mothers who experienced ad-
verse events during pregnancy, regardless of birth size.

Additionally, our data have demonstrated that 
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in the control group, NEFA concentrations were 
significantly lower following a year of food restriction 
compared to those on a standard diet. Despite the 
positive association reported between high NEFA 
levels and impaired pancreatic β-cell function, it has 
proven difficult to always support a cause-and-effect 
relationship and to understand how NEFA levels are 
related to obesity and diabetes.26 In some studies, no 
clear relationship between NEFAs and the altered 
β-cell function associated with hyperglycemia has 
been demonstrated.31,32 In an experimental study, 
plasma free fatty acid concentrations were significantly 
lower in food-restricted groups compared with the 
ad libitum group, presumably reflecting their relative 
loss of adipose tissue.33 The results of the present 
study show that there is a trend towards lower NEFA 
concentrations in the high-fat group compared to the 
control group. In a previous experimental rat study 
examining the effects of a high-fat or a high-fructose 
diet on lipid profiles, the authors found that plasma 
NEFA concentration decreased in both animal groups 
compared to controls.34 Additionally, the current data 
show that in the postnatal food restricted group NEFA 
concentrations were significantly lower compared to 
the high-fat group, a finding possibly attributable to 
adipose tissue loss. Furthermore, postnatal starvation 
significantly decreased NEFA concentrations of the 
prenatal control group compared to the FGR and 
non-FGR groups. There was no statistical difference 
in NEFA concentrations between the FGR and non-
FGR groups. It seems that postnatal food restriction 
produces the same adipose tissue response in both 
the FGR and non-FGR groups, suggesting that it is 
the adverse prenatal event that determines certain 
metabolic profiles rather than birthweight.

This is the first experimental project in which all 
nutritional groups and all types of postnatal food 
manipulation have been studied together in a pro-
spective manner. Unfortunately, due to the number 
of the studied animals and the duration of the project, 
unexpected animal losses occurred influencing the 
male to female ratio in some of the groups, especially 
the FGR/FR and non-FGR/CONTROL. Neverthe-
less, the findings of the study conclude that prenatal 
diet contributes critically to the determination of 
the metabolic profile of the individual in adulthood, 
regardless of the birthweight.

Pediatricians could include not only birthweight 
but also prenatal nutrition per se in the estimation of 
metabolic risk of infants and children, thus promoting 
adequate prevention and intervention strategies. Such 
strategies should include the promotion of breastfeed-
ing and the avoidance of overeating during infancy, 
not only in small infants but also in normal weight 
infants born to undernourished mothers, in order to 
catch up. Furthermore, of utmost importance is the 
promotion of a healthy lifestyle in adolescent and 
young adult females who are the pregnant women 
and mothers of the future.
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