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Abstract The purpose of this work was to examine whether
changes in dietary protein levels could elicit differential
responses of tissue proteolysis and the pathway involved in
this response. In rats fed with a high protein diet (55%) for
14 days, the liver was the main organ where adaptations
occurred, characterized by an increased protein pool and a
strong, meal-induced inhibition of the protein breakdown
rate when compared to the normal protein diet (14%). This
was associated with a decrease in the key-proteins involved
in expression of the ubiquitin—proteasome and autophagy
pathway gene and a reduction in the level of hepatic ubig-
uitinated protein. In hepatocytes, we demonstrated that
the increase in amino acid (AA) levels was sufficient
to down-regulate the ubiquitin proteasome pathway,
but this inhibition was more potent in the presence of insulin.
Interestingly, AICAR, an adenosine monophosphate-
activated protein kinase (AMPK) activator, reversed the
inhibition of protein ubiquination induced by insulin at high
AA concentrations. Rapamycin, an mammalian target
of rapamycin (mTOR) inhibitor, reversed the inhibition of
protein ubiquination induced by a rise in insulin levels with
both high and low AA concentrations. Moreover, in both low
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and high AA concentrations in the presence of insulin,
AICAR decreased the mTOR phosphorylation, and in the
presence of both AICAR and rapamycin, AICAR reversed
the effects of rapamycin. These results demonstrate that the
inhibition of AMPK and the activation of mTOR transduc-
tion pathways, are required for the down-regulation of pro-
tein ubiquitination in response to high amino acid and
insulin concentrations.
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Introduction

In mammalian tissues, protein degradation involves three
main pathways; i.e., the ubiquitin—proteasome, lysosomal,
and the Ca?*-dependent systems. The ubiquitin—proteasome
system is the principal machinery degrading cytosolic
protein and is responsible for a considerable proportion
of cellular protein degradation, mainly of short-lived or
abnormal proteins (Hamel et al. 2004). Protein ubiquitina-
tion is a multiple-step process mediated by the ubiquitin
enzymes E1, E2 (14 kDa-E2), and E3 (Attaix et al. 2001).
Proteins labeled by ubiquitin are delivered to the proteasome
or lysosomes for degradation, depending on the number of
ubiquitins attached to the protein and the lysyl residues to
which subsequent ubiquitins are attached (Hicke and Dunn
2003; Elsasser and Finley 2005). The lysosomal system
(also called autophagy) degrades long-life proteins and
organelles, including the mitochondrion and peroxisomes.
This system mainly acts through a complex cellular process
of macroautophagy that involved cytoplasm sequestration
into vesicles and delivery to a degradative lysosome that
contains a range of hydrolases. Of these hydrolases,
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cathepsin is able to degrade proteins and requires the
involvement of autophagy-related genes (Atg) for auto-
phagosome formation (Klionsky and Emr 2000; Levine and
Klionsky 2004). The third pathway is the calcium-dependent
proteolytic system that involves calpain as the proteinase
(Ilian and Forsberg 1992; Goll et al. 2003; Costelli et al.
2005). Calpain may also be required for macroautophagy in
mammalian cells (Otani et al. 2004; Demarchi et al. 2006).

Protein degradation systems and proteolysis are sensi-
tive to the nutritional state (Kettelhut et al. 1988). Prote-
olysis is increased in the postabsorptive state and during
fasting and inhibited under feeding and an increase in
habitual protein intake induces both more pronounced
fasted state increase and more pronounced meal-induced
inhibition of proteolysis, respectively (Price et al. 1994;
Forslund et al. 1998). High amino acid concentrations and
insulin are the main inhibitors of protein degradation,
whereas glucagon and low concentrations of amino acids
are the principal stimulators (Gelfand and Barrett 1987,
Flakoll et al.1989; Mortimore et al. 1989; Kadowaki et al.
1992; Blommaart et al. 1997; Boirie et al. 1997; Balage
et al. 2001; Kanazawa et al. 2004; Waterlow 2006; Capel
et al. 2008). In muscle, inhibition of the ubiquitin—protea-
some pathway appears to be responsible for the post-
prandial inhibition of proteolysis in mature rats (Combaret
et al. 2005), and during fasting there is an increase in
ubiquitin expression that is associated with elevated levels
of ubiquitinated proteins in parallel with the rate of pro-
teolysis (Medina et al. 1991). These changes were
reversed by refeeding and may at least be due to a direct
effect of insulin on 14-kDa ubiquitin-conjugating enzyme
expression (Wing and Banville 1994). Lysosomal path-
ways account for approximately only 10-20% of total
skeletal muscle proteolysis, under short-term starvation
(Mitch and Goldberg 1996; Attaix et al. 1998). Starvation
has been shown to induce macroautophagy in the liver,
(Mortimore et al. 1983; Mortimore et al. 1989; Bleiberg-
Daniel et al. 1994) and to increase the expression of
14-kDa ubiquitin-conjugating enzyme in the liver and
kidney (Wing and Banville 1994). Furthermore, in rat
hepatocytes, adenosine monophosphate-activated protein
kinase (AMPK) and the mammalian target of rapamycin
(mTOR) transduction pathways are involved in the control
of autophagic proteolysis (Kanazawa et al. 2004; Meley
et al. 20006).

The aim of the present study was to further evaluate
individual tissue responses to protein feeding which may
differ from each other or from the global trend. Indeed,
these individual responses were rarely investigated or
limited to skeletal muscle for evident physiological interest
and despite the importance of other organs such as the liver
in protein metabolism (Chevalier et al. 2009). In addition,
the AMPK and mTOR transduction pathways have been
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previously shown to be involved in the control of liver
translation in response to a protein intake in the rat
(Chotechuang et al. 2009), but whether they also control
protein degradation was not addressed. In order to better
understand these processes, the present study determined
the consequence of high protein feeding on proteolysis and
proteolysis pathways in both the fasted and the fed state in
the liver, kidney, and muscle of the rat, and also examined
whether amino acids, insulin and the AMPK and mTOR
transduction pathways are involved in the control of liver
protein degradation in response to protein feeding.

Materials and methods
Animals

Male Wistar rats (n = 74) were first of all purchased from
Harlan (Horst, The Netherlands) and were used according
to the guidelines of the French National Animal Care
Committee. The rats were placed under a reversed light
rhythm (lights from 20:00 to 08:00 hours) and adapted to
these experimental conditions for 1 week. They were then
randomly allocated to receive either a normal protein (NP)
or a high protein (HP) diet (the composition of the diets are
detailed on supplemental data). Both diets were iso-ener-
getic (14.89 kJ/g). The rats were accustomed to receiving
their food in two meals: an initial, small meal of 6 g dry
matter (DM) between 09:00 and 10:00 hours, and a second
meal with a free access to food between 14:00 and
18:00 hours. After the first week, the rats had become used
to finishing their first meal within 1 h. All animals had free
access to water.

Experimental design

Four separate experiments were carried out in accordance
with the guidelines of the French Committee for Animal
Care and the European Convention on Vertebrate Animals
Used for Experimentation.

Experiment 1

Measurement of ex vivo tissue proteolysis (n = 26) On
day 15, half of the rats in each group were studied in the
fasted state (16 h fast) and half in the fed state (2 h after
the start of the meal). The animals were anesthetized with
an IP injection of sodium pentobarbital (50 mg/kg BW).
Hepatocytes were prepared as previously described (Azz-
out-Marniche et al. 2007). Protein degradation fluxes were
measured on hepatocytes (8 x 10°), kidney slices, and
soleus muscle by determining the release of an indispens-
able amino acid in an amino acid-free medium in the
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presence of a protein synthesis inhibitor (cycloheximide,
Sigma-Aldrich, St. Louis, MO, USA) (Tischler et al.
1982). At the end of incubation, cells or tissues were rap-
idly separated from their incubation medium by spinning in
a micro centrifuge (1 s), frozen in liquid nitrogen and
stored at —20°C for the assessment of in vitro tissue protein
degradation and the analysis of nitrogen and amino acids as
described in supplemental data.

Experiment 2

Analysis of the gene expression of key proteolysis enzymes
using real-time PCR (n = 24) Rats were studied in the
fasted or fed state, as described in experiment 1. After incision
of the abdomen, the liver, kidneys and soleus muscles were
quickly harvested under sterile conditions, frozen in liquid
nitrogen and stored at —70°C until analysis. Total RNA was
extracted and reverse transcribed and the cDNA was used to
measure the expression of cathepsin D, Atg3, ubiquitin
14 kDa E2 enzyme, C2 subunit of 20S proteasome, m-calpain
and 18S. The analysis of gene expression and the primers used
are detailed in supplemental data.

Experiment 3

Postprandial time course of protein ubiquitination
(n =24) After an overnight fast, six rats previously
adapted to the NP or HP diet were sacrificed in the fasted
state and used as controls. The other nine rats receiving
each diet were divided into three groups that were sacri-
ficed 30, 60 or 120 min after the beginning of their stan-
dardized meal (n = 3 per group on each diet). The livers
were quickly harvested and frozen in liquid nitrogen and
stored at —70°C until Western blot analysis as described in
supplemental data.

Experiment 4

Effect of amino acids, insulin, AICAR and rapamycin on
protein ubiquitination in rat hepatocytes Prior to the
experiments, the rats used for in situ liver perfusion studies
were allowed free access to a commercial laboratory chow
diet and water for at least 1 week. Hepatocytes were iso-
lated from the livers of fed rats as described in “Experi-
ment 1” and were seeded at a density of 7 x 10° cells/dish
in 100-mm Petri dishes. After cell attachment (4 h) and
overnight incubation, the medium was replaced a fresh one
corresponding to M199 medium salts supplemented with
5.5 mM glucose and the amino acid (AA) concentration
found in the portal vein of NP fasted rats, as previously
described (Azzout-Marniche et al. 2007). The hepatocytes
were then incubated for 60 min in low or high amino
acid concentrations (corresponding to the concentrations

measured in the portal vein of NP fasted rats or HP fed rats,
respectively, as previously described (Azzout-Marniche
et al. 2007) with or without insulin (100 nM) (Sigma-
Aldrich), AICAR (500 pM) and/or rapamycin (40 nM)
(Cell Signaling Technology, Beverly, MA, USA). Each
treatment was performed in duplicate. At the end of the
incubation, the hepatocytes were lysed and the proteins
extracted were subsequently analyzed using Western blot.

Statistics

Data are expressed as mean + SD. The effects of diet (NP
vs. HP) and meal (fasted vs. fed state) or amino acids (low
AA vs. high AA) and conditions (with vs. without insulin,
AICAR and/or rapamycin) and their interactions were
analyzed using two-way ANOVA (SAS 9.1, SAS Institute,
Cary, USA). Post hoc Tukey tests for multiple comparisons
were performed to enable pair-wise comparisons. Differ-
ences were considered to be significant at P < 0.05.

Results

Influence of HP feeding on tissue protein contents
and tissue protein degradation rates in vivo

The protein content was significantly increased in hepato-
cytes in HP rats as compared to NP rats whereas no changes
were observed regarding hepatocyte mass (Table 1). The
kidney mass was slightly higher in rats fed an HP diet when
compared with NP rats, but the protein content was similar
whatever was the diet (Table 1). In muscles there were no
changes to either protein content or mass (Table 1). Tissue
breakdown rates, measured from the ex vivo incubation
(Fig. 1), showed that the release of valine from incubated
hepatocytes was more strongly inhibited by 42% by the
meal in HP rats (10.0 & 2.6 and 5.3 £ 2.7 nmol/gP/h in the
fasted and fed states, respectively) than in NP rats
(10.9 £ 2.6 and 9.2 £ 2.8 nmol/gP/h in the fasted and fed
states, respectively). Kidney breakdown rates were differ-
ently affected by meal ingestion in NP and HP rats
(diet x meal interaction, P < 0.05). In HP rats, the fed state
breakdown rate measured in the kidneys only reached 56%
of that measured in NP rats, although this difference was not
significant. Muscle protein degradation rates were influ-
enced neither by the diet nor by the meal.

Influence of HP feeding on the gene expression
of proteins involved in tissue proteolysis

and on ubiquitinated proteins in liver

As reported in Fig. 2, the expression of ubiquitin and
14 kDa enzyme in the liver was significantly influenced by
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Table 1 Tissue mass and composition in rats fed NP or HP diets for 14 days

NP HP Stat effect®
Fasted Fed Fasted Fed
Hepatocytes
Mass (g) 93+ 1.0 104 £ 0.8 10.1 £1.3 103 +£ 1.3 NS
Protein® (g/100 g tissue) 6.20 + 1.35° 6.57 + 1.44*° 8.24 + 1.32° 7.62 + 0.92*° D
Kidneys
Mass (g) 2.17 £ 0.39 2.15 +£ 0.44 243 £ 0.39 245 £ 045 D
Protein (g/100 g tissue) 104 £ 09 10.6 £ 1.1 104 £ 04 105 £ 1.5 NS
Soleus muscles
Mass (g) 0.258 £+ 0.024 0.267 £+ 0.037 0.272 £+ 0.033 0.265 £+ 0.034 NS
Protein (g/100 g tissue) 189 £ 0.8 19.0 £ 1.0 19.0 £ 0.7 184 £ 1.0 NS

Values are mean £ SD, n = 24. Means with a different superscript lower case letters within a row are significantly different, P < 0.05 (post hoc

Tukey tests for multiple comparisons)

NS not significant

A Results from two-way ANOVA with D diet effect (NP vs. HP), M meal effect (fasted vs. fed), PxM diet by meal interaction

the diet (P < 0.05) and the meal, which translated into a
significant inhibition of hepatic ubiquitin expression by the
meal in the HP group, whereas no effect was observed in
the NP group (Fig. 2). Cathepsin D mRNA was also
decreased in HP-fed rats and there was a significant
interaction between the diet and the meal. In the kidneys,
the only effect was that the expression of Atg3, an E2-like
enzyme responsible for autophagosome formation, was
significantly influenced by the meal but not the diet. In
muscle, inverse variations were observed regarding the
expression of ubiquitin and E2 enzymes. mRNA encoding
for ubiquitin increased after meal intake whereas E2
mRNA levels decreased. However, the level of protein
intake had no effect on either ubiquitin or E2 expression. In
order to confirm the effect of the HP diet on the ubiquitin—
proteasome system in the liver, we examined whether this
decrease in ubiquitin expression was associated with
changes to ubiquitinated proteins. For polyubiquitinated
proteins, only the bands between 216 and 62 kDa were
quantified. No difference was found between the NP and
HP groups in the fasted state (Fig. 3). By contrast, ubiq-
uitinated proteins were reduced (less markedly stained) in
HP-fed rats at 30, 60, and 120 min when compared with
the fasted state, whereas no changes over time appeared in
the NP group.

Effect of amino acids and insulin on ubiquitinated
proteins in primary rat hepatocytes

We had previously reported that the HP diet was charac-
terized by an increase in portal amino acid levels; while
plasma insulin levels were the same as those seen in rats
fed an NP diet (Azzout-Marniche et al. 2007). We therefore
investigated the respective roles of amino acids and insulin
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in down-regulation of the ubiquitin—proteasome system in
the liver by the HP diet, using primary hepatocyte culture
experiments. We observed that a high amino acid con-
centration reduced the quantity of ubiquitinated protein
(less markedly stained) when compared with low amino
acid concentrations without insulin (Fig. 4) (amino acid
effect P < 0.0001 and insulin effect P < 0.001). In the
presence of insulin, high amino acid levels more markedly
reduced ubiquitinated protein levels (P < 0.05) (Fig. 4),
whereas low amino acid concentration had no significant
effect.

Role of AMPK and mTOR transduction pathways
in the control of protein ubiquitination in primary rat
hepatocytes

In order to investigate the role of AMPK and mTOR in
control of the ubiquitin—proteasome systems, hepatocytes
were cultivated with or without AICAR (the activator of
AMPK) and/or rapamycin (the inhibitor of mTOR). First of
all, we checked on the effect of amino acids and insulin on
mTOR and AMPK phosphorylation state (P-mTOR and
P-AMPK, respectively) and on one of the well known
target of mTOR, the S6 protein (P-S6). The results showed
a reduction in P-AMPK at a high AA concentration
(Fig. 5a), while either high AA levels or insulin increased
mTOR and S6 phosphorylation (Fig. 5b, ¢), which is in line
with our previous report (Chotechuang et al. 2009). Sec-
ondly, we studied the effect of AICAR and rapamycin on
AMPK and mTOR phosphorylation state. As expected,
P-AMPK increased in the presence of AICAR (Fig. 5a),
and P-mTOR decreased under both low and high amino
acid concentrations in the presence of rapamycin (Fig. 5b).
This was associated by the decrease in P-S6. Rapamycin



Proteolysis control by AA

461

] fasted
Il fed

Diet effect (P=0.07)
Meal effect (P<0.02)
16 4 a
14 1 ab ab
12

10 1

nmol valine/g P/h
[+

o N &~ O

NP HP

160, Diet x Meal effect (P<0.05)

140 |
120 |
100 1
80
60
40 1
20

pmol a-aminoN/g P/h

2.0

1.51

1.01

0.5 1

nmol phenylalanine/g P/h

0.0
NP HP

Fig. 1 Protein degradation rates in liver, kidneys, and muscle
(soleus). Protein degradation rates were expressed as the amounts
of amino acid released by tissue mass in rats adapted to NP or HP
diets for 14 days (n = 26) and sacrificed in the fasted or fed state.
Tissues were incubated in the presence of cycloheximide as described
in “Experimental design”. Values are mean & SD. The effects of diet
(NP or HP) or meal (fasted or fed) were assessed by two-way
ANOVA. Bars with different letters within a graph are statistically
different (post hoc Tukey tests for multiple comparisons, P < 0.05)

had no effect on P-AMPK (Fig. 5a) while AICAR
decreased P-mTOR and P-S6 under both low and high AA
levels in the presence of insulin (Fig. 5b, c). Both AICAR
and rapamycin induced an increase in P-AMPK which was
similar to that observed with AICAR alone, while P-mTOR
inhibition was reversed by AICAR (Fig. 5a, b). However,
no effect of AICAR was observed on P-S6 in the presence

of both rapamycin and AICAR (Fig. 5c). Thirdly, we
studied the effect of rapamycin and/or AICAR on ubiqui-
tinated protein. Our results showed that rapamycin strongly
increased ubiquitinated protein (P < 0.01) under both low
and high AA concentrations in the presence of insulin
(Fig. 5d). AICAR exerted no significant effect on protein
ubiquitination at a low AA concentration, while it reversed
the inhibition of protein ubiquitination induced by insulin
at a high AA concentration, (Fig. 5d). Surprisingly, we
observed that the effect of rapamycin on ubiquitinated
proteins was reversed by AICAR (Fig. 5d) and returned to
the level observed after inhibition by either high AA and/or
insulin.

Discussion

This study assessed the adaptation to a high dietary protein
intake of protein degradation in three tissues that play
major roles in protein metabolism in rats, with a focus on
the transition between the fasted and fed states. The results
demonstrated tissue-specific responses of proteolysis to HP
diets. In the liver, the HP diet was associated with an
increase in the tissue protein pool, with a general trend for
a more pronounced meal-induced inhibition of protein
breakdown. By contrast, in peripheral tissues, no such
changes were observed.

Previous studies described a stimulation of proteolysis
over a long period of fasting of at least 24 h and an inhi-
bition after feeding at the whole body level (Waterlow
2006), a regulation that is common to both muscle (Wing
and Goldberg 1993; Wing and Banville 1994; Busquets
et al. 2002) and liver (Mortimore et al. 1983; Mortimore
et al. 1989; Bleiberg-Daniel et al. 1994). In the present
study, when rats were fed a NP diet no significant meal-
induced inhibition of protein degradation was observed
after overnight fasting in the liver, kidney or muscle.
Moreover, the significant meal-induced inhibition of pro-
teolysis in the livers of rats fed the HP diet was in line with
previous studies on whole-body protein turnover responses
to increased protein intakes in humans (Pacy et al. 1994).
Measures of whole body protein fluxes integrate different
tissue fluxes, which may diverge one from another (Nair
et al. 1995; Thivierge et al. 2005). The present results
provide new insight by showing that tissue-specific
responses to an HP diet can be observed using an ex vivo
incubation method (Tischler et al. 1982) to measure these
fluxes. The results indicated that the increased amplitude in
diurnal N cycling observed with elevated protein intakes is
more likely to concern specific protein pools such as
hepatic proteins whereas muscle proteolysis is not signifi-
cantly affected. The present study also indicates that the
increased protein content in the liver previously observed
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Fig. 2 Relative expression
levels of genes encoding for the
main proteolytic pathways in
liver, kidneys, and muscle
(soleus). The expression of
mRNAs encoding for cathepsin
D, Atg3, ubiquitin, 14-kDa E2
enzyme, C2 subunit of the
proteasome and m-calpain were
measured by real-time PCR in
rats adapted to NP or HP diets
for 14 days (n = 24) and
sacrificed in the fasted or fed
state. Values are mean £ SD.
The effects of diet (NP or HP)
or meal (fasted or fed) were
assessed by two-way ANOVA.
Bars with different letters
within a graph are statistically
different (post hoc Tukey tests
for multiple comparisons,

P < 0.05)

in HP-fed rats that could not be explained by an effect
on liver protein synthesis was paradoxically reduced,
(Chevalier et al. 2009) is in contrast directly related to a
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more pronounced meal-induced inhibition in protein
breakdown. These adaptations of liver protein metabolism
to the increase dietary protein in the diet suggest its
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Fig. 3 Time course effect of Control
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Fig. 4 Effect of amino acids (AA) and insulin on protein ubiquiti-
nation in a primary hepatocyte culture. Hepatocytes were incubated
for 60 min in M199 salt medium containing 5 mM glucose plus low
AA or high AA concentrations, with or without insulin. Protein
extracts were processed for Western blot analyses. Results are
representative of four separate experiments. The graphs represent the
ratio of ubiquitinated protein and actin for eight samples from four
separated cultures. Only the bands between 216 and 62 kDa were
quantified. The results are expressed as mean &+ SD, for n = 8. The
effects of AA (low AA or high AA) or insulin (with or without
insulin) were assessed by two-way ANOVA. Bars with different
letters within a graph are statistically significantly different (post hoc
Tukey tests for multiple comparisons, P < 0.05)

importance in protein homeostasis as in the case for car-
bohydrate and lipid homeostasis. Hence, the liver is more a
regulatory organ, controlling the uptake and release of
compounds to maintain energy homeostasis. Given that the
liver is the only site for urea production, it provides a route
for disposal of excess amino acids and their nitrogen
content derived from dietary protein, in accordance with an
old observation suggesting the existence of a labile proteins
originally referred to by Lusk (1919). As for the other
macronutrients, proteins can be stored in the liver provid-
ing the major source of oxidative fuel for the liver under
high protein feeding both directly or through the conver-
sion of amino acids in carbohydrate pathway (Stepien et al.
2010) without any adverse effects, particularly regarding
hepatic histopathology (Lacroix et al. 2004).

The modulations affecting tissue protein degradation
rates in response to an HP diet are consistent with the
changes observed to the expression of major components in
the proteolytic pathways, pointing to crucial roles for both
autophagy and the ubiquitin—proteasome system in liver
proteolysis. In the liver, ubiquitin and E2 enzyme expres-
sion was significantly inhibited by meal intake in HP-fed
rats but not in NP-fed rats. As a consequence, liver proteins
were less ubiquitinated and this process occurred as early
as 30 min after the HP meal. The autophagic pathway may
also be involved in these adaptations since cathepsin D
expression was significantly lower in HP-fed rats than in
HP-fasted rats. However, these variations did not differ
from those seen in NP rats. These observations are in
agreement with the role of the ubiquitin—proteasome
dependent proteolytic pathway as a major cell catabolic
process responsible for protein breakdown during short-
term physiological and nutritional changes such as food
deprivation (Ding et al. 1997). In the liver, the lysosomal
pathway is generally considered to predominate (Bleiberg-
Daniel et al. 1994; Blommaart et al. 1995; Del Roso et al.
2003; Kadowaki and Kanazawa 2003; Kanazawa et al.
2004), and only one study has reported a stimulation of
hepatic ubiquitin expression after 1 or 2 days of starvation
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Fig. 5 The role of AMPK and

mTOR in the control of protein
ubiquitination in a primary

hepatocyte culture. Hepatocytes
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(Wing and Banville 1994). In contrast to the liver, the
ubiquitin—proteasome dependent proteolytic pathway is
believed to play a major role in regulating protein degra-
dation in muscle (Medina et al. 1991; Wing et al. 1995;
Hamel et al. 2003), even if some recent data have sug-
gested that autophagy and/or Ca®* proteolysis are respon-
sible for the postprandial inhibition of muscle protein
breakdown (Capel et al. 2008). In muscle, moderate
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variations were seen to affect the expression of genes
encoding key ubiquitin proteins, which was in line with the
results regarding muscle protein breakdown. Numerous
publications have described a stimulation of muscle protein
breakdown in response to fasting, followed by an inhibition
after re-feeding with a normal diet. The ubiquitin—protea-
some pathway is the principal route of muscle protein
breakdown that is activated in response to one or more days
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of starvation (Medina et al. 1991; Wing and Banville 1994;
Wing et al. 1995) Given that glucocorticoids are the main
activators of the ubiquitin-dependant proteolytic system
(Wing and Goldberg 1993; Marinovic et al. 2007), and that
this hormone is released in response to long-term fasting, it
could be expected that under short-term fasting, muscle pro-
teolysis may not be activated as it was in the present study. In
the kidney, a marked inhibition of Atg3 expression was
observed in NP-fed rats that did not translate into consistent
changes to the rate of proteolysis. Atg3 is one component in a
large family of autophagy-related genes implicated in auto-
phagosome formation (Levine and Klionsky 2004) a complex
process that involves more than 16 components. The inhibi-
tion of Atg3 observed in the study, together with the absence
of changes to the expression of other components in the
autophagy pathway, suggests that Atg3 alone may not be a
good predictor of proteolytic fluxes.

Insulin is known to be involved in the fed-state inhibi-
tion of protein breakdown (Gelfand and Barrett 1987), and
liver proteolysis is known to be inhibited by insulin and
stimulated by glucagon (Schworer and Mortimore 1979;
Mortimore et al. 1989). Plasma insulin levels are generally
lower or similar in the fed state in rats or humans subjected
to a HP/low carbohydrate diet, whereas glucagon concen-
trations is increased (Lacroix et al. 2004; Harber et al.
2005; Baum et al. 2006; Blouet et al. 2006; Azzout-Mar-
niche et al. 2007). Thus, the stronger inhibition of hepatic
proteolysis induced by an HP diet could not be ascribed
directly to insulin. Plasma amino acid and branched-chain
amino acid concentrations are increased by HP diets in the
fed state (Forslund et al. 1998; Blouet et al. 2006; Azzout-
Marniche et al. 2007). Moreover, the results showed that
the increased amino acid concentration in the media was
sufficient to induce a decrease in ubiquitinated protein in a
primary culture of hepatocytes, and that this inhibition was
stronger in the presence of insulin. This result agrees with
previous findings which demonstrated an inhibitory effect
of different amino acid mixtures on protein degradation in
the perfused rat liver (Poso et al. 1982; Mortimore et al.
1989; Kadowaki et al. 1992; Miotto et al. 1992) and iso-
lated hepatocytes (Seglen et al. 1980).

It has been proposed that control of the anabolic and
catabolic pathways by amino acids may be coordinated by
the same signaling system and might involve the mTOR
pathway (Blommaart et al. 1995). Moreover, it has previ-
ously been demonstrated that both amino acids and insulin
are required to stimulate translation and are involved
at least in the mTOR, AMPK, and GCN2 transduction
pathways (Chotechuang et al. 2009). We observed that
rapamycin, the mTOR inhibitor, stimulated protein ubig-
uitination under both low and high amino acid levels in the
presence of insulin. It has been reported that in hepato-
cytes, rapamycin prevents the inhibition of autophagic

proteolysis by insulin and amino acids during a lengthy
exposure (60 and 90 min) (Blommaart et al. 1995;
Kanazawa et al. 2004). This suggests that in the liver, the
mTOR transduction pathway, as well as regulating
autophagy, is also involved in controlling the ubiquitin—
proteasome system in response to a high protein intake.
Surprisingly, we observed that AICAR reversed the inhi-
bition of protein ubiquitination induced by insulin under
high amino acid levels, while it had no effect at low amino
acid levels. Moreover, the effect of rapamycin on protein
ubiquitination was abolished in the presence of AICAR.
These findings suggest that the inhibition of AMPK and the
activation of mTOR transduction pathways were required
for the down-regulation of protein ubiquitination in
response to high amino acid and insulin concentrations. It
is clear that the modification made to mTOR activity by
rapamycin had no effect on AMPK phosphorylation state.
By contrast, it not clear how mTOR phosphorylation was
affected by AMPK activation, because we observed that
the latter reversed mTOR inhibition by rapamycin. AMPK
can directly phosphorylate mTOR on Thr***°, leading to its
inactivation (Cheng et al. 2004), or indirectly via phos-
phorylation of the tuberous sclerosis complex (TSC) two-
gene product (TSC2) and raptor (Gwinn et al. 2008).
Furthermore, mTOR full activation requires mTORCI1
complex formation (mTOR, raptor, PRAS40, mLST8), and
amino acids stimulate the relocation of mTOCI1 to its
correct site (Sancak et al. 2008; Shaw 2008). However, we
cannot exclude the possibility that the activation of AMPK
targets a protein downstream in mTOR signaling. One of
the best candidates is the Forkhead proteins. In the liver,
insulin, through Akt signaling, phosphorylates Foxo pro-
teins leading to their exclusion from the nuclei. The further
consequences are first the polyubiquitination and degra-
dation of Foxo proteins, and second, the disturbance of the
binding to Foxo of its coactivator, PGC-1 alpha (Mounier and
Posner 2006). In muscles, two Foxo-induced genes are par-
ticularly important in enhancing proteolysis, two muscle-
specific ubiquitin ligases (UL). In C2C12 myotubes, mTOR
inhibition by rapamycin suppressed the IGF-1 induced inhi-
bition of muscle-specific UL whereas AMPK activation by
AICAR stimulates UL expression, which may be due to a
possible antagonistic effect of Foxo phosphorylation by Al-
CAR (Tong et al. 2009). Similar mechanisms may be involved
in the regulation of Foxo proteins and ubiquitin ligase in the
liver. It remains necessary to clarify whether AMPK is coor-
dinated with mTOR in the regulation of protein ubiquitination,
as both are known to act with GCN2 in order to control
translation (Chotechuang et al. 2009).

The present results thus provide evidence of a major role
for liver proteolysis in the control of protein accretion
in response to an increased dietary protein intake in rats.
The ubiquitin—proteasome system and autophagy are the
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Fig. 6 Proposed scheme for the coordinated action of insulin and
amino acids on hepatic ubiquitin-dependent proteolysis. When the
AA concentration is low, insulin stimulates the phosphorylation of
mTOR but without any significant effect on the proteolysis rate and
the ubiquitin protein breakdown pathway. When the amino acid
concentration increases, ubiquitinated protein is reduced when
compared with a low amino acid concentration and this effect is
stronger in the presence of insulin. The mTOR transduction pathway
plays a key role in control of the ubiquitin—proteasome system. The
inhibition of mTOR by rapamycin reverses the inhibition of protein
ubiquitination under low and high amino acid levels in the presence of
insulin, which suggests that stimulation of the mTOR pathway is
required for inhibition of the ubiquination process. The effects of
insulin and amino acids on mTOR full activation require: (1)
inactivation by insulin of the TSC complex (tuberous sclerosis
complex of TSC1/TSC2), the negative regulator of mTOR, (2)
mTORC]1 complex formation (mTOR, raptor, PRAS40, mLSTS8) and
(3) the amino acid stimulation of mMTORC1 relocation. Moreover, the
AMPK transduction pathway is also involved in this process. AMPK
activation by AICAR reverses inhibition of the ubiquitination process
induced by an increase in the AA concentration whereas it has no
significant effect at a low AA concentration in the presence of insulin.
Interestingly, AICAR reverses the effect of rapamycin with both low
and high AA concentrations, suggesting that a decrease of P-AMPK is
required for activation of the ubiquitination proteolysis pathway by
mTOR inhibition. Moreover, mTOR phosphorylation is affected by
AICAR, which suggests that AMPK controls mTOR phosphorylation,
either directly by phosphorylation or indirectly through subcellular
localization of the mTOR complex

+= Ubiquitinated protein D"—

principal pathways involved in this process. Furthermore,
in hepatocytes, an increase in the amino acid concentration
was sufficient to down-regulate the ubiquitin—proteasome
pathway, but this inhibition was stronger in the presence of
insulin. The mTOR signaling pathway may be involved in
the down-regulation of protein ubiquitination in response
to a HP diet. A proposed scheme for the coordinated
control by insulin and amino acids of liver ubiquitin protein
breakdown as a function of the protein level in the diet, is
shown in Fig. 6. In many tissues, proteolysis assumes an
essential cellular homeostatic or housekeeping function,

@ Springer

removing damaged or unwanted organelles and proteins. It
has been proposed that the homeostatic function of
autophagy represents an anti-aging mechanism and may be
involved in the conserved effect of protein caloric restric-
tion (Del Roso et al. 2003). A clearer understanding of the
nutritional control of protein breakdown regulation, and
particularly the effect of protein intake, would be of
importance in the context of preserving muscle mass dur-

ing aging.

Conflict of interest None.

References

Attaix D, Aurousseau E, Combaret L, Kee A, Larbaud D et al (1998)
Ubiquitin—proteasome-dependent proteolysis in skeletal muscle.
Reprod Nutr Dev 38(2):153-165

Attaix D, Combaret L, Pouch MN, Taillandier D (2001) Regulation of
proteolysis. Curr Opin Clin Nutr Metab Care 4(1):45-49

Azzout-Marniche D, Gaudichon C, Blouet C, Bos C, Mathe V et al
(2007) Liver glyconeogenesis: a pathway to cope with postpran-
dial amino acid excess in high-protein fed rats? Am J Physiol
Regul Integr Comp Physiol 292(4):R1400-R1407

Balage M, Sinaud S, Prod’homme M, Dardevet D, Vary TC et al
(2001) Amino acids and insulin are both required to regulate
assembly of the eIF4E-eIF4G complex in rat skeletal muscle.
Am J Physiol Endocrinol Metab 281(3):E565-E574

Baum JI, Layman DK, Freund GG, Rahn KA, Nakamura MT et al
(2006) A reduced carbohydrate, increased protein diet stabilizes
glycemic control and minimizes adipose tissue glucose disposal
in rats. J Nutr 136(7):1855-1861

Bleiberg-Daniel F, Lamri Y, Feldmann G, Lardeux B (1994)
Glucagon administration in vivo stimulates hepatic RNA and
protein breakdown in fed and fasted rats. Biochem J 299(Pt
3):645-649

Blommaart EF, Luiken JJ, Blommaart PJ, van Woerkom GM, Meijer
AJ (1995) Phosphorylation of ribosomal protein S6 is inhibitory
for autophagy in isolated rat hepatocytes. J Biol Chem
270(5):2320-2326

Blommaart EF, Luiken JJ, Meijer AJ (1997) Autophagic proteolysis:
control and specificity. Histochem J 29(5):365-385

Blouet C, Mariotti F, Azzout-Marniche D, Bos C, Mathe V et al
(2006) The reduced energy intake of rats fed a high-protein low-
carbohydrate diet explains the lower fat deposition, but macro-
nutrient substitution accounts for the improved glycemic control.
J Nutr 136(7):1849-1854

Boirie Y, Dangin M, Gachon P, Vasson MP, Maubois JL et al
(1997) Slow and fast dietary proteins differently modulate
postprandial protein accretion. Proc Natl Acad Sci USA 94(26):
14930-14935

Busquets S, Alvarez B, Lopez-Soriano FJ, Argiles JM (2002)
Branched-chain amino acids: a role in skeletal muscle proteol-
ysis in catabolic states? J Cell Physiol 191(3):283-289

Capel F, Prod’homme M, Bechet D, Taillandier D, Balage M et al
(2008) Lysosomal and proteasome-dependent proteolysis are
differentially regulated by insulin and/or amino acids following
feeding in young, mature and old rats. J Nutr Biochem 20(8):
570-576

Cheng SW, Fryer LG, Carling D, Shepherd PR (2004) Thr2446 is a
novel mammalian target of rapamycin (mTOR) phosphorylation



Proteolysis control by AA

467

site regulated by nutrient status. J Biol Chem 279(16):
15719-15722 Epub 12004 Feb 15717

Chevalier L, Bos C, Gryson C, Luengo C, Walrand S et al (2009)
High-protein diets differentially modulate protein content and
protein synthesis in visceral and peripheral tissues in rats.
Nutrition 25(9):932-939

Chotechuang N, Azzout-Marniche D, Bos C, Chaumontet C, Gauss-
eres N et al (2009) mTOR, AMPK, and GCN2 coordinate the
adaptation of hepatic energy metabolic pathways in response
to protein intake in the rat. Am J Physiol Endocrinol Metab
297(6):E1313-E1323

Combaret L, Dardevet D, Rieu I, Pouch MN, Bechet D et al (2005) A
leucine-supplemented diet restores the defective postprandial
inhibition of proteasome-dependent proteolysis in aged rat
skeletal muscle. J Physiol 569(Pt 2):489-499

Costelli P, Reffo P, Penna F, Autelli R, Bonelli G et al (2005) Ca’t-
dependent proteolysis in muscle wasting. Int J Biochem Cell
Biol 37(10):2134-2146

Del Roso A, Vittorini S, Cavallini G, Donati A, Gori Z et al (2003)
Ageing-related changes in the in vivo function of rat liver
macroautophagy and proteolysis. Exp Gerontol 38(5):519-527

Demarchi F, Bertoli C, Copetti T, Tanida I, Brancolini C et al (2006)
Calpain is required for macroautophagy in mammalian cells.
J Cell Biol 175(4):595-605

Ding X, Price SR, Bailey JL, Mitch WE (1997) Cellular mechanisms
controlling protein degradation in catabolic states. Miner Elec-
trolyte Metab 23(3-6):194-197

Elsasser S, Finley D (2005) Delivery of ubiquitinated substrates to
protein-unfolding machines. Nat Cell Biol 7(8):742-749

Flakoll PJ, Kulaylat M, Frexes-Steed M, Hourani H, Brown LL et al
(1989) Amino acids augment insulin’s suppression of whole
body proteolysis. Am J Physiol 257(6 Pt 1):E839-E847

Forslund AH, Hambraeus L, Olsson RM, El-Khoury AE, Yu YM et al
(1998) The 24-h whole body leucine and urea kinetics at normal
and high protein intakes with exercise in healthy adults. Am J
Physiol 275(2 Pt 1):310-320

Gelfand RA, Barrett EJ (1987) Effect of physiologic hyperinsuline-
mia on skeletal muscle protein synthesis and breakdown in man.
J Clin Invest 80(1):1-6

Goll DE, Thompson VF, Li H, Wei W, Cong J (2003) The calpain
system. Physiol Rev 83(3):731-801

Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, Mery A et al
(2008) AMPK phosphorylation of raptor mediates a metabolic
checkpoint. Mol Cell 30(2):214-226

Hamel FG, Upward JL, Siford GL, Duckworth WC (2003) Inhibition
of proteasome activity by selected amino acids. Metabolism
52(7):810-814

Hamel FG, Fawcett J, Bennett RG, Duckworth WC (2004) Control of
proteolysis: hormones, nutrients, and the changing role of the
proteasome. Curr Opin Clin Nutr Metab Care 7(3):255-258

Harber MP, Schenk S, Barkan AL, Horowitz JF (2005) Effects of
dietary carbohydrate restriction with high protein intake on
protein metabolism and the somatotropic axis. J Clin Endocrinol
Metab 90(9):5175-5181

Hicke L, Dunn R (2003) Regulation of membrane protein transport by
ubiquitin and ubiquitin-binding proteins. Annu Rev Cell Dev
Biol 19:141-172

Ilian MA, Forsberg NE (1992) Gene expression of calpains and their
specific endogenous inhibitor, calpastatin, in skeletal muscle of
fed and fasted rabbits. Biochem J 287(Pt 1):163-171

Kadowaki M, Kanazawa T (2003) Amino acids as regulators of
proteolysis. J Nutr 133(6 Suppl 1):2052-2056

Kadowaki M, Poso AR, Mortimore GE (1992) Parallel control of
hepatic proteolysis by phenylalanine and phenylpyruvate
through independent inhibitory sites at the plasma membrane.
J Biol Chem 267(31):22060-22065

Kanazawa T, Taneike I, Akaishi R, Yoshizawa F, Furuya N et al
(2004) Amino acids and insulin control autophagic proteolysis
through different signaling pathways in relation to mTOR in
isolated rat hepatocytes. J Biol Chem 279(9):8452-8459

Kettelhut IC, Wing SS, Goldberg AL (1988) Endocrine regulation of
protein breakdown in skeletal muscle. Diabetes Metab Rev
4(8):751-772

Klionsky DJ, Emr SD (2000) Autophagy as a regulated pathway of
cellular degradation. Science 290(5497):1717-1721

Lacroix M, Gaudichon C, Martin A, Morens C, Mathe V et al (2004)
A long-term high-protein diet markedly reduces adipose tissue
without major side effects in Wistar male rats. Am J Physiol
Regul Integr Comp Physiol 287(4):R934-R942

Levine B, Klionsky DJ (2004) Development by self-digestion:
molecular mechanisms and biological functions of autophagy.
Dev Cell 6(4):463-477

Lusk G (1919) The elements of the science of Nutrition. W. B.
Saunders Company, Philadelphia

Marinovic AC, Zheng B, Mitch WE, Price SR (2007) Tissue-specific
regulation of ubiquitin (UbC) transcription by glucocorticoids: in
vivo and in vitro analyses. Am J Physiol Renal Physiol
292(2):F660-F666

Medina R, Wing SS, Haas A, Goldberg AL (1991) Activation of the
ubiquitin-ATP-dependent proteolytic system in skeletal muscle
during fasting and denervation atrophy. Biomed Biochim Acta
50(4-6):347-356

Meley D, Bauvy C, Houben-Weerts JH, Dubbelhuis PF, Helmond MT
et al (2006) AMP-activated protein kinase and the regulation of
autophagic proteolysis. J Biol Chem 281(46):34870-34879

Miotto G, Venerando R, Khurana KK, Siliprandi N, Mortimore GE
(1992) Control of hepatic proteolysis by leucine and isovaleryl-
L-carnitine through a common locus. Evidence for a possible
mechanism of recognition at the plasma membrane. J Biol Chem
267(31):22066-22072

Mitch WE, Goldberg AL (1996) Mechanisms of muscle wasting. The
role of the ubiquitin—proteasome pathway. N Engl J Med
335(25):1897-1905

Mortimore GE, Mondon CE (1970) Inhibition by insulin of valine
turnover in liver. Evidence for a general control of proteolysis.
J Biol Chem 245(9):2375-2383

Mortimore GE, Hutson NJ, Surmacz CA (1983) Quantitative
correlation between proteolysis and macro- and microautophagy
in mouse hepatocytes during starvation and refeeding. Proc Natl
Acad Sci USA 80(8):2179-2183

Mortimore GE, Poso AR, Lardeux BR (1989) Mechanism and
regulation of protein degradation in liver. Diabetes Metab Rev
5(1):49-70

Mounier C, Posner BI (2006) Transcriptional regulation by insulin:
from the receptor to the gene. Can J Physiol Pharmacol
84(7):713-724

Nair KS, Ford GC, Ekberg K, Fernqvist-Forbes E, Wahren J
(1995) Protein dynamics in whole body and in splanchnic and
leg tissues in type I diabetic patients. J Clin Invest 95(6):
29262937

Otani K, Han DH, Ford EL, Garcia-Roves PM, Ye H et al (2004)
Calpain system regulates muscle mass and glucose transporter
GLUT4 turnover. J Biol Chem 279(20):20915-20920

Pacy PJ, Price GM, Halliday D, Quevedo MR, Millward DJ (1994)
Nitrogen homeostasis in man: the diurnal responses of protein
synthesis and degradation and amino acid oxidation to diets with
increasing protein intakes. Clin Sci (Lond) 86(1):103-116

Poso AR, Wert JJ Jr, Mortimore GE (1982) Multifunctional control of
amino acids of deprivation-induced proteolysis in liver. Role of
leucine. J Biol Chem 257(20):12114-12120

Price GM, Halliday D, Pacy PJ, Quevedo MR, Millward DJ (1994)
Nitrogen homeostasis in man: influence of protein intake on the

@ Springer



468

N. Chotechuang et al.

amplitude of diurnal cycling of body nitrogen. Clin Sci (Lond)
86(1):91-102

Sancak Y, Peterson TR, Shaul YD, Lindquist RA, Thoreen CC et al
(2008) The Rag GTPases bind raptor and mediate amino acid
signaling to mTORCI. Science 320(5882):1496-1501

Schworer CM, Mortimore GE (1979) Glucagon-induced autophagy and
proteolysis in rat liver: mediation by selective deprivation of
intracellular amino acids. Proc Natl Acad Sci USA 76(7):3169-3173

Seglen PO, Gordon PB, Poli A (1980) Amino acid inhibition of the
autophagic/lysosomal pathway of protein degradation in isolated
rat hepatocytes. Biochim Biophys Acta 630(1):103-118

Shaw RJ (2008) mTOR signaling: RAG GTPases transmit the amino
acid signal. Trends Biochem Sci 33(12):565-568

Stepien M, Gaudichon C, Azzout-Marniche D, Fromentin G, Tome D
et al (2010) Postprandial nutrient partitioning but not energy
expenditure is modified in growing rats during adaptation to a
high-protein diet. J Nutr 140(5):939-945

Thivierge MC, Bush JA, Suryawan A, Nguyen HV, Orellana RA et al
(2005) Whole-body and hindlimb protein breakdown are differ-
entially altered by feeding in neonatal piglets. J Nutr 135(6):
14301437

@ Springer

Tischler ME, Desautels M, Goldberg AL (1982) Does leucine, leucyl-
tRNA, or some metabolite of leucine regulate protein synthesis
and degradation in skeletal and cardiac muscle? J Biol Chem
257(4):1613-1621

Tong JF, Yan X, Zhu MJ, Du M (2009) AMP-activated protein kinase
enhances the expression of muscle-specific ubiquitin ligases
despite its activation of IGF-1/Akt signaling in C2C12 myotu-
bes. J Cell Biochem 108(2):458-468

Waterlow JC (2006) The effects of food and hormones on protein
turnover in the whole body and regions. Cabi Publishing,
Wallingford, pp 120-141

Wing SS, Banville D (1994) 14 kDa ubiquitin-conjugating enzyme:
structure of the rat gene and regulation upon fasting and by
insulin. Am J Physiol 267(1 Pt 1):39-48

Wing SS, Goldberg AL (1993) Glucocorticoids activate the ATP-
ubiquitin-dependent proteolytic system in skeletal muscle during
fasting. Am J Physiol 264(4 Pt 1):668-676

Wing SS, Haas AL, Goldberg AL (1995) Increase in ubiquitin-protein
conjugates concomitant with the increase in proteolysis in rat
skeletal muscle during starvation and atrophy denervation.
Biochem J 307(Pt 3):639-645



	Down-regulation of the ubiquitin--proteasome proteolysis system by amino acids and insulin involves the adenosine monophosphate-activated protein kinase and mammalian target of rapamycin pathways in rat hepatocytes
	Abstract
	Introduction
	Materials and methods
	Animals
	Experimental design
	Experiment 1
	Measurement of ex vivo tissue proteolysis (n = 26)

	Experiment 2
	Analysis of the gene expression of key proteolysis enzymes using real-time PCR (n = 24)

	Experiment 3
	Postprandial time course of protein ubiquitination (n = 24)

	Experiment 4
	Effect of amino acids, insulin, AICAR and rapamycin on protein ubiquitination in rat hepatocytes


	Statistics

	Results
	Influence of HP feeding on tissue protein contents and tissue protein degradation rates in vivo
	Influence of HP feeding on the gene expression of proteins involved in tissue proteolysis and on ubiquitinated proteins in liver
	Effect of amino acids and insulin on ubiquitinated proteins in primary rat hepatocytes
	Role of AMPK and mTOR transduction pathways in the control of protein ubiquitination in primary rat hepatocytes

	Discussion
	Conflict of interest
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


