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Background: Intrauterine growth restriction (IUGR) is 
known to affect the risk of adult diseases. consumption of lipo-
genic fructose is increasing, and it is used as an enhancer of 
metabolic syndrome in rat experiments. The effects of IUGR, 
postnatal fructose diet, and their interaction on the lipid profile 
and adiposity were studied in adult rats.
Methods: IUGR was induced by providing pregnant rats 
with 50% of daily food intake. From 1 mo onward, half of the 
offspring received a fructose-rich diet and were then followed 
to the age of 1 and 6 mo, when plasma lipid, glucose, and insu-
lin levels were measured. The adipose tissue was visualized by 
magnetic resonance imaging at the age of 6 mo.
results: IUGR and fructose diet decreased body weight in 
adult rats. IUGR increased low-density lipoprotein cholesterol 
in 6-mo-old rats. The fructose diet evoked hypertriglyceridemia 
and hyperinsulinemia in both the sexes and decreased fasting 
glucose levels in female rats. Postnatal fructose diet increased 
lipid content percentage in the retroperitoneal and intra-ab-
dominal adipose tissues in male rats. Interactions between IUGR 
and postnatal fructose diet were observed in adult weight in 
males.
conclusion: These results demonstrate the importance of 
IUGR and fructose diet in adverse changes in lipid and glucose 
metabolism.

the terms “programming,” “fetal origins hypothesis,” and 
“metabolic imprinting” are used to describe the conditions 

in the uterus that can lead to possibly permanent or at least long-
term changes in the systems involved in growth and metabolism 
(1,2). Epidemiological studies indicate that low birth weight 
is related to the risk of metabolic syndrome, type 2 diabetes, 
and atherosclerosis in adulthood. Poor fetal growth has also 
been linked to adult obesity, hypertension, and abnormal lipid 
 metabolism (3).

There is an interaction between the prenatal and postnatal 
environments on the health outcome of the offspring (3). Some, 
but not all, of the infants born small for gestational age show 
catch-up growth. Those experiencing early catch-up growth 
tend to have a higher BMI and fat mass as children (4), and 
according to some studies, they are at an increased risk for adult 

diseases as compared with those not showing catch-up growth 
(5). Therefore, it is interesting to elucidate the possible interac-
tions between the prenatal growth and postnatal environment 
and their effects on the metabolic profile of the offspring.

Fructose is a highly lipogenic sugar, and its consumption 
increases plasma triglyceride and low-density lipoprotein (LDL) 
cholesterol levels in humans (6). In rats, prolonged feeding of 
fructose induces moderate hypertension, glucose intolerance, 
insulin resistance, hyperinsulinemia, and hypertriglyceridemia, 
all of which are signs of metabolic syndrome (7,8). Therefore, 
fructose-fed rats are often used as a model of the metabolic 
 syndrome (9).

We performed a study of fetal growth restriction in rats. 
Initially, we aimed to determine if intrauterine growth restriction 
(IUGR) could affect plasma cholesterol and glucose levels and 
adiposity in adult rats. Then, we tested whether fetally growth-
restricted rats as compared with rats with normal growth are 
more prone to deleterious effects of fructose. IUGR has been 
shown to influence the development of the islets of Langerhans 
in rats and therefore impair their capacity to secrete insulin (6). 
On the other hand, fructose consumption has been shown to 
cause insulin resistance in rats (5). Finally, the effects of long-
term consumption of fructose on the metabolic syndrome phe-
notype were elucidated.

Results
Effects of IUGR
Growth of offspring. One-day-old fetally undernourished off-
spring were smaller than control offspring (males: mean weight 
of CC litters (dams fed ad libitum with their own pups), 6.61 
(SD: 0.36) g and RR litters (food-restricted dams with their own 
pups), 5.76 (SD: 0.91) g; t-test; P < 0.001; females: CC litters, 
6.22 (0.50) g and RR litters, 5.37 (0.90) g; t-test; P < 0.001). The 
proportion of liver and heart weight to total body weight was 
calculated, and no differences were observed between CC and 
RR groups (data not shown).

The weights of rat offspring from birth to 6 mo of age are pre-
sented in Figure 1. In the age of 1 mo the weight of the IUGR 
pups did not differ from the weight of control pups. At the age 
of 6 mo, both male and female IUGR pups were smaller than 
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control pups according to three-way ANOVA analysis (Figure 2, 
P < 0.001 and P < 0.001, respectively).

Lipid and glucose metabolism. The effects of fetal undernutri-
tion on the plasma lipid levels of 1- and 6-mo-old offspring 
were examined. At the age of 1 mo, total cholesterol levels were 
higher in IUGR female rats (CC: 2.64 (0.36), RR: 2.94 (0.30), and 
RC (dams fed ad libitum with pups born from food-restricted 
dams): 2.99 (0.59) mmol/l; P = 0.013). The increase in total cho-
lesterol was also seen in fetally undernourished male rats, but the 
difference was not statistically significant (CC: 2.77 (0.29), RR: 
3.00 (0.27), and RC: 2.86 (0.29) mmol/l; P = 0.305). Moreover, 
the difference in high-density lipoprotein (HDL) cholesterol 

in IUGR female rats reached statistical significance (CC: 0.90 
(0.24), RR: 1.04 (0.26), and RC: 1.20 (0.69) mmol/l; P = 0.045).

The effects of fetal undernutrition on plasma lipid levels in 
the 6-mo-old male and female rats are shown in Tables 1 and 
2. Fetally undernourished rats had significantly higher LDL 
cholesterol levels (males: P < 0.001 and females: P = 0.001) 
and tended to have a higher total cholesterol level than con-
trol rats. In 1-mo-old rats, there were no differences in fasting 
glucose and insulin levels between the study groups (data not 
shown). Fasting glucose and insulin levels of 6-mo-old rats are 
shown in Tables 1 and 2. Due to IUGR, male offspring were 
more insulin sensitive on the basis of the homeostasis model 
of assessment of insulin resistance (P = 0.041).

Magnetic resonance imaging results. Magnetic resonance 
imaging (MRI) for 6-mo-old CC and RR rats was performed. 
The MRI sequence for fat/water detection was based on selec-
tive excitation of the fat and water nuclear magnetic reso-
nances. Lipid content percentages of retroperitoneal, intra-
abdominal, and subcutaneous adipose tissues according to 
MRI are shown in Table 3. There was no difference in the 
lipid content percentages of the tissues between the CC and 
RR groups.

Effects of the Suckling Period
Growth of offspring. The suckling period reflects the time after 
birth until weaning. Lactating dams had been either food-
restricted during pregnancy (RR group) or normally fed (CC 
and RC groups). The suckling period had significant effect on 
the weight of the female offspring at 1 mo of age and on the 
weight of both the sexes at 6 mo of age (Figure 1; P < 0.001 and 
Figure 2; P = 0.027 and P = 0.045, respectively). Offspring that 
were lactated by food-restricted dams were smaller as com-
pared with other offspring.

Lipid and glucose metabolism. The suckling period had signifi-
cant, increasing effect on plasma triglyceride levels in 6-mo-
old male RR offspring (Table 1; P = 0.019). There was no effect 
on triglyceride levels in female rats, but LDL cholesterol was 
increased in female offspring lactated by food-restricted dams 
(Table 2; P = 0.004). Glucose metabolism was not affected by 
the suckling period.

Effects of Fructose Diet
Growth of offspring. The fructose diet did not induce weight 
gain in control or fetally undernourished rats (Figure 1). The 
fructose-fed, 6-mo-old male rats were smaller than the rats 
that received standard diet (Figure 2; P = 0.012).

Lipid and glucose metabolism. The effects of postnatal fructose 
diet on plasma lipid levels of 6-mo-old male and female rats are 
shown in Tables 1 and 2. The fructose diet increased plasma 
total cholesterol, triglyceride, and HDL cholesterol levels in 
female rats (P = 0.004, P < 0.001, and P = 0.001, respectively). It 
increased triglyceride levels and decreased LDL levels in male 
rats (P < 0.001 and P < 0.001, respectively).
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Figure 1. Growth of (a) male and (b) female rat offspring. Black squares, 
CC; black triangles, RR; black diamonds, RC. Postnatally, standard  diet–fed 
rats are marked with solid lines and black symbols and fructose diet–fed 
rats with dashed lines and gray symbols. the symbols of rats that were 
fed with fructose diet were shifted right to clarify the figure. Individual 
weight data were available from 1-mo-old rats (n = 10–14 rats per study 
group) and 6-mo-old rats (n = 12–14 rats per study group), and they were 
analyzed by ANOVA. Results are represented as mean ± se. Data from time 
points 2–5 mo are mean ± se from six to seven litters per study group 
and were not statistically analyzed because of the lower dispersion due to 
loss of individual weight data. CC, rat offspring from dams fed ad libitum; 
RC, fetally undernourished rats raised by dams fed ad libitum during 
pregnancy; RR, fetally undernourished rats raised by their own mothers. *P 
< 0.001 for fetal undernutrition effect, **P < 0.05 for suckling period effect, 
†P = 0.012 for fructose diet effect, and ‡P = 0.020 for interaction between 
IuGR and fructose diet.
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Fasting glucose was lower in female rats that had consumed 
the fructose-rich diet (Table 2; P = 0.008) but not in male 
rats (Table 1; P = 0.841). Fasting insulin was higher in male 
and female rats on the fructose diet (P = 0.012 and P = 0.030, 
respectively). Fructose impaired insulin sensitivity in 6-mo-
old male rats (P = 0.026) but did not have any effect on insulin 
sensitivity in female rats (P = 0.382).

MRI results. The lipid content percentages of retroperitoneal, 
intra-abdominal, and subcutaneous adipose tissues are shown 

in Table 3. The postnatal fructose diet increased the amount of 
lipids in retroperitoneal and intra-abdominal adipose tissues 
in male rats (P = 0.008 and P = 0.024, respectively). There were 
no differences in lipid content percentages in female rats.

Interactions Among IUGR, Suckling Period, and Fructose Diet
There was an interaction effect between IUGR and fructose 
diet in adult weight (Figure 2; P = 0.020) in male rats, with 
the CC group fed with standard diet being the heaviest of all 
groups. Moreover, in male and female offspring, there was an 
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Figure 2. Weight of the rat offspring at the age of 6 mo. (a) Weight of male rats and (b) weight of female rats. White boxes represent rats that had been 
postnatally maintained on standard diet and gray boxes represent rats maintained on the fructose diet. the black squares indicate means and the 
 whiskers indicate the range from minimum to maximum values. In male and female offspring, P < 0.001 for the effect of IuGR and P = 0.027 and P = 0.045 
for the effect of suckling period, respectively. In male offspring, P = 0.012 for the effect of the fructose diet and P = 0.020 for the interaction between IuGR 
and the fructose diet. IuGR, intrauterine growth restriction.

table 1. lipid and glucose profile of 6-mo-old male rats exposed to IuGR and standard or fructose diet in adult life

Variable Diet CC RR RC

effect of 
IuGR  

(P value)

effect of 
suckling 
period  

(P value)

effect of 
fructose diet 

(P value)

Interaction: 
IuGR × 

fructose diet  
(P value)

Interaction: suckling 
period × fructose 

diet (P value)

total cholesterol (mmol/l)a st 2.23 (0.34) 3.44 (1.13) 2.58 (0.76) 0.108 0.518 0.258 0.574 0.123

FR 2.87 (0.98) 2.90 (0.45) 3.21 (2.40)

triglycerides (mmol/l)a st 0.65 (0.21) 0.78 (0.33) 0.52 (0.30) 0.144 0.019* <0.001* 0.949 0.767

FR 1.68 (0.75) 1.76 (0.81) 1.24 (2.47)

HDl cholesterol (mmol/l)a st 1.17 (0.27) 1.67 (0.66) 1.18 (0.49) 0.832 0.131 0.384 0.492 0.346

FR 1.50 (0.36) 1.49 (0.57) 1.24 (0.95)

lDl cholesterol (mmol/l) st 0.79 (0.21) 1.32 (0.47) 1.20 (0.30) <0.001* 0.080 <0.001* 0.979 0.004*

FR 0.65 (0.42) 0.56 (0.30) 1.06 (0.45)

Fasting glucose (mmol/l)a st 6.15 (1.33) 6.35 (1.05) 5.60 (1.18) 0.129 0.781 0.841 0.865 0.936

FR 5.50 (2.73) 7.00 (2.25) 5.65 (0.98)

Fasting insulin (ng/ml)a st 0.81 (0.39) 0.73 (0.36) 0.56 (0.28) 0.057 0.655 0.012* 0.647 0.971

FR 1.28 (1.84) 1.33 (1.58) 1.01 (0.72)

HOMA-IRa st 0.24 (0.15) 0.22 (0.12) 0.15 (0.08) 0.041* 0.760 0.026* 0.746 0.978

FR 0.33 (0.70) 0.35 (0.40) 0.26 (0.22)

n = 12–14 rats per group, except in glucose and insulin measurements, in which n = 6–7 rats per group.

cc, rat offspring from dams fed ad libitum; FR, fructose; hOMa-IR, homeostasis model assessment of insulin resistance; IUGR, intrauterine growth restriction; Rc, fetally undernourished 
rats raised by dams fed ad libitum during pregnancy; RR, fetally undernourished rats raised by their own mothers; sT, standard.

Data are means (sD) or medians a(interquartile range). *P < 0.05.
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interaction effect between suckling period and fructose diet in 
LDL cholesterol level (Tables 1 and 2; P = 0.004 and P = 0.013, 
respectively). The RR group with standard diet had the ten-
dency to highest LDL cholesterol levels, whereas the RR group 
consuming the fructose diet had the lowest LDL cholesterol 
levels.

DIsCussION
The aim of the study was to determine the effects of IUGR 
and postnatal fructose diet on plasma lipid levels and glucose 
and fat accumulation in rat offspring. Therefore, we followed 

the fetally undernourished rats to the age of 6 m. In addition, 
we determined if undernourished rats would be more prone 
to postnatal fructose-induced changes in adulthood. Earlier 
studies have shown that impaired fetal growth can increase the 
risk of metabolic syndrome in later life. Fructose consumption 
has also been shown to induce metabolic syndrome.

We were interested to determine whether fetally undernour-
ished pups would have accelerated growth after birth and display 
the so-called catch-up growth. Previously, rapid catch-up growth 
has not been found in all IUGR studies (10) but is often seen 
in studies in which offspring are nursed by dams fed ad libitum 

table 3. Comparison of lipid content percentage of different adipose tissues of 6-mo-old rats exposed to undernutrition in utero and standard or 
fructose diet in adult life

lipid content percentage in 
retroperitoneal adipose tissue

lipid content percentage in 
subcutaneous adipose tissue

lipid content percentage in  
intra-abdominal adipose tissue

Males Females Males Females Males Females

CC standard 88.6 (1.37) 90.1 (1.75) 87.5 (1.21) 88.8 (1.89) 85.9 (2.59) 89.9 (1.85)

RR standard 88.6 (1.75) 88.8 (1.85) 85.6 (1.84) 83.0 (7.98) 84.1 (6.27) 89.4 (2.04)

CC fructose 91.5 (0.94) 88.6 (3.14) 88.6 (3.19) 87.7 (1.65) 90.2 (0.75) 91.3 (1.19)

RR fructose 90.9 (2.22) 91.1 (0.66) 88.5 (3.72) 87.8 (3.23) 89.6 (3.43) 90.0 (1.39)

effect of IuGR + lactation period 
(P value)a

0.752 0.589 0.472 0.250 0.542 0.352

effect of fructose diet (P value) 0.008* 0.718 0.169 0.453 0.024* 0.253

IuGR × fructose diet (P value) 0.713 0.113 0.498 0.242 0.749 0.643

The MRI sequence for fat/water detection was based on selective excitation of the fat and water NMR resonances. Data are means (sD). n = 4 male and female offspring per group.

cc, rat offspring from dams fed ad libitum; IUGR, intrauterine growth restriction; MRI, magnetic resonance imaging; NMR, nuclear magnetic resonance; RR, fetally undernourished rats 
lactated by their own dams.
aeffect of IUGR + lactation period refers to combined effect of both IUGR and lactation by dam to which food was restricted during pregnancy. *P < 0.05.

table 2. lipid and glucose profile of 6-mo-old female rats exposed to IuGR and standard or fructose diet in adult life

Variable Diet CC RR RC

effect of 
IuGR  

(P value)

effect of 
suckling 
period  

(P value)

effect of 
fructose 

diet  
(P value)

Interaction: 
IuGR × 

fructose diet 
(P value)

Interaction: 
suckling period × 

fructose diet  
(P value)

total cholesterol 
(mmol/l)a

st 2.60 (0.56) 2.66 (0.97) 2.73 (0.76) 0.098 0.298 0.004* 0.527 0.132

FR 3.12 (0.53) 2.82 (0.76) 3.42 (1.46)

triglycerides (mmol/l)a st 0.56 (0.45) 0.56 (0.27) 0.51 (0.28) 0.813 0.875 <0.001* 0.808 0.336

FR 1.01 (0.90) 0.84 (0.72) 0.90 (1.29)

HDl cholesterol 
(mmol/l)a

st 1.36 (0.34) 1.63 (0.77) 1.46 (0.52) 0.836 0.514 0.001* 0.969 0.810

FR 1.87 (0.50) 1.78 (0.56) 1.65 (0.94)

lDl cholesterol (mmol/l) st 0.81 (0.40) 1.00 (0.46) 1.06 (0.36) 0.001* 0.004* 0.466 0.089 0.013*

FR 0.72 (0.36) 0.69 (0.23) 1.44 (0.84)

Fasting glucose 
(mmol/l)a

st 5.60 (0.88) 6.20 (1.30) 5.40 (1.63) 0.995 0.227 0.008* 0.592 0.718

FR 4.75 (1.05) 5.30 (1.23) 5.10 (1.05)

Fasting insulin (ng/ml)a st 0.51 (0.27) 0.46 (0.15) 0.41 (0.07) 0.333 0.706 0.030* 0.195 0.291

FR 0.55 (0.19) 0.60 (0.36) 0.63 (0.25)

HOMA-IRa st 0.12 (0.09) 0.12 (0.04) 0.11 (0.03) 0.365 0.377 0.382 0.150 0.403

FR 0.11 (0.04) 0.13 (0.09) 0.13 (0.04)

n = 12–14 rats per group, except in glucose and insulin measurements, in which n = 6–7 rats per group.

cc, rat offspring from dams fed ad libitum; FR, fructose; hOMa-IR, homeostasis model assessment of insulin resistance; IUGR, intrauterine growth restriction; Rc, fetally undernourished 
rats raised by dams fed ad libitum during pregnancy; RR, fetally undernourished rats raised by their own mothers; sT, standard.

Data are means (sD) or medians a(interquartile range). *P < 0.05.



Volume 73  |  Number 2  |  February 2013      Pediatric ReseaRch 159copyright © 2013 International Pediatric Research Foundation, Inc.

ArticlesIUGR and postnatal fructose diet

(11,12). In our study, the fetally undernourished rats were smaller 
than controls at birth, although male rats did not differ in weight 
at the age of 1 mo. However, the fetally undernourished rats did 
not gain more weight from 1 to 6 mo as compared with the control 
rats. At 6 mo, the fetally undernourished rats were smaller than 
control rats. We could not observe catch-up growth, whereas we 
found that fetal undernourishment resulted in decreased weight 
both in female and male rats at the age of 6 mo.

Caloric restriction in the intrauterine period seemed to affect 
the lipid metabolism in growing (1 mo old) and adult (6 mo old) 
rats. Plasma LDL cholesterol levels at the age of 6 mo in both 
sexes were mostly affected by IUGR. In humans, similar results 
have been obtained (13,14). In previously reported studies on 
rats, there are differences between the experimental designs, and 
the results are difficult to compare. Often, the triglycerides are 
increased in IUGR animals with rapid catch-up growth (11). 
However, in our study, the catch-up growth and increase in 
triglycerides in IUGR rats were not seen. Instead, we found that 
male RR offspring, which were fetally undernourished and lac-
tated by their own dams, had higher plasma triglyceride levels 
than the CC and RC offspring, highlighting the effect of suck-
ling dam. IUGR could affect lipid metabolism possibly through 
altered liver growth or liver development or altered endogenous 
cholesterol synthesis or absorption. In addition, epigenetic 
mechanisms may be a part of the programming, given that, 
e.g., a recent report revealed histone modifications surround-
ing the Cyp7a1 promoter in hypercholesterolemic IUGR pups 
of protein-restricted dams (15). We did not determine how the 
food restriction during pregnancy affected the milk quality of 
the lactating dams. It may have an effect, given that the RR off-
spring were still smaller than the other offspring at the age of 
6 mo. However, the study design is somewhat imperfect at this 
point because a study group in which offspring of control moth-
ers were lactated by food-restricted mothers was not included, 
and this may bias the result from the suckling effect result.

The method by which IUGR is induced may confer some vari-
ability to studies. In most of the animal studies related to IUGR, 

the maternal nutritional availability has been manipulated to 
create offspring that are small at birth. Maternal caloric and pro-
tein restriction are the most widely used methods. In some stud-
ies, the growth of rat fetuses has been restricted by unilateral or 
bilateral uterine artery ligation in late gestation, which has led 
to impaired glucose tolerance in adult life (16). In addition, the 
effects of postnatal growth patterns vary between artery ligation 
studies, and there are also differences between the studies in the 
nutrition during lactation. Evidence for catch-up growth after 
lactation has (17,18) or has not been obtained (16). However, 
the majority of these studies have reported impaired glucose 
tolerance in male progeny by the time they reach adulthood 
(16–18).

There is also variability in the timing of nutrient restrictions 
during the pregnancies. In the studies of Desai et al. (11,12), the 
nutrient restriction started from day 10 of pregnancy when the 
placenta is fully developed, whereas in our study, food restriction 
affected the development of the placenta because the diet restric-
tion started from day 4 of pregnancy. It can be hypothesized that 
the development of the placenta was somehow adjusted when 
the nutrient supply was restricted. In that way, it might be that 
the fetus does not need to adapt in such a drastic manner. The 
rats born in our study were, however, smaller than control rats.

The effect of IUGR on glucose and insulin metabolism 
depends on the timing of IUGR during pregnancy. When IUGR 
was induced during the first 2 wk of pregnancy in an earlier 
study, insulin secretion and insulin action were not changed in 
male offspring (19). In the recent study of Lim et al. (20), the 
Wistar Kyoto rats with low-protein diet during the whole preg-
nancy gave birth to offspring that had persistently increased 
whole-body insulin sensitivity and lower body weight in the 
absence of postnatal catch-up growth in adulthood. In our 
study, male IUGR offspring showed increased insulin sensitiv-
ity. Reduced β-cell mass and insulin content in adult offspring 
are observed when nutrient restriction occurs during the last tri-
mester of pregnancy (19). However, opposite results also exist. 
For example, in the study of Bertin et al. (21), glucose tolerance, 
utilization, or production was not impaired in female offspring 
by IUGR induced in the last trimester of pregnancy.

Overall, the severity of the impact of IUGR to the offspring 
has varied extensively between the reported studies. The reason 
for this is unknown, but it can be hypothesized that the genetic 
variability among Sprague Dawley colonies might also affect the 
results.

The fructose diet had major effects on the plasma lipid profile 
reflected as an increase of triglycerides and LDL cholesterol in 
male rats and total cholesterol, triglycerides, and HDL choles-
terol in female rats after consuming the fructose-rich diet for 5 
mo. An effect of fructose feeding on plasma triglycerides has also 
been reported in many studies on rats (7,22). Increased lipogen-
esis in the liver and reduced triglyceride clearance may explain 
the results (6). The high levels of free fatty acids produced in de 
novo lipogenesis may alter glucose metabolism and contribute to 
hyperinsulinemia and insulin resistance (23). This hyperinsuline-
mia and insulin resistance was evident in our male rats fed with 
the fructose diet, whereas females displayed only higher insulin 
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Figure 3. experimental design.
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levels. Fructose also decreased fasting glucose levels in female 
rats, which is an unexpected finding and needs further studies. 
Higher plasma HDL cholesterol level in female offspring due to 
fructose feeding is an interesting but unexpected finding.

Our study suggests that fructose consumption may specifi-
cally promote lipid deposition in retroperitoneal and intra-
abdominal adipose tissues. This is interesting because the 
consumption of fructose in sweeteners and drinks is increas-
ing (24) and the increased visceral fat is seen as a risk for the 
metabolic syndrome. Our study indicates that high, long-term 
consumption of fructose does not induce weight gain, whereas 
it increases the amount of lipids in visceral, metabolically most 
deleterious adipose tissue in the body, making the effects of 
a fructose diet especially harmful. In one study, there was a 
decrease in peroxisome proliferator-activated receptor-α activ-
ity, and therefore, decreased fatty acid oxidation and increased 
lipid accumulation was induced by fructose feeding (25), which 
might be one mechanism to explain our results.

There are differences in the amounts of fructose used in chow 
between studies conducted, which complicates any comparison 
of the data. In many studies, fructose has induced weight gain, 
such as in the study of Meirelles et al. (26), in which the rats of 
the groups consuming 20% fructose solutions exhibited weight 
gain (27). However, there are studies with opposite results in 
which the body weight did not change (28,29) or decreased 
(30). In the recent study of Shapiro et al. (31), the feeding of 
fructose did not result in gaining body weight, although in that 
study, fructose induced leptin resistance, which could favor 
the positive energy balance. In our study, fructose increased 
the amount of lipids in retroperitoneal and intra-abdominal 
adipose tissues only in males. In addition, the rise in plasma 
triglycerides and insulin resistance after fructose consumption 
was much stronger in males as compared with females, which 
might be due to protective effects of estrogen. Earlier studies 
have indicated that estrogen can exert protective effects against 
insulin insensitivity provoked by high-fructose feeding (9).

In none of the previous studies have the possible interactions of 
the maternal caloric restriction, suckling period, and later postna-
tal fructose feeding been studied. There is possibly an interaction 
between IUGR and postnatal fructose feeding. IUGR offspring 
were smaller than the offspring from CC mothers. However, fruc-
tose seems to attenuate the weight difference induced by IUGR. 
The latter phenomenon is caused possibly by the slower weight 
gain in all fructose-fed animals. For LDL cholesterol, there seems 
to be an interaction between suckling period and fructose diet. 
Moreover, earlier studies suggest the role of lactation in the adult 
energy metabolism and response to different diets (32). The RR 
group with standard diet had the tendency to highest LDL cho-
lesterol levels, whereas the RR group consuming the fructose 
diet had the lowest LDL cholesterol levels. This could be due to 
the production of large, triglyceride-rich very-low-density lipo-
protein particles not converted to LDL but cleared from plasma 
by the remnant receptors. One study elucidated the interaction 
between maternal protein restriction and immediate postnatal 
fructose, and it was concluded that the offspring were not more 
susceptible to the effects of fructose diet (33).

The number of rats examined in our study is relatively high 
as compared with the previous studies. In this study, the inclu-
sion of both male and female rats is also an advantage. However, 
the limitations of our study are the absence of the quantitation 
of whole-body fat and determination of food intake given that 
IUGR and early postnatal period may have affected appetite. In 
addition, not all the groups were studied by MRI. When analyz-
ing the effect of suckling period, it would have been statistically 
better to establish a study group in which offspring from control 
dams were lactated by dams that were food-restricted during 
pregnancy.

In conclusion, impaired fetal growth leads to metabolic abnor-
malities seen mainly as changes in plasma cholesterol. Fructose 
feeding seems to cause hypertriglyceridemia and hyperinsu-
linemia. Having both impaired fetal growth and a fructose diet 
does not seem to be more harmful than having only one of these 
conditions. In summary, this study provides information on the 
consequences of fetal growth deprivation with or without long-
term postnatal fructose consumption to adult health in rats.

MetHODs
Experimental Design and Diets
Sprague Dawley rats were obtained from the Laboratory Animal 
Centre of the University of Oulu. The virgin rats were mated at the 
age of 9 wk. Schematic representation of the study design is shown in 
Figure 3. From day 4 of gestation, a group of dams received standard 
laboratory chow (Harlan Teklad Global 18% Protein Rodent Diet—3.1 
kcal/g energy density, 24% of calories from protein, 18% from fat, 
and 58% from carbohydrates; Harlan Teklad, Indianapolis, IN) ad 
libitum, whereas the other group received only 50% of the ad libitum 
food intake until delivery. Normal daily food intake was determined 
previously (34). Rats were housed separately with free access to water 
during 12/12 h light/dark cycles. After delivery, all dams and offspring 
received standard chow ad libitum. On postnatal day 1, the litter sizes 
were equalized to eight pups (four males and four females) per litter, 
and the following study groups were assigned: dams fed ad libitum with 
their own pups (CC), dams fed ad libitum with pups born from food-
restricted dams (RC), and food-restricted dams with their own pups 
(RR). The offspring were weighed three times a week and weaned on 
postnatal day 23.

At the age of 1 mo, seven CC litters, five RC litters, and six RR litters 
were studied as follows: Two male and two female pups from each litter 
were anesthetized by isoflurane inhalation, and blood was obtained by 
cardiac puncture after which the rats were killed by decapitation dur-
ing the light phase between 12 AM and 2 PM The pups had fasted for 
4 h. Blood was collected into heparinized vacutainers and centrifuged. 
Plasma was removed and stored at −70 °C for later use.

From 1 mo of age onward, half of the litters of each study group 
received a fructose-rich diet (Harlan Teklad TD89247 60% Fructose 
Diet— 3.6 kcal/g energy density, 20.2% of calories from protein, 12.9% 
from fat, and 66.8% from carbohydrates; Harlan Teklad), and the other 
half continued receiving the standard diet. At the age of 6 mo, the same 
procedures as described above were conducted and samples were taken 
as previously except that the rats were fasted for 12 h. The experimental 
design was approved by the Animal Experiment Board in Finland.

Laboratory Analyses
Plasma concentrations of total cholesterol and triglyceride levels were 
measured by an enzymatic colorimetric method (Roche Diagnostic, 
Mannheim, Germany). In the determination of HDL cholesterol con-
centration, 0.5 ml of plasma was mixed with 2.5 μl of 2.8% (wt/vol) hep-
arin and 5 μmol manganese chloride, incubated at 4 °C for 30 min and 
centrifuged at 1,000g at 4 °C for 30 min. The HDL cholesterol concen-
tration was measured from the supernatant at a wavelength of 490 nm. 
LDL was calculated using the Friedewald formula (35). Blood glucose 
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was measured by Contourmeter (Bayer HealthCare, Mishawaka, IN). 
Blood was collected into heparinized vacutainers, centrifuged, and 
supernatant was removed to receive plasma. Plasma samples were 
stored at −70 °C for later use. Plasma insulin was measured by com-
mercial enzyme-linked immunosorbent assay kit (Merck Millipore, 
Billerica, MA). Insulin resistance was assessed with the homeostasis 
model assessment of insulin resistance index, calculated as insulin (ng/
ml) × glucose (mmol/l)/22.5.

MRI
MRI was performed for 6-mo-old rats (n = 4 males and females per 
group from the CC and RR study groups). MRI was conducted using 
a 4.7 T Magnex horizontal magnet (Magnex Scientific, Abington, UK) 
interfaced to a Varian UNITYINOVA console (Varian, Palo Alto, CA) 
with a transmit/receive quadrature volume RF coil (Rapid Biomedical, 
Rimpar, Germany). The MRI sequence for fat/water detection was 
based on selective excitation of the fat and water nuclear magnetic reso-
nances (36). The imaging sequence was a three-dimensional gradient 
echo (repetition time: 100 ms, echo time: 12 ms, and total imaging time: 
28 min) and for each point in the k-space, fat and water signals were 
selectively excited and acquired. The excitation for fat was set at −680 
Hz (3.4 ppm) from water. The field-of-view was 60 × 60 × 100 mm3, and 
the matrix size was 256 × 128 × 128.

The lipid content was analyzed from the three-dimensional images 
by finding the net volumes of fat and water voxels, scaling these by the 
densities of fat and water and calculating the fat weight percentage. To 
exclude noise voxels, a threshold value was calculated for each slice: 
kthresh = 2 × Snoise + Smean, in which Smean is the average signal of the slice. 
Only the voxels above the threshold were included in the analysis. The 
shift in fat images (due to chemical shift difference from water) was 
corrected before the calculations. The range of axial images used for the 
analyses was manually selected from the image set covering the torso 
from sternum to distal pelvis. Regions of interest were manually drawn 
to retroperitoneal, intra-abdominal, and subcutaneous areas of adipose 
tissues. All data analyses were performed using the home-built image 
processing software Aedes (http://aedes.uku.fi) and another in-house 
MATLAB application (MathWorks, Natick, MA).

Statistical Analysis
Three-way ANOVA was used when the effects of fetal undernutrition 
(IUGR or normal conditions during pregnancy), suckling period (lac-
tating dam food-restricted during pregnancy or not), postnatal diet 
(fructose-rich or standard chow from 1 mo to 6 mo of age), and their 
interactions were studied between the study groups. Two-way ANOVA 
was used only when the effect of IUGR and suckling period on the body 
weight of 1-mo-old rats was studied and when analyzing results obtained 
from MRI. Logarithmic transformation was applied to normalize dis-
tributions when needed. A P value smaller than 0.05 was considered 
statistically significant. Statistical analyses were performed using SPSS 
software package version 15.0 (SPSS, Chicago, IL).
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