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ABSTRACT A low protein diet has been shown to affect the amount and activity of several enzymes and to
decrease insulin secretion by islets isolated from rats fed such a diet. To understand the mechanisms involved in
this phenomenon, we investigated the effects of forskolin, a stimulator of adenylyl cyclase, on insulin secretion by
pancreatic islets from rats fed a normal (17%; NP) or low (6%; LP) protein diet for 8 wk. Isolated islets were
incubated for 1 h in Krebs-bicarbonate solution containing 8.3 mmol glucose/L, with or without 10 umol forskolin/L.
The forskolin-induced insulin secretion was higher in islets from NP rats than in those from LP rats (P < 0.05).
Western blotting revealed that the amount of the a catalytic subunit of protein kinase A (PKA«a) was 35% lower in
islets from LP rats than in islets from NP rats (P < 0.05). Moreover, PKAa mRNA expression was reduced by 30%
in islets from LP rats (P < 0.05). Our results indicated a possible relationship between a low protein diet and a
reduction in PKA«a expression. These alterations in PKAa may be responsible in part for the decreased insulin

secretion by islets from rats fed a low protein diet.
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The relationship among overnutrition, obesity and diabetes
is well recognized (1), and several studies have also shown an
association between undernutrition and alterations in insulin
secretion (2—4). Rats fed a diet containing a protein level
comparable to that of undernourished humans had decreased
insulin secretion but increased insulin sensitivity in peripheral
tissues (5—10). In addition, islets isolated from rats fed a low
protein diet showed a decrease in the insulin secretory re-
sponse to glucose, carbamylcholine and phorbol 12-myristate
13-acetate (PMA)? (2). This impairment is related at least in
part to a reduction in pancreatic B-cell mass (11), lower
responsiveness to nutrients by the remaining B cells (2,5-12)
and a decrease in protein kinase C (PKC) levels (2).

Insulin secretion by B cells is controlled by various factors,
including metabolic fuels, neurotransmitters released from in-
tra-islet nerve endings, paracrine mechanisms and circulating
hormones (13,14). Several modulators of insulin secretion act
by activating protein kinases and phosphatases (15). One of
these kinases is cAMP-dependent protein kinase (PKA),
which is the major mediator of the cAMP signal transduction
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pathway in mammalian cells (16). This enzyme is responsible
for the phosphorylation of target cytosolic and nuclear pro-
teins, resulting in pleiotropic effects on cellular metabolism
(17). In B cells, this enzyme is important for the phosphory-
lation reactions required for insulin secretion (18).

PKA is a serine/threonine kinase; structurally, it is a het-
erotetramer composed of a regulatory subunit (RI or RII)
homodimer and two associated catalytic (C) subunits. Acti-
vation of the enzyme occurs when two cAMP molecules bind
to each R subunit of PKA, resulting in the release of the C
subunits (19).

Under normal physiologic conditions, the stimulation of
adenylyl cyclase (AC) in B cells occurs through the G protein,
mainly via the gut hormone receptors for glucose-dependent
insulinotropic factor (GIP) (20) and glucagon-like peptide 1
(GLP-1) (21), whose levels increase after eating (22). Indeed,
a strong relationship between gut hormone levels and food
intake has been suggested (23).

Although the relationship between dietary protein defi-
ciency and alterations in PKA is unclear and less studied, a
relationship between the decrease in the regulatory PKA sub-
unit and low protein diet was established (24). In this study,
we examined the effects of forskolin on insulin secretion and
the expression of catalytic subunit of PKA« in islets isolated
from rats fed a low protein diet.

MATERIALS AND METHODS

Animals and diet. The experiments described here were ap-
proved by the institutional Committee for Ethics in Animal Exper-
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imentation. Groups of male Wistar rats (n = 5; 21 d old) from the
breeding colony at UNICAMP were housed at 24°C on a 12-h
light:dark cycle. The rats were separated at random and fed an
isocaloric diet containing 6% (low protein diet, LP) or 17% (normal
protein diet, NP) protein for 8 wk. The composition of the two
isocaloric diets is shown in Table 1. During the experimental period,
the rats consumed their respective diets and water ad libitum. At the
end of 8 wk, the nutritional status of the rats was evaluated (Table 2)
by measuring their body weight, the serum protein (Bio-Rad Labo-
ratories GmbH, Munich, Germany), albumin (25), glucose (DiaSys
Diagnostic Systems GmbH & Co., Holzheim, Germany) and free
fatty acid (FFA; Nonesterified Fatty Acid C kit, Wako Chemicals
GmbH, Neuss, Germany) levels and the liver glycogen and fat
content (26,27).

Insulin secretion. Islets were isolated by collagenase digestion of
the pancreas as described (28). For static incubations, groups of five
islets were first incubated for 45 min at 37°C in Krebs-bicarbonate
buffer with the following composition (mmol/L): 115 NaCl, 5 KClI,
2.56 CaCl,, 1 MgCl,, 10 NaHCO;, 15 HEPES and 5.6 glucose,
supplemented with 3 g of bovine serum albumin/L and equilibrated
with a mixture of 95% O,:5% CO, to give a pH of 7.4. This medium
was then replaced with fresh buffer and the islets incubated for 1 h
with 8.3 mmol glucose/L and 10 umol forskolin/L. The insulin
content of the medium at the end of the incubation period was
measured by RIA (29). The amount of protein in groups of 100 islets
from LP and NP rats was similar. Thus, the results were expressed as
pmol/(islet - h) or fmol/(islet - min).

Immunohistochemistry. To determine the tissue distribution of
PKAa, hydrated 5-um sections of paraformaldehyde-fixed, paraffin-
embedded pancreatic tissue were stained with avidin-peroxidase as
described (13). The PKA« antibody was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA).

Western blotting. After isolation by collagenase digestion of
pancreata and subsequent separation on discontinuous Ficoll DL-400
gradients, groups of islets were pelleted by centrifugation (750 X g for
10 min) and then resuspended in 50—-100 uL of homogenization
buffer containing protease inhibitors, as described (30-32). The islets
were sonicated (15 s) and the protein was determined by the Bradford
method (33) using bovine serum albumin as the standard. The
volume of the samples was adjusted to provide the same amount of
protein added to each lane. Samples containing 70 ug of protein from
each experimental group were separated by SDS-PAGE, transferred
to nitrocellulose membranes and stained with Ponceau S. No differ-
ences in the total amount of protein were observed as judged by
densitometric analysis of the stained membranes (not shown). The
membranes were subsequently blotted with specific antibodies to
PKAa (Santa Cruz). Visualization of specific protein bands was done
by incubating the membranes with '*’I-protein A followed by expo-
sure to RX-film. The band intensities were quantified by optical
densitometry (Scion Image, Frederick, MD).

TABLE 1

Composition of the normal and low protein diets1

Normal protein Low protein

Ingredient (17% protein) (6% protein)
9/kg
Casein (84% protein) 202.0 715
Cornstarch 397.0 480.0
Dextrinized cornstarch 130.5 159.0
Sucrose 100.0 121.0
Soybean oil 70.0 70.0
Fiber 50.0 50.0
Mineral mix 35.0 35.0
Vitamin mix 10.0 10.0
L-Cystine 3.0 1.0
Choline chlorhydrate 2.5 2.5

1 See (55) for more details.

TABLE 2

Body weight, serum protein, albumin, glucose, insulin
and free fatty acid (FFA) levels and liver glycogen and
fatty acid (FA) contents in rats fed a normal protein (NP)
or low protein (LP) diet for 8 wk1

Variable NP LP
Body weight, g 2741 =85 2214 *=7.9*
Protein, g/L 552 *=1.38 46.7 *+ 3.5*
Albumin, g/L 380 *14 31.0 =1.2*
Glucose, mmol/L 7.3 =05 72 =09
FFA, mmol/L 0.3 *0.05 0.7 =+ 0.04*
Insulin, nmol/L 0.18 = 0.04 0.14 = 0.03
Insulin,2 nmol/L 0.35 = 0.02 0.20 = 0.03
Liver glycogen, g/100 g tissue 6.8 = 0.6 125 *£1.3°
Liver fat, g FA/100 g tissue 6.7 =04 135 *=0.7¢

1 Values are the means + sem, n = 12. * Different from NP rats, P
< 0.05.
2 These values were obtained from fed rats.

mRNA expression. Total RNA from 500 islets was extracted
using Trizol reagent (Life Technologies, Paisley, UK). For the PCR,
RNA was reverse-transcribed using random primers. The resulting
cDNA were amplified by PCR using oligonucleotides complementary
to sequences in the PKAa gene (5'-CCAAGAGAGTCAA-
GGGCAGGAC-3' and 5-CAACCTTTCTCGGTAAATCGC-3')
and potato virus X (PVX) gene (5-CGATCTCAAGCCACTCT-
CTCCG-3" and 5'-GTAGTTGAGGTAGTTGACCC-3’), with the
latter used as an external control. The reactions were done in a 25-ul
reaction volume containing 1 uL of cDNA equivalent to 2 pg of RNA,
10 mmol of cold ANTP/L (dATP, dCTP, dGTP, dTTP), 50 mmol of
MgCl, /L, 10X PCR buffer, 10 pmol of appropriate oligonucleotides
primers/L, and 2 U of Taq polymerase (Life Technologies). The number
of cycles was selected to allow linear amplification of the cDNA. The
PCR conditions for the amplification of PKAa (Gene Bank access no.
X53261), size of amplified fragment —369 bp, primer position (—515 to
—883) and PVX (Gene Bank access no. D00344), size of amplified
fragment 106 bp, primer position (—5597 to —5702) were as follows: 2
min at 94°C followed by 32 cycles (30 s each) at 94°C, 55°C and 72°C
(PKA«), and 2 min at 94°C followed by 23 cycles (30 s each) at 94°C,
57°C and 72°C (PVX). PVX RNA was obtained by in vitro transcrip-
tion using the RiboMAX Large Scale RNA Production System-T7
(Promega, Madison, W1I), according to the manufacturer’s instructions.
The PVX sequence had no homology to any rat sequence, as confirmed
by a BLAST search and RT-PCR (data not shown). An aliquot of the
external control was thawed on ice and 0.06 ug was mixed with fresh
islets before extraction (34).

The PCR products were separated on 1.5% agarose gels in Tris
borate 1X EDTA buffer (1X TBE) and stained with ethidium bro-
mide. All PCR reactions included a negative control. The absence of
genomic contamination in the RNA samples was confirmed by the
RT-negative RNA samples. Subsequent digitalization and measure-
ment of the relative band intensities were done using an Eagle Eye 11
documentation system (Stratagene, La Jolla, CA). The results were
expressed as the ratio of the target to standard signals.

Statistical analysis. Values are means = SEM. Student’s unpaired
t test was used to compare the body weight, the serum protein,
glucose, albumin, insulin and FFA levels, and the liver glycogen and
fat content. For comparing the changes in insulin secretion, the data
were log-transformed to correct for heterogeneity in variance and
then analyzed by two-way ANOVA, followed by the Tukey-Kramer
test to determine significant differences between groups and among
glucose and secretagogue concentrations, and to assess the interac-
tions between these factors. The data were analyzed using a statistical
software package (Statsoft, Tulsa, OK). The level of significance was
set at P < 0.05.
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RESULTS

After 8 wk, the body weight, total serum protein, serum
albumin and insulin levels of LP rats were significantly lower,
whereas the serum FFA level and the liver glycogen and fat
content were greater than in NP rats (P < 0.05) (Table 2).

Under static incubation, insulin secretion in the presence
of 2.8 mmol glucose/L did not differ in the two groups (data
not shown). In 8.3 mmol glucose/L, insulin secretion in islets
from LP rats was lower than in islets from NP rats (P < 0.05).
Forskolin (10 wmol/L) increased insulin secretion in both
groups, although insulin secretion in islets from LP rats was
significantly lower than in islets from NP rats (P < 0.05) (Fig.
1). Dynamic perifusion showed that in 8.3 mmol glucose/L,
the addition of forskolin (10 wmol/L) increased the insulin
secretion by both groups of islets, with the levels being lower
for islets from LP rats (P < 0.05) (Fig. 2). When the areas
under the curves were calculated and the basal secretion of
each group was subtracted, the lower secretion by islets from
LP rats was even more evident (P < 0.05) (Inset, Fig. 2).

The localization of PKA« in islets from LP and NP rats was
done by immunohistochemistry. Despite the difficulty of quan-
tification by this method, it appears that the amount of PKA«
was lower in islets from LP rats than in those from NP rats
(Fig. 3).

The apparent reduction in the expression of PKA« in islets
from LP rats compared with those from NP rats shown by
immunohistochemistry was confirmed by Western blotting
which indicated a 35% reduction in the expression of PKA«
protein in islets from LP compared with NP rats (P < 0.05)
(Fig. 4). Similarly, RT-PCR revealed a 30% reduction in the
expression of PKAa mRNA in islets from LP rats (P < 0.05)
(Fig. 5).

B NP
LP
2.0 [
= a
o i
B <
5 E 1.5
o .0 -
=
O
cC
— = "
a 8 1.0
c b
= T
C
-
I
1
G8.3
! |
Forskolin 10xmoliL
FIGURE 1 Forskolin-induced insulin secretion in islets from rats

fed normal (NP) and low protein (LP) diets for 8 wk. The columns
represent the cumulative 1-h insulin secretion and are the means
+ sem; n = 5 independent experiments. Means without a common letter
differ, P < 0.05.
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FIGURE 2 Forskolin-induced insulin secretion in islets from rats
fed normal (NP) and low protein (LP) diets for 8 wk. The lines represent
the insulin secretion and are the means *= sem; n = 5 independent
experiments. The areas under the curves were calculated and the basal
secretion of each group was subtracted (Inset).

DISCUSSION

Rats fed a low protein diet (6%) for 8 wk displayed several
features similar to those found in malnourished infants and in
experimental models, including a low body weight, low levels
of plasma albumin and insulin, and high liver glycogen and fat
contents. Similar results were reported in other studies
(2,7,27,35,36). Insulinemia and glycemia in food-deprived rats
were unaltered in LP compared with NP rats, whereas the
insulinemia in fed rats was higher in NP than in LP rats. These
data suggest that glucose homeostasis was maintained in LP
rats by increased sensitivity to insulin as a result of alterations
in the early steps of the insulin transduction pathway (3,4).
The high carbohydrate content of LP diet was not responsible
for the alterations in LP rats because recent work showed an
increase in insulin secretion and in the activity of PKA and
PKC in rats fed high carbohydrate (37).

PKA participates in the potentiation of glucose-induced
insulin secretion by gastrointestinal hormones such as GIP and
GLP-1 (20,21). This potentiation involves a series of reactions
triggered by PKA, including the phosphorylation of vesicular
and plasma membrane proteins, voltage-dependent channels
and transcription factors (38). Conversely, the inhibition of
PKA in isolated islets and insulinoma cells decreased glucose-
induced secretion (39).

Because the insulin secretion induced by glucose was lower
in islets from LP rats than in islets from NP rats, we used
forskolin to investigate whether this reduction involved PKA.
In several tissues (40,41), including the endocrine pancreas
(42,43), forskolin activates AC to increase cAMP formation,
which then stimulates PKA. In the pancreas, this stimulation
of PKA leads to increased insulin secretion (44). The addition
of forskolin to medium containing 8.3 mmol glucose/L in-
creased the insulin secretion by both groups of islets, although
the increase was smaller in islets from LP rats.

Together with previous data (2,3), these results led us to
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FIGURE 3 Immunohistochemistry of protein kinase cAMP-depen-
dent catalytic subunit a (PKAa). The brown color indicates the local-
ization of PKA in islets of rats fed normal (NP) and low protein (LP) diets
for 8 wk.
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believe that the lower insulin secretion seen with different
secretagogues in islets from LP rats was rather nonspecific.
However, this seems not to be the case if one considers that
the extent of the reduction in insulin secretion in response to
different stimulators was not the same in islets from LP rats. In
addition, we observed that oligonucleotide antisense against
insulin receptor substrate-1 restored the ability of glucose to
stimulate insulin secretion in islets from LP rats (unpublished
data).

The changes in forskolin-induced insulin secretion indi-
cated an alteration in one or more steps of the cAMP-PKA
pathway. To examine this possibility, we analyzed the expres-
sion of the a catalytic subunit of PKA (PKA«), and found that
there were lower levels in islets from LP rats. In contrast to
these findings, cODNA macroarray experiments showed an in-
crease in the expression of the gene that encodes the regula-
tory subunit of PKA (unpublished data).

The concomitant reduction in PKAa protein levels and
PKAa mRNA expression may be a consequence of the altered
protein content in the diet. This conclusion is supported by
reports (24,45) that showed a relationship between the levels
and activity of PKA and a LP diet. There are two possible, but
not exclusive explanations for the decrease in PKA levels and
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FIGURE 4 Western blot analysis of protein kinase cAMP-depen-
dent catalytic subunit « (PKAq) in islets from rats fed normal (NP) and
low protein (LP) diets for 8 wk. Values are means *= sem, n = 6
independent experiments. *Different from NP rats, P < 0.05.
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FIGURE 5 Protein kinase cAMP-dependent catalytic subunit «
(PKA@) mRNA levels in pancreatic islets from rats fed normal (NP) and
low protein (LP) diets for 8 wk. The columns are the means = sem;n = 6
independent experiments. *Different from NP rats, P < 0.05.

activity in the pancreatic islets of LP rats. Because the nutri-
tional environment is important for controlling gene expres-
sion (46—48), it is conceivable that a low protein diet could
directly affect the expression of several genes and their en-
coded proteins, including key enzymes involved in the secre-
tory process.

Another possibility is that alterations in the protein con-
tent in the diet may influence the neuronal-endocrine axis
(49), including the regulation of PKA subunit expression by
different hormones (50-52). The increase in insulin secretion,
in response to a combination of forskolin and PMA, is greater
than that observed in the presence of each one of these drugs
alone (42), which suggests a synergistic action of PKC and
PKA on insulin secretion. Forskolin-stimulated insulin secre-
tion by islets from LP rats was lower than for islets from NP
rats (Figs. 1 and 2). Because PKCa expression is also reduced
in islets from LP rats (2), it is conceivable that the synergistic
effect of these enzymes may be disrupted in islets from LP rats.
In addition to its effect on insulin secretion, PKC also mod-
ulates the expression of PKA subunit mRNA (53,54).

In conclusion, a low protein diet can decrease PKA levels
in pancreatic islets, and this explains the reduced secretion
observed in islets from LP rats in response to forskolin.

ACKNOWLEDGMENTS

The authors thank L. D. Teixeira for technical assistance and
Nicola Conran and Stephen Hyslop for editing the English.

LITERATURE CITED

1. Cleator, J. & Wilding, J. (2003) Obesity and diabetes. Nurs. Times 99:
54-55.

2. Ferreira, F., Filiputti, E., Arantes, V. C., Stoppiglia, L. F., Araujo, E. P.,
Delghingaro-Augusto, V., Latorraca, M. Q., Toyama, M. H., Boschero, A. C. &
Carneiro, E. M. (2003) Decreased cholinergic stimulation of insulin secretion
by islets from rats fed a low protein diet is associated with reduced protein
kinasea expression. J. Nutr. 133: 695-699.

3. Reis, M. A, Carneiro, E. M., Mello, M. A., Boschero, A. C., Saad, M. J. &
Velloso, L. A. (1997) Glucose-induced insulin secretion is impaired and insulin-
induced phosphorylation of the insulin receptor and insulin receptor substrate-1
are increased in protein-deficient rats. J. Nutr. 127: 403-410.

4. Latorraca, M. Q., Reis, M. A., Carneiro, E. M., Mello, M. A., Velloso, L. A.,
Saad, M.J.A. & Boschero, A. C. (1998) Protein deficiency and nutritional



REDUCED PKAa EXPRESSION IN LOW PROTEIN ISLETS 67

recovery modulate insulin secretion and the early steps of insulin action in rats. J.
Nutr. 128: 1643-1649.

5. Swenne, |., Crace, C. J. & Milner, R. D. (1987) Persistent impairment of
insulin secretory response to glucose in adult rats after limited period of protein-
calorie malnutrition early in life. Diabetes 36: 454 -458.

6. Escriva, F., Rodriguez, C., Cacho, J., Alvarez, C., Portha, B. & Pascual-
Leone, A. M. (1992) Gilucose utilization and insulin action in adult rats submit-
ted to prolonged food restriction. Am. J. Physiol. 263: E1-E7.

7. Okitolonda, W., Brichard, S. M. & Henquin, J. C. (1987) Repercussions
of chronic protein-calorie malnutrition on glucose homeostasis in the rat. Diabe-
tologia 30: 946-951.

8. Picarel-Blanchot, F., Alvarez, C., Bailbe, D., Pascual-Leone, A. M. &
Portha, B. (1995) Changes in insulin action and insulin secretion in the rat after
dietary restriction early in life: influence of food restriction versus low-protein food
restriction. Metabolism 44: 1519-1526.

9. Escriva, F., Kergoat, M., Bailbe, D., Pascual-Leone, A. M. & Portha, B.
(1991) Increased insulin action in the rat after protein malnutrition early in life.
Diabetologia 34: 559-564.

10. Levine, L. S., Wright, P. G. & Marcus, F. (1983) Failure to secrete
immunoreactive insulin by rats fed a low protein diet. Acta Endocrinol. 102:
240-245.

11. Swenne, I., Borg, L. A., Crace, C. J. & Schnell Landstrom, A. (1992)
Persistent reduction of pancreatic beta-cell mass after a limited period of protein-
energy malnutrition in the young rat. Diabetologia 35: 939-945.

12. Cherif, H., Reusens, B., Dahri, S. & Remacle, C. (2001) A protein-
restricted diet during pregnancy alters in vitro insulin secretion from islets of fetal
Wistar rats. J. Nutr. 131: 1555-1559.

13. Araujo, E. P., Amaral, M. E., Souza, C. T., Bordin, S., Ferreira, F., Saad,
M. J., Boschero, A. C., Magalhaes, E. C. & Velloso, L. A. (2002) Blockade of
IRS1 in isolated rat pancreatic islets improves glucose-induced insulin secretion.
FEBS Lett. 531: 437-442.

14. Satin, L. S. & Kinard, T. A.  (1998) Neurotransmitters and their recep-
tors in the islets of Langerhans of the pancreas: what messages do acetylcholine,
glutamate, and GABA transmit? Endocrine 8: 213-223.

15. Nesher, R., Anteby, E., Yedovizky, M., Warwar, N., Kaiser, N. & Cerasi, E.
(2002) Beta-cell protein kinases and the dynamics of the insulin response to
glucose. Diabetes 51 (suppl. 1): S68-S73.

16. Krebs, E. G. & Beavo, J. A.  (1979) Phosphorylation-dephosphorylation
of enzymes. Annu. Rev. Biochem. 48: 923-959.

17. Meinkoth, J. L., Ji, Y., Taylor, S. S. & Feramisco, J. R.  (1990) Dynamics
of the distribution of cyclic AMP-dependent protein kinase in living cells. Proc.
Natl. Acad. Sci. U.S.A. 87: 9595-9599.

18. Takahashi, N., Kadowaki, T., Yazaki, Y., Miyashita, Y. & Kasai, H. (1997)
Multiple exocytotic pathways in pancreatic beta cells. J. Cell. Biol. 138: 55-64.

19. Griffioen, G. & Thevelein, J. M. (2002) Molecular mechanisms control-
ling the localisation of protein kinase A. Curr. Genet. 41: 199-207.

20. Szecowka, J., Grill, V., Sandberg, E. & Efendic, S. (1982) Effect of GIP
on the secretion of insulin and somatostatin and the accumulation of cyclic AMP
in vitro in the rat. Acta Endocrinol. 99: 416-421.

21. Thorens, B. (1994) GLP-1 and the control of insulin secretion. J. Annu.
Diabetol. Hotel Dieu 33-46.

22. Doyle, M. E. & Egan, J. M. (2003) Pharmacological agents that directly
modulate insulin secretion. Pharmacol. Rev. 55: 105-131.

23. Morgan, L. M., Hampton, S. M., Tredger, J. A., Cramb, R. & Marks, V.
(1988) Modifications of gastric inhibitory polypeptide (GIP) secretion in man by
a high-fat diet. Br. J. Nutr. 59: 373-380.

24. O’Brien, L. J., Levac, K. D. & Nagy, L. E. (1998) Moderate dietary
protein and energy restriction modulate cAMP-dependent protein kinase activity
in rat liver. J. Nutr. 128: 927-933.

25. Dumas, B. T., Watson, W. A. & Biggs, H. G. (1997) Albumin standards
and the measurement of serum albumin with bromocresol green. Clin. Chim. Acta
258: 21-30.

26. Heard, C. R, Frangi, S. M. & Wright, P. M. (1973) Biochemical char-
acteristics of different forms of protein-energy malnutrition in rats. Proc Nutr Soc
32: 47A (abs.).

27. Weinkove, C., Weinkove, E. A. & Pimstone, B. L. (1976) Glucose
tolerance and insulin release in malnourished rats. Clin. Sci. Mol. Med. 50:
153-163.

28. Bordin, S., Boschero, A. C., Carneiro, E. M. & Atwater, I. (1995) lonic
mechanisms involved in the regulation of insulin secretion by muscarinic agonists.
J. Membr. Biol. 148: 177-184.

29. Scott, A. M., Atwater, |. & Rojas, E. (1981) A method for the simulta-
neous measurement of insulin release and B cell membrane potential in single
mouse islets of Langerhans. Diabetologia 21: 470-475.

30. Amaral, M. E., Ueno, M., Carvalheira, J. B., Carneiro, E. M., Velloso, L. A,
Saad, M. J., Boschero, A. C. (2003) Prolactin-signal transduction in neonatal
rat pancreatic islets and interaction with the insulin-signaling pathway. Horm.
Metab. Res. 35: 282-289.

31. Kelley, G. G., Zawalich, K. C. & Zawalich, W. S. (1995) Synergistic
interaction of glucose and neurohumoral agonists to stimulate islet phosphoino-
sitide hydrolysis. Am. J. Physiol. 269: E575-E582.

32. Verspohl, E. J., Tacke, R., Mutschler, E. & Lambrecht, G. (1990) Mus-

carinic receptor subtypes in rat pancreatic islets: binding and functional studies.
Eur. J. Pharmacol. 178: 303-311.

33. Bradford, M. M. (1976) A rapid and sensitive method for the quanti-
tation of microgram quantities of protein utilizing the principle of protein-dye
binding. Anal. Biochem. 72: 248-254.

34. Eickhoff, B., Korn, B., Schick, M., Poustka, A. & van der Bosch, J. (1999)
Normalization of array hybridization experiments in differential gene expression
analysis. Nucleic Acids Res. 27: €33 (abs.).

35. Heard, C. R. (1978) The effects of protein-energy malnutrition on
blood glucose homeostasis. World Rev. Nutr. Diet. 30: 107-147.

36. Claeyssens, S., Lavoinne, A., Vaillant, C., Rakotomanga, J. A., Bois-
Joyeux, B. & Peret, J. (1992) Metabolic changes during early starvation in rats
fed a low-protein diet in the postweaning growth period. Metabolism 41: 722-727.

37. Srinivasan, M., Aalinkeel, R., Song, F., Lee, B., Laychock, S. G. & Patel,
M. S. (2000) Adaptive changes in insulin secretion by islets from neonatal rats
raised on a high-carbohydrate formula. Am. J. Physiol. 279: E1347-E1357.

38. Jones, P. M. & Persaud, S. J. (1998) Protein kinases, protein phos-
phorylation, and the regulation of insulin secretion from pancreatic beta-cells.
Endocr. Rev. 19: 429-461.

39. Wang, X., Zhou, J., Doyle, M. E. & Egan, J. M. (2001) Glucagon-like
peptide-1 causes pancreatic duodenal homeobox-1 protein translocation from
the cytoplasm to the nucleus of pancreatic beta-cells by a cyclic adenosine
monophosphate/protein kinase A-dependent mechanism. Endocrinology 142:
1820-1827.

40. Yamazaki, T., Komuro, I., Zou, Y., Kudoh, S., Mizuno, T., Hiroi, Y.,
Shiojima, I., Takano, H., Kinugawa, K., Kohmoto, O., Takahashi, T. & Yazaki, Y.
(1997) Protein kinase A and protein kinase C synergistically activate the Raf-1
kinase/mitogen-activated protein kinase cascade in neonatal rat cardiomyocytes.
J. Mol. Cell. Cardiol. 29: 2491-2501.

41. Huang, C. J., Feltkamp, D., Nilsson, S. & Gustafsson, J. A. (1998)
Synergistic activation of RLD-1 by agents triggering PKA and PKC dependent
signalling. Biochem. Biophys. Res. Commun. 243: 657-63.

42. Wei, Y., Tae, N., Tatsuya, F., Hiroyoshi, H., Takao, S., Yasuharu, S. &
Ighiro, N.  (2000) Synergism of protein kinase A, protein kinase C, and myosin
light-chain kinase in the secretory cascade of the pancreatic B-cell. Diabetes 49:
945-952,

43. Simonsson, E., Karlsson, S. & Ahren, B. (2000) The cyclic AMP-protein
kinase A pathway restrains islet phospholipase A, activation. Biochem. Biophys.
Res. Commun. 269: 242-246.

44. Ammon, H. P. & Muller, A. B. (1984) Effect of forskolin on islet cyclic
AMP, insulin secretion, blood glucose and intravenous glucose tolerance in rats.
Naunyn-Schmiedebergs Arch. Pharmakol. 326: 364-367.

45. Stephen, L. L. & Nagy, L. E. (1996) Very low protein diets induce a
rapid decrease in hepatic cAMP-dependent protein kinase followed by a lower
increase in adenylyl cyclase activity in rats. J. Nutr. 126: 1799-1807.

46. Bruhat, A., Jousse, C. & Fafournoux, P. (1999) Amino acid limitation
regulates gene expression. Proc. Nutr. Soc. 58: 625-632.

47. Jousse, C., Bruhat, A. & Fafournoux, P. (1999) Amino acid regulation
of gene expression. Curr. Opin. Clin. Nutr. Metab. Care 2: 297-301.

48. Jousse, C., Bruhat, A., Ferrara, M. & Fafournoux, P. (2000) Evidence
for multiple signaling pathways in the regulation of gene expression by amino
acids in human cell lines. J. Nutr. 130: 1555-1560.

49. Harrison, A. P., Tivey, D. R., Clausen, T., Duchamp, C. & Dauncey, M. J.
(1996) Role of thyroid hormones in early postnatal development of skeletal
muscle and its implications for undernutrition. Br. J. Nutr. 76: 841-855.

50. Jahnsen, T., Lohmann, S. M., Walter, U., Hedin, L. & Richards, J. S.
(1985) Purification and characterization of hormone-regulated isoforms of the
regulatory subunit of type Il cAMP-dependent protein kinase from rat ovaries.
J. Biol. Chem. 260: 15980-15987.

51. Oyen, O., Sandberg, M., Eskild, W., Levy, F. O., Knutsen, G., Beebe, S.,
Hansson, V. & Jahnsen, T. (1988) Differential regulation of messenger ribonu-
cleic acids for specific subunits of cyclic adenosine 3’, 5’-monophosphate
(cAMP)-dependent protein kinase by cAMP in rat Sertoli cells. Endocrinology 122:
2658-2666.

52. Levy, F. O., Ree, A. H., Eikvar, L., Govindan, M. V., Jahnsen, T. &
Hansson, V. (1989) Glucocorticoid receptors and glucocorticoid effects in rat
Sertoli cells. Endocrinology 124: 430-436.

53. Tasken, K. A., Knutsen, H. K., Eikvar, L., Tasken, K., Eskild, W., Jahnsen,
T. & Hansson, V. (1992) Protein kinase C activation by 12-O-tetradecanoyl-
phorbol 13-acetate modulates messenger ribonucleic acid levels for two of the
regulatory subunits of 3’, 5’-cyclic adenosine monophosphate-dependent protein
kinases (RIl beta and Rl alpha) via multiple and distinct mechanisms. Endocrinol-
ogy 130: 1271-1280.

54. Tasken, K., Kvale, D., Hansson, V. & Jahnsen, T. (1990) Protein kinase
C activation selectively increases mRNA levels for one of the regulatory subunits
(Rl alpha) of cAMP-dependent protein kinases in HT-29 cells. Biochem. Biophys.
Res. Commun. 172: 409-414.

55. Reeves, P. G., Nielsen, F. H. & Fahey, C. G., Jr., (1993) AIN-93 purified
diets for laboratory rodents: report of the American Institute of Nutrition ad hoc
working committee on the reformulation of the AIN-76 rodent diet. J. Nutr. 123:
1939-1951.



