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Abstract. A number of studies have reported the occurrence
of long‑term metabolic disorders in mammals following intra‑
uterine growth retardation (IUGR). However, the effects of
dietary patterns during IUGR have not been fully elucidated.
The present study aimed to evaluate the effects of different
dietary patterns during critical growth windows on metabolic
outcomes in the offspring of rats with IUGR. Male offspring
rats from mothers fed either a normal or low‑protein diet were
randomly assigned to one of the following groups: Normal diet
throughout pregnancy, lactation and after weaning (CON);
normal diet throughout pregnancy and high‑fat diet throughout
lactation and after weaning (N + H + H); low‑protein diet
throughout pregnancy and high‑fat diet throughout lactation
and after weaning (IUGR + H + H); low‑protein diet throughout
pregnancy and lactation and high‑fat diet after weaning
(IUGR + L + H); and low‑protein diet throughout pregnancy
and normal diet throughout lactation and after weaning. During
lactation, the male offspring in the N + H + H group exhibited
the fastest growth rate, whereas the slowest rate was in the
IUGR + L + H group. Following weaning, all IUGR groups
demonstrated significant catch‑up growth. Abnormal insulin
tolerance were observed in the N + H + H, IUGR + H + H and
IUGR + L + H groups and insulin sensitivity was decreased in
IUGR + L + H group. The triglycerides/high‑density lipopro‑
tein ratio in the IUGR + L + H group was significantly higher
compared with in the other groups. The abdominal circum‑
ference, Lee's index and adipocyte diameter of IUGR groups
were significantly increased compared with the CON group.
High levels of leptin and interleukin‑6 in adipose tissues, and
low adiponectin were observed in the IUGR + L + H group.
Different dietary patterns during specific growth windows
showed numerous impacts on glycolipid metabolism in IUGR
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offspring. The present study elucidated the mechanisms and
potential options for IUGR treatment and prevention.
Introduction
Numerous epidemiological studies have reported that low birth
weight resulting from intrauterine growth retardation (IUGR)
is associated with increased risk of insulin resistance (IR),
obesity, type 2 diabetes mellitus and metabolic syndrome (1‑3)
in adults. IUGR also acts as an independent risk factor of
childhood obesity (4). To the best of our knowledge, however,
the underlying mechanisms have not been fully elucidated.
The thrifty phenotype hypothesis (5) and the catch‑up growth
theory (6) are regarded as explanations for the causes of meta‑
bolic disease among individuals with IUGR. Different diets
provided at birth may be an important cause of glycolipid
metabolic disorders in adults with IUGR. An epidemiological
survey of hyperglycemia among middle‑aged individuals born
during the famine period of 1959‑1961 in China showed that
the incidence of hyperglycemia in the fetal and late childhood
famine‑exposed group were 5.7 and 5.9% in adulthood respec‑
tively, while that of the unexposed group was only 2.4% (7).
Preterm infants fed with formula milk gained weight faster
and exhibited more severe IR when compared with full‑term
infants fed with formula milk or breast milk (8). This indi‑
cates that a nutritious diet accelerates growth rate in the early
stages of life and may have adverse effects on metabolism. In
another study, re‑feeding with a high‑fat diet following weight
loss due to fetal or neonatal growth retardation accelerated the
inhibition of lipid consumption, increasing fat synthesis (6).
However, Garg et al (9) and Zambrano et al (10) demonstrated
that IUGR neonatal rats provided with restricted nutrition
during the lactation period and given a normal diet following
weaning exhibited decreased body weight and increased
insulin sensitivity. Based on these results, the precise effect
and mechanism of postnatal dietary nutritional status on
glucose and lipid metabolism disorders in IUGR fetuses
remains unknown.
It was hypothesized that different dietary interventions
in rats that had experienced IUGR would result in effects
on growth rate, blood glucose levels, insulin sensitivity,
serum lipid levels, adipokine levels, abdominal adipocyte
morphology and levels of inflammation. In the present study,
different dietary interventions were administered to rats that
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experienced IUGR during typical growth windows to evaluate
their effects on glucose and lipid metabolism. In addition, the
levels of obesity‑associated factors in different dietary groups
were investigated to further delineate the mechanism of intra‑
uterine retardation and associated metabolic abnormalities.
Materials and methods
IUGR animal models and dietary interventions. Specific
pathogen free (SPF) Sprague‑Dawley (SD) rats (age,
10‑12 weeks; weight, 200‑250 g), were provided by
Guangdong Experimental Animal Center. There were 5 male
and 15 female rats. SD rats were kept in an SPF animal
house under artificial control at a temperature of 22˚C and
a relative humidity of 40‑60 percent on a 12‑h light‑dark
cycle. Pregnant Sprague‑Dawley (SD) rats were randomly
divided into normal (21% protein; group A) and low‑protein
diet groups (8% protein; group B). As sex hormones affect
glycolipid metabolism and estrogen is considered to be
beneficial to glycolipid metabolism in females, only male
offspring were selected for the study (11,12). Details of diet
ingredient composition in different groups are presented in
Table SI. The male offspring delivered by maternal group
A were randomly assigned to two groups, in which one
group was fed a normal diet (CON group; n=8; maternal
rats were fed a normal diet during lactation) and the other
was fed a high‑fat diet (N + H + H group; n=6; maternal
rats were fed a high‑fat diet during lactation) after weaning.
Male offspring of group B rats fed with low‑protein diet with
birth weights <2 times the standard deviation of the CON
group (6.52±0.50 g) were selected as IUGR model rats.
IUGR neonatal male rats were divided into three groups with
different dietary interventions: i) Maternal rats continuously
fed with low‑protein diet during lactation, and offspring fed
a high‑fat diet after weaning (IUGR + L + H group; n=5);
ii) Lactating mothers and weaning offspring fed a high‑fat
diet (IUGR + H + H group; n=6); and iii) Lactating mothers
and weaning offspring fed a normal diet (IUGR + N + N; n=6).
A total of five groups were weaned after 3 weeks, and dietary
induction was completed at 12‑weeks‑old. Grouping details
are presented in Table I. Each group of rats had free access
to food and water. The offspring were weighed every 2 days
during lactation and weekly after weaning. The experiment
was approved by the Animal Ethics Committee of Shantou
University Medical College (approval no. SUMC2012‑159).
Assessment of glucose metabolism. At 12 weeks old, oral
glucose tolerance, insulin release and insulin tolerance tests
(OGTTs, IRTs and ITTs, respectively) were performed to
evaluate glucose metabolism.
OGTT and IRT. The rats began to fast at 8:00 p.m. the night
prior to the experiment. The fasting serum insulin and blood
glucose levels were measured via tail vein blood sampling the
next day at 8 am. According to 2 g/kg standard, 20% glucose
solution was given via gavage, and the serum insulin and blood
glucose levels were measured via tail vein blood sampling
after 30, 60 and 120 min. The serum insulin levels were
detected using an Insulin ELISA kit (cat. no. EZRMI‑13K;
EMD Millipore). GraphPad Prism software (version 5;

GraphPad Software, Inc.) was used to calculate the area under
the curve (AUC) of blood glucose and insulin. Blood glucose
was measured using a Glucose Meter (Johnson & Johnson).
ITT. The rats were fasted for >6 h prior to the experiment, and
fasting blood glucose was measured via tail vein blood sampling.
Novolin R (Novo Nordisk, Inc.) was intraperitoneally injected
at a dose of 0.5 U/kg, and blood glucose was measured via the
caudal vein after 30, 60 and 90 min of insulin loading. Insulin
resistance was measured by calculating the rate of decline of the
log transformed blood glucose concentrations obtained from 0 to
30 min after insulin injection, estimated by linear regression. This
was multiplied by 100 to derive the rate constant, KITT (13).
Blood collection and sampling. The rats began the 12 h fast at
8:00 p.m. the night prior to sampling. On the day of sampling,
the rats were anesthetized with 2 mg/ml phenobarbital sodium
(40 mg/kg body weight) and weighed with an electronic balance
(accuracy, 0.01 g). The rats were laid flat on the test stand and
the waist circumference was measured with a tape (accuracy,
0.1 cm) around the abdomen at the position of one finger above
the base of the thigh. Then, the trunk of the rats was straight‑
ened, and the length from the tip of the nose to the base of the
tail was measured as the length of the rat (accuracy, 0.1 cm).
The Lee's index value
was calculated, which
reflects the degree of obesity in rats (14). Blood (2.5‑5 ml) was
collected from the heart via cardiac puncture in EDTA‑treated
and untreated glass tubes, followed by centrifugation to extract
plasma or serum, and stored at ‑20˚C. Subsequently, rats were
sacrificed via decapitation. The abdominal cavity was opened,
and abdominal adipose tissue was removed and weighed
(accuracy, 0.01 g). The blood samples collected from the tail
vein or heart were coagulated at room temperature for 30 min,
centrifuged for 20 min at 1,053.9 x g at room temperature and
the plasma or serum was carefully collected. Blood samples
obtained from tail vein were used to detect insulin, and from
heart were used to detect plasma lipid and adipokine levels.
Plasma lipid detection. Levels of plasma lipids, including total
cholesterol (TC), triglyceride (TG), high‑density lipoprotein
cholesterol (HDL‑C) and low‑density lipoprotein choles‑
terol (LDL‑C), were assessed via an automatic biochemical
analyzer (LX20; Beckman Coulter, Inc.).
Detection of adipokines. Levels of adiponectin, leptin,
monocyte chemoattractant protein (MCP‑1), tumor necrosis
factor‑ α (TNF‑ α) in serum and interleukin‑6 (IL‑6) in the
adipose tissues of rats were assessed via ELISA kits. The rat
adiponectin ELISA kit (cat. no. EZRADP‑62K) and rat leptin
ELISA kit (cat. no. EZRL‑83K) were obtained from EMD
Millipore. The rat MCP‑1 ELISA kit (cat. no. ERC113.96) and
rat TNF‑α ELISA kit (cat. no. ERC102a.96) were obtained from
Neobioscience Technology Co, Ltd. The rat IL‑6 ELISA kit
(cat. no. ELR‑IL6‑2) was obtained from RayBiotech, Inc. All
ELISA tests were performed according to the manufacturers'
instructions. As the content of IL‑6 in the serum remained
low, the levels of IL‑6 in adipose tissue were detected directly
by extracting the adipose tissue protein. Adipose tissue was
placed in a glass homogenizer, to which was added 10 µl
of RIPA buffer (cat. no. R0010; Beijing Solarbio Science &
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Table I. Establishment of animal model.
Group

n

Pregnancy

Lactation, 0‑3 weeks

After weaning, 4‑12 weeks

CON
IUGR + L + H
N+H+H
IUGR + H + H
IUGR + N + N

8
5
6
6
6

Normal
8% protein
Normal
8% protein
8% protein

Normal
8% protein
High‑fat
High‑fat
Normal

Normal
High‑fat
High‑fat
High‑fat

Normal CON, non‑IUGR rats receiving a normal diet during lactation and after weaning; N + H + H, non‑IUGR rats receiving high‑fat diet
during lactation and after weaning; IUGR + H + H, IUGR rats receiving a high‑fat diet during lactation and after weaning; IUGR + L + H,
IUGR rats receiving a low‑protein diet during lactation and a high‑fat diet after weaning; IUGR + N + N, IUGR rats receiving a normal diet
during lactation and after weaning; IUGR, intrauterine growth retardation.

Figure 1. Changes in body weight of rats in different groups. (A) Body weight in different groups of rats during lactation (0‑21 days). N + H + H, IUGR + H + H
and IUGR + N + N groups showed steeper growth slopes compared with the CON group (2.18, 1.66 and 1.83, respectively vs. 1.52; P<0.05), whereas the
IUGR + L + H group exhibited more gentle growth than the CON group (1.18 vs. 1.52; P<0.001). (B) Body weight in different groups of rats from birth
to 12 weeks. N + H + H, IUGR + H + H, IUGR + L + H and IUGR + N + N group exhited steeper slopes than CON group (28.65, 25.83, 24.57 and 23.49,
respectively vs. 21.13; all P<0.01). CON, non‑IUGR rats receiving a normal diet during lactation and after weaning; N + H + H, non‑IUGR rats receiving
high‑fat diet during lactation and after weaning; IUGR + H + H, IUGR rats receiving a high‑fat diet during lactation and after weaning; IUGR + L + H, IUGR
rats receiving a low‑protein diet during lactation and a high‑fat diet after weaning; IUGR + N + N, IUGR rats receiving a normal diet during lactation and after
weaning; IUGR, intrauterine growth retardation.

Technology Co., Ltd.) per mg sample, and homogenized on
ice until fully lysed. The homogenate was centrifuged at 4˚C
and 14,000 x g for 10 min and the supernatant was removed.
The total protein concentration was determined using a BCA
protein assay kit (cat. no. 23210; Thermo Scientific, Inc.).
Histology of adipose tissue. Adipose tissue specimens were
fixed in 4% formalin for 24 h at room temperature, embedded
in paraffin and cut into 6 µm thick sections. All tissue sections
were baked at 60˚C for 2 h and de‑paraffinized in xylene
at 50˚C for 30 min before rehydration in a graded ethanol
series at room temperature (100% alcohol for 5 min, fresh
100% alcohol for 5 min, 95% alcohol for 2 min, 85% alcohol
for 2 min, 75% alcohol for 2 min, 50% alcohol for 2 min and
ddH2O for 2 min;). To test adipocyte sizes and the numbers
of mast cells in adipose tissues, haematoxylin‑eosin staining
(staining with hematoxylin for 1 min and eosin for 5 min; both
at room temperature) and toluidine blue staining (staining
for 40 min at 50‑60˚C) were performed. For measurement
of adipocyte diameter, 5 random fields (magnification x200)
of each section (3 sections per animal) were evaluated with
Image‑pro Plus 6.0 software (Media Cybernetics, Inc.). Mast
cell numbers in each section were counted under a light

microscope (Olympus Corporation) and data are presented as
cell numbers per mm2.
Statistical analysis. Data are presented as the mean ± standard
error of the mean and all experiments were performed in trip‑
licate. Statistical analysis was performed using SPSS software
(version 19.0; IBM Corp.). Linear regression was used to calcu‑
late the KITT value and evaluate the association between time
and offspring weight in the different dietary groups and then
slopes compared using ANCOVA. Mixed ANOVA with post
hoc Bonferroni testing was used to analyze the blood glucose
and serum insulin at each time point in glycometabolic related
tests. Other measurement data were analyzed by one‑way
ANOVA followed by a post hoc Bonferroni test. P<0.05 was
considered to indicate a statistically significant difference.
Results
Growth and development in different groups of rats. The
changes in body weight of rats in each group are presented
in Fig. 1. During the lactation period (1‑3 weeks), the
body weight regression slopes for rats in the N + H + H
(y=2.18x + 2.97; R=0.91), IUGR + H + H (y=1.66x + 0.38;
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Table II. Weight, length, waist, weight of peritoneal fat in different group of rats.
							
		
Birth
Weight at
Length,			
Group
n weight, g
12 weeks, g
cm
Waist, cm
Lee's index
CON
N+H+H
IUGR + H + H
IUGR + L + H
IUGR + N + N

8
6
6
5
6

6.52±0.50
6.72±0.60
4.23±0.42b
4.24±0.40b
4.24±0.19b

252.88±22.90
351.83±84.41a
285.12±27.58
274.80±30.14
282.00±32.43

22.3±2.7
21.4±1.5
20.8±1.0
20.6±0.9
20.8±1.7

14.8±0.6
18.0±2.1b
16.1±0.6a
17.7±1.2b
17.6±1.2a

285.87±27.78
327.17±4.42b
314.96±4.50a
315.93±4.42a
314.80±6.43a

Wet weight
of peritoneal
adipose tissue, g

Unit weight
of adipose,
x10‑3%

2.70±0.56
10.56±6.63b
3.93±1.29
6.16±2.05
4.13±1.13

10.65±1.84
27.97±11.94b
13.54±3.07
22.00±5.11a
14.65±3.81

P<0.05, bP<0.01 vs. CON. Lee's index
Unit weight of adipose=wet weight of peritoneal adipose tissue/body weight. CON,
non‑IUGR rats receiving a normal diet during lactation and after weaning; N + H + H, non‑IUGR rats receiving high‑fat diet during lactation
and after weaning; IUGR + H + H, IUGR rats receiving a high‑fat diet during lactation and after weaning; IUGR + L + H, IUGR rats receiving
a low‑protein diet during lactation and a high‑fat diet after weaning; IUGR + N + N, IUGR rats receiving a normal diet during lactation and
after weaning; IUGR, intrauterine growth retardation.
a

R=0.97) and IUGR + N + N groups (y=1.83x‑0.20; R=0.99)
were steeper than the CON group (y=1.52x + 4.45; R=0.96;
all P<0.05), whereas the body weight regression slope of
the IURG + L + H group (y=1.18x + 1.63; R=0.91) was less
steep than the CON group (P<0.001; Fig. 1A). After weaning
(Fig. 1B), body weight regression slopes of offspring in
the N + H + H (y=28.65x‑23.65; R=0.94), IUGR + H + H
(y=25.83x‑23.75; R=0.98), IUGR + L + H (y=24.57x‑28.28;
R=0.97) and IUGR + N + N groups (y=23.49x‑19.08; R=0.98)
were all steeper than the CON group (y=21.13x‑4.72; R=0.97;
all P<0.01). The rats in each IUGR group exhibited significant
catch‑up growth. By week 10, the weight of rats in each IUGR
group exceeded that of those in the CON group, which lasted
until the end of the 12‑week intervention. The other character‑
istics of growth and development are summarized in Table II.
The birth weight of rats in the IUGR group was significantly
decreased compared with the CON group (P<0.05). Compared
with the CON group at the end of week 12, the weight of the
N + H + H group was significantly increased (P<0.05). The
Lee's index values in the IUGR + L + H, IUGR + H + H,
IUGR + N + N and N + H + H groups were higher than those
in the CON group (P<0.05). The abdominal adipose and
weight of peritoneal adipose tissues in the N + H + H and
IUGR + L + H groups were significantly increase compared
with in the CON group (P<0.05).
Assessment of glucose metabolism. The OGTT, IRT and ITT
results are presented in Fig. 2. For OGTT (Fig. 2A and B),
although IUGR + L + H and N + H + H group seemed to had
the higher blood glucose after glucose load compared with the
CON group, the blood glucose levels exhibited no significant
differences at each time between groups. The AUCglucose was
also not significant among all groups. For IRT (Fig. 2C and D),
the fasting insulin levels in the N + H + H and IUGR + L + H
groups were similar to those in the CON group. After
glucose load, the two curves increased slowly, and the peak
values postponed at 60 min. In addition, the AUCinsulin was
significantly decreased in the IUGR + H + H group compared
with the CON, N + H + H and IUGR + L + H groups (all
P<0.05). For ITT (Fig. 2E and F), K ITT in the IUGR + L + H

group were lower than that in the CON group (0.97±0.38 vs.
2.38±0.47%/min, P<0.05).
Serum lipids. In the IUGR + L + H group, HDL levels were
significantly decreased (P<0.05) compared with the CON and
IUGR + N + N groups. TG/HDL was considered to be an
indirect index for evaluating IR. Compared with the other four
groups, the ratio of TG/HDL in the IUGR + L + H group was
significantly increased (P<0.05; Fig. 3).
Adipokines. Serum leptin and adipose tissue IL‑6 levels in the
N + H + H and IUGR + L + H groups were significantly higher
than those in the other three groups (P<0.05). Compared with
the CON group, the other four groups exhibited lower serum
adiponectin levels (P<0.01), but markedly higher MCP‑1 and
TNF‑α levels (Fig. 4).
Adipocyte morphology and mast cell infiltration. Adipocyte
morphology was observed via H&E staining (Fig. 5A) and
the mast cell infiltration state of abdominal adipose tissue
was observed via toluidine blue staining (Fig. 5C). The
results revealed that the adipocyte diameter in the N + H + H
(31.30±2.23 µm), IUGR + L + H (31.22±2.50 µm) and
IUGR + N + N (27.66±6.08 µm) groups were significantly
larger compared with the CON group (23.56±1.71 µm)
(P<0.01), but not in the IUGR + H + H group (26.38±2.42 µm)
(Fig. 5B). The density of mast cells in the adipose tissue was
increased in the other four groups, compared with the CON
group (Fig. 5D).
Discussion
The present study investigated the effects and underlying mech‑
anisms of different diet patterns during lactation and/or after
weaning on glucose and lipid metabolism. Epidemiological
studies have reported that individuals with IUGR exhibit post‑
natal catch‑up growth in order to compensate for intrauterine
growth deficiency (15,16). Animal experiments have also indi‑
cated that IUGR rats undergoing postnatal catch‑up growth
do not exhibit balanced growth of all tissues and organs, but a
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Figure 2. OGTT, IRT and ITT in different groups of rats. (A) Glucose levels over 120 min after the OGTT. (B) AUCglucose during the OGTT. (C) Insulin levels
over 120 min after the IRT. (D) AUCinsulin during the IRT. (E) Rate of glucose reduction over 90 min after the ITT. (F) Rate of glucose reduction from 0‑30 min
after the ITT. K ITT was calculated based on the linear regression of the blood glucose concentrations obtained from 0 to 30 min of the test. *P<0.05 vs. CON;
&
P<0.05 vs. N + H + H; #P<0.05 vs. IUGR + L + H. OGTT, oral glucose tolerance test; IRT, insulin release test; ITT, insulin tolerance test; AUC, area under
curve; CON, non‑IUGR rats receiving a normal diet during lactation and after weaning; N + H + H, non‑IUGR rats receiving high‑fat diet during lactation and
after weaning; IUGR + H + H, IUGR rats receiving a high‑fat diet during lactation and after weaning; IUGR + L + H, IUGR rats receiving a low‑protein diet
during lactation and a high‑fat diet after weaning; IUGR + N + N, IUGR rats receiving a normal diet during lactation and after weaning; IUGR, intrauterine
growth retardation.

disproportionate increase in body fat (17). In the present study,
the N + H + H group exhibited the highest body weight at the
end of week 12. Based on the catch‑up growth, the subgroups
of IUGR individuals exhibited similar body weight compared
with CON group. Moreover, the abdominal adipose and weight
of the peritoneal adipose tissues were significantly increased
in the IUGR + L + H group but not in the IUGR + N + N
and IUGR + H + H groups, indicating that central obesity
was observed in the IUGR + L + H group. Bieswal et al (18)
suggested that maternal overfeeding during lactation may lead
to central obesity in the later stages of IUGR rat development.
The results of the present study, however, were inconsistent
with this hypothesis: The IUGR + L + H group demonstrated
that catch‑up growth resulting from maternal malnutrition

during pregnancy and lactation aggravated obesity and
abnormal body adipose distribution. Osmond et al (19) specu‑
lated that individuals with IUGR have decreased muscle and
visceral tissue and conserve adipose tissue to use as an energy
supply during periods of limited nutritional resources. Despite
this, adaptive changes may cause programmed adipocyte
development and abnormal proliferation, increasing the risk
of IR and obesity.
Children with IUGR exhibit decreased insulin sensitivity
and varying degrees of IR (20,21). Cianfarani et al (22,23)
proposed that catch‑up growth leads to IR. A number of
studies (24,25) have noted that an adverse intrauterine environ‑
ment leads to epigenetic changes in fetuses with IUGR. This
may cause an imbalance in the apoptotic rate, and neogenesis
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Figure 3. Serum lipid levels in different groups of rats. Serum (A) TC, (B) TG, (C) HDL and (D) LDL levels in different groups of rats. (E) Ratio of TG/HDL in
different groups of rats. #P<0.05, ##P<0.01 vs. IUGR + L + H. TC, total cholesterol; TG, triglyceride; HDL, high‑density lipoprotein; LDL, low‑density lipopro‑
tein; CON, non‑IUGR rats receiving a normal diet during lactation and after weaning; N + H + H, non‑IUGR rats receiving high‑fat diet during lactation and
after weaning; IUGR + H + H, IUGR rats receiving a high‑fat diet during lactation and after weaning; IUGR + L + H, IUGR rats receiving a low‑protein diet
during lactation and a high‑fat diet after weaning; IUGR + N + N, IUGR rats receiving a normal diet during lactation and after weaning; IUGR, intrauterine
growth retardation.

Figure 4. Leptin, adiponectin, MCP‑1, and TNF‑ α levels in serum, and IL‑6 levels in adipose tissue. Serum (A) leptin, (B) adiponectin, (C) MCP‑1 and
(D) TNF‑α, and (E) adipose tissue IL‑6 levels in different groups of rats. *P<0.05, **P<0.01 vs. CON; &P<0.05 vs. N + H + H; ##P<0.01 vs. IUGR + L + H.
MCP‑1, monocyte chemoattractant protein 1; TNF‑ α, tumor necrosis factor‑ α; IL‑6, interleukin‑6; CON, non‑IUGR rats receiving a normal diet during
lactation and after weaning; N + H + H, non‑IUGR rats receiving high‑fat diet during lactation and after weaning; IUGR + H + H, IUGR rats receiving a
high‑fat diet during lactation and after weaning; IUGR + L + H, IUGR rats receiving a low‑protein diet during lactation and a high‑fat diet after weaning;
IUGR + N + N, IUGR rats receiving a normal diet during lactation and after weaning; IUGR, intrauterine growth retardation.
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Figure 5. H&E staining of abdominal adipocytes and Toluidine blue staining of mast cells in different groups of rats. (A) H&E staining of abdominal
adipocytes in the (A‑a) CON, (A‑b) N + H + H, (A‑c) IUGR + H + H, (A‑d) IUGR + L + H and (A‑e) IUGR + N + N groups. Scale bars, 50 µm. (B) Diameter
of abdominal adipocyte in rats. Diameter of peri‑abdominal adipocytes in N + H + H, IUGR + L + H and IUGR + N + N groups larger than CON group.
(C) Toluidine blue staining of mast cells in the (B‑a) CON, (B‑b) N + H + H, (B‑c) IUGR + H + H, (B‑d) IUGR + L + H and (B‑e) IUGR + N + N groups.
Arrows indicate mast cells. Scale bars, 100 µm (magnification x100) and 50 µm (magnification x200). (D) The quantification of the numbers of mast cells of
rats. There were more mast cells in the N + H + H and IUGR + L + H groups than those in the CON group. *P<0.05, **P<0.01 vs. CON; H&E, hematoxylin and
eosin; CON, non‑IUGR rats receiving a normal diet during lactation and after weaning; N + H + H, non‑IUGR rats receiving high‑fat diet during lactation and
after weaning; IUGR + H + H, IUGR rats receiving a high‑fat diet during lactation and after weaning; IUGR + L + H, IUGR rats receiving a low‑protein diet
during lactation and a high‑fat diet after weaning; IUGR + N + N, IUGR rats receiving a normal diet during lactation and after weaning; IUGR, intrauterine
growth retardation.

may decrease the number of pancreatic islet β cells, while islet
vascularization and mitochondrial dysfunction result in the
impairment of islet β cell function (26).
The present study observed abnormal insulin release in the
N + H + H and IUGR + L + H groups. This reflected a slow
rise in the insulin secretion curve following glucose stimula‑
tion, and the peak value occured behind the CON group. In
addition, insulin sensitivity was decreased in IUGR + L + H

group, as shown by the ITT results. In the IUGR + H + H
group, insulin secretion was significantly decreased and
delayed following glucose loading compared with CON group.
The OGTT, IRT and ITT result in the IUGR + N + N group
were similar to those in the CON group, and no significant
differences were found. This suggested that different post‑
natal dietary and nutritional patterns have different effects on
postpartum glycometabolism in IUGR. Maternal malnutrition

8

WU et al: EFFECTS OF DIET-INDUCED CATCH-UP GROWTH ON GLYCOLIPID METABOLISM

during pregnancy and/or lactation or overfeeding offspring
during weaning aggravates glycometabolic disorder.
Rueda‑Clausen et al (26) demonstrated that fasting
plasma TG and free fatty acid levels were increased in rats
with hypoxia‑induced IUGR male rats that were fed a high‑fat
diet. Zambrano et al (10) observed that male offspring with
maternal malnutrition during pregnancy and normal diet
during lactation exhibited significantly increased serum TG
levels in adulthood. However, if offspring were fed a normal
diet during weaning, the serum lipid levels were decreased in
adulthood. In the present study, the levels of TG, TC, LDL
and HDL in the plasma of the IUGR + N + N group exhib‑
ited abnormal trends, but these were not significant when
compared with the CON group. The levels of HDL in the
IUGR + L + H group decreased significantly, whereas the ratio
of TG/HDL increased significantly compared with the CON
group. Nutritional restriction in IUGR rats during lactation
and subsequent dietary intervention following weaning may
have distinct effects on lipid metabolism in adults. This may
explain the abnormal insulin release and increased inflam‑
matory factor levels in the IUGR + H + H group, but there
was no notable difference in blood lipid levels, which may be
due to the short research cycle and small sample size of the
experimental groups.
It was also hypothesized that IUGR rats exhibited
hyperleptinemia during catch‑up growth following persis‑
tent malnutrition during pregnancy and lactation (i.e. leptin
resistance occurred), and that leptin resistance was associ‑
ated with abnormal distribution of body fat and obesity in
the IUGR + L + H group. This group exhibited more notable
glucose and lipid metabolism disorder, as evidenced by
abdominal obesity and leptin resistance. It is hypothesized that
reduced adiponectin levels may result in different degrees of
abnormal glucose metabolism and IR in IUGR rats.
The increased adipocytic levels of IL‑6 in the N + H + H
and IUGR + L + H groups, indicated both systemic and local
inflammatory states in IUGR + L + H rats, which was partly
consistent with a previous study (27). This was consistent with
histological changes, such as lipid accumulation and inflam‑
matory cell infiltration in the abdominal adipose tissues of
IUGR rats, observed in the present study. Abnormal changes
in adipokine levels may also cause glycolipid metabolism
disorders in IUGR rats with catch‑up growth via biological
effects such as blocking insulin signal transduction, causing
lipolysis, increasing free fatty acids, and promoting systemic
or local inflammatory infiltration (28), particularly in IUGR
rats with persistent maternal malnutrition during pregnancy
and lactation.
Adipocyte hypertrophy serves a key role in obesity‑asso‑
ciated chronic low‑grade inflammation, hyperlipidemia,
insulin and glucose disorders, as well as cardiovascular
diseases (29,30). Mast cells are inflammatory cells that are
found in addition to macrophages in adipose tissue and are
associated with obesity and diabetes (31). In the present study,
the N + H + H and IUGR + L + H groups exhibited significantly
different histological features, including increased diameter of
peri‑abdominal adipocytes with varied sizes and an increase
in infiltration of inflammatory cells, such as mast cells. The
changes in insulin sensitivity, blood lipid levels and adipo‑
kines in the aforementioned two groups were also shown to

be significant. This suggested that peri‑abdominal adipocyte
hypertrophy, adipocyte lipid accumulation and adipose tissue
inflammatory cell infiltration may be associated with glucose
and lipid metabolism disorders in IUGR rats.
Catch‑up growth can occur at any stage of individual
growth, including infancy, childhood and adolescence, and
the fetal and infancy stages are key in terms of adipose‑free
body weight growth (32). Different dietary patterns during
these specific growth windows may aggravate or improve the
disorder of glycolipid metabolism in IUGR offspring (33,34).
The results of the present study may provide insight into the
effects of different postnatal dietary patterns on individuals
with IUGR. Further investigation is required to determine
how individuals with IUGR can achieve catch‑up growth via
a dietary and nutritional model without increasing the risk of
diseases such as glucose and lipid metabolism disorders.
In summary, a maternal low‑protein diet during pregnancy
induced IUGR in rat offspring. Male IUGR rats undergoing
catch‑up growth induced by different dietary patterns during
lactation and/or after weaning exhibited different degrees
of obesity, impaired glucose metabolism, dyslipidemia and
lipodystrophy. In particular, maternal malnutrition during
pregnancy and lactation may aggravate the aforementioned
situation in adult rats.
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