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Abstract Nephrogenesis requires a fine balance of many
factors that can be disturbed by intrauterine growth
restriction (IUGR), leading to a low nephron endowment.
The aim of this study was to test the hypothesis that IUGR
affects expression of key proteins that regulate nephro-
genesis, by a comparative proteomic approach. IUGR was
induced in Sprague–Dawley (SD) rats by isocaloric protein
restriction in pregnant dams. A series of methods, including
two-dimensional gel electrophoresis (2-DE), silver staining,
mass spectrometry and database searching was used. After
silver staining, 2-DE image analysis detected an average
730±58 spots in the IUGR group and 711±73 spots in the
control group. The average matched rate was 86% and
81%, respectively. The differential proteomic expression
analysis found that 11 protein spots were expressed only in
the IUGR group and one in the control group. Seven
protein spots were up-regulated more than fivefold and two
were down-regulated more than fivefold in the IUGR group
compared with those in control group. These 21 protein
spots were preliminarily identified and were structural
molecules, including vimentin, perlecan, gamma-actin and
cytokeratin 10, transcription regulators, transporter proteins,
enzymes, and so on. These proteins were involved
primarily in energy metabolism, oxidation and reduction,
signal transduction, cell proliferation and apoptosis. Data
from this study may provide, at least partly, evidence that
abnormality of metabolism, imbalance of redox and

apoptosis, and disorder of cellular signal and cell prolifer-
ation may be the major mechanisms responsible for
abnormal nephrogenesis in IUGR.
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Introduction

Intrauterine growth restriction (IUGR) has long-term effects
on various organisms through fetal programming [1, 2].
Human studies of the association between IUGR and renal
diseases indicate that, in contrast to the normal fetal kidney,
the IUGR fetal kidney has less volume, with a significant
reduction in the number of glomeruli [3, 4]. In addition,
long-term follow-up after birth showed that there was
significantly lower glomerular filtration and greater inci-
dence of proteinuria in the IUGR group than in the control
group [5, 6]. Our previous animal studies have also shown
a decrease in the number of glomeruli in IUGR rats, with an
increased incidence of proteinuria and hypertension in the
postnatal follow-up period [7]. However, the mechanism
underlying IUGR-induced abnormal nephrogenesis has not
yet been fully clarified.

We investigated the differences in proteomic profiles
between normal and IUGR neonatal rats in order to identify
the key proteins that are associated with nephrogenesis in
IUGR rats.

Materials and methods

This work was performed with the approval of the Child-
ren’s Hospital of Fudan University’s Institutional Animal
Use and Care Committee.
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Establishment of the IUGR animal model

Twelve female Sprague–Dawley (SD) rats (Clean conven-
tional animals, body weight 250–300 g, provided by the
Department of Experimental Animals, Fudan University,
Shanghai, China) were randomly divided into two groups
after mating with male rats. The normal control group was
supplied with conventional feed (22% protein) during the
gestation period until they underwent natural labor. The
resulting neonatal rats were assigned to the control group.
To establish the IUGR animal model, we provided a low-
protein isocaloric diet, consisting of 6% protein, to the
IUGR group throughout the entire pregnancy period until
natural labor [8]. The resulting newborn rats with body
weights two standard deviations below the average were
assigned to the neonatal IUGR rats (IUGR group).

Measurement of kidney weight and glomerular count

Sixteen newborn male rats were selected from each group.
The rats were killed by jugular puncture after being
anesthetized. The kidney weight and body weight of the
rats in each group were measured. The kidneys were
conventionally fixed, embedded, sliced, and stained with
hematoxylin and eosin (HE). The glomeruli were counted.
The method for counting the glomeruli has been previously
reported [9, 10].

Two-dimensional gel electrophoresis and image analysis

Eight neonatal IUGR kidneys (average weight 48±4 mg/
kidney, total weight 385 mg) and six neonatal normal
kidneys (average weight 64±4 mg/kidney, total weight
383 mg) were mixed for total protein extraction. Tissues
were homogenized in a lysis buffer, spun down to collect
the supernatant, and subjected to the Bradford assay to
determine protein concentration. Two-dimensional gel
electrophoresis (2-DE) was performed according to the
manufacturer’s instructions (Amersham Biosciences, Buck-
inghamshire, UK). Immobiline pH gradient DryStrip gel
(18 cm, non-linear pH 3∼10, Amersham Biosciences) was
rehydrated with 450 μl of re-swelling buffer containing
250 μg protein sample at 20°C for 12 h, focused by
gradient-increasing voltage to 8,000 V, and continued until
a total of 52,000 voltage-hours was reached. After focusing,
the strip was equilibrated for 15 min in an equilibration
solution containing 1% dithiothreitol and 2.5% iodine
acetamide and transferred to the top of a 12.5% polyacryl-
amide gel for sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE). The electrophoresis was
performed at 25°C until bromophenol blue reached the
bottom of the gel. The gel was stained by silver stain and
then scanned for image analysis. Each 2-DE experiment

was performed in triplicate to confirm the reproducibility.
The scanned gel images were then analyzed by software
PDQuest 7.3.0 (Bio-Rad, Hercules, CA, USA).

In-gel digestion and mass spectrometry

Protein spots with significant differences between the two
groups were excised from the gels and placed into a 96-well
micro-titer plate. The gel pieces were put into a solution of
15 mM potassium ferricyanide and 50 mM sodium
thiosulfate (1:1) for 20 min at room temperature. Then
they were washed twice with deionized water and dehy-
drated in acetone cyanohydrin (ACN). The samples were
then rehydrated in a digestion buffer containing 20 mM
ammonium bicarbonate and 12.5 ng/μl trypsin (Roche,
Indianapolis, IN, USA) at 4°C. After 30 min incubation, the
gels were digested for more than 12 h at 37°C. The peptides
were then extracted twice with 0.1% trifluoroacetic acid
(TFA) in 50% ACN. The extracts were dried under the
protection of nitrogen (N2).

For matrix-assisted laser desorption ionization–time of
flight mass spectrometry (MALDI-TOF-MS), the peptides
were eluted onto the target with a 0.7 μl matrix solution
(α-cyano-4-hydroxy-cinnamic acid in 0.1% TFA and 50%
ACN). Then, the solution was spotted onto a stainless steel
target with 192 wells (Applied Biosystems, Framingham,
MA, USA). The samples were allowed to dry in air before
being inserted into the mass spectrometer. The MALDI
mass spectrometer was an ABI 4700 TOF-TOF proteomics
analyzer (Applied Biosystems). The ultraviolet (UV) laser
was operated at a 200 Hz repetition rate and a wavelength
of 355 nm. The accelerated voltage was operated at 20 kV.
The data were searched by GPS Explorer (Applied
Biosystems) using MASCOT as a search engine. Data from
MALDI-TOF tandem mass spectrometry (MS/MS) were
analyzed using MASCOT (Matrix Science, London, UK)
search software. The following parameters were used in the
search: retrieval species for rat, enzyme for trypsin, missed
cleavage by 1, peptide tolerance of 0.2, MS/MS tolerance
of 0.6 Da and possible oxidation of methionine.

Western blot

Two sets of kidney tissue lysates from both the IUGR and
control groups were subjected to Western blotting. Con-
ventionally, 40 μg of total protein was first separated by
12% SDS-PAGE and transferred to a polyvinylidene
fluoride (PVDF) membrane by semi-dry transfer, and the
membrane was blocked in 5% non-fat milk at room
temperature for 1 h. The membrane was then incubated
with monoclonal mouse anti-vimentin antibody (1:400,
Abcam, Cambridge, UK) or monoclonal anti-perlecan
antibody (1:500, Biomeda, CA, USA) at 4°C overnight,
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followed by incubation with horseradish peroxidase (HRP)-
labeled secondary antibody (1:2000, Abcam) at room tem-
perature for 1 h. The protein was visualized by enhanced
chemiluminescence (ECL), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Kangchen, Shanghai, China) was
detected as the internal control.

Immunohistochemistry

Three kidney tissue sections from either the IUGR or the
control group were used for the detection of the expression
level of vimentin or perlecan by immunohistochemical
staining. Paraffin-embedded tissue sections were first de-
waxed and rehydrated. Microwave antigen retrieval was
done in the presence of citric acid buffer (pH 6.0). The
samples were blocked with horse serum for 20 min before
incubation with monoclonal mouse anti-vimentin antibody
(1:100, Abcam) or monoclonal anti-perlecan antibody
(1:100, Biomeda) at 37°C for 1 h, followed by incubation
at 4°C overnight. The tissue sections were then incubated with
biotin-labeled secondary antibody (Kangchen) or phosphate-
buffered saline (PBS) solution for the negative control at 37°C
for 1 h and chromogenized by diamino-benzidine (DAB).
Nuclei were counterstained with hematoxylin.

Statistical analysis

Quantitative data were presented as means ± standard
deviations. Comparisons between groups were made with
the least significant difference (LSD) test. P values less
than 0.05 were considered to be statistically significant.

Results

Comparison of kidney weight and number of glomeruli at
birth The kidney weight and the ratio of kidney weight to
body weight in the IUGR group were lower than those in
the control group (P<0.001) (Table 1). The number of
glomeruli in the IUGR group (number/unilateral kidney)
was significantly lower than that in control group (IUGR
group 22,891±1242; control group 28,466±919, P<0.001).

Comparison of renal tissue morphology at birth Hematox-
ylin and eosin (HE) staining showed that the cortex in the
IUGR group was significantly thinner than that in control
group (IUGR group 391.94±24.73 μm; control group
425.50±24.01 μm, P<0.01), while the nephrogenic zone
in the IUGR group was significantly thicker than that in the
control group (IUGR group 149.26±13.92 μm; control
group 109.22±27.06 μm, P<0.05).

Results of 2-DE and mass spectrometry

Total proteins were extracted from the kidneys of eight
IUGR and six normal control neonatal rats and then
subjected to 2-DE three times to show reproducibility.
Three sets of 2-DE profiles were obtained (Fig. 1). With the
application of PDQuest 7.3.0 software for image analysis,
these results showed that a total of 730±58 protein spots
was obtained in the IUGR group, with an average match
rate of 86%. A total of 711±73 protein spots was obtained
from the control group, with an average match rate of 81%.
The differential expression analysis found that 11 protein
spots were expressed only in the IUGR group (nos. 1–11)
and one spot only in the control group (no. 12). Seven
protein spots were up-regulated more than fivefold (nos.
13–19), and two spots were down-regulated more than
fivefold (nos. 20 and 21) in the IUGR group compared with
those in the control group. These 21 protein spots were
picked for mass spectrometry analysis, and all were
successfully identified (Table 2).

Retrieval and classification of different protein functions

We used the gene ontology (GO) classification method for
functional analysis of the 21 proteins, focusing on
biological process, cellular component, and molecular
function (Table 3). These proteins are involved primarily
in energy metabolism, oxidation and reduction, signal
transduction, cell proliferation and apoptosis.

Structural molecules accounted for 20% of the identified
proteins and included vimentin, perlecan, gamma-actin,
cytokeratin 10, transcription regulators such as the splicing
factor (arginine/serine-rich 9), Rho guanosine diphosphate
(Rho GDP) dissociation inhibitor alpha, cell division
protein kinase 2 as well as transporter proteins and
enzymes.

Confirmation of vimentin expression by Western blot
and immunohistochemistry

Western blot results showed that vimentin expression level
was significantly higher in the IUGR group than in the
control group (Fig. 2). Brown granules in the immunohis-

Table 1 Comparison of kidney weights at birth. Data are means ±
standard deviations; n=16 per group

Parameter Control group IUGR group

Body weight (g) 6.920±0.329 4.810±0.272*

Kidney weight (g) 0.065±0.004 0.038±0.003*

Kidney weight/body weight (%) 0.945±0.025 0.785±0.041*

*Compared with control group, P<0.001
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tochemical staining revealed the distribution of vimentin
after DAB chromogenization. Immunohistochemistry (IHC)
result indicated that vimentin was expressed primarily in
glomeruli, and its expression was significantly increased in
the IUGR group compared to the control group (Fig. 3).

Confirmation of perlecan expression by Western blot
and IHC

Western blot results showed that the perlecan expression
level was significantly lower in the IUGR group than in the
control group (Fig. 4). Brown granules in the immunohis-
tochemical staining revealed the distribution of perlecan
after DAB chromogenization. IHC results indicated that
perlecan was expressed in both the glomeruli and the
tubules, and the level of perlecan was significantly reduced
in the IUGR group compared to the control group (Fig. 5).

Discussion

IUGR may have a long-term impact on organ function
through the process of fetal programming. IUGR causes
hormone imbalance and metabolic disorders, affects growth
and development in many organs, and is associated with
many diseases that can jeopardize human health, such as

hypertension, coronary heart disease, diabetes and chronic
kidney disease [11, 12].

Our results in SD rats showed that the offspring born to
mothers fed on low protein diets during pregnancy had
fewer glomeruli than normal at birth. The cortex in the
IUGR group was significantly thinner, while the nephro-
genic zone was significantly thicker, than those in the
control group. However, until now, apart from some studies
that revealed increased apoptosis in the developing kidney
and changes in the renin–angiotensin system, the detailed
pathogenic mechanism of abnormal nephrogenesis has been
largely unknown [13–16]. Studies on how IUGR affects
nephrogenesis may contribute to our understanding of the
pathogenesis of renal diseases related to fetal origin and
may uncover potential therapeutic targets.

Proteomic technology has been used extensively in basic
medical research in the past few years. It has been used to
study systemic and quantitative proteomic changes in
tissues and cells at different stages of disease progression.
This is very important when disease pathogenesis is being
studied and when new drug targets are being searched for.
In the field of kidney research, proteomic approaches have
been used to compare the differences in protein expression
profiles between the renal cortex and medulla [17]. At the
same time, this technology has been applied to pathogenic
studies in diabetic nephropathy, focal segmental glomerular
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Fig. 1 Images of the 2-DE profiles. a IUGR group; b control group. Locations of 21 differentially expressed protein spots. The numbers of the
protein spots correspond to those listed in Table 2
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sclerosis, lupus nephritis, tumors, and acute rejection [18–
20]. However, due to limitations in sample quantity in both
animal and clinical studies, ‘sample pooling’, by the mixing
together of three to ten samples with the same background,
before the 2-DE analysis has become a popular technique
[21–23]. The results have suggested that analysis of mixed
samples not only helps to reduce the required number of
repeat runs in 2-DE but also reduces the standard deviation
obtained from individual samples.

We applied sample pooling to study differential protein
expression profiles between neonatal IUGR and control
rats. Our results revealed that a total of 21 proteins showed
significant differences in the expression profile. Functional
classification of these differential proteins showed that they
were involved primarily in biological processes such as
energy metabolism, oxidation and reduction, signal trans-
duction, cell proliferation and apoptosis. Meanwhile,
structural molecules accounted for 20% of the differential
proteins identified and included vimentin, perlecan,
gamma-actin and cytokeratin 10.

Vimentin is the major intermediate filament protein of
mesenchymal cells and has been implicated in multiple
biological pathways. It is associated with apoptosis,
inflammation, and homeostasis [24]. Previous studies have
shown that vimentin expression is altered in different
kidney diseases: prenatally detected hydronephrosis with

chronic interstitial nephropathy in a biopsy exhibits greater
immunostaining for vimentin, the expression of which
positively correlates with renin, angiotensin II receptors 1
and 2 mRNA levels [25]. Meanwhile, vimentin expression
increases rapidly in diabetic rats and patients with chronic
glomerulonephritis [26, 27]. Kim et al. and Zou et al. have
reported that puromycin aminonucleoside injection can
cause extreme podocyte hypertrophy and increased glomer-
ular size. At the same time, vimentin transcripts signifi-
cantly increased [28, 29]. A recent study has shown that
there was an increase in glomerular diameter in 3-month-
old rats that underwent 50% intrauterine food restriction
and that vimentin levels were higher in the tubulointerstitial
areas than in control rats [30]. Our result was consistent
with that and showed that vimentin was significantly
increased in the IUGR group when compared with that in
the control group. The function of intermediate filament
proteins is primarily to increase the mechanical resistance
of cells, and vimentin is an indicator of cell regeneration
suggestive of recent injury. It is, therefore, tempting for one
to speculate that the up-regulation of vimentin allows
resident renal cells to progress to cell hypertrophy and
increase the mechanical stability of the cytoskeletal
network, which is suitable for renal growth.

Perlecan is a large multi-domain extracellular matrix
proteoglycan that plays a crucial role in tissue development

Table 2 Differentially expressed protein spots in the kidneys of newborn rats

Number Name MW pI Score Sequence coverage (%)

1 Non-specific dipeptidase 52,767 5.43 132 33

2 Methylmalonate semialdehyde dehydrogenase 57,808 7.54 92 33

3 Transketolase 67,644 7.22 125 29

4 Uridine monophosphate synthetase 52,292 6.17 190 32

5 Vimentin 53,733 5.06 368 63

6 Apolipoprotein A-IV 44,456 5.06 232 60

7 Cytokeratin 10 59,511 5.13 184 21

8 26 S protease regulatory subunit 7 48,648 5.72 268 62

9 Delta-1-pyrroline-5-carboxylate dehydrogenase 61,811 7.70 160 16

10 Retinal dehydrogenase 1 54,459 7.94 152 32

11 Rho GDP dissociation inhibitor alpha 23,407 5.12 146 48

12 Splicing factor, arginine/serine-rich 9 25,498 8.67 78 45

13 Uroporphyrinogen decarboxylase 40,453 6.35 126 29

14 Heterogeneous nuclear ribonucleoprotein K 50,976 5.39 171 39

15 75 kDa glucose regulated protein 73,858 5.51 206 33

16 227 kDa spindle and centromere associated protein 227,218 5.47 95 21

17 Disulfide-isomerase A3 57,043 5.88 150 41

18 Cell division protein kinase 2 33,999 8.80 67 19

19 Alpha-electron transfer flavoprotein 35,009 8.62 391 48

20 Gamma-actin 41,832 5.22 161 24

21 Perlecan 398,294 5.85 145 20

MW molecular weight, pI isoelectric point, GDP guanosine diphosphate
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Table 3 Function of differentially expressed proteins

Number Name Biological process Cellular component Molecular function

1 Non-specific dipeptidase proteolysis – carboxypeptidase activity;
metalloprotease activity; dipeptidase
activity; protein dimerization activity;
zinc ion binding

2 Methylmalonate
semialdehyde
dehydrogenase

beta-alanine catabolic process;
oxidation reduction; thymine
catabolic process; valine
catabolic process;

mitochondrion acyl-CoA binding; malonate-
semialdehyde dehydrogenase activi-
ty; thiol-ester hydrolase activity

3 Transketolase ribose phosphate biosynthetic
process; pentose-phosphate
shunt

endoplasmic reticulum
membrane; microsome;
peroxisome; soluble
fraction

calcium ion binding; magnesium
binding; monosaccharide binding;
thiamin pyrophosphate binding;
transketolase activity

4 Uridine 5′-
monophosphate
synthetase

de novo pyrimidine basic
biosynthetic process; nucleoside
metabolic process

– orotate phosphoribosyltransferase
activity; orotidine-5′-phosphate
decarboxylase activity

5 Vimentin – cytoplasm; nuclear matrix;
type III intermediate
filament

protein kinase binding; structural
constituent of cytoskeleton

6 Apolipoprotein A-IV lipid transport; lipoprotein
metabolic process; response to food

chylomicron lipid binding; lipid transporter
activity

7 Cytokeratin 10 epidermis development intermediate filament protein binding; structural
constituent of epidermis

8 26 S protease
regulatory subunit 7

– cytosol; nucleus ATP binding; protein binding

9 Delta-1-pyrroline-5-
carboxylate
dehydrogenase

oxidation reduction; proline
biosynthetic process

mitochondrial matrix 1-pyrroline-5-carboxylate
dehydrogenase activity

10 Retinal dehydrogenase 1 oxidation reduction cytoplasm retinal dehydrogenase activity; 3-
chloroallyl aldehyde dehydrogenase
activity

11 Rho GDP dissociation
inhibitor alpha

Rho protein signal transduction;
regulation of protein
localization

cytoplasm; immunological
synapse

GTPase activator activity; Rho
GDP dissociation inhibitor
activity; protein binding

12 Splicing factor, arginine/
serine-rich 9

RNA splicing; mRNA processing nucleus RNA binding; nucleotide binding

13 Uroporphyrinogen
decarboxylase

heme biosynthetic process cytoplasm uroporphyrinogen decarboxylase
activity

14 Heterogeneous nuclear
ribonucleoprotein K

RNA splicing; mRNA processing cytoplasm; spliceosome RNA binding; protein binding

15 75 kDa glucose
regulated protein

protein folding mitochondrion ATP binding; unfolded protein
binding

16 227 kDa spindle and
centromere associated
protein

cell division; meiosis; mitosis centrosome; condensed
chromosome kinetochore;
spindle

–

17 Disulfide-isomerase A3 cell redox homeostasis endoplasmic reticulum;
endoplasmic reticulum
lumen; melanosome

protein disulfide isomerase activity

18 Cell division protein
kinase 2

cell division; mitosis; amino acid
phosphorylation

– ATP binding; cyclin-dependent
protein kinase activity

19 Alpha-electron transfer
flavoprotein

electron transport chain; transport mitochondrial electron transfer
flavoprotein complex

FAD binding; electron carrier activity

20 Gamma-actin – cytoplasm; cytoskeleton ATP binding; protein binding

21 Perlecan cell adhesion; chondrocyte
differentiation; embryonic skeletal
system morphogenesis;
extracellular matrix organization;
protein localization

basal lamina protein binding

CoA coenzyme A, ATP adenosine triphosphate, GTP guanosine triphosphate, GDP guanosine diphosphate, FAD flavin adenine dinucleotide
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and organogenesis, and it supports various biological func-
tions, including cell adhesion and modulation of apoptosis.
Meanwhile, perlecan also binds with relatively high affinity to
a number of growth factors and surface receptors, thereby
stabilizing cell–matrix links [31]. In normal kidneys, perlecan
plays an important role in the maintenance of the glomerular
filtration barrier. Perlecan null mice display abnormal early
embryonic or perinatal lethality. The histological examina-
tion of these mice shows a marked disorganization in the
structure and architecture of the developing tissue [32]. A
down-regulation of perlecan has been reported in rats with
puromycin aminonucleoside-induced nephrosis [33]. Mean-

Fig. 3 IHC analysis of vimentin expression in the kidneys. a IUGR
group; b control group. Vimentin was primarily expressed in the
glomeruli. The staining in the IUGR group was significantly greater
than that in the control group. DAB chromogenization, ×400
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54kDa 

37kDa 

Fig. 2 Western blot analysis of vimentin expression in the kidneys.
The expression of vimentin in the IUGR group was greater than that in
the control group

IUGR group   Control group 
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Fig. 4 Western blot analysis of perlecan expression in the kidneys.
The expression of perlecan in the IUGR group was lower than that in
the control group

Fig. 5 IHC analysis of perlecan expression in the kidneys. a IUGR
group; b control group. Perlecan was expressed in both the glomeruli
and the tubules. The staining in the IUGR group was significantly
lower than that in the control group. DAB chromogenization, ×400
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while, in diabetic patients and animals, perlecan is reduced in
the renal parenchyma [34]. Our result indicated that perlecan
was significantly reduced in the glomeruli of the IUGR
group when compared with the control group. Previous
study has shown that the deficiency of perlecan leads to the
metanephric dysmorphogenesis and consequent atrophy of
the mesenchyme exhibiting accelerated apoptosis [35].
Therefore, we speculated that perlecan might play multiple
developmental roles, by concentrating growth factors and
morphogens near the cell surface and by restricting their
subsequent diffusion, and might play a crucial role in the
modulation of apoptosis in nephrogenesis.

Besides vimentin and perlecan, we identified 19 other
differentially expressed proteins that play important roles in
energy metabolism, oxidation and reduction, signal transduc-
tion, cell proliferation and apoptosis. Transketolase is an
important enzyme in the pentose phosphate pathway, a
pathway responsible for the generation of reducing equiv-
alents and which is essential for energy transduction, and
transketolase may have important implications in nutrition
[36, 37]. A 75 kDa glucose-regulated protein is known to be
induced under conditions of low glucose levels and
nutritional and other environmental stress. A previous study
has revealed increased levels of 75 kDa glucose-regulated
protein in ischemic brain [38]. Apolipoprotein A-IV acts as a
satiety signal and is regulated by nutritional and metabolic
stress. A previous study has shown that the starving of mice
for 24 h led to increased levels of liver and ileal
apolipoprotein A-IV mRNA and plasma apolipoprotein
A-IV protein [39]. Our results indicated that transketolase,
75 kDa glucose-regulated protein and apolipoprotein A-IV
were significantly increased in the IUGR group when
compared to the control group. It is, therefore, tempting for
one to presume that these proteins might protect the tissue
from metabolic stress such as nutrition deprivation. In
addition, methylmalonate-semialdehyde dehydrogenase
catalyzes the irreversible oxidative decarboxylation of
malonate semialdehyde and methylmalonate semialdehyde
to acetyl-coenzyme A (CoA) and propionyl-CoA, and delta
1-pyrroline-5-carboxylate dehydrogenase might be a regula-
tory enzyme in the ornithine–glutamate pathway [40, 41].
These two enzymes are involved primarily in oxidation and
reduction, and high concentrations of these enzymes may
alter the cellular redox state in nephrogenesis. Meanwhile,
retinal dehydrogenases convert retinal into retinoic acids,
which are important signaling molecules in embryogenesis
and tissue differentiation [42]. Heterogeneous nuclear ribo-
nucleoprotein K has been implicated in chromatin remodel-
ing, transcription, splicing, and translation processes.
Previous data have demonstrated that heterogeneous nuclear
ribonucleoprotein K may promote cell proliferation and have
a negative effect on the promotion of differentiation in vivo
[43]. Elevated levels of these two proteins may alter cellular

signaling and cell proliferation, impairing nephrogenesis.
Furthermore, Rho GDP dissociation inhibitor is a cellular
regulatory protein and an anti-apoptotic molecule that acts
primarily by controlling cellular distribution. Previous data
have demonstrated that cardiac-specific overexpression of
Rho GDP dissociation inhibitor disrupts cardiac morphogen-
esis and inhibits cardiomyocyte proliferation, leading to
embryonic lethality [44, 45]. Our results indicated that levels
of Rho GDP dissociation inhibitor were significantly
increased in the IUGR group and suggested that over-
expression of this protein might alter apoptosis and disrupt
renal morphogenesis.

Our results on the differential kidney protein profiles can
be compared with the results of a recent study on the effect
of IUGR on the proteomes of the small intestine, liver and
skeletal muscle in newborn piglets [46]. The results of that
study showed that desmin, cytoskeletal β-actin, the
immunoglobulin (Ig) α chain C region, and creatine kinase
β-type, etc. were differentially expressed in the small
intestine, while transferrin, ζ-crystallin, and alcohol dehy-
drogenase, etc. were differentially expressed in the liver.
Meanwhile, apolipoprotein A1, peroxiredoxin 1, and the
tubulin β-chain, etc. were differentially expressed in
skeletal muscle. This suggests that IUGR caused complete-
ly different proteome changes in various neonatal organs,
implying that multiple mechanisms might be involved in
IUGR-associated deficiencies in organ development.

In conclusion, a comparative proteomic approach has
provided new clues for future research. Data from this
study may provide, at least partly, evidence that abnormal-
ity of metabolism, imbalance of redox and apoptosis, and
disorder of cellular signal and cell proliferation may be the
major mechanisms responsible for abnormal nephrogenesis
in IUGR. More detailed investigations, including protein
expression, action mechanism and protein interaction, are
needed to uncover the pathogenic mechanism causing
abnormal nephrogenesis in IUGR.
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