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Abstract
Intrauterine growth retardation (IUGR) is a disorder that can result in permanent changes in the physiology and metabolism of the

newborn, which increased the risk of disease in adulthood. Evidence supports IUGR as a risk factor for the development of

diabetes mellitus, which could reflect changes in pancreas developmental pathways. We sought to characterize the IUGR-

induced alterations of the complex pathways of pancreas development in a rat model of IUGR. We analyzed the pancreases of

Sprague Dawley rats after inducing IUGR by feeding a maternal low calorie diet from gestational day 1 until term. IUGR altered the

pancreatic structure, islet areas, and islet quantities and resulted in abnormal morphological changes during pancreatic devel-

opment, as determined by HE staining and light microscopy. We identified multiple differentially expressed genes in the pancreas

by RT-PCR. The genes of the insulin/FoxO1/Pdx1/MafA signaling pathway were first expressed at embryonic day 14 (E14). The

expressions of insulin and MafA increased as the fetus grew while the expressions of FoxO1 and Pdx1 decreased. Compared with

the control rats, the expressions of FoxO1, Pdx1, and MafA were lower in the IUGR rats, whereas insulin levels showed no change.

Microarray profiling, in combination with quantitative real-time PCR, uncovered a subset of microRNAs that changed in their

degree of expression throughout pancreatic development. In conclusion, our data support the hypothesis that IUGR influences the

development of the rat pancreas. We also identified new pathways that appear to be programmed by IUGR.
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Introduction

Intrauterine growth retardation (IUGR), commonly charac-
terized as the failure of a fetus to reach its growth potential,1

refers to a fetus in the 10th percentile or two standard devi-
ations lower in fetal weight clinically than the average of
its peer group. IUGR is associated with an increased
incidence of perinatal mortality,2 as well as an elevated
risk of developing metabolic syndrome (MS) later in life,
exemplified by coronary heart disease, hypertension, hyper-
lipidemia, and type 2 diabetes.3 Several studies have
demonstrated that MS occurred in adulthood had close rela-
tionship with early growth.4

Recent, epidemiological data strongly indicate that
infants experiencing IUGR due to poor maternal nutrition
during pregnancy have a propensity for obesity and MS
during adulthood.5 In addition, IUGR animal models
show a decreased beta cell mass and lower pancreatic insu-
lin content,6 which inevitably leads to glucose intolerance
and insulin resistance. Therefore, a lack of adequate

nutrition in pregnancy leads to IUGR in the fetus, adversely
influencing the early stages of pancreatic formation and
causing extensive damage to the structure and function of
pancreatic beta cells.7

Some research has implicated the operation of the
Insulin/FoxO1/Pdx1/MafA signaling pathway in pancreas
development, beta-cell differentiation, and the maintenance
of mature beta-cell function.8,9 The Pdx-1 gene is thought to
be the master control gene during pancreatic development,
whereas MafA is a recently isolated beta-cell-specific tran-
scription factor that functions as a potent activator of insulin
gene transcription. The FoxO1 (forkhead protein) factors are
the mammalian homologous of the DAF-16 gene (a tran-
scription regulatory gene), and several studies indicate
that FoxO1 is an important target of Akt in the insulin/
IGF signaling pathway.10 Nakae et al. suggested that
FoxO1 can negatively regulate islet beta-cell sensitivity to
insulin, i.e. inhibition of FoxO1 enhances the sensitivity of
islet beta cells to insulin.11
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MicroRNAs (miRNAs) are an endogenous conserved
class of small non-coding RNAs (18–25 nucleotides long)
that are generally believed to either block the translation
or induce the degradation of target mRNAs by binding to
the 30-untranslated region (UTR) of the target genes.12 Many
miRNA species have been identified, and some of them
show tissue-specific expression in different combinations
across diverse organs. Recent reports have demonstrated
an abundant expression of many miRNAs in the pancreas
and that miRNA expression has a tremendous effect on
pancreatic functions (e.g. insulin production and secretion,
pancreatic islet development, b-cell differentiation, and
insulin resistance) and are also involved in diverse aspects
of glucose homeostasis and lipid metabolism.13,14 Rosero
et al.15 uncovered an alteration in specific groups of
miRNAs during human fetal pancreatic development,
including expression of miR-124a, a key regulator of
Foxa2 expression and intracellular signaling in beta
cells.16 Another study indicated that miR-7, miR-9, miR-
375, and miR-376 were specific islet miRNAs that were
expressed at high levels during human pancreatic develop-
ment.17 MiR-375, an islet miRNA, is essential for endocrine
pancreas function, since inactivation leads to an impair-
ment of glucose homeostasis involving increased alpha
cell mass and decreased beta cell mass. The expression of
miR-375 is controlled by transcriptional mechanisms oper-
ating through promoter containing a TATA box.18 Knocking
out of miR-375 in mice results in hyperglycemic, and these
mice also show an increase in total pancreatic alpha-cell
numbers and a decrease in pancreatic beta-cell mass.19

Abnormalities in expression of downstream genes of signal-
ing pathways and in regulatory mechanisms occur follow-
ing up- or down-regulation of miRNA expression, resulting
in disruption of protein metabolic equilibrium and cell
homeostasis, and eventually leading to a disease state.

In this study, we intended to explore whether IUGR
influences the development of the rat pancreas and to iden-
tify some possible new pathways that appear to be pro-
grammed by IUGR.

Materials and methods
Construction of IUGR models

Sprague-Dawley (SD) rats (15 males and 45 females) weigh-
ing 250–300 g were supplied from the Experimental Animal
Center of Nanjing Medical University. The animal experi-
ments were approved by the University Committee of
Laboratory Animal Care and Use and strictly followed the
guidelines of the National Animal Research Center. The rats
were allowed to copulate at a ratio of one male: three
females after three days of adaptive feeding. The beginning
of pregnancy was determined by presence of spermatozoa
in vaginal smears. Pregnant rats were housed in individual
steel cages and randomly divided into two groups: a control
group and an IUGR group; the two groups were fed with
different diets from the day of conception until delivery.
Diets were isocaloric. A 22% protein diet was used for the
control group, and a 9% protein diet was used for the IUGR
group, as described elsewhere.20 Contents of minerals,
especially sodium (0.2%), vitamins, fat (control group, 4%;

IUGR group, 6%), disaccharides (10%), starch (control
group, 45%; IUGR group, 47%), methionine (control
group, 0.53%; 0.48%), folate (8 mg/kg), and the ratio of
other amino acids were similar. After delivery, the neonatal
rats in the control group were weighted, and the mean
and standard deviation were calculated. IUGR rats were
identified as those animals that were less than two standard
deviations when compared with the mean of the control
group.

Specimen collections

The adult female rats were sacrificed under isofluran
(Abbott 100% (V/V)) anesthesia on embryonic day 14 and
19. The pancreases isolated from their embryos (E14 and
E19) or from newborn rats (E21) were examined under a
microscope. Some pancreases were postfixed in 10% paraf-
ormaldehyde fixative overnight at 4�C and routinely
embedded in paraffin, while others were kept at �80�C
for total RNA extraction.

Detection of pancreatic histopathological changes

Each paraffin embedded sample was sliced into 4-mm-thick
sections, and three sections of each pancreatic sample were
stained using a HE staining kit (Genmed Scientifics Inc.,
USA). The samples were observed with a light microscope
to analyze the changes in islet b cells and to evaluate the
islet lesion. Three to five high power fields of every section
were selected randomly. We counted the islet numbers and
area in the fields of the E14, E19, and E21 rat pancreas
sections and averaged the values to determine the develop-
ment of pancreatic acini and islets.

Isolation of total RNA from pancreatic tissues

TRIzol reagent (Invitrogen Technologies Co, USA) was used
to isolate the total RNA. All procedures were performed
using the protocol described by the manufacturer. The
RNA quantity was determined spectrophotometrically
on an A260 and A260/A280 ratio using the One Drop
OD-1000þ, and RNA quality was checked by electrophor-
esis on a 1% agarose/formaldehyde gel. Isolated RNA was
stored at �70�C prior to gene array analysis.

Detection of the expression levels of insulin/FoxO1/
Pdx1/MafA mRNA through quantitative real-time
PCR (qRT-PCR)

A 1 mg of total RNA was reverse transcribed using a High-
Capacity cDNA Reverse Transcription Kits (Applied
Biosystems, CA) with random primers. The polymerase
chain reaction was carried out for all samples according to
the protocol of the SYBR Select Master Mix kit (Applied
Biosystems). All PCR amplification reactions were carried
out in triplicate and the detection was performed on
an Applied ABI Prism 7500 PCR system (Applied
Biosystems). The primers are listed in Table 1. The sample
expression levels were normalized to the housekeeping
gene, b-actin and evaluated using the 2���Ct (Ct is the
thresholdcycle) method.

Zhang et al. Effect of IUGR on pancreatic development 1447
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .



Detection of the expression levels of insulin/FoxO1/
Pdx1/MafA by Western blot

Total protein was extracted according to the protocol of the
manufacturer using the Whole Cell Lysis Assay Kit (Beyone
BioTECH, China). Western blot analysis was carried out as
described previously.21 Labeled bands were detected by
Immun-Star horseradish peroxidase Chemiluminescent
kit. Images were captured, and the intensity of the bands
was quantitated using the Bio-Rad VersaDoc image system
(Bio-Rad, USA).

Microarray analysis

The RNA samples were labeled using the miRCURYTM

Hy3TM/Hy5TM Power labeling kit (Exiqon) and hybridized
on the miRCURYTM LNA Array (v.11.0) by the Shanghai
Kangchen Biological Technology Company. The arrays
were scanned using an Axon GenePix 4000B microarray
scanner and the scanned images were then imported into
GenePix Pro V6.0 software for grid alignment and data ana-
lysis. The average value was compared to the standard
value of same samples through fold-change filtering. The
experimental group value was considered significantly dif-
ferent from the control if it was 1.5 times higher or 0.67
times lower than standard value of the normal group.

Assessment of miRNA expression by the qRT-PCR

The expression levels of rno-let-7d*, miR-21*, and miR-23a*
were quantified by TaqMan RT-PCR assays (Applied
Biosystems) and carried out following the manufacturer’s
recommendations. In brief, 250 ng of total RNA was
reverse transcribed using the TaqMan MicroRNA Reverse
Transcription Kit (Applied Biosystems) with let-7d*, miR-
21* and miR-23a* specific RT primers (Applied Biosystems).
The qPCR was performed in triplicate in a 20 mL volume in
96-well plates on an ABI Prism 7500 Sequence Detection
System (ABI Prism, Applied Biosystems) with a standard
absolute quantification thermal cycling program and using
the 7500 v2.0.1 software to determine the Ct value. The pri-
mers are listed in Table 2. Cycling conditions were as fol-
lows: incubation at 50�C for 2 min, denaturation at 95�C for
10 min, followed by 40 cycles of denaturation for 15 s
at 95�C, and annealing and extension for 1 min at 60�C.

Table 1 Primers used for PCR

mRNAs Sequences

Insulin F: 50-CACGATGGAGGGGCCGGACTCATC-30

R: 50-TAAAGACCTCTATGCCAACACAGT-30

FoxO1 F: 50-ATGGCTATGGTAGGATGGGT-30

R: 50-CTAAAAGGAGGGGTGAAGGG-30

Pdx1 F: 50-GGTGCCAGAGTTCAGTGCTAATC-30

R: 50-CTTCCCTGTTCCAGCGTTCC-30

MafA F: 50-AGGAGGAGGTCATCCGACTG-30

R: 50-CTTCTCGCTCTCCAGAATGTG-30

b-Actin F: 50-CACGATGGAGGGGCCGGACTCATC-30

R: 50-TAAAGACCTCTATGCCAACACAGT-30

Table 2 Primers used for reverse transcription and quantitative real-time

PCR in the pancreas

mRNAs Sequences

rno-miR-124 F: 50-GGTAAGGCACGCGGT-30

R: 50-CAGTGCGTGTCGTGGAGT-30

rno-let-7d* F: 50-GGCTATACGACCTGCTGC-30

R: 50-CAGTGCGTGTCGTGGAGT-30

rno-miR-21 F: 50-GGCGTAGCTTATCAGACTGAAT-30

R: 50-CGAGGAAGAAGACGGAAGAAT-30

Rno-miR-23 F: 50-ATCACATTGCCAGGG-30

R: 50-GTGCAGGGTCCGAGGT-30

U6 F: 50-GCTTCGGCAGCACATATACTAAAAT-30

R: 50-CGCTTCACGAATTTGCGTGTCAT-30

Figure 1 Weights of embryonic and newborn rats from the control (white bars)

and IUGR (black bars) groups, at embryonic day 14 (E14), embryonic day 19

(E19), and embryonic day 21 (newborn). At E14, the weight data were recorded

from n¼86 control and n¼73 IUGR rats, at E19 from n¼53 control and n¼46

IUGR rats, and for the newborns from n¼ 44 control and n¼56 IUGR rats.

*P<0.05

Figure 2 Light microscope examination of pancreas tissues stained with HE

for control (a) and IUGR (b) rats. The ‘‘a’’ represents the rats at embryonic day 14

(E14); ‘‘b’’ represents the rats at embryonic day 19 (E19); ‘‘c’’ represents the rats

at embryonic day 21 (newborn). Image a: 1000� magnification; images b and c:

200� magnification. (A color version of this figure is available in the online

journal.)
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After the reactions, the Ct data were determined using
default threshold settings and the mean Ct was determined
from the triplicate PCRs. The U6 snRNA (Applied
Biosystems) served as an endogenous control. The
amount of let-7d*, miR-21*, and miR-23a* were normalized
relative to the amount of U6 (��Ct¼�Ct miRNA � �CtU6).

Statistical analysis

Quantitative data were presented as the mean� standard
error of the mean (SEM). The effects were analyzed using
Student’s t-test or ANOVA followed by the Newman–Keuls
test for multiple comparisons using SPSS 20.0 Software.
Differences were considered statistically significant when
P< 0.05.

Results
Body-weight measurement of embryonic
and newborn rats

The method of maternal food intake limitation was used to
construct the rat IUGR model. Offspring from the food
restriction group with body weights below the mean
values of the body weights of the control group by more
than 2SD were defined as IUGR rats. The body weights
were significantly lower for the embryonic and newborn
rats with IUGR than for the normal control group
(P< 0.05, Figure 1). The incidence of IUGR with food
restriction was 43.31%, while the control group incidence
was only 2.04%.

Figure 3 Comparison of the average area (mm2) of the pancreatic islets in

newborn control and IUGR rats. Control group: n¼39; IUGR group: n¼36.

*P<0.05

Figure 4 The relative expression levels of insulin/FoxO1/Pdx1/MafA mRNA. (a) The relative expression level of insulin mRNA increased as the fetus grew. And the

insulin mRNA expression was similar in both the IUGR and the control groups (P>0.05). (b) The FoxO1 mRNA expression initiated at E14 and decreased as the fetus

grew. The expression of FoxO1 mRNA was decreased in the IUGR rats compared to the control rats, and the difference was statistically significant (*P<0.05,

**P<0.01). (c) The Pdx1 mRNA expression initiated at E14 and decreased as the fetus grew. The expression of Pdx1 mRNA was lower in the IUGR rats than in the

control rats, and the difference was statistically significant (*P<0.05). D: The relative expression level of MafA mRNA increased as the fetus grew. The expression of

MafA mRNA decreased in the IUGR rats compared to the control rats, and the difference was statistically significant (*P< 0.05). b-Actin served as an endogenous

control
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The detection of histopathological changes in the
pancreatic tissues of embryonic and newborn rats

As shown in Figure 2, light microscope examination of HE
stained sections revealed the appearance of pancreatic
acinar structures in the normal rats at E14. The acini were
well arranged and organized in an orderly fashion. By E19,
the acinar structures had assumed a clear cauliflower-like
shape. The beta cells began to gather together and the islets
were taking their initial shape. In the newborn rats, the typ-
ical structures of the endocrine and exocrine compartments
of the pancreas had formed, more. Pancreatic islets were
present, the size was larger, the shape was fuller, and the
outline was clear. When compared with the normal rats, the
IUGR group at E14 showed disordered acini and the pan-
creatic construction was not clear. The pancreatic tissue at
E19 was arranged loosely. The quantities and areas of pan-
creatic islets were lower in the newborn IUGR rats than in
the equivalently aged controls (*P< 0.05, Figures 2 and 3).

The expression levels of insulin/FoxO1/Pdx1/MafA
mRNA related to islet formation and maturation at
different stages of rat pancreas development

The qRT-PCR results confirmed that mRNA expression of
the genes involved in the insulin/FoxO1/Pdx1/MafA sig-
naling pathway began by E14. The mRNA expressions of
insulin and MafA increased as the fetus grew, while those
of FoxO1 and Pdx1 decreased. The mRNA expressions of
FoxO1, Pdx1, and MafA were lower in the IUGR rats than in
the normal control rats (*P< 0.05, Figure 4b–d), while the
mRNA expression of insulin gene showed no significant
change (P> 0.05, Figure 4a).

The expression levels of insulin/FoxO1/Pdx1/
MafA protein

We examined insulin/FoxO1/Pdx1/MafA protein expres-
sion levels of pancreatic tissues at different stages of

Figure 5 Analysis of insulin/FoxO1/Pdx1/MafA protein expression levels via Western blot. (a) Tissue lysates from pancreas tissues of control (lanes: 1, 3, 5) and IUGR

(lanes: 2, 4, 6) rats at embryonic day 14 (lanes: 1, 2), embryonic day 19 (lanes: 3, 4), and embryonic day 21 (newborn, lanes: 5, 6) were probed with different specific

antibodies that recognize the insulin, FoxO1, Pdx1, or MafA protein, respectively. b-Actin served as control. (b–e) Densitometric analysis of bands showed the ratio of

insulin, FoxO1, Pdx1, or MafA expression to b-actin expression. White bars: control group; black bars: IUGR group. *P<0.05., **P< 0.01, ***P< 0.001
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rat pancreas development via Western blot analysis
(Figure 5a). The protein expressions of the genes involved
in the insulin/FoxO1/Pdx1/MafA signaling pathway
began by E14. The protein expressions of insulin and
MafA increased as the fetus grew, while those of FoxO1
and Pdx1 decreased. The protein expressions of FoxO1,
Pdx1, and MafA were significantly lower in the IUGR
group than in the control group (*P< 0.05, Figure 5 c–e),
while no significant difference between the insulin pro-
tein expressions of two groups was detected (P> 0.05,
Figure 5b).

miRNA expression profiles during
pancreas development

The heat-map figures obtained from the data using Cluster
and Treeview software are presented in Figure 6. The con-
trol group showed increased expression of 44 miRNAs (fold
change� 1.5) and decreased expression of 28 miRNAs (fold
change� 0.67) when comparing E19 to E14 (Table 3).
Comparison of E21 to E14 revealed up-regulation of 64
miRNAs and down-regulation of 55 miRNAs (Table 3).
Comparison of E21 to E19 revealed 40 over-expressed
miRNAs and 52 low-expressed miRNAs (Table 3). When
compared with the normal control groups at E14, E19,
and E21, the IUGR groups revealed over-expression of 10,
22, and 9 miRNAs, respectively, and reduced expression of
26, 15, and 13 miRNAs, respectively (Table 4). These results
demonstrated that the differences in miRNA expression
were correlated with pancreatic development.

QRT-PCR analysis of miRNA expression

The miRNA profiling results were confirmed by qRT-PCR
assays on such miRNAs: let-7d*, miR-21*, and miR-23a*.
Figure 7 shows that the levels of let-7d* were gradually
increased in parallel with the pancreatic development at
E14, e19, and E21 in both the control and IUGR groups.
And the let-7d* expression levels were decreased in IUGR
group compared with the controls. The expression of miR-
21* was gradually increased in parallel with the pancreatic
development at E14, e19, and E21 (newborn) in the control
group. The expressions of miR-21* in the IUGR group
showed no significant change at E14 and E19, and up-regu-
lated at E21. The expression level of miR-23a* was increased
only in the newborn rats in both the control and IUGR
groups. The results of the qRT-PCR assays closely matched
the microarray data.

Discussion

In the present study, we detected abnormal morphological
changes occurring during pancreatic development, includ-
ing alterations in pancreatic structure, islet area, and islet
quantities, in an IUGR rat group, as determined by using
HE staining and light microscopy. We used the
miRCURYTM Hy3TM/Hy5TM Power labeling kit (Exiqon)
and hybridization on the miRCURYTM LNA Array (v.11.0)
to examine the influence of maternal dietary calorie restric-
tion on fetal islet gene expression and the global expression
profile of miRNAs in pancreatic islets of IUGR fetal rats.22

We also performed RT-PCR to quantify the levels of three
selected miRNAs (rno-let-7d*, rno-miR-21*, and rno-miR-
23a*) to validate the results from the miRNA arrays. Our
data provide an insight into the mechanisms responsible for
IUGR and the specific gene expression signatures that could
be used as diagnostic or prognostic clinical tools.

IUGR is a major complication of perinatal malnutrition.
It not only affects the growth of the fetus or the morbidity
rates and death rates of perinatal infants, but it also affects
intellectual and physical development in childhood and

Figure 6 Total microRNA expression profiles during pancreatic development.

Expression profiles of microRNAs from the control group and the IUGR group at

embryonic days 14, 19, and 21 (E14, E19, and newborn), respectively. The colors

of the heat map indicate microRNA up-regulation (red) and down-regulation

(green). (A color version of this figure is available in the online journal.)
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Table 3 MiRNAs with significantly altered expression levels during pancreas development in control group

miRNA: up-regulated miRNA: down-regulated

(Fold change�1.5) (Fold change� 0.67)

E19 miR-141, miR-21*, miR-200b, miR-34c*, miR-878, miR-129, miR-434,

VS miR-23b, miR-30a, miR-134, miR-880, miR-34a, miR-10a-5p,

E14 miR-208, miR-140*, miR-222, miR-30c, let-7a, miR-336, miR-883,

miR-320, miR-378, miR-103, miR-483, miR-872, miR-333, miR-215, miR-329,

miR-200c, miR-485, miR-129, miR-331, miR-195, miR-342-3p, miR-376c,

miR-125b-3p, miR-449a, miR-341, miR-664, miR-210, miR-349, miR-412,

miR-290, let-7f, miR-423, miR-361, miR-7a, miR-15b, miR-150,

miR-381, miR-540, miR-330, miR-383, miR-125a-5p, miR-497, miR-24-1*

let-7d*, miR-193, miR-126, miR-130b,

miR-542-3p, miR-291a-5p, miR-24,

miR-500, miR-106b, miR-300-3p,

miR-26a, miR-127, miR-874,

miR-327, miR-29b-1*, miR-143

E21 miR-291a-5p, let-7d*, miR-129, miR-30c, miR-742, miR-16, miR-144,

VS miR-542-5p, miR-874, miR-290, miR-878, let-7f, miR-22*, miR-23b,

E19 miR-363*, miR-344-5p, miR-331, miR-497,let-7d, miR-329, miR-215,

miR-216a, miR-150, miR-147, miR-381, miR-449a, miR-26a,

miR-365, miR-207, miR-125b-3p, miR-24-1*, miR-7a, miR-126, miR-28,

miR-483, miR-21*, miR-30c-1*, miR-129*, let-7a, let-7i, miR-140*,

miR-296*, miR-1, miR-27a*, miR-15b, miR-350, miR-184, miR-34c*,

miR-376b-3p, miR-22, miR-299, miR-130b, miR-34a, miR-130a,

miR-23a*, miR-376a, miR-708, miR-212, miR-872*, miR-471,

miR-542-3p, miR-133b, miR-124, miR-125a-5p, miR-138, miR-883,

miR-30c-2*, miR-485, miR-375, miR-20a, miR-196a*, miR-300-3p,

miR-146a, miR-760-3p, miR-450a, miR-743b, miR-20b-5p, miR-138*,

miR-208, miR-99b, miR-338*, miR-26b, miR-344-3p, miR-30b-3p,

miR-323, miR-340-3p, miR-194, miR-93,

miR-195, miR-143, miR-17-5p/17,

miR-330*

E21 miR-483, miR-291a-5p, miR-200c, miR-129*, miR-196a*, miR-34a,

VS miR-129, miR-22, miR-323, miR-742, miR-412, miR-195, miR-743b,

E14 miR-103, miR-375, miR-290, miR-26b, miR-212, miR-199a-3p,

miR-365, miR-193, miR-23a*, miR-20a, miR-194, let-7e, miR-377,

miR-423, miR-24, miR-27a*, miR-297, miR-336, miR-333, miR-330*,

miR-494, miR-147, miR-500, miR-93, miR-872*, miR-15b, miR-880,

miR-330, miR-383, miR-148b-3p, miR-878, miR-218, miR-329, miR-497,

miR-327, miR-141, miR-542-5p, miR-322, miR-883, miR-10a-5p,

miR-21*, miR-124, miR-208, miR-34c*, miR-350, miR-434, miR-184,

miR-874, miR-99b, miR-485, miR-125a-5p, miR-471, miR-130a,

miR-216a, miR-146a, miR-320, miR-138*, miR-30c, miR-342-3p,

miR-708, miR-217, miR-127, miR-325-3p, miR-664, miR-215,

miR-222, miR-338*, miR-326, miR-349, miR-24-1*,let-7a, miR-22*,

miR-299, miR-200b, miR-450a, miR-30b-3p, miR-138, miR-493,

miR-29b-1*, miR-296*, miR-125b-3p, miR-342-5p, miR-344-3p,

miR-363*, let-7d*, miR-376a, miR-17-5p/17, miR-7a, miR-340-3p,

miR-542-3p, let-7d, miR-331, miR-1, miR-20b-5p

miR-341, miR-133b, miR-344-5p,

miR-30c-2*, miR-30c-1*, miR-106b*,

miR-760-3p, miR-134, miR-30a,

miR-378, miR-451, miR-376b-3p
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youth, and increases the susceptibility to MS in adult-
hood.23–25 The results of our experiments show that the
incidence of IUGR with food restriction was 43.31%, while
the incidence in the control group was only 2.04%, confirm-
ing that maternal food intake limitation is useful for con-
structing IUGR models.

The pancreatic islet cells divide faster and increase rap-
idly in number during the fetal and neonatal periods and
this proliferation is regulated by nutrients. Studies show
that IUGR can lead to a decrease in the number of islet
b cells and to lower insulin secretion in the fetus. In this
study, the morphological observation of the development of
the pancreas showed that the development of pancreas
islets of the IUGR group lagged behind the control group
at each developmental stage. This was manifested as
loosely arranged pancreatic tissue, unclear pancreatic struc-
ture, and reduced quantities and areas of the pancreatic
islets in the newborn rats, consistent with previous
research. Malnutrition of pregnant rats can therefore affect
offspring development and may lead to pancreatic defects
and subsequent dysfunction.

The insulin/FoxO1/Pdx1/MafA signaling pathway
plays a crucial role in regulating pancreatic development,
beta-cell differentiation, and mature beta-cell function. This
present study found that the expression of insulin gene was
initiated by E14, which suggests that the pancreas is capable
of producing insulin early in embryonic development. And
the expression of the insulin gene increased in parallel with
gestational age. It was reported that the fasting blood-
glucose and insulin levels of newborn IUGR rats were
both significantly lower than those of the control as

determined by glucose tolerance test, so the ability of
IUGR rats to regulate blood glucose was worse than that
of normal newborn rats.26 However, in our study, the
expression of insulin gene showed no significant difference
in the IUGR and control groups (P> 0.05), which indicates
that the capacity for insulin synthesis was unaffected in the
IUGR rats.

Pdx1 is recognized as a homologous protein expressed in
the early development of the pancreas.27 It plays crucial
roles in the proliferation and differentiation process in the
endocrine and exocrine compartments of pancreas. The
homozygous phenotype of missing Pdx1 gene manifests
as hypoplasia of the pancreas.28 The transcription factor
FoxO1 is co-expressed with Pdx1. Previous studies have
hypothesized that the damage to the insulin and IGF-1 sig-
naling pathway may cause the activation of the FoxO1 pro-
tein, thereby reducing insulin sensitivity and leading to
insulin resistance. In the present study, the FoxO1 and
Pdx1 genes were both highly expressed in the early devel-
opment of the pancreas and their expressions decreased
with the subsequent embryonic development. And their
relative expressions in the IUGR and control groups
showed differences at E14 and E19, which are the crucial
periods for completion of pancreatic differentiation
(P< 0.05), which suggests that intrauterine malnourish-
ment influences pancreas differentiation and maybe one
of the mechanisms of insulin resistance in adulthood. In
addition, Pdx1 is also an important transcription factor
that participates in the transcription of many pancreatic b
cell specific genes, including the insulin gene. The present
study showed that the expression level of Pdx1 was

Table 4 MiRNAs with significantly altered expression levels in IUGR group (VS control group)

IUGR group/ miRNA: up-regulated miRNA: down-regulated

control group (Fold change� 1.5) (Fold change� 0.67)

On E14 miR-542-3p, miR-345-5p, miR-883, miR-20b-5p, miR-210, let-7a,

miR-125b-5p, miR-335, miR-23b, miR-125a-5p, miR-215, miR-136,

miR-194, miR-21*, miR-129, miR-30c-1*, miR-451, miR-125b*,

miR-125b-3p,miR-494 miR-24-1*, miR-151*, miR-338*,

miR-298, miR-296, miR-212, miR-708,

miR-488, miR-328, miR-326,

miR-143, miR-30c, miR-330*,

miR-297,miR-349, miR-195

On E19 miR-880, miR-361, miR-194, miR-483, miR-320, miR-296,miR-323,

miR-412,miR-150, miR-497, miR-652, let-7d*, miR-143, miR-130a,

miR-434, miR-883, miR-138, miR-222, miR-382, miR-291a-5p,

miR-493, miR-342-3p, miR-30a, miR-26a, miR-140, miR-290

miR-342-5p, miR-542-3p,

miR-333, miR-349,

miR-7a, miR-218*, miR-34c*,

miR-336

On E21 miR-29a, miR-376a, miR-451, rno-let-7d*, miR-291a-5p,

miR-20b-3p, miR-412, miR-296, miR-99b, miR-210,

miR-141, miR-449a, miR-138, miR-15b, miR-329, miR-92b,

miR-340-5p, miR-540 miR-325-3p, miR-485,

miR-299, miR-208
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decreased in the IUGR group compared to the control
group, which suggests that IUGR has effects on the expres-
sion of Pdx1, which would further influence the transcrip-
tion of the insulin gene. However, our finding of no
alteration in the expression of the insulin gene in the two
groups hints that the expression of the insulin gene is not
regulated solely by only one factor, but is most likely regu-
lated by many transcription factors, including Pdx1.

Research has shown that the MafA gene, which is closely
associated with insulin transcription in vivo, is an important
regulator of insulin secretion and pancreatic islet structure.
Our finding of an increased expression of MafA during
normal fetal growth and a significantly decreased in
IUGR rats suggests that IUGR can affect the expression of
MafA and in turn may alter the islet structure and the tran-
scription of this insulin gene. Based on the result above, the
recent breakthrough discovery of miRNAs has shed light on
their roles in pancreatic islet development29 and beta-cell
differentiation.30 FoxA2 (HNF3 beta) and its target genes

Pdx-1, which are crucial for early pancreas development,
recently been shown to be regulated by miR-124a.30 We
suggest that the genes associated with the pancreas devel-
opment may also be regulated by miRNAs.

This study performed miRNA expression profiling at
three key stages of rat embryonic pancreas development:
E14, E19, and newborn. A series of miRNAs in the IUGR
group showed significant differences when compared with
the normal group and these miRNAs changed during the
progression of pancreatic development in response to the
IUGR conditions, indicating that these miRNAs may have a
close relationship with pancreatic formation and function.
For example, miR-542-3p, an inhibitor of cell proliferation
that target predicted binding sites in the 3’-UTR of the sur-
vivin,31 was significantly up-regulated in the IUGR rats at
E14 (3.28-fold change) and E19 (1.68-fold change), when
comparing with the control rats. Another suppressor,
miR-138, was also enriched in the IUGR group at eE19
(1.60-fold change) and E21 (1.85-fold change), which has

Figure 7 Validation of the microarray data by qRT-PCR. The qRT-PCR results for miR-let-7d* (a), miR-21* (b), and miR-23a* (c) from both the control group and IUGR

group closely matched the corresponding microarray data. White bars: the microarray data; black bars: the qRT-PCR data
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been shown to reduce cell viability and colony formation by
the induction of cell arrest in HCC cell lines.32 We postulate
that miR-542-3p and miR-138 might coordinately cause cell
growth arrest by down-regulating multiple cell cycle-
related genes, which may result in the observed reduction
in beta cell mass and ultimately the occurrence of diabetes.
The Let-7 family of miRNAs has been demonstrated to
regulate multiple aspects of glucose metabolism and was
also over-expressed in the IUGR rats in the present study. In
addition, miR-296, miR-141, miR-200c, and miR-21*, which
are related to cancer were also expressed at high levels
(>5 fold change) during pancreatic development.
Apart from the miRNAs already mentioned, a few other
miRNAs were expressed at low levels, especially in the
early stage of pancreatic development (e.g. miR-210,
miR-212, miR-143, miR-136, miR-488, and miR-125a-5p).
However, the function and target genes of these miRNAs
need more in-depth study.

In conclusion, intrauterine malnutrition of IUGR rats
caused damage to the pancreas structure during develop-
ment and reduced the quantities and size of the pancreatic
islets. Studies have confirmed that IUGR rats are more
prone to insulin resistance and impaired glucose tolerance
as adults.33 Our study shows that this propensity toward
MS may be associated with congenital developmental dis-
orders of the pancreas. Changes in the expression levels of
FoxO1, Pdx1, and MafA in IUGR rats may adversely affect
the process of pancreas differentiation and functional mat-
uration. The lack of an effect of IUGR on the insulin gene
suggests that the regulation of insulin expression probably
occurs via several factors. The changes in miRNA expres-
sion profiles in the pancreatic tissues of IUGR rats and the
way that miRNAs function suggest that pancreatic genes
are regulated by multiple miRNAs. The miRNA profile
therefore provides broad and useful information for
exploration of potential two-way levels of regulation and
control of gene expression whereby miRNAs target mul-
tiple mRNAs, and where the target mRNAs are regulated
in parallel by multiple miRNAs. This remains to be
further confirmed. The understanding of the underlying
mechanisms may provide a blueprint for future thera-
peutic interventions to reduce IUGR and its long-term
complications.
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