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ABSTRACT
The phosphatidylinositol 3-kinase and mitogen-activated protein kinase pathways mediate β cell 
growth, proliferation, survival and death. We investigated whether protein restriction during pregnancy 
alters islet morphometry or the expression and phosphorylation of several proteins involved in the 
phosphatidylinositol 3-kinase and mitogen-activated protein kinase pathways. As controls, adult 
pregnant and non-pregnant rats were fed a normal-protein diet (17%). Pregnant and non-pregnant rats 
in the experimental groups were fed a low-protein diet (6%) for 15 days. Low protein diet during 
pregnancy increased serum prolactin level, reduced serum corticosterone concentration and the 
expression of both protein kinase B/AKT1 (AKT1) and p70 ribosomal protein S6 kinase (p70S6K), as 
well as the islets area, but did not alter the insulin content of pancreatic islets. Pregnancy increased the 
expression of the Src homology/collagen (SHC) protein and the extracellular signal-regulated kinases 
1/2 (ERK1/2) independent of diet. ERK1/2 phosphorylation (pERK1/2) was similar in islets from 
pregnant and non-pregnant rats fed a low-protein diet, and was higher in islets from pregnant rats than 
in islets from non-pregnant rats fed a normal-protein diet. Thus, a short-term, low-protein diet during 
pregnancy was sufficient to reduce the levels of proteins in the phosphatidylinositol 3-kinase pathway 
and affect islet morphometry.
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INTRODUCTION

Although pancreatic islet mass is relatively constant 
under normal conditions, it has a remarkable ability 
to adapt to metabolic changes. An example is 
pregnancy, when islet mass can increase markedly 
due to both β-cell hyperplasia and hypertrophy 
(Sorenson and Brelje 1997). An increase in 
β-cell proliferation is first observed around day 
10 of pregnancy, peaks around day 14 and then 
returns to control levels by the end of pregnancy 
at approximately 21 days (Parsons et al. 1992). 
Another example of the adaptation of pancreatic 
islets occurs upon malnutrition, which is associated 
with important structural changes in the endocrine 
pancreas. Protein deficiency leads to reduced β-cell 
mass due to a decrease in the proliferation rate 
and an increase in apoptosis (Swenne et al. 1992, 
Petrik et al. 1999). Additionally, when the data are 
corrected for age and weight, a reduction in β-cell 
size and total islet volume, a lower proportion of 
β-cells per islet, a degranulation of β-cells and 
β-cells with a preponderance of abnormal pale 
granules have been observed (Heard and Stewart 
1971, Pimstone 1976, Weinkove et al. 1977).

Nutrients such as amino acids and glucose 
and certain growth factors such as insulin-like 
growth factor 1 (IGF-1), glucocorticoids, and the 
somatolactogenic hormones placental lactogen 
(PL), prolactin (PRL) and growth hormone (GH) 
increase pancreatic β-cell mitogenesis (Parsons 
et al. 1992, Swenne et al. 1992, Scharfmann and 
Czernichow 1996, Hogg et al. 1993, Hugl et al. 1998, 
Brelje et al. 1993, Rafacho et al. 2007). 17β-estradiol 
(E2) does not increase β-cell proliferation but does 
enhance the biosynthesis of insulin and is involved 
in β-cell survival (Nadal et al. 2009). Progesterone 
(P) appears to have a role in decreasing β-cell mass 
(Picard et al. 2002).

In growing rats receiving a low-protein diet, 
serum corticosterone concentrations are increased, 
the plasma concentration of IGF-1 and the number 
of GH and PRL receptors (GH-R and PRL-R) are 

reduced, at least in the liver (Herbert and Carrillo 1982, 
Prewitt et al. 1982, Maes et al. 1984). In rodents, the 
PL, PRL, E2 and P levels increase during the second 
half of pregnancy (Nadal et al. 2009), and elevated 
concentrations of corticosterone are observed during 
the later stages of pregnancy (Dupouy et al. 1975). 
Increases in the mRNA expression of GH-R and 
PRL-R (Moldrup et al. 1993) and the expression 
of PRL-R in the pancreas (Brelje and Sorenson 
1997) have also been observed during pregnancy. 
Dexamethasone, a synthetic glucocorticoid, reverses 
the PRL-induced upregulation of islet mass by 
inhibiting cell proliferation and increasing apoptosis 
(Weinhaus et al. 2000).

PRL exerts its biological effects mainly by 
activating the Janus kinase 2/signal transducer and 
activator of transcription 5 (JAK2/STAT5) pathway 
(Ihle et al. 1998, Galsgaard et al. 1999, Levy and 
Darnell 2002). PRL can also stimulate insulin 
receptor substrate (IRS) 1/2, phosphatidylinositol 
3-kinase (PI3K) and mitogen-activated protein 
kinase (MAPK) in rat Nb2 node lymphoma cells, in 
COS cells, in JAK2-deficient cell lines  (Rao et al. 
1995, Yamauchi et al. 1998) and in cultured neonatal 
rat islets (Amaral et al. 2003). Moreover, PRL 
enhances the expression of several genes related to 
growth and differentiation but reduces the expression 
of genes involved in apoptosis in pancreatic islets 
from adult female rats (Bordin et al. 2004). PL acts 
by binding to PRL-R and triggering the activation 
of downstream signaling pathways, including the 
JAK2/STAT5, PI3K/protein kinase B/AKT (AKT), 
extracellular signal-regulated kinase 1/2 (ERK1/2), 
adenylate cyclase/cyclic adenosine monophosphate 
(AC/cAMP) and intracellular calcium pathways 
(Amaral et al. 2003, 2004, Brelje et al. 2002). 
IGF-1 stimulates β-cell proliferation mainly via 
tyrosine autophosphorylation and activation of the 
IGF-1-receptor tyrosine kinase, which results in 
the downstream tyrosine phosphorylation of IRS2 
and the subsequent activation of PI3K, AKT and 
the 70 kD S6 kinase (p70S6k) (Hugl et al. 1998, 
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Dickson et al. 2001). In contrast, the effects of GH 
are initiated via activation of the JAK2/STAT5 
pathway (Cousin et al. 1999, Gahr et al. 2002). 
Crosstalk can occur at different levels between the 
PRL-R, GH-R, IGF-1-R and insulin-receptor (IR) 
signal transduction pathways (Hugl et al. 1998, 
Amaral et al. 2003, Cousin et al. 1999).

Changes in the protein expression and/or 
activation/phosphorylation of a protein common 
to these pathways could result in alterations in 
proliferation and apoptosis. These two events 
could be associated with the expansion and 
reduction of pancreatic islet mass that are observed 
during pregnancy with a low-protein diet. Thus, 
we investigated the effects of short-term protein 
restriction during pregnancy on the morphometry 
and the expression and phosphorylation of several 
proteins involved in the PI3K and MAPK pathways 
in pancreatic islets. Studies that evaluate the role 
of protein restriction on molecular and cellular 
determinants involved in β-cell adaptation during 
pregnancy are particularly important to identify 
possible causal factors of gestational diabetes and 
could contribute towards its prevention.

MATERIALS AND METHODS

ANIMALS AND DIET

The animal experiments were approved by 
the Institutional Ethics Committee in Animal 
Experimentation (Universidade Federal de Mato 
Grosso). Virgin female Wistar rats (90 days of 
age) were obtained from the University’s breeding 

colony. Mating was achieved by housing males 
with females overnight, and pregnancy was 
confirmed by the examination of vaginal smears for 
the presence of sperm. Pregnant and non-pregnant 
females were each randomly assigned to two diet 
groups: control and low-protein. The control non-
pregnant (CNP) and pregnant (CP) groups were 
fed a 17% protein diet, and the low-protein non-
pregnant (LPNP) and pregnant (LPP) groups were 

fed a 6% protein diet from days 1 to 15 of pregnancy. 
The diets were isocaloric, as previously described 
(Filiputti et al. 2008). During the experimental 
period, rats had free access to food and water and 
were housed at 22°C with a 12h light:dark cycle. 
At the end of this experimental period, the rats were 

weighed and killed by decapitation. Blood samples 
were collected and allowed to clot; sera were 
stored at -20°C for the subsequent measurement of 
17β-estradiol and progesterone by EIA (BioChem 
ImmunoSystems, Italy), prolactin by EIA 
(ALPCO Diagnostics, USA) and corticosterone 
by an enzyme-linked immunosorbent assay (Assay 
Design, USA). Serum albumin levels (Doumas 
et al. 1971) were determined immediately after 
decapitation.  Since it was not possible to evaluate 
all variables in the same animals, the number of 
individual experiments varied among groups.

MORPHOMETRY AND IMMUNOHISTOCHEMISTRY

For morphological analyses, the pancreases of rats 
were kept for approximately 8h in 10% buffered 
formalin and then processed by routine methods 
for histological analysis. After histological 
sectioning (5-µm-thick sections) and mounting 
onto positivized slides (ImmunoSlide-EasyPath®), 
the anti-insulin immunohistochemistry technique 
was performed. The sections were de-waxed in 
xylene and rehydrated in decreasing concentrations 
of alcohol (in distilled water). The blocking 
of endogenous peroxidase was performed by 
incubating the slides in a 3% solution of hydrogen 
peroxide in distilled water for 15 min at room 
temperature. For antigen retrieval, the samples were 
microwaved for 2 min in a citrate buffer of pH 6.0. 
Non-specific binding was minimized with a 15 min 
incubation in 5% skimmed milk (Molico®) diluted 
in distilled water. The sections were covered with 
a solution containing the guinea pig anti-swine 
insulin polyclonal antibody (A0564 – Dako, Corp., 
Carpinteria, CA, dilution 1:150) and were incubated 
in a moist chamber at 37°C for 60 min. The samples 
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were then washed in distilled water and treated 
with an anti-IgG guinea pig biotinylated secondary 
antibody (61-4620, ZYMED, Invitrogen USA) for 
30 min in a moist chamber at room temperature. 
Next, the sections were washed in distilled water 
and treated with a streptavidin-peroxidase conjugate 
(DAKO Corp., Carpinteria, CA) for 30 min in a 
moist chamber at room temperature. Staining was 
subsequently visualized with the application of red 
chromogen (VECTOR®NovaRED) for 5 min. The 
sections were then washed in distilled water and 
counterstained with Harris hematoxylin for 30s. 
Next, the samples were washed in water for 1-2 min, 
dehydrated in increasing concentrations of alcohol, 
cleared in xylene and mounted with Entellan 
(Merck, Darmstadt, Germany Sigma Chemical 
Co., Saint Louis, USA). Approximately 20 islets 
were observed in one field of view for each slide. 
The slides were evaluated by light microscopy, 
and images were captured with a digital camera 
(Sony Cyber-shot DSC-H5) and measured using 
the Motic® Images Plus 2.0 ML software. In the 
morphometric technique the observer was blinded 
as to the groups and the pancreatic tissue was 
assessed for the area of the islets.

WESTERN BLOTTING

After isolation by collagenase digestion of 
the pancreas and subsequent separation by 
handpicking, groups of islets were pelleted by 
centrifugation (15,000 x g) and then resuspended 
in 50-100 µL of a buffer containing protease and 
phosphatase inhibitors (Amaral et al. 2003, Kelley 
et al. 1994). The islets were sonicated, and the 
total protein content was determined (Bradford 
1976). Samples containing 50 µg of protein from 

each experimental group were incubated for 5 min 
at 80°C with a 4X concentrated Laemmli sample 
buffer (1 mmol sodium phosphate/L, pH 7.8; 0.1% 
bromophenol blue; 50% glycerol; 10% SDS; 2% 
mercaptoethanol) (4:1, v:v) and then run on 12% 
(ERK1, ERK2 and pERK1/2) or 10% (AKT, pAKT, 

and SHC) polyacrylamide gels at 120 V for 90 min. 
The electrotransfer of proteins to nitrocellulose 
membranes (Bio-Rad) was performed for 2h at 
120 V in a buffer lacking methanol and SDS. 
After checking the transfer efficiency by Ponceau 
S staining, the membranes were blocked with 
5% skimmed milk in Tween-Tris-buffered saline 
(TTBS) (10 mmol Tris/L; 150 mmol NaCl/L; 
0.5% Tween 20) overnight at 4°C. AKT, pAKT, 
SHC, ERK1, ERK2 and pERK1/2, were detected 
on the membranes after a 2h incubation at room 

temperature with the primary antibodies: anti-AKT1 
(mouse polyclonal sc5298), anti-phospho[Ser473]
AKT (rabbit polyclonal, sc7985), anti-SHC (rabbit 
polyclonal, sc288), anti-ERK1 (rabbit polyclonal, 
sc94), or anti-ERK2 antibodies (rabbit polyclonal, 
sc 154) from Santa Cruz Biotechnology, Inc. (Santa 
Cruz, CA, USA) or an anti-ERK1/2 (p44/42 MAPK 
mouse monoclonal, E10) antibody from Biolabs Inc 
(Beverly, MA, USA), diluted 1:500, v/v, in TTBS 
containing  3% albumin (Sigma). The membranes 
were then incubated with a secondary specific IgG 
antibody, diluted 1:5000, v/v, in TTBS containing 3% 
albumin (Sigma) for 2h at room temperature. After 
incubation with horseradish peroxidase-conjugated 
secondary antibody, enhanced chemiluminescence 
(SuperSignal West Pico) was used to detection, by 
autoradiography. Band intensities were documented 
by digital scanning followed by quantification using 
the Scion Image analysis software. The numerical 
values obtained are expressed in arbitrary units.

To detect IRβ, IRS1, IRS2, PI3Kp85, p70S6K 

and  phospho p70S6K, samples containing 60 µg of 
total protein were incubated with 10 µl of the anti-
IRβ (rabbit polyclonal, sc 711), anti-IRS1 (rabbit 
polyclonal, sc 559), anti-IRS2 (goat polyclonal, sc 
1556), anti-p70S6K (rabbit polyclonal, sc 8418), or 
anti-phospho p70S6K (mouse monoclonal, sc 8416) 
antibodies from Santa Cruz Biotechnology, Inc. 
(Santa Cruz, CA, USA) or an anti-PI3K-p85 (rabbit 
polyclonal 06-195) antibody from UBI (Lake 
Placid, NY, USA) at 4°C overnight. The immune 
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complexes were then precipitated with protein 
A-Sepharose 6 MB for 2h. The pellets were washed 
three times in a buffer containing 100 mM Tris, 2 
mM sodium vanadate, 1 mM EDTA and 0.5% Triton 
X-100, resuspended in 18 µl of Laemmli sample 

buffer and boiled for 5 min prior to loading onto 
polyacrylamide gels (8% for IRS1/2 and 10% for IRβ, 
PI3Kp85, p70S6K and phospho p70S6K). Following 

electrophoresis, the proteins were transferred to 
nitrocellulose membranes for 2h at 120 V. Non-specific 
protein binding to nitrocellulose was reduced by pre-
incubating the filters in blocking buffer (5% BSA, 10 
mM Tris, 150 mM NaCl, and 0.02% Tween 20) for 
2h at 22°C. IRβ, IRS1, IRS2, PI3Kp85, p70S6K and  
phospho p70S6K were detected in the nitrocellulose 
membranes after 2h incubation at room temperature 
with primary antibodies (diluted 1:500, v/v, in TTBS 
containing 3% albumin). The membranes were then 
incubated with a secondary specific IgG antibody, 
diluted 1:5000, v/v, in TTBS containing 3% albumin 
(Sigma) for 2h at room temperature. After incubation 
with horseradish peroxidase-conjugated secondary 
antibody, enhanced chemiluminescence (SuperSignal 
West Pico) was used for detection by autoradiography. 
Band intensities were documented by digital scanning 
followed by quantification using the Scion Image 
analysis software. The numerical values obtained are 
expressed in arbitrary units.

STATISTICAL ANALYSES

The results are expressed as the means ± SDs for 
the number of rats (n) indicated. For islets, n refers 
to the number of experiments performed. Levene’s 
test for the homogeneity of variances was used 
initially to check the fit of the data to parametric 
ANOVA assumptions. When necessary, the data 
were log-transformed to correct for variance in 
heterogeneity or non-normality (Sokal and Rohlf 
1995). Data were analyzed by a two-way ANOVA 
test (nutritional status and physiological status). 
When necessary, these analyses were followed 
by LSD’s honestly significant difference test to 

determine the significance of individual differences. 
The level of significance was set at P<0.05. The 
data were analyzed using the Statistic Software 
package (Statsoft).

RESULTS

Regardless of nutritional status, pregnant rats 
had higher weight gain and, consequently, higher 
final body weights (F1,83= 236.3, P<0.0001 and 
F1,83= 67.7, P<0.0001, respectively). Additionally, 
enhanced serum P (F1,22= 85.8, P<0.0001 ) and 
E2 (F1,23= 102.4, P<0.0001) levels were observed 
in pregnant rats compared with non-pregnant rats. 
Serum prolactin concentrations were higher in LPP 
than in LPNP, CP or CNP (P<0.001) rats. In contrast, 
serum corticosterone levels were lower in LPP rats 
than in CP, LPNP or CNP rats. Serum albumin 
concentrations did not differ among groups (Table I).

Detection of IR-β, IRS-1, IRS-2 and PI3K-p85 
obtained through immunoprecipitation showed 
no significant differences in the levels of all four 
proteins observed among the groups (Fig. 1A to 
1D). As shown in Figure 1E, the protein levels 
of AKT1 were 1.5-fold higher in islets from the 
LPNP group compared with the CNP group. The 
pancreatic islets from LPP rats had lower levels of 
AKT1 than did the pancreatic islets from LPNP 
rats. No significant difference was detected in the 
level of AKT1 expression between CP and CNP 
rats. The phospho[Se473]AKT1 level (Fig. 1F) and 
the ratio of phospho[Se473]AKT1/AKT1 (Fig. 1G) 
were lower in islets from low protein rats (LPP 
and LPNP) than in those of the control rats (CNP 
and CP) (F1,8=25.9, P<0.001, F1,8=6.4, P<0.05, 
respectively). In contrast, the variables were 1.3- 
and 1.7-fold higher in the islets from pregnant 
rats (LPP and CP) compared with non-pregnant 
rats, respectively, (LPNP and CNP) (F1,8=10.24, 
P<0.02, F1,8=7.7, P<0.05, respectively). Levels 
of p70S6K (Fig. 1H) and phosphor p70S6K (Fig. 1I) 
were detected from Western blot signals from 
immunoprecipitated samples. As depicted in 
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Figure1H, the pancreatic islets from LPP rats 
expressed lower levels of p70S6K than did those from 
LPNP rats, whereas the islets from CP rats expressed 
higher levels of p70S6K than did those from CNP rats. 
The phosphor p70S6K levels were 1.4-fold higher in 
the islets from pregnant rats (LPP and CP) in relation 
to non-pregnant rats (LNP and CNP) (F1,8=5.32, 
P<0.05) (Fig. 1I). No significant differences were 
detected in the phosphop70S6K/p70S6K ratio among 
groups (Fig. 1J).

As shown in Figure 2A, the expression of SHC 
increased 1.5-fold in the islets from rats fed a low-
protein diet in relation to rats fed the control diet 
(F1,8= 16.25, P<0.01). Similar results were observed 
in the islets from pregnant rats in relation to those 
from non-pregnant rats (F1,8=15.63, P<0.01). The 
protein levels of both ERK1 (Fig. 2B) and ERK2 
(Fig. 2C) were decreased in the islets from rats fed 
a low-protein diet (F1,10=11.64, P<0.01 and F1,8= 
11.97, P<0.01, respectively) compared with those 

from rats maintained on the control diet. However, 
the expression of ERK1 and ERK2 was 1.4-fold 
(F1,10=10.18, P<0.01) and 1.3-fold (F1,8= 7.91, 
P<0.05) higher in the islets from pregnant rats 
compared with non-pregnant rats, respectively. 
The phosphoERK1/2 levels were similar in islets 
from the LPNP, LPP and CP groups and were 
significantly higher in relation to those from the 
CNP group (Fig. 2D).

The insulin content in the pancreatic islets did 
not differ among groups (CNP= 26±8 ng/islet, n=4; 
CP= 28±8 ng/islet, n=4; LNP= 34±8 ng/islet, n=3; 
LP= 44±18 ng/islet, n=4).

The islet area in LPP rats was lower in relation 
to that in LPNP rats, whereas the islet area in CP 
rats was similar to that in CNP rats. No significant 
differences were observed among the islet areas in 
LPNP, CNP and CP rats (CNP= 1869±2615 µm2, 
n=91; CP= 2613±4360 µm2, n=137; LPNP=2585 
±3892 µm2, n=138; LPP=1502±2000 µm2, n=91).

Values represent the means ± SDs for the number of rats shown in parentheses. #Indicates 
differences in relation to non-pregnant rats (Two-way ANOVA, P<0.05). a,b Mean values with 
unlike superscript letters were significantly different (LSD test; P<0.05).

TABLE I
Body weight gain, final body weight, and serum albumin, 17β-estradiol, 

progesterone, prolactin and corticosterone levels in pregnant and non-pregnant 
rats maintained on control (CNP and CP) or low-protein diets (LPNP and LPP).

Variable Groups
CNP CP LPNP LPP

Body weight gain (g) 35±16
(17)

78±13#

(22)
29±12
(20)

79±15#

(28)

Final body weight (g) 258±23
(17)

309±24#

(22)
270±18

(20)
306±29#

(28)

Serum albumin (g/dl) 4.4±0.7
(6)

3.9±0.4
(7)

4.3±0.4
(10)

 4.3±0.8
(6)

Serum 17β-estradiol (pmol/L) 89±15
 (6)

198±48#

(7)
81±18

(6)
206±44#

(8)

Serum progesterone (nmol/L) 51±22
 (5)

232±35#

(7)
54±19

(5)
188±60#

(9)

Serum prolactin (ng/ml) 5.5±1.1b

 (3)
4.0±0.6b

(4)
5.6±1.3b

(4)
12.6±6.6a

(3)

Serum corticosterone (µg/dl)  15.8±1.1a

(7)
14.9±0.6a

(6)
15.3±0.3a

(5)
10.8±1.1b

(4)
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Figure 1 - Protein expression of IR-β (A), IRS-1 (B), IRS-2 (C), the p85 subunit of PI3K (D) and AKT1 (E), phospho-[Se473]

AKT1 levels (F), phospho-[Se473]AKT1/AKT1 ratios (G), the protein expression of p70S6K (H), phospho-p70S6K levels (I) and 
phospho-p70S6K/p70S6K ratios (J) in the islets of CNP, CP, LPNP and LPP rats. Equal amounts of protein (60 µg) were subjected 
to immunoprecipitation using antibodies anti-IRβ , anti-IRS1, anti-IRS2, anti-PI3K-p85, anti-p70S6K, or anti-phospho p70S6. 
Immunoprecipitates were analyzed by SDS-PAGE followed by immunoblotting with antibodies to IR-β, IRS-1 IRS-2, PI3K-p85, 
p70S6K and phospho-p70S6K. Equal amounts of protein (50 µg) were run on SDS-PAGE and blotted with anti-AKT1 and anti-
phospho-[Se473]AKT1. The columns represent the means ± SDs of 3-6 independent experiments. #Indicates difference in relation 
to non-pregnant rats (Two-way ANOVA, P<0.05). *Indicates differences in relation to rats maintained on a control diet (Two-way 
ANOVA, P<0.05). a,b Mean values with unlike superscript letters were significantly different (LSD test; P<0.05).
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Figure 2 - The levels of the SHC (A), ERK1 (B) and ERK2 proteins (C) and phospho-ERK1/2 
levels (D) in the islets of CNP, CP, LPNP and LPP rats. Equal amounts of protein (50 µg) were 
run on SDS-PAGE and blotted with anti- SHC, anti- ERK1, anti-ERK2 and anti-phospho-ERK1/2. 
The columns represent the means ± SDs of 3-4 independent experiments. #Indicates differences in 
relation to non-pregnant rats (Two-way ANOVA, P<0.05). *Indicates differences in relation to rats 
maintained on a control diet (Two-way ANOVA, P<0.05). a,b Mean values with unlike superscript 
letters were significantly different (LSD test; P<0.05).

DISCUSSION

After the short period of low-protein diet 
consumption (15 d) used here, the classical 
alterations observed in malnourished animals 
(weight loss and hypoalbuminemia) were not yet 
present. We verified an increase in E2 and P in both 
CP and LPP rats, which is normally observed during 
pregnancy (Nadal et al. 2009). In disagreement 
with the observation that the maternal plasma total 
and free corticosterone concentrations in rats are 
increased by protein restriction and pregnancy at 
15 days (Dupouy et al. 1975, Martin et al. 1977, 
Herbert and Carrillo 1982), in the present study, the 
serum corticosterone levels did not increase in CP 
rats and were decreased in LPP rats. Interestingly, 
the unexpected decrease in the serum corticosterone 
levels in LPP rats was accompanied by an early 
increase in the serum prolactin concentration. This 

increase is commonly observed in the later stages 
of pregnancy (Nadal et al. 2009) and suggests 
an inhibitory role for corticosterone in prolactin 
secretion (Nishino et al. 1992). Corticosterone and 
prolactin are involved in the structural adaptations 
of pancreatic islets to pregnancy.

Some studies have attempted to identify 
the molecular mechanisms underlying these 
adaptations in response to pregnancy and protein 
deprivation. Long-term exposure to a low-protein 
diet during the growth phase produces an increase 
in IR, IRS2 and PI3K levels and a reduction in IRS1 
and p70S6K expression (Araujo et al. 2004, Filiputti 
et al. 2008). In this study, a short-term, low-protein 
diet did not alter the IR, IRS1, IRS2 or PI3K-p85 
levels but did increase the expression of AKT1 and 
p70S6K in the pancreatic islets of non-pregnant rats. 
Pregnancy associated with protein deprivation was 
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accompanied by the reduced expression of AKT1 
and p70S6K, whereas normal pregnancy did result in 
an increase in the expression of p70S6K, but did not 
alter AKT1 expression. Although similar in CNP and 
CP groups, the AKT1 expression tended to increase 
in CP rats compared with CNP rats. Neither condition 
resulted in changes in the expression of IR, IRS1/2 
or PI3K-p85. Interestingly, normal pregnancy does 
not affect the protein levels of IRS1 and IRS2; 
however, it increases IRS1/2 phosphorylation and 
its association with p85, and also increases AKT1, 
p70S6K expression and phosphorylation in pancreatic 
islets (Amaral et al. 2004).

Several studies indicate that the structure 
and function of pancreatic islets are influenced by 
alterations in the expression and/or activity of IR, 
IRS-1, IRS-2, AKT1 and p70S6K. A reduced IR 
content in β-cells strongly impairs insulin secretion in 
response to glucose (Kulkarni et al. 1999). In contrast, 
IRS-1 deficiency produces hyperinsulinemia and 
increases of the β-cell mass, and the absence of 
IRS-2 produces hyperinsulinemia followed by islet 
hypoplasia and early diabetes (Kulkarni et al. 1999, 
Withers et al. 1998). It has been demonstrated that 
AKT promotes protein synthesis by modulating 
mTOR and its downstream target, p70S6K (Hannan et 
al. 2003). Increased AKT1 activity is accompanied 
by a marked increase in β-cell mass due to enhanced 
cell survival and increased cell size (Tuttle et al. 
2001). Additionally, p70S6K deficiency produces 
hypoinsulinemia, islet insensitivity to glucose, a low 
insulin content and reduced β-cell size (Pende et al. 
2000). In the present study, changes in the AKT1 and 
p70S6K levels were not followed by alterations in the 
insulin content of islets. However, changes in the 
levels of these two proteins were accompanied by a 
decrease in islet area in the LPP group. Because the 
LPP group had lower AKT1 and pAKT1 contents 
and a lower pAKT1Ser473/AKT1 ratio, which are 
indirect indicatives of AKT1 activity, it is possible 
that the reduction in islet area resulted from elevated 
apoptosis and/or reduced AKT1-mediated cellular 

proliferation and growth. Corroborating with the 
hypothesis of elevated apoptosis, we observed that 
islets from LPP group exhibited elevated levels of 
caspase 3 and caspase 9 (unpublished data).

In several signaling pathways, the expression 
and phosphorylation of members of the MAPK 
cascade activate several transcriptional regulators 
to control cellular growth. Although ERK1/2 
modulate insulin secretion (Longuet et al. 2005), 
the most important role of these proteins in 
pancreatic β-cells is the regulation of proliferation, 
cell growth, and survival (Lawrence et al. 2008). 
In the present study, pregnancy increased the 
expression of SHC and ERK1/2 independent of diet 
and enhanced the level of pERK1/2 only in the islets 
of normal pregnant rats, as previously shown (Bordin 
et al. 2004, Amaral et al. 2004). A low-protein 
diet also elevated the levels of SHC and pERK1/2 
and reduced the expression of ERK1 and ERK2. 
Pregnancy did not increase the pERK1/2 levels in 
the islets of rats exposed to a low-protein diet.

In pancreatic β-cells, nutrients, hormones 
and growth factors modulate the expression 
of proteins in the SHC/ERK and IRS/PI3K/
AKT/ p70S6K pathways. Prolactin has been 
considered an important growth factor. Prolactin 
is involved in the increase in islet mass and 
increased sensitivity to glucose that occur during 
pregnancy. Mechanistically, it activates proteins 
that are downstream of PI3K and MAPK cascades 
(Amaral et al. 2004). Dexamethasone, a synthetic 
glucocorticoid, increases the p70S6K expression 
and pAKT1 level in pancreatic islets (Rafacho et 
al. 2007). Curiously, in this study, LPP rats that 
exhibited an increase in serum prolactin levels and a 
decrease in serum corticosterone concentrations also 
had lower p70S6K and AKT1 levels. These results 
corroborate the observation that glucocorticoids 
strongly synergize with prolactin-induced STAT5 
activation through distinct mechanisms involving 
the glucocorticoid receptor (Stocklin et al. 1996, 
Lechner et al. 1997, Wyszomierski et al. 1999).
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Our results show that short-term exposure 
to a low-protein diet during pregnancy reduces 
pancreatic islet area that could be related to 
deficiencies in the AKT1 and p70S6K levels. We 
suggest that reduced circulating corticosterone 
levels altered the PI3K pathway and, consequently, 
cellular proliferation, growth, survival and death.
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RESUMO

As vias da fosfatidilinositol-3-cinase e da proteína 
cinase ativada por mitógeno medeiam crescimento, 
proliferação, sobrevivência e morte das células β. 
Investigamos se a restrição proteica durante a prenhez 
altera a morfometria da ilhota ou a expressão e a 
fosforilação de diversas proteínas envolvidas nas vias 
da fosfatidilinositol-3-cinase e da proteína cinase 
ativada por mitógeno. Como controles, ratas adultas 
não prenhes e prenhes foram alimentadas com uma dieta 
norpoproteica (17%). As ratas não prenhes e prenhes 
dos grupos experimentais foram alimentadas com dieta 
hipoproteica (6%) por 15 dias. A dieta hipoproteica 
durante a prenhez aumentou as concentrações séricas 
de prolactina, reduziu as concentrações séricas de 
corticosterona e a expressão da proteína cinase B/
AKT1 (AKT1) e da proteína p70 ribossomal S6 cinase 
(p70S6K), bem como a área das ilhotas, mas não alterou 
o conteúdo de insulina nas ilhotas pancreáticas. A 
prenhez aumentou a expressão da proteína homóloga 
ao colágeno com domínio SH2 (SHC) e a proteína 

cinase regulada por sinal extracelular 1/2 (ERK1/2), 
independente da dieta consumida. A fosforilação 
da ERK1/2 (pERK1/2) foi similar em ilhotas de 
ratas prenhes e não prenhes alimentadas com dieta 
hipoproteica, e foi maior em ilhotas de ratas prenhes do 
que não prenhes alimentadas com dieta normoproteica. 
Portanto, um curto período de dieta hipoproteica 
durante a prenhez foi suficiente para reduzir o conteúdo 
de proteínas da via da fosfatidilinositol-3-cinase e 
afetar a morfometria da ilhota.

Palavras-chave: via da MAP-cinase, ilhotas pan-
creáticas, via da PI3-cinase, prenhez, restrição de 
proteína, ratos.
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