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Abstract

A regimen of low-protein diet induces a reduction of pancreatic islet function that is associated with development of metabolic disorders
including diabetes and obesity afterward. In the present study, the influence of leucine supplementation on metabolic parameters, insulin
secretion to glucose and to amino acids, as well as the levels of proteins that participate in the phosphatidylinositol 3-phosphate kinase (PI3K)
pathway was investigated in malnourished rats. Four groups were fed with different diets for 12 weeks: a normal protein diet (17%) without
(NP) or with leucine supplementation (NPL) or a low (6%)-protein diet without (LP) or with leucine supplementation (LPL). Leucine was
given in the drinking water during the last 4 weeks. As indicated by the intraperitoneal glucose tolerance test, LPL rats exhibited increased
glucose tolerance as compared with NPL group. Both NPL and LPL rats had higher circulating insulin levels than controls. The LPL rats also
showed increased insulin secretion by pancreatic islets in response to glucose or arginine compared with those observed in islets from LP
animals. Glucose oxidation was significantly reduced in NPL, LP, and LPL isolated islets as compared with NP; but no alteration was
observed for leucine and glutamate oxidation among the 4 groups. Western blotting analysis demonstrated increased PI3K and mammalian
target protein of rapamycin protein contents in LPL compared with LP islets. A significant increase in insulin-induced insulin receptor
substrate 1—associated PI3K activation was also observed in LPL compared with LP islets. These findings indicate that leucine
supplementation can augment islet function in malnourished rats and that activation of the PI3K/mammalian target protein of rapamycin
pathway may play a role in this process.
© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Impairment of pancreatic -cell function and/or alteration
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in S-cell mass is a key factor in the development of type 2
diabetes mellitus [1,2]. However, before the onset of
diabetes, the endocrine pancreas undergoes several structural
and functional adaptations to maintain glucose homeostasis.
These adaptations are observed during pregnancy, aging,
obesity, and malnutrition [3-6].

Malnutrition along intrauterine or postnatal periods
induces significant structural and functional changes in
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pancreas, liver, muscle, and adipose tissues, which can lead
to insulinopenia [7]. We have demonstrated that partial
deprivation of protein in diet in pre- or postnatal periods in
rats results in a good model to mimic human undernourish-
ment [8-13]. Rats submitted to low-protein diet for 8 weeks
exhibit reduced body weight, hypoalbuminemia, normogly-
cemia, and reduced plasma insulin levels [10,11,14,15].
Islets from these rats are less responsive to glucose and do
not exhibit insulin secretory biphasic patterns [6,8,14,15].
These animals, however, show improved peripheral insulin
sensitivity, possibly because of cross talk as a result of
reduced plasma insulin levels [14,16].

Epidemiologic studies have suggested an association
between previous exposure to undernourishment and
subsequent development of type 2 diabetes mellitus in
adult life, especially when overnutrition is imposed [17-19].
Thus, it is important to seek strategies to improve the islet
function and metabolic management in undernourished
subjects. Leucine supplementation could be an interesting
approach because this amino acid has been shown to
ameliorate islet function [20-23]. Leucine acts positively
on insulin release by increasing adenosine triphosphate
(ATP) in the tricarboxylic acid cycle (TCA) [22]. The first
mechanism involves leucine transamination and o-ketoiso-
caproate formation, which is further oxidized in the
mitochondria. Leucine also promotes insulin release via
allosteric activation of glutamate dehydrogenase (GDH) that
converts glutamate to o-ketoglutarate, which is also oxidized
in TCA [24]. Leucine also up-regulates glucokinase, which
increases NAD(P)H levels [23] and ATP synthase [23,25],
enhancing oxidation of NADH and production of ATP
[22,23,25,26]. Moreover, leucine metabolism in pS-cells
activates secondary signals that stimulate the mammalian
target protein of rapamycin (mTOR), a serine/threonine
protein kinase, which subsequently phosphorylates and
activates the ribosomal protein S6 kinase-1 (S6K-1),
resulting in improved protein translation in f-cells [22,26].

We have recently demonstrated a reduction of the
nutritionally responsive S6K-1 content in islets from
malnourished rats, which exhibit decreased insulin secretion
both in vivo and ex vivo [15]. Herein, we sought to study the
effects of leucine supplementation on pancreatic [-cell
function. For this purpose, insulin secretion was determined
in isolated pancreatic islets, as well as glucose, leucine,
glutamine oxidation, and components of the phosphatidyli-
nositol 3-phosphate kinase (PI3K) pathway, such as mTOR
and S6K-1 protein expression.

2. Material and methods
2.1. Animals and treatment

The experiments described herein were approved by the
institutional Committee for Ethics in Animal Experimenta-
tion, State University of Campinas. Groups of 5 male Wistar
rats (21 days old) from the breeding colony at the State

University of Campinas were housed at 24°C on a 12-hour
light/dark cycle. The rats were separated into 4 groups and
treated for 12 weeks with the following: normal-protein diet
(NP)—maintained on an isocaloric diet containing protein
(17%); normal-protein diet plus leucine (NPL)—maintained
on an isocaloric diet containing protein (17%) plus leucine
supplementation during the last 4 weeks; low-protein diet
(LP)—maintained on an isocaloric diet containing protein
(6%); and low-protein diet plus leucine (LPL)—maintained
on an isocaloric diet containing protein (6%) plus leucine
supplementation during the last 4 weeks. The compositions
of the 2 isocaloric diets are shown in Table 1 Leucine (1.5%)
was supplied in the drinking water.

2.2. Body weight, blood glucose, and serum insulin and
total protein levels

Absolute body weight was determined before the
initiation of diet, on the day before the beginning of the
leucine supplementation, and on the last day before killing
the rats. On the day rats were killed, rats were first used to
measure blood glucose levels, which were obtained from the
tail tip, using a glucosimeter (Accu-Check Advantage II;
Roche, Sdao Paulo, SP, Brazil). The rats were then killed by
exposure to CO,; the trunk blood was collected; and the
serum, obtained after centrifugation of the blood, was used to
determine insulin levels by radioimmunoassay [27]. Total
serum protein was determined according to the manufac-
turer’s instructions (Bio-Rad Laboratories, Munchen, Ger-
many) using spectrophotometry.

2.3. Intraperitoneal glucose tolerance test

The intraperitoneal glucose tolerance test was performed
according to Rafacho et al [28]. Briefly, after food
deprivation (12 hours), independent groups of rats were
anesthetized (60 mg/kg body weight; with sodium thiopen-
tal); and blood samples were obtained from the tail tip for
measurement of glucose levels, as described above.
Subsequently, a glucose solution (50%) was administered
into the peritoneal cavity at a dose of 2 g/kg body weight.

Table 1
Composition of NP and LP diets [43]

Ingredient NP (17% protein) LP (6% protein)
gkg

Casein (84% protein) 202.0 71.5%
Cornstarch 397.0 480.0"
Dextrin 130.5 159.07
Sucrose 100.0 121.0°
Soybean oil 70.0 70.0
Fiber 50.0 50.0
Mineral mix (AIN-93G) 35.0 35.0
Vitamin mix (AIN-93G) 10.0 10.0
L-Cysteine 3.0 1.0%
Choline chlorhydrate 2.5 2.5

? Difference between the 2 isocaloric diets.
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Additional blood samples were obtained for determination of
glucose concentrations at 15, 30, 60, 90, and 120 minutes
after glucose load.

2.4. Intraperitoneal insulin tolerance test

The intraperitoneal glucose tolerance test was carried out
according to Rafacho et al [28]. Briefly, after anesthesia of
animals as described above, blood glucose (time 0) was
measured as described above in independent groups of fasted
rats; and the rats received 2 U/kg body weight human
recombinant insulin (Biohulin N) from Biobras (Montes
Claros, MG, Brazil) in the peritoneal cavity. Blood glucose
concentrations were then determined at 5, 10, 15, 20, 25, and
30 minutes after insulin administration. The constant ratio for
glucose disappearance (KITT) was calculated using the formula
0.693/t,5; 1, was calculated using the analysis of the square
fall of glucose concentration during the linear phase decay.

2.5. Insulin secretion

Islets were isolated by collagenase digestion of the
pancreas, as previously described [29]. For static incubation,
groups of 5 islets from each group were first incubated in a
24-well plate for 45 minutes at 37°C in 1 mL Krebs-
bicarbonate buffer with the following composition (in
millimoles per liter): 115 NaCl, 5 KCI, 2.56 CaCl,, 1
MgCl,, 10 NaHCO;, 15 HEPES, and 5.6 glucose,
supplemented with 3 g/L of bovine serum albumin and
balanced with a mixture of 95% 0,:5% CO, to give pH 7.4.
This medium was then replaced with the media indicated in
the figures for 1 hour. Samples from independent experi-
ments were collected on different days and stored at —80°C.
The insulin concentration was determined at the end of the
incubation period by the radioimmunoassay method. The
total protein content in 100 islets from NP, NPL, LP, and
LPL rats did not change statistically (238 = 21, 225 + 21,
217 + 35, and 222 + 35 ug, respectively). Results were
expressed as percentages of NP values.

2.6. Glucose, leucine, and glutamine oxidation

Glucose, leucine, and glutamine oxidation rates were
measured in isolated islets, as previously described [30].
Briefly, groups of 30 islets were placed in wells containing
Krebs-bicarbonate—buffered media (50 uL) supplemented
with trace amounts of D-[U-14C] glucose, D-[U-14C] leucine,
or L-[U-14C] glutamine (10 uCi/mL) plus nonradioactive
glucose, leucine, or glutamine to a final concentration of 16.7,
20, or 10 mmol/L, respectively. The wells were suspended in
20-mL scintillation vials, which were gassed with 95% O,
and 5% CO, and capped airtight with rubber membranes. The
vials were shaken continuously for 2 hours at 37°C in a water
bath. After incubation, 0.1 mL HCI (0.2 mmol/L) and 0.2 mL
hyamine hydroxide were injected through the rubber cap into
the glass cup containing the incubation medium and into the
counting vials, respectively. After 1 hour at room tempera-
ture, 6 mL of scintillation fluid was added to the hyamine; and

the radioactivity was counted. Glucose, leucine, and
glutamine oxidation rates were expressed as picomoles per
liter islet per hour.

2.7. Western blotting assay

After isolation by collagenase digestion of pancreata and
subsequent separation, groups of 300 freshly isolated islets
were pelleted by centrifugation and then resuspended in 50
to 100 uL of homogenization buffer containing protease
inhibitors, as previously described [31]. The islets were
sonicated (15 seconds), and total protein content was
determined by the Bradford method. The sample volume
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 sodium dodecyl
sulfate polyacrylamide gel electrophoresis, transferred to
nitrocellulose membranes, and stained with Ponceau S to
confirm the efficiency of the electrotransference. The
insulin receptor (IR), insulin receptor substrate 1 (IRS-1),
PI3K, mTOR, and S6K-1 proteins were detected in the
membrane after 2 hours of incubation at room temperature
with a rabbit polyclonal antibody against IR (diluted
1:1000), IRS-1 (diluted 1:1000), PI3K (diluted 1:500),
mTOR (diluted 1:1000), and p70S6K-1 (diluted 1:2500).
All antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA) and were diluted in TBS-Tween 20 containing 30
g/L dry skimmed milk. Detection was performed using
enhanced chemiluminescence (SuperSignal West Pico;
Pierce, Rockford, IL) after incubation with a horseradish
peroxidase—conjugated secondary antibody. Band intensi-
ties were quantified by optical densitometry (Scion Image,
Frederick, MD) of the developed autoradiogram.

2.8. RNA isolation and semiquantitative reverse transcriptase—
polymerase chain reaction analysis

Isolation of total RNA and semiquantitative reverse
transcriptase—polymerase chain reaction (RT-PCR) were
performed according to a previously described method [28].
Briefly, total RNA from islets was extracted using Trizol
(Invitrogen, Carlsbad, CA) reagent as described by the
manufacturer. For the PCR, RNA was reverse-transcribed
using random primers. The resulting complementary DNA
(cDNA) was amplified by RT-PCR using primer sequences
and PCR parameters as indicated in Table 2. The PCR was
performed in a 25-ul. reaction volume containing cDNA
equivalent to 3 ug of RNA, 10 mmol/L cold dNTPs per liter
(dATP, dCTP, dGTP, dTTP), S0 mmol/L MgCl,, 10x PCR
buffer, 10 umol/L of appropriate oligonucleotides primers,
and 2 units of Taq polymerase. The PCR products were
separated on 1.5% agarose gel in 1x Tris-Borate-EDTA
(TBE) buffer and stained with ethidium bromide. All PCRs
included a negative control. The absence of genomic
contamination in the RNA samples was confirmed by the
RT-negative RNA samples. Subsequent digitalization and
measurement of relative band intensities were performed
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Table 2

PCR primers used for mRNA amplification

Gene name Gene bank Forward 5’ oligonucleotide Reverse 5’ oligonucleotide Product Annealing Cycles
accession no. size temperature (C°)

rIrB NM_017071 AGTCATTGTCAGAAAGTTTG TGTCACGGAATCAATGGTCT 420 55 29

r IRS1 NM_012969 ACCCACTCCTATCCCG CACCGCTCTCAACAGG 539 59 33

r PI3K NM_022958 TCTCCTCTCATTACACCAACC TGCTCTAGGTTTTCCCCATCA 319 59 33

r mTOR NM_019906 CAAAGAGAAGGGTATGAA CAAAGAGAAGGGTATGAA 189 58 30

r S6K-1 BC089789 TGGATTGGTGGAGTTTGGG ATTTGACTGGGCTGACAGGC 531 57 29

r RPS29 NM_012876 AGGCAAGATGGGTCACCAGC AGTCGAATCATCCATTCAGGTCG 201 57 29

using a Gel Doc documentation system (BioRad Laboratory,
Hercules, CA). The results were expressed as a ratio between
the target gene amplification and internal control product
RPS-29.

2.9. PI3K assay

Aliquots of supernatants containing equal amounts of
proteins were incubated overnight at 4°C using antibodies
against IRS-1 or the p85 subunit of PI3K (Santa Cruz
Biotechnology), and the immunocomplexes were precipitat-
ed with a 50% solution of protein A—Sepharose 6MB. In
vitro PI3K assays were performed as described [32,33] and
allowed the determination of the catalytic activity of insulin-
induced IRS-1-bound PI3K. The **P-labeled 3-P-phospha-
tidylinositol was quantified by the same software described
above for Western blotting assay.

2.10. Statistical analysis

Results are expressed as means + SEM of the indicated
number of experiments. Analysis of variance (ANOVA) for
unpaired groups, followed by Tukey posttest, was used for
multiple comparisons of parametric data. The significance
level adopted was P < .05.

3. Results

3.1. Leucine supplementation improved the biochemical
parameters in malnourished rats

In accordance with a previous observation [14,15], the
body weight and total serum protein were significantly

Table 3

Body weight of NP, NPL, LP, and LPL rats

Groups 21 d old 77 d old 105 d old
Body weight (g)

NP 56.5+2.6 279.2 £24 3275+ 13

NPL 58.5+3.2 334.0 £22 383.2+20

LP 59.2 +3.7 154.0 + 25° 2247 £21*

LPL 53.8+8.2 152.8 £ 37% 201.6 £ 37*

Values are means + SEM. n = 10. P < .05 using ANOVA with
Tukey posttest.

# Significantly different from the respective control (protein restriction
effect).

reduced (P < .05) after feeding on a low-protein diet; and,
although not statistically different, a reduction of 27% was
also observed in serum insulin levels in LP compared with
NP rats (Tables 3 and 4). These findings indicate the
establishment of malnourishment in rats. Leucine supple-
mentation partially recovered the changes in total serum
protein induced by low-protein diet. The LPL rats also
exhibited a significant increase (2.2-fold) of insulin levels
compared with the LP rats (P < .05, Table 4). The NPL rats
also showed increased serum insulin values compared with
the NP rats (P < .05, Table 4). These results suggest that
leucine supplementation increases insulin secretion under
both normal and malnourished conditions.

3.2. Low-protein diet but not leucine supplementation
increased glucose tolerance

The NPL rats did not exhibit any alterations in glucose
tolerance and insulin sensitivity compared with the NP
animals (Table 5). The parameters in LPL rats did not differ
from those in LP animals. However, LPL rats showed a
significant improvement in glucose tolerance (as judged by
the 2.1-fold increase in the constant rate for glucose
disappearance [kGTT] between minutes 15 and 60 after
glucose load) compared with NPL rats (P < .05) and a
tendency toward improved insulin sensitivity (as judged by
the 1.27-fold increase in the KITT along 30 minutes after
insulin administration) compared with NPL rats (Table 5).
The LP rats showed a partial increase in glucose tolerance
(1.45-fold in AGTT values) and in insulin sensitivity (1.22-
fold in AKITT values) compared with NP rats (not significant).

Table 4
Blood glucose, serum insulin, and total protein levels from NP, NPL, LP,
and LPL fasted rats

Groups NP NPL LP LPL
Glucose (mmol/L) 6.9 +0.3 6.8+0.5 7.1+0.7 6.1 +0.2
Insulin (nmol/L) 0.15+0.02 0.28+0.03> 0.11+0.03 0.25+0.03°
Total proteins (g/L) 46 + 1.0 43 +£3.0 28 £6.0"  36+6.0

Values are means £ SEM. n = 10. P < .05 using ANOVA with
TUKEY posttest.

 Significantly different from the respective control (protein restriction
effect).

® Significantly different from respective control (leucine supplementa-
tion effect).
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Table 5

The constant rate for glucose disappearance between minutes 15 and 60 after
intraperitoneal glucose load (AGTT) or during minutes 0 to 30 after
intraperitoneal insulin administration (kKITT) from NP, NPL, LP, and LPL rats

Groups NP NPL LP LPL

kGTT (% min) 0.83 £ 0.1 0.69 £ 0.1 1.2+£0.13 1.49+0.18"
KITT (% min) 1.99+£0.15 192+0.19 243+£0.08 2.44+0.21

Values are means £ SEM. n = 6. P <.05 using ANOVA with Tukey posttest.
* Significantly different from the respective controls (protein restriction
effect).

Thus, results suggest that the increased serum insulin levels
observed in leucine-supplemented rats are not the conse-
quence of a high peripheral insulin demand. Instead, rats fed
on a low-protein diet showed increased glucose tolerance
and insulin sensitivity, which are in agreement with our
previous observations [14,16].

3.3. LPL rats exhibited increased glucose stimulated-insulin
secretion

To determine whether increased serum insulin levels in
LPL rats were due to an alteration in secretory mechanisms,
insulin secretion from isolated islets was investigated. As
previously observed [14,15], insulin secretion by islets from
LP rats was significantly reduced when stimulated by 16.7
mmol/L glucose compared with NP islets (P <.05) (Fig. 1A).
The LPL, but not NPL, rats exhibited a significant increase in
insulin secretion after glucose (16.7 mmol/L) induction
compared with their control group (P < .05). Glucose
stimulated-insulin secretion (GSIS) was 64% higher in LPL
compared with LP islets (Fig. 1A). The insulin release were
13.5+1.0,153£0.7,7.0+ 0.9 and 11.5 + 1.6 ng per islet
per hour for NP, NPL, LP, and LPL, respectively.
Interestingly, islets from NPL rats exhibited a marked
increase in insulin response to 20 mmol/L arginine (8-fold)
and 20 mmol/L leucine (3.7-fold) compared with NP islets
(0.71 £ 0.06 vs 5.75 £ 0.11 ng per islet per hour for arginine
and 2.23 + 0.34 vs 8.33 + 1.38 ng per islet per hour for
leucine stimulus in NP and NPL islets, respectively) (P <
.05). The LPL rats showed a 3.7- and 3.4-fold increase in
insulin secretion in response to 20 mmol/L arginine and 20
mmol/L leucine, respectively, compared with LP islets (P <
.05 only for 20 mmol/L arginine) (Fig. 1B and C,
respectively). The insulin secretion were (0.32 £+ 0.08 vs
1.21 + 0.15 ng per islet per hour for arginine and 0.55 + 0.08
vs 1.87 £ 0.16 ng per islet per hour for leucine stimulus in LP
and LPL islets, respectively).

3.4. Glucose oxidation is decreased in LPL Rats

To determine whether the increased insulin secretion
stimulated by glucose observed in leucine-supplemented
rats is associated with augmented glucose oxidation; this
parameter was investigated in incubated isolated islets.
Glucose oxidation at 16.7-mmol/L glucose incubation was
significantly reduced in both NPL and LP islets compared
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Fig. 1. The LPL rats exhibit increased GSIS. A, At a concentration of
2.8 mmol/L glucose, insulin secretion was similar in all groups. At a
stimulatory glucose concentration, the insulin secretion was reduced in LP
compared with NP islets and enhanced in LPL compared with LP islets. B,
The NPL and LPL rat islets showed a significant increase in insulin
secretion in response to 20 mmol/L arginine compared with their respective
controls. C, Twenty millimoles per liter of leucine induced a marked
increase in insulin secretion in NPL compared with NP islets. Values are
means = SEM. *Significantly different from the respective control (protein
restriction effect). “Significantly different from respective control (leucine
supplementation effect). n = 10 (2 independent experiments). P < .05 using
ANOVA with Tukey posttest.
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with NP islets (P < .05). The LPL rats exhibited an
additional reduction of this parameter compared with the LP
islets (P < .05) (Fig. 2A). Because glucose oxidation was
reduced in rats submitted to low-protein diet and/or diet
supplemented with leucine, oxidation of this amino acid was
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0 : . ,
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Fig. 2. Decrease of glucose oxidation in isolated islets from NPL, LP, and
LPL rats. A, Note the reduction of glucose oxidation in islets from LP rats.
Rats supplemented with leucine also exhibited decreased glucose oxidation,
and LPL rats exhibited an additional reduction in glucose oxidation
compared with LP islets. No difference in leucine oxidation (B) and in
glutamate oxidation (C) was observed in islets among the groups. Values are
means + SEM. *Significantly different from the respective control (protein
restriction effect). “Significantly different from the respective control
(leucine supplementation effect). n = 12 (2 independent experiments). P <
.05 using ANOVA with Tukey posttest.

measured. Intriguingly, leucine oxidation was not different
among the groups (Fig. 2B). Leucine can also act through
allosteric activation of GDH, which results in glutamate
oxidation. This parameter was not changed under the
conditions studied (Fig. 2C).

3.5. Increased levels of PI3K and mTOR protein in islet
lysates from LPL rats

Because glucose, leucine, and glutamate oxidation did not
support the elevation in insulin secretion and given that
leucine can increase the translational level through the
insulin/PI3K/mTOR signaling pathway, we investigated this
pathway. The content of the [-subunit of the IR was
significantly increased in LP compared with NP islet lysates
(P < .05) (Fig. 3). Leucine supplementation did not alter the
IR expression in LPL and NPL rat islets. The protein content
of IRS1 was significantly reduced in LP compared with NP
islet lysates (P < .05); however, leucine supplementation did
not promote any alteration of protein content in either LPL or
NPL islets (Fig. 3). A trend toward increased (1.5-fold) PI3K
protein levels was observed in islets from LP rats compared
with NP islets. Leucine supplementation induced an increase
in PI3K content in both NPL (1.5-fold) and LPL (1.44-fold)
islets vs NP and LP islets, respectively (P < .05 for LPL
islets) (Fig. 3). Serine/threonine protein kinase mTOR levels
were significantly reduced in islets from LP compared with
NP islets (P < .05). However, leucine supplementation
promoted a 2.5-fold increase of mTOR in LPL compared
with LP islets (P <.05) and no alteration in NPL compared
with NP islets. The ribosomal protein S6K-1 levels were
reduced in both LP and LPL islets compared with NP and
NPL, respectively (P <.05) (Fig. 3). These findings indicate
that PI3K and mTOR may be involved in the increased
insulin secretion observed in LPL rats.

3.6. Messenger RNA expression in islets from malnourished
and leucine-supplemented rats

To verify whether the alterations observed in protein
levels were accompanied by changes in protein messenger
RNA (mRNA) levels, a semiquantitative PCR analysis was
performed. As observed in Fig. 4, there were no alterations in
IR mRNA levels among the 4 groups. Similarly to
observations in protein expression, IRS1 mRNA levels
were decreased in LPL compared with NPL (P < .05). In
contrast to the results for protein levels, PI3K mRNA was
markedly reduced in both LP and LPL compared with NP
and NPL islets, respectively, and increased in NPL when
compared with NP islets (P < .05) (Fig. 4). The mTOR
mRNA levels followed the same trend of changes observed
in protein levels for all groups (P > .05). The S6K-1 mRNA
levels also showed the same trend of changes observed for
S6K-1 protein content, with the exception of NPL rats,
which exhibited a significant increase in S6K-1 mRNA
levels compared with NP rats (P < .05) (Fig. 4). These
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Fig. 3. Increased levels of PI3K and mTOR proteins in islet lysates from LPL rats. A, The LP islets showed increased content of IR and PI3K protein and
decreased expression of IRS1, mTOR, and S6K-1 compared with NP islets. However, LPL islets had increased levels of PI3K, mTOR, and, to a lesser extent,
S6K-1 compared with LP islets. Values are means + SEM. *Significantly different from the respective control (protein restriction effect). “Significantly different
from respective control (leucine supplementation effect). n = 4 independent experiments. P < .05 using ANOVA with Tukey posttest.

findings revealed a positive association between mRNA and
protein levels for mTOR and S6K-1, but not for PI3K.

3.7. Increased IRSI-associated PI3K activation in islets
from LPL rats

To determine whether the increased PI3K protein content
is associated with augmented PI3K activation, islets were
incubated for 2 hours in the presence of 100 nmol/L insulin
in media containing 5.6 mmol/L glucose; and the IRS1-
associated PI3K activity was determined. There was no
significant difference in basal IRS1-associated PI3K activity
among the groups (Fig. 5). The IRSl-associated PI3K
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with Tukey posttest.

activity was significantly increased in islets incubated in the
presence of insulin compared with their basal condition in all
groups (P < .05). Both LP and LPL islets had a higher IRS1-
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Fig. 5. Increased IRS1-associated PI3K activity in LPL islets. Fluorograph
shows the silica TLC plates of insulin-induced, IRS-associated PI3K
activity. PI 3-P indicates the migration position of phosphatidylinositol 3-
phosphate. Bar graphs depict the relative incorporation of **P into PI 3-P
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from the respective control (leucine supplementation effect). n =5. P <.05
using ANOVA with Tukey posttest.
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associated PI3K activity than NP and NPL islet responses.
The increase reached 1.5- and 1.9-fold for LP and LPL islets
over NP and NPL islets, respectively (P < .05, Fig. 5). In
addition, IRS1-associated PI3K activity in islets from
malnourished rats supplemented with leucine was signifi-
cantly higher (1.3-fold) than the results observed in LP rats
(P < .05, Fig. 5).

4. Discussion

The major finding of this study is that leucine
supplementation augments the response to glucose in islets
from malnourished rats (LPL group) (Fig. 1A), which
undergo a reduction in GSIS after low-protein diet treatment
(LP group) [11,15]. The increase in insulin secretion
observed in LPL islets is also observed in the presence of
other nutrients (Fig. 1B and C), indicating increased islet
function when compared with low-protein diet. Interestingly,
glucose oxidation is reduced not only in LP, but also in LPL
and NPL rats (Fig. 2A), indicating that leucine might provide
an elevated level of ATP during insulin secretion. Reduced
glucose oxidation by islets from malnourished rats has been
previously observed [15] and could explain in part the
reduced GSIS in these animals. However, intriguingly, LPL
and especially NPL islets showed increased GSIS.

Leucine can induce insulin release in the presence of basal
or stimulating concentrations of glucose [34,35], a process
that has been associated with elevated mitochondrial energy
production [22]. Leucine metabolism might supply TCA
with different anaplerotic substrates including o-ketoiso-
caproate, which can be further metabolized to acetyl—
coenzyme A and acetoacetate [36]. However, evaluation of
leucine oxidation revealed no differences between the 4
groups (Fig. 2B), indicating that use of leucine by this
pathway is the same in all of the groups studied.

Leucine may also allosterically activate GDH, the
enzyme that converts glutamate to o-ketoglutarate, an
important anaplerotic substrate for the second span of
TCA. The observation that the -cell possesses a high level
of anaplerotic mitochondrial enzymes, as demonstrated by
elevated pyruvate carboxylase as well as GDH activity,
suggests that this process is of particular importance for the
insulin secretion mechanism [36,37]. As previously
reported, an elevated content of TCA intermediates is
directly associated with augmented oxidative energy
production [38,39]. The reduced glucose oxidation, there-
fore, may be supported by an elevated expansion of TCA
intermediates as a consequence of the leucine-induced effect
on GDH [36]. Taken together, these findings suggest that
leucine functions as a positive regulator of insulin secretion
in malnourished rats.

Importantly, leucine can independently activate the
mTOR pathway through multiple mechanisms [40-42].
This biochemical route plays a significant role in protein
translation in f-cells, suggesting that elevated anaplerosis

may be regulated by mTOR [22]. In agreement, PI3K,
mTOR, and, to a lesser extent, S6K-1 protein expression is
increased in islets from LPL rats compared with LP animals
(Fig. 3). It is known that the nutritional environment plays an
important role in the control of gene expression [43-48]. The
expressions of several genes and their encoded proteins have
been reported to be affected by low-protein diet and/or by
leucine supplementation [12,15]. Although PI3K, mTOR,
and S6K-1 mRNA levels were reduced in LP islets, leucine
supplementation did not exert significant effects, with the
exception of mTOR, suggesting that molecular adaptations
in LPL rats occurred at the translational level. The main
signaling pathway, downstream from the IR, for promoting
insulin biosynthesis starts with tyrosine phosphorylation of
IRS-1, leading to the sequential activation of PI3K and the
downstream effector AKT [46,49]. Akt exerts an important
role in protein synthesis through modulation of translational
process, including mTOR and its downstream S6K-1 [50]. In
previous studies, we have demonstrated reductions in IRS-1
and S6K-1 and increases in IR and PI3K protein expression
in islets from LP rats [15]. An increase in the IRSI-
associated PI3K activity by insulin and a reduction of mMTOR
protein expression are also observed in islets from LP rats
(Fig. 5). Increased IRS1-associated PI3K activity does not
result in an increase of GSIS in LP rats, which may be due, in
part, to the reduction of its downstream effectors proteins
mTOR and S6K-1. Malnourished rats supplemented with
leucine exhibited decreased levels of IR protein; but the
content of its downstream effector substrate, IRS-1, was not
altered as compared with LP islets. Interestingly, the PI3K/
mTOR/S6K-1 pathway seems to be more active in islets
from these rats as shown by both protein content and IRS1-
associated PI3K activity assay. It is possible that leucine acts
on translational processes of islet proteins [51,52]. In
addition, it has been shown that leucine can regulate
translation initiation through the mTOR signaling cascade,
enhancing protein synthesis [22]. The activation of this
signaling route has been associated with proliferation and
survival [53]. Thus, the improvement in these processes
could be related with the enhanced insulin secretion
observed in malnourished rats treated with leucine. Actually,
inhibition of the mTOR signaling pathway by rapamycin
impairs glucose-induced insulin secretion in the pancreatic
P-cell [54]. Future research on these aspects is warranted.
Moreover, the improvement in protein translation associated
with leucine and the mTOR signaling route may also have a
positive effect on the synthesis of other functional proteins
related with the B-cell function. The increased activity of the
PI3K/mTOR/S6K-1 pathway observed in LPL rats could
favor the expression and/or activity of target proteins related
to the insulin secretion machinery, such as Ca>"-calmodulin
kinases, PKC, PKA, and SNARE proteins. It would be
interesting to perform studies to analyze whether the
expression and/or activity of these proteins is altered after
leucine treatment. In addition, malnourished mice supple-
mented with leucine exhibit an improvement in cytoplasmic
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calcium handling after stimulation by glucose and other
secretagogues, which are associated with exocytosis and
increased GSIS (unpublished observations). The augmented
insulin response to arginine in NPL and LPL islets, which
depolarizes the f-cell membrane potential, activating Ca®"
influx (Fig. 1B), also suggests that leucine may act
predominantly at the secretory level instead of in metabo-
lism. Moreover, the elevated PI3K activity (as judged by
phosphorylation status) found in LPL rats could also sustain
a higher sensitivity to the stimulatory effect of insulin on
GSIS by autocrine and paracrine mechanisms [13,55].

In conclusion, leucine augments the islet function in
malnourished rats and improves the secretory response to
different insulinotropic agents. Moreover, the augmented
GSIS response in LPL rats might also be associated with an
increased activity of the PI3K/mTOR pathway.
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