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tine, increases were detected in IR � , IRS-1 and IGF-IR �  com-
pared to C-IUGR and EC. In IUGR kidneys, increases were ob-
served in IR �  and IGF-IR �  compared to C-IUGR and EC, and 
IRS-1 compared to EC. Decreased IRS-2 in the intestine and 
kidney were noticed in IUGR compared to C-IUGR and EC. 
 Conclusion:  IUGR fetuses had less glomeruli and alterations 
in insulin receptors, which may be associated with an in-
creased risk of disease occurrence in adulthood. 

 Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Fetal growth is a dynamic and complex process that 
involves genetic, nutritional and hormonal factors. Hor-
monal factors are involved in fetal development, e.g. 
transportation of glucose and amino acids, as well as the 
pathways that regulate cellular growth and proliferation, 
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 Abstract 
  Objective:  To investigate glomerular development and ex-
pression of insulin and insulin-like growth factor receptors in 
an experimental model of intrauterine growth restriction 
(IUGR).  Material and Methods:  We studied three groups of 
Sprague-Dawley fetuses: IUGR – restricted by ligation of the 
right uterine artery; C-IUGR – left horn controls, and EC – ex-
ternal controls (non-manipulated). Body and organs were 
weighed, and glomerular number and volume were ana-
lyzed. Expression of IR � , IRS-1, IRS-2 and IGF-IR �  was ana-
lyzed in liver, intestine and kidneys by immunoblotting.  Re-
sults:  Organ/body weight ratios were similar. In IUGR, glo-
merular number and volume were increased compared to 
C-IUGR and EC (p   !   0.001). In the IUGR liver, increases were 
found in IGF-IR �  compared to C-IUGR and EC; IR �  compared 
to EC, and IRS-2 compared to C-IUGR. However, decreases in 
IR �  were noted in IUGR compared to C-IUGR; IRS-1 compared 
to C-IUGR and EC, and IRS-2 compared to EC. In IUGR intes-
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and the balance of these pathways is responsible for ap-
propriate fetal growth  [1] .

  However, an imbalance in these factors can cause in-
trauterine growth restriction (IUGR), which is not only an 
important cause of perinatal morbidity and mortality, but 
also of increased risk of disease occurrence in adulthood, 
especially diabetes and cardiovascular diseases. The di-
minished delivery of oxygen and nutrients to the IUGR 
fetus leads to redistribution of the circulation and de-
creased growth through unclear mechanisms that, none-
theless, involve insulin and its related growth factors  [2] .

  Insulin acts by binding to and activating transmem-
brane receptors. After binding, these receptors self-phos-
phorylate and catalyze the phosphorylation of intracel-
lular proteins like insulin receptor (IR) substrate (IRS), 
Shc (Src homology collagen) and Cbl (Casitas B-lineage 
lymphoma). These intracellular pathways regulate the 
transport of glucose and the synthesis of glycogen, lipids 
and proteins, thus coordinating and integrating the in-
termediate cellular metabolism  [3] .

  The insulin-like growth factor (IGF) system is im-
portant for cellular regulation and proliferation and in-
cludes IGF-I and IGF-II, type I and II IGF receptors 
(IGF-IR and IGF-IIR), IGF binding proteins (IGFBP-1 to 
IGFBP-6) and intracellular signaling proteins associat-
ed to IGF-IR: (a) members of the IRS family, (b) AKT 
(serine/threonine kinase), (c) TOR (target of rapami-
cine) and (d) S6K (S6 kinase)  [4] . Binding of IGF-I or 
IGF-II to IGF-IR promotes catalytic activity in the tyro-
sine kinase domain that triggers the phosphorylation of 
intracellular substrates activating cellular growth and 
proliferation  [5, 6] . In order to clarify the metabolic 
changes involved in fetal growth, we assessed IR and 
IGF in a rat model of IUGR.

  Materials and Methods 

 The study was approved by the Animal Research Ethics Com-
mittee of the University of Campinas (No. 1644-1).

  Pregnant Sprague-Dawley rats weighing approximately 250 g 
were mated overnight. The following day, a vaginal smear was 
performed and the presence of spermatozoa was considered day 
0 of gestation (term = 22 days).

  We performed ligation of the right uterine artery in 10 rats; for 
the EC group we also included the fetuses from 4 pregnant rats, 
making a total of 14 pregnant rats included in the study. The study 
was performed in three fetal groups of 20 fetuses each: (1) external 
controls (EC): fetuses from nonmanipulated pregnant rats; (2) C-
IUGR: control fetuses from the left horn from pregnant rats that 
underwent ligation of the contralateral uterine artery, and (3) 
IUGR: fetuses from the right horn that underwent right uterine 
artery ligation at 18.5 days of gestation.

  We used the IUGR rat model by uterine artery ligation de-
scribed by Wigglesworth  [7] . At 18.5 days of gestation, pregnant 
Sprague-Dawley rats were anesthetized with 175 mg/kg of ket-
amine (50 mg/ml; Ketamina � ; Pfizer, Brazil) and 2.5 mg/kg of 
xylazine (10 mg/ml; Rompum � ; Bayer, Brazil) intramuscularly in 
the right posterior thigh. This combination and dosage of anes-
thetics keeps the rats under deep sedation for 3 h and pain free for 
6–12 h postoperatively. After anesthesia, the abdomen was shaved, 
wiped with anti-septic solution and a fenestrated sterile drape was 
placed. A median laparotomy was performed in two layers, and 
both uterine horns were visualized. Then the right uterine artery 
was dissected and ligated close to the uterine horn with a 3-0 cot-
ton thread ( fig. 1 ).

  Subsequently, the abdomen was closed in two layers with con-
tinuous 4-0 nylon suture. At the end of the procedure, the rats 
were placed under an oxygen hood (1 l/min) until they were fully 
awaken. Postoperatively, rats were kept in individual acrylic cag-
es with water and chow ad libitum.

  At 21.5 days of gestation, pregnant rats from all groups were 
again anesthetized according to the previously described anes-
thetic combination and dosage, and underwent cesarean section 
by a median laparotomy. The fetuses were harvested and the rat 
was sacrificed by exsanguination. After harvesting, the fetuses 
were weighed in a precision weight scale (OHAUS 360; Denver 
Instruments, USA). Then, the fetuses underwent decerebration by 
occipital puncture, and the abdomen was opened by median inci-
sion and dissected with the aid of loupes. The intestine was dis-
sected and harvested from the pylorus to the superior rectum at 
the site of peritoneal reflection. The intestines, liver, kidneys and 
placenta from the fetuses of all the groups were removed and 
weighed (mg). The weights of the following organs were deter-
mined: intestine (IW), liver (LW), kidney (RW) and placenta 
(PW). Organ/body ratios (IW/BW, LW/BW, RW/BW and PW/
BW) were calculated in order to evaluate their proportions.

  Renal Photographic and Histological Evaluation 
 The kidneys were fixed in 10% formalin at room temperature 

for 24 h, embedded in paraffin and mounted in series of 7 slices. 
After hematoxylin-eosin staining, longitudinal histological
sections of 5  � m were photographed using a photomicroscope 
(Nikon Eclipse E800,  ! 200) to determine glomerular counts and 
volumes. The measurements are shown in micrometers for the 
kidneys from 5 fetuses from each group, with 3 fields from each 
of the 3 slices of each fetus (total of 9 fields from each fetus). Im-
ages were analyzed with the software Image Pro Plus �  and mea-
surements were made in 5 sequential slices for each variable in 
each fetus. We measured glomerular volume using the Weibel-
Gomez method  [8] . Briefly, average glomerular areas and volumes 
were determined using the formula:

  V G  = area 1.5   !  1.38/1.01
  where 1.38 is  � , the sphere shape coefficient, and 1.01 is the size 
distribution coefficient assuming a 10% variation ( fig. 2 ).

  Protein Analysis by Immunoblotting 
 After weighing, the liver, intestine and kidney from 6 fetuses 

per group were ablated, pooled, minced coarsely and homoge-
nized immediately in extraction buffer containing (in m M ) Tris 
100 (pH 7.4), sodium pyrophosphate 100, sodium fluoride 100, 
EDTA 10, sodium vanadate 10 and phenylmethylsulfonyl fluoride 
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2, and 0.1 mg aprotinin/ml and 1% Triton X-100 at 4   °   C using a 
Polytron PTA 20S generator (model PT 10/35; Brinkmann Instru-
ments, Canada) operated at maximum speed for 30 s. The extracts 
were centrifuged at 15,000 rpm (9,000  g ) at 4   °   C in a 70.1 Ti rotor 
(Beckman, USA) for 45 min to remove insoluble material, and the 
supernatants of these tissues were used for protein quantification 
using the method described by Bradford  [9] . Proteins were dena-
turated by boiling in Laemmli sample buffer  [10]  containing 100 
m M  DTT, run on SDS-PAGE and transferred to nitrocellulose 
membranes, which were blocked, probed and developed as de-
scribed previously  [11] . The  �  subunit of IR (IR � ), IRS-1 and IRS-
2 were immunoprecipitated from each group. Antibodies used for 

immunoblotting were anti-IR, anti-IRS-1 and anti-IRS-2 (Santa 
Cruz Biotechnology, USA). Blots were exposed to preflashed Ko-
dak XAR film with Cronex Lightning Plus intensifying screens at 
–80   °   C for 12–48 h. Band intensities were quantified by optical 
densitometry (Scion Image software, USA) of the developed auto-
radiographs.

  Statistical analysis was performed using ANOVA with Tukey’s 
post hoc test. Significant statistical difference was considered 
when p   !   0.05.

  Results 

 Morphometric Results 
 The average body weight of rats that underwent sur-

gery was 324 g ( 8 67) at 18.5 days of gestation and 340 g 
( 8 83) at 21.5 days, with a 16-gram ( 8 65) increase in 
weight. The 4 pregnant rats of the EC group had an av-
erage weight of 320 g ( 8 65) at 18.5 days of gestation and 
380 g at 21.5 days of gestation, i.e. a 60-gram ( 8 20) in-
crease in body weight. There was no difference in body 
weight gain between operated and non-operated preg-
nant rats (p   !   0.05).

  From a total of 55 fetuses that were subjected to re-
duced blood flow at the right horn by ligation of the right 
uterine artery, 20 (32%) survived. Among the dead fetus-
es, 30 were closer to the site of ligation, mostly the first or 
second fetus distal to the ligation site. There was no mor-
tality in both control groups.

  Fetuses of the IUGR group had a significantly lower 
BW, LW and IW than C-IUGR and EC fetuses (p   !   0.001). 

  Fig. 1.  Visualization of the uterine horn and site of ligation of the 
right horn (arrow). 

a b20 μm 10 μm

C IUGR

  Fig. 2.  Histological measures of the kidney for morphometric 
analysis.  a  Glomerular count ( ! 200, bar = 20  � m).  b  Measure-
ment of glomerular diameter for glomerular volume calculation 
( ! 400, bar = 10  � m).  

  Fig. 3.  Fetuses from the IUGR and C-IUGR (C) groups.             
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There was no difference among groups for the RW, PW 
or the LW/BW, IW/BW, RW/BW and PW/BW ratios ( ta-
ble 1 ). IUGR fetuses had a proportional decrease in their 
weight ( fig. 3 ).

  Fetal glomerular counts ( fig. 4 ) were lower in the IUGR 
group than in the C-IUGR and EC groups (p   !   0.01), but 
the glomerular volumes of the IUGR groups ( fig. 5 ) ex-
ceeded that of the C-IUGR and EC groups (p   !   0.01).

  Biochemical Results 
  Liver.  IGF-IR �  expression was higher in IUGR than in 

C-IUGR and EC (p  !  0.001 and p  !  0.01, respectively). 
The EC group had increased expression of IGF-IR �  com-
pared to C-IUGR (p  !  0.05). IR �  expression was increased 
in the IUGR group compared to the EC group (p  !  0.001), 
but lower compared to the C-IUGR group (p  !  0.05). Ex-
pression of IR �  was increased in C-IUGR compared to 
EC (p  !  0.001). IRS-1 expression was lower in the IUGR 
group than the EC (p  !  0.001) and C-IUGR groups (p  !  
0.01) and higher in EC compared to C-IUGR (p  !  0.001). 
IRS-2 expression was lower in IUGR than EC (p  !  0.05) 
and C-IUGR (p  !  0.01), but higher in EC compared to C-
IUGR (p  !  0.001;  fig. 6 ).

   Intestine.  In the intestine, the expression of receptors 
(IR � , IRS-1 and IGF-IR � ) was higher in the IUGR group 
compared to the C-IUGR (p  !  0.05 for IR � , p  !  0.001 for 
IGF-IR �  and IRS-1) and EC groups (p  !  0.01 for IR �  and 
IRS-1, p  !  0.001 for IGF-IR � ). Intestinal expression of 
IGF-IR �  and IR �  was similar between the EC and C-
IUGR groups. On the other hand, IRS-2 expression was 
lower in the IUGR group compared to the C-IUGR (p  !  
0.05) and EC (p  !  0.001) groups ( fig. 7 ).

   Kidneys.  In the kidneys, the expression of IR �  and 
IGF-IR �  was higher in the IUGR group compared to the 
C-IUGR (p  !  0.01 for IR � , p  !  0.05 for IGF-IR � ) and EC 
groups (p  !  0.01 for IR � , p  !  0.05 for IGF-IR � ), while the 

IRS-2 expression was lower in the IUGR group compared 
to the C-IUGR (p  !  0.05) and EC (p  !  0.01) groups. IRS-1 
expression was higher in IUGR compared to EC (p  !  0.01) 
but similar to C-IUGR. Renal expression of IGF-IR �  was 
similar between EC and C-IUGR ( fig. 8 ).

  Discussion 

 The onset of chronic disease during life is epidemio-
logically associated to genetic and environmental factors 
in the fetal and neonatal period  [12, 13] .

  Several experimental models of IUGR have been de-
veloped to understand the effects of growth restriction in 
the fetus using animals such as lambs, rabbits, rats and 
mice  [14] . The rat model is the most commonly used and 
has several advantages such as short gestational period, 
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Table 1.  Average and standard deviation values for biometric pa-
rameters

EC 
(n = 20)

C-IUGR 
(n = 20)

IUGR 
(n = 20)

p
valuea

BW 6,7908360 5,2978563 4,3688773 <0.001
LW 420841.8 332849 299852 <0.001
IW 242836 217841 174841 <0.001
RW 78.6813.6 87843 5687 NS
PW 627878 6138120 551869 NS
LW/BW 0.06280.007 0.05780.001 0.06180.007 NS
IW/BW 0.03680.005 0.03780.025 0.03580.006 NS
RW/BW 0.00680.001 0.00780.004 0.00680.001 NS
PW/BW 0.09280.015 0.11480.014 0.11480.014 NS

a  Comparing IUGR to EC, and IUGR to C-IUGR using ANO-
VA with the Tukey-Kramer post hoc test.

  Fig. 4.  Glomerular count (   ! 100). n = 5 fe-
tuses per group.         
  Fig. 5.  Average glomerular volume in the 
study groups. n = 5 fetuses per group.             
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  Fig. 6.  Hepatic expression of IR     � , IRS-1, IRS-2 and IGF-IR � . n = 5 fetuses per group.       
  Fig. 7.  Intestinal expression of IR     � , IRS-1, IRS-2 and IGF-IR � . n = 5 fetuses per group.       
  Fig. 8.  Renal expression of IR     � , IRS-1, IRS-2 and IGF-IR � . n = 5 fetuses per group.       

  6  

  7  

  8  



 Bueno   /Guadagnini   /Gonçalves   /Barini   /
Saad   /Schmidt   /Sbragia   

 Fetal Diagn Ther 2010;28:145–152 150

lower costs and easiness of manipulation besides its ge-
netic, biochemical and physiologic similarity to humans. 
In these models, IUGR can be accomplished by emboliza-
tion or ligation of the uterine artery, by chronic undernu-
trition and/or maternal hypertension  [15] .

  Unilateral and selective artery ligation in order to cre-
ate a growth restriction model has previously been de-
scribed in rabbits  [15] . The model of unilateral ligation of 
the uterine artery is not often used, but having control 
fetuses in the same gestation is an advantage. We ob-
served that the unilateral complete ligation of the uterine 
artery resulted in a proportional decrease in fetal organs 
with increased mortality, especially of the first and sec-
ond fetuses closer to the site of ligation, similarly to the 
description of Wigglesworth  [7] . On the other hand, tech-
niques such as partial ligation of the uterine artery  [16]  
and temporary total occlusion of the artery for 60 min 
 [17]  have demonstrated a lower percentage of fetal death, 
with fetuses in different stages of restriction and fetuses 
with no weight change. In our study, body, liver and in-
testinal weights were lower in IUGR compared to C-
IUGR and EC groups, in agreement with the results de-
scribed by other authors that have used total bilateral li-
gation of the uterine artery. In partial ligation, it is difficult 
to standardize the amount of blood flow restriction dur-
ing the surgical procedure, while in total ligation the ob-
struction is similar among rat fetuses from different lit-
ters and thus resulting in a more homogeneous IUGR 
 [18] .

  In the rat, fetal nephrogenesis is only completed by the 
8th postnatal day  [19] . Both IUGR and undernutrition 
after birth can decrease the number of glomeruli and lead 
to a compensatory increase in their volume, which was 
also observed in this study  [20, 21] .

  The decrease in intrauterine nutrition reduces fetal 
growth (IUGR) and can result in permanent endocrine 
and metabolic changes in adult life, such as arterial hy-
pertension, diabetes and insulin resistance, dyslipidemia 
and bone density reduction  [12] . Barker et al.  [22]  have 
defended the hypothesis that the fetal genotype can result 
in more than one phenotype, which is dependent on pre- 
and postnatal individual conditions. In this way, one of 
the mechanisms that could explain the relationship be-
tween IUGR and some diseases in adulthood can be re-
lated to IR and IGF, both related to fetal development and 
growth.

  In our study, IR �  expression was increased in the re-
stricted fetuses compared to C-IUGR. It has been de-
scribed that newborn rats with IUGR can develop hyper-
glycemia and hypoinsulinemia with glucose intolerance. 

In this way, increased fetal expression of IR �  in restricted 
fetuses compared to the EC group observed in our study 
could be due to an attempt to compensate the reduced 
insulin production caused by the decreased nutritional 
availability and, after birth, newborns would not be un-
able to appropriately produce insulin in response to their 
oral intake. The impaired insulin metabolism in the fetus 
and newborn could lead to permanent changes and could 
justify the hypothesis that adult rats that had IUGR as 
fetuses would develop type 2 diabetes, similar to what 
happens in humans  [23, 24] .

  After insulin binding to its receptor, the intracellular 
substrates IRS-1, IRS-2, IRS-3 and IRS-4 are fundamen-
tal for intracellular signaling  [25] . The IRS-1 receptor has 
an important role in somatic growth; IRS-1-knockout 
mice have a 40% reduction in fetal and neonatal growth 
 [26, 27] . In our study, IRS-1 expression was decreased in 
the liver, but not in the kidney or intestine, of fetuses from 
the IUGR group, similar to previous descriptions of de-
creased hepatic IRS-1 in fetuses with lower fetal growth 
 [28] . As the liver is fundamental for glucose storage and 
production in the fasting state, their decreased body and 
organ weights may be explained by the decrease in IRS-1 
in fetuses subjected to blood flow restriction, indicating 
a possible intracellular pathway.

  On the other hand, the IRS-2 receptor participates 
mainly in glucose regulation metabolism. IRS-2-knock-
out mice have only a 10% decrease in body weight, but 
present with insulin resistance and progression to diabe-
tes, which is absent in IRS-1-knockout mice  [29] . IRS-2
is the main receptor responsible for pancreatic B-cell 
growth and insulin secretion; rats without this receptor 
develop metabolic changes similar to human type 2 dia-
betes  [30] . Our results were in accord with previous re-
ports of lower IRS-2 expression in the liver, intestine and 
kidney of restricted fetuses in other models of IUGR  [24] . 
Considering the relationship of this substrate with glu-
cose intolerance, its diminished expression can be associ-
ated with glucose intolerance observed in newborn rats 
with IUGR  [23, 24] .

  IGF-I stimulates growth and inhibits cellular apopto-
sis in a variety of cells and tissues. Binding of IGF-I to 
IGF-IR promotes cellular proliferation, on the one hand, 
and, on the other hand, blocks apoptosis by causing phos-
phorylation and inhibition of proapoptotic proteins  [31] . 
It has been demonstrated that IGF binders and IGF recep-
tors are important for the regulation of fetal growth  [32, 
33] . IGF-I-, IGF-II- and IGF-IR-knockout mice present 
with growth restriction. IGF-I acts through IGF-IR and 
IGF-II through the insulin receptor  [34] .
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  Animals subjected to a prolonged protein-restricted 
diet have decreases in liver and plasma levels of IGF-I  [35] . 
The same effect is observed in fetuses of rats in the nutri-
tional or surgical model of IUGR  [36, 37] . Besides, genet-
ic absence of IGF-I in humans results in severe IUGR and 
fetuses with IUGR have lower placental levels of IGF-I 
and IGF-IR  [38] . We found higher expression of IGF-IR �  
in the liver, intestine and kidney of rat fetuses with IUGR, 
similar to the results of Woods et al.  [39] .

  A possible limitation of this study is the fact that our 
actual controls are the fetuses of the contralateral horn. 

However, these fetuses might also be subjected to some 
degree of IUGR resulting from the decreased maternal 
intake during the operative and postoperative period. 
This is a possible explanation for some differences ob-
served between EC and C-IUGR.

  Finally, we observed that IUGR models may reveal 
that both IRS-1 and IRS-2 expression was decreased in 
the liver and kidneys and that IGF-IR �  expression was 
increased in IUGR fetuses. Our results also show that this 
is a viable model that can further contribute to the under-
standing of the metabolic syndrome in adults.
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