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Abstract Branched-chain amino acids, especially

leucine, exert regulatory influences on protein and carbo-

hydrate metabolism, ribosome biogenesis and gene

expression. This study investigated the effects of leucine in

fibroblastic cells analysing viability, proliferation, mor-

phology, proteolysis enzymes activities and protein

turnover. After exposure to culture medium enriched with

25 or 50 lM leucine for 24, 48 and 72 h, Vero cells have

no alterations on viability and morphology. Leucine-treated

cells showed increase on alkaline phosphatase activity and

proliferation. The protein synthesis was slightly increased,

whereas the protein degradation showed a deep reduction

after leucine incubation. The chymotrypsin-like, cathepsin

B and H and calpain activities were decreased in leucine-

treated cells. In conclusion, the proteolytic pathways and

the total protein degradation were modulated by leucine in

Vero cells. Our observations support the concept that Vero

cells may represent a new model for protein turnover study.

Keywords Leucine � Protein metabolism �
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Introduction

The branched-chain amino acids (BCAA) leucine, isoleu-

cine, and valine are amino acids that cannot be synthesized

by animals, are therefore essential nutrients that must be

obtained from foods and they are required specifically for

the synthesis of proteins (Harper et al. 1984). Leucine and

isoleucine are known to be good sources of energy, pro-

ducing 40 mol ATP/mol in specific tissues (Ichihara 1999).

In addition to provide the substrates for protein synthesis or

sources of energy, branched-chain amino acids, especially

leucine, exert regulatory influences on carbohydrate

metabolism (Layman and Baum 2004), translation initia-

tion (Stipanuk 2007), ribosome biogenesis (Anthony et al.

2001) and gene transcription (Kimball and Jefferson 2006).

Meanwhile, leucine is a key factor in the modulation of

skeletal muscle protein turnover, in vivo (Biolo et al. 2006,

Kobayashi et al. 2006) and in vitro (Nakai et al. 2006).

Leucine stimulates protein synthesis especially improving

the eukaryotic initiation factors expression (Ventrucci et al.

2007), and signalling through the mTOR pathway (Avruch

et al. 2008; Proud 2007). In addition, leucine down regu-

lates the proteolysis by inhibiting the ATP-ubiquitin–

proteasome pathway (Nakashima et al. 2005; Ventrucci

et al. 2004) and inhibiting the lysosomal autophagy also

through the mTOR-dependent pathway (May and Buse

1989; Meijer and Codogno 2008). Moreover, Sun and

Zemel (2007) have suggested that leucine participates in

the regulation of fat metabolism in murine adipocytes and

muscle cells in vitro. Additionally, effects of BCAA

including induction of hepatocyte DNA synthesis and

proliferation (Kimura and Ogihara 2005) and pancreatic b-

cells proliferation in vitro (Xu et al. 1998) indicate that

leucine can possible act in mitogenic signalling. Con-

versely, cancer can spoliate the main body sources, as

skeletal mass, including the non- and collagenic-nitrogen

from body composition (Gomes-Marcondes et al. 2003;

Ventrucci et al. 2001). As the leucine-supplemented diet

improved the total body and muscle collagenic mass was-

ted in tumour-bearing rats (Ventrucci et al. 2001), it is

worth to investigate how the fibroblast cells can response to
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leucine, as the collagenic nitrogen could be inferred as the

fibroblast activity. Knowing that leucine effects have been

studied mainly in hepatocytes and muscle cells, in this

study we utilized Vero cells, a fibroblastic lineage, which

the metabolism could infer the extracellular matrix turn-

over. The aim of the present work was to investigate the

effects of leucine on cell viability, morphology, prolifera-

tion, activity of proteolytic systems (ubiquitin–proteasome,

lysosomal and calcium-dependent pathways), and protein

synthesis and degradation in Vero cells culture.

Materials and methods

Chemicals

The reagents are purchased from Labsynth (Diadema,

Brazil); Merck (Darmstadt, Germany); Promega (Madison,

USA); Riedel-de Haën (Hanover, Germany), and Sigma

Chemical Company (St Louis, USA).

Cell culture

Vero cells, obtained from the Adolfo Lutz Institute (São

Paulo, Brazil), at passage 162, were maintained in DMEM

(Dulbecco’s modified Eagle’s medium, Sigma) supple-

mented with 5% of fetal bovine serum (Sigma) and 1%

penicillin/streptomycin (Sigma) at 37�C in a humidified

5% CO2 atmosphere. The medium was replaced at 48 h

intervals, and the cells were always subcultured when the

monolayer become confluent.

Leucine

The experimental leucine-rich mediums were composed by

DMEM enriched with 25 or 50 lM leucine (Sigma), which

were tested by ninhydrin method (Rosen 1957) to check the

concentration of the tests solutions.

Cytotoxicity assay

The cell viability of control and leucine-treated Vero cells

was assessed using the crystal violet method described by

Murakami et al. (1998). Vero cell suspensions containing

1.5 9 105 cells/mL in 100 lL of DMEM medium sup-

plemented with 5% fetal bovine serum and 1% penicillin/

streptomycin were transferred to a 96-well culture plate

(Corning) and cultured for 24, 48 and 72 h (control cells).

Treated-cells were incubated with 25 or 50 lM leucine-

rich medium, designed L25 and L50, respectively, and

were grown under the same conditions as control cells.

After incubation, the culture medium was removed and the

cells were fixed in 10% formalin (Labsynth), stained with

0.05% crystal violet (Riedel-de Haën) in 20% methanol

(Merck). The cells were then washed in 0.1 M PBS

(phosphate buffered saline), pH 7.4, incubated in 0.1 M

sodium citrate, pH 4.2, in 50% ethanol (Labsynth) for

30 min and the absorbance was measured at 540 nm in a

microplate reader (Luminometer Fluorimeter Photometer

FusionTM, Universal Microplate Analyser, Packard Bio-

science Company, Meriden, USA).

Phase contrast and scanning electron microscopy

Vero cells were seeded at a density of 1.5 9 105 cells in

25-cm2 tissue culture flasks (Corning) and treated with 25

or 50 lM leucine-rich medium for 24, 48 and 72 h. The

morphological characteristics were assessed by observation

of the cultures using an inverted phase contrast microscope

(Leica Microsystems, Wetzlar, Germany).

Vero cells were seeded in a 24-well culture plate

(Corning) provided with coverslips, at a density of

75 9 105 cells/mL and treated with 25 or 50 lM leucine-

rich medium for 24, 48 and 72 h. After incubation, the cells

were fixed in 2.5% glutaraldehyde (Sigma) in 0.1 M PBS,

pH 7.4, washed in PBS and post-fixed in 1% osmium

tetroxide (Sigma), dehydrated in a graded ethanol series

(Labsynth), critical point dried (CDT 030, Balzers, BAL-

TEC AG, Wiesbaden, Germany) and coated with gold in a

sputter coater (CDT 050, Balzers). The cells were then

analysed with a scanning electron microscope (JSM 5800

LV, JEOL, Peabody, USA).

Growth curves

Vero cells were seeded at a density of 25 9 103 cells/mL

in 24-well culture plates (Corning) and treated with 25 or

50 lM leucine-rich medium for 24, 48 and 72 h. After

incubation, the cells were cultured for 1–7 days. At

selected times, the number of viable cells was counted in a

hemocytometer chamber and the unviable cells were

excluded based on the uptake of trypan blue. The growth

curves obtained were the average of triplicate samples for

each time interval.

Alkaline phosphatase activity

After 24, 48 and 72 h of incubation with 25 or 50 lM

leucine-rich medium, Vero cells were homogenized in cold

0.1 M PBS, pH 7.4, and centrifuged at 10,000 rpm for

15 min at 4�C. The resulting supernatant was analysed for

total protein content (Lowry et al. 1951). The alkaline

phosphatase activity was measured using 30 lL of the

homogenate supernatant with 37 mM p-nitrophenylphos-

phate (pNPP, Sigma) as substrate, and results being
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expressed as percentage of the control cells (Martins et al.

2001).

Activity of proteolysis pathways

Measurement of proteasome activity

Vero cells, processed as described for measurement of

alkaline phosphatase activity, were analysed as the func-

tional proteasome activity, measuring the chymotrypsin-

like enzyme activity, the predominant proteolytic activity

of the b subunits of the proteasome, according to the

method of Orino et al. (1991). Aliquots of the homogenate

supernatant (50 lL) were used to determine chymotrypsin-

like activity by incubating with 100 lL of the fluorogenic

substrate succinyl-Leu-Leu-Val-Try-7-amino-4-methyl-

coumarin (Suc LLVY-AMC, Sigma, 0.167 lg/L in Tris–

HCl, Promega, pH 7.4) followed by the release of amino-

methyl coumarin (AMC) from the substrate. The

fluorescence was measured in a fluorimeter (excitation:

360 nm, emission: 460 nm) with the results being expres-

sed as percentage of the control cells.

Measurement of lysosomal and calcium-dependent

pathways activities

The lysosomal and calcium-dependent enzymes activities

were measured in Vero cells, processed as described

for measurement of alkaline phosphatase activity. The

cathepsin B activity was determined using 50 lL of the

homogenate supernatant treated with assay buffer

(352 mM KH2PO4, 48 mM Na2HPO4, 4 mM EDTA

pH 6.0 and 8 mM cistein) and prewarmed at 40�C for

2 min. The assay was started with the addiction of Z-Phe-

Arg-NMec (Z-Phe-Arg 7-amido-4-methylcoumarin hydro-

chloride, Sigma) as substrate, dissolved in dimethyl

sulphoxide and diluted to 0.02 mM with 0.1% Brij 35.

After 10 min incubation at 40�C the fluorescence was

measured in a fluorimeter (excitation: 360 nm, emission:

460 nm) at each min during 30 min (Barrett 1980). The

only changes made for cathepsin H were the substitution of

the substrate Arg-NMec (L-Arginine-7-amido-4-methyl-

coumarin hydrochloride, Sigma), and the composition of

the assay buffer (200 mM KH2PO4 and 200 mM Na2HPO4

adjusted at pH to 6.8) (Barrett 1980). The cathepsins B and

H activities were expressed as percentages of the control

cells. The calpain activity was measured using 50 lL of the

homogenate supernatant in 50 mM imidazole–HCl buffer

(pH 7.5), containing 10 mM b-mercaptoethanol, 1.0 mM

NaN3 and 4 mg/mL of casein. After incubation, a final

concentration of 5 mM of CaCl2 was then added to activate

calpain and initiate the calpain hydrolysis reaction. Time

scanning at a wavelength of 500 nm was performed at each

min during 30 min (Jiang et al. 1997). The calpain activity

was expressed as percentage of the control cells.

Measurement of total protein synthesis

Vero cells used for protein synthesis were grown to con-

fluence in 24-well plates then exposed to leucine-rich

medium (25 or 50 lM) and cultured for 24 h. After this

period, the cells were analysed for protein synthesis using

procedures adapted from White et al. (1988) with the fol-

lowing modifications: Vero cells were labelled with L-

[2,63H] phenylalanine (0.67 lCi/mM in DMEM added

with 2 mM cold phenylalanine) for 1 h. Subsequently, the

cells were washed twice with 10% trichloroacetic acid, and

then were removed from the plates and centrifuged. The

cellular pellet was prepared by protein precipitation with

10% trichloroacetic acid, which was removed and 0.5 M

NaOH was added together with 0.1% Triton and the

incubation was carried out for 2 h at 37�C. The protein

bound radioactivity was determined in 3 mL scintillation

fluid, and expressed as percentage of the control cells.

Measurement of total protein degradation

The Vero cells were analysed for protein degradation using

procedures from Gomes-Marcondes et al. (2002). The cells

grown in 24-well plates were labelled with L-[2,63H]

phenylalanine (0.67 lCi/mM in DMEM added with 2 mM

cold phenylalanine) in 1 mL DMEM containing 5% fetal

bovine serum. After 19 h, the cells were washed in PBS

followed by the addition of fresh DMEM without phenol

red, and then the cells were subsequently exposed to leu-

cine-rich medium (25 or 50 lM) for 24 h. The protein

degradation was determined measuring the radioactivity of

the cell supernatant released into the medium using a

Beckman LS 6000TA liquid scintillation counter, and

expressed as percentage of the control cells.

Statistical analysis

The results were expressed as the mean ± SEM. One-way

ANOVA followed by Bonferroni’s test was used to

compare the leucine-treated Vero cells with the controls

(Gad and Weil 1994). A value of P \ 0.05 indicated

significance.

Results

Cytotoxicity assay

Leucine, at the concentrations used in the assays, has no

cytotoxic effect on Vero cells over the time periods
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analysed. No differences on cell viability were observed in

L25 or L50 Vero cells compared to control cells after 24,

48 and 72 h of incubation (Fig. 1).

Phase contrast and scanning electron microscopy

The control Vero cells grew in a monolayer until conflu-

ence and showed the typical elongated shape of fibroblastic

cells. After exposure to leucine-rich medium, the L25 and

L50 Vero cells showed no alterations in their morpholog-

ical characteristics after 24, 48 and 72 h incubation (light

microscopy analysis not shown). The scanning microscopy

analyses showed that the control and leucine-treated Vero

cells formed similar ultrastructural characteristics of

monolayers independent of the treatement, showing a

regular-shaped, flattened cells containing vesicles and

microvilli on their surface (Fig. 2: control cells A, D and G

images; L25 cells B, E and H images; L50 cells C, F and I

images).

Growth curves and alkaline phosphatase activity

The growth curves of control and leucine-treated cells are

shown in the Fig. 3. The growth was similar at the

beginning of the curves (first day after incubation; day 1);

however, L25 and L50 Vero cells showed higher growth,

especially after 48 and 72 h incubation (Fig. 3b, c),

between days 2 and 6. The proliferation peaks were fol-

lowed by senescence and cell death (days 6–7). In addition,

as presented in Fig. 4a, inferring the cellular activity, there

was a significant increase in leucine-treated Vero cells on

alkaline phosphatase activity after 24 h of incubation with

25 lM leucine-rich medium, and after 48 and 72 h of

incubation with 25 and 50 lM leucine-rich medium.

Total protein synthesis and degradation

The Vero cells protein synthesis and degradation were

compared between the control and the leucine-treated cells,

after 24 h incubation. The rate of incorporation of [3H]-

phenylalanine by the Vero cells, indicative of protein

synthesis, was enhanced in all leucine-treated cells, around

59 and 33% higher at 25 and 50 lM leucine-rich medium

incubation, respectively (Fig. 4b). In contrast, representing

the protein degradation, the release of [3H]-Phe from the

cell cultures was analysed in Vero cells and showed lower

rate in both leucine-treatement when compared to the

control (reduction around 80 and 63% in L25 and L50 cells

after 24 h incubation, respectively) (Fig. 4b).

Activity of proteolysis pathways

Proteasome activity

The chymotrypsin-like activity, which corresponds to the

catalytic core of 20S subunit of ubiquitin–proteasome

pathway, was significantly decreased in L25 and L50 Vero

cells, after 24, 48 and 72 h incubation (Fig. 5a) when

compared to the control cells.

Lysosomal and calcium-dependent pathways activities

The cathepsins B and H enzymes activity correspond to the

activity of the lysosomal protein degradation pathway in

normal situation or by some stimuli, in this case by dif-

ferent leucine-rich medium concentration. The cathepsin B

activity was significantly decreased in L 25 and L50 Vero

cells 24, 48 and 72 h (Fig. 5b), while the cathepsin H

activity (Fig. 5c) was decreased at both leucine-rich med-

ium incubation only after 72 h, when compared to the

control Vero cells. The calpain activities, which correspond

to a group of cytosolic calcium-dependent proteases

(Fig. 5d), were reduced in L25 and L50 Vero cells only

after 72 h of incubation.

Discussion

The present findings clearly indicate that leucine stimulates

the Vero cells proliferation and activity, and additionally

modulates the ubiquitin–proteasome pathway, as well as the

lysosomal pathway and proteolysis calcium-dependent

system associated to an important reduction on protein

degradation. These results clearly enforce the new approach
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Fig. 1 Cytotoxicity assay in Vero cells after treatment with leucine

for 24, 48 and 72 h. C: control; L25: Vero cell treated at 25 lM

leucine-rich medium; L50: Vero cell treated at 50 lM leucine-rich

medium. For details, see ‘‘Materials and methods’’. The columns
represent the means ± SEM
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using fibroblastic cells to study other cells involved in

wasting process as verified in cancer cachexia. Therefore,

the effects of branched-chain amino acids on cellular

metabolism and proliferation in vitro indicate a possible

role of leucine on mitogenic signalling, as well as on protein

metabolism in Vero cell.

Fig. 2 Scanning electron microscopy: scanning electron micrographs

of control and leucine-treated Vero cells. a, d and g control Vero cells

after 24, 48 and 72 h of incubation, respectively. b, e and h Vero cells

treated with 25 lM leucine-rich medium for 24, 48 and 72 h,

respectively. c, f and i Vero cells incubated with 50 lM of leucine-

rich medium for 24, 48 and 72 h, respectively. 92,000. Horizontal
bars = 10 lm
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Fig. 3 Growth curves of control and leucine-treated Vero cells for

24, 48 and 72 h (a–c, respectively). The treated cells showed a higher

growth rate than control cells especially from days 2 to 6. C: control;

L25: Vero cell treated at 25 lM leucine-rich medium; L50: Vero cell

treated at 50 lM leucine-rich medium. For details, see ‘‘Materials and

methods’’. The points represent the means ± SEM. The statistical

difference was expressed as (dragon) L25, (asterisk) L50 for

P \ 0.05 compared to control Vero cells
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Xu et al. (1998) proposed that branched-chain amino

acids may promote b-cell proliferation either by stimulat-

ing phosphorylation of PHAS-I (phosphorylated heat- and

acid-stable protein regulated by insulin) and p70s6k

(phosphorylated 70-kDa ribosomal protein S6 protein

kinase) via the mammalian target of rapamycin (mTOR)

pathway and/or by facilitating the proliferative effect

mediated by growth factors such as insulin and IGF-I

(insulin-like growth factor-I). The authors demonstrated

that both insulin-secreting b-cells and insulin target cells

(skeletal muscle, adipocytes, and liver) utilized similar,

maybe identical, signalling pathways proposing the up-

regulate protein translation, cell cycle progression, and cell

proliferation.

Amino acids have been shown to activate components of

the phosphatidylinositol (PI) 3-kinase-mammalian target of

rapamycin (mTOR) signalling pathway, leading to enhanced

muscle protein synthesis (Cantley 2002). Although it is clear

that amino acids, in particular leucine, enhance phosphor-

ylation of proteins downstream of mTOR, e.g., 4E-BP1

(eIF4E-binding protein 1) and S6K1 (70-kDa ribosomal

protein S6 kinase), and indeed require mTOR to be active in

order to be effective, whether or not they directly regulate

mTOR activity is unclear (Bolster et al. 2004).

In addition, Kimura and Ogihara (2005) observed that

leucine induces hepatocyte DNA synthesis and prolifera-

tion, and stimulates TGF-alpha (transforming growth

factor-alpha) secretion. After utilization of cell-signalling

specific inhibitors, the authors have evidenced that

phospholipase C, tyrosine kinase, phosphatidylinositol 3-

kinase, mitogen-activated protein (MAP) kinase, and

p70s6k were involved in leucine signalling. The authors

suggested that leucine triggers TGF-alpha secretion

through a putative leucine receptor. The secreted TGF-

alpha then stimulates hepatocyte DNA synthesis and pro-

liferation through activation of TGF-alpha receptor to

induce tyrosine kinase/MAP kinase activity and other

downstream growth-related signal transducers.

Taken together, these findings in literature may be

related to the ability of leucine to increase proliferation in

Vero cell cultures, as observed in our study. Focusing the

increased on alkaline phosphatase activity, which can

indicate the cellular activity, such as cellular transport and

absorption (Calhau et al. 2002; Toledo and Gomes-Mar-

condes 2004), and the growth curves, especially after 48

and 72 h leucine-rich medium exposition, the Vero cells

clearly showed the enhance on the cell proliferation;

therefore, the leucine-signalling pathway inducing Vero

cells proliferation remains to be elucidated.

Especially related to the cell activity, including prolif-

eration and synthesis, as also verified in the present work,

the leucine can interfere in many cellular process, such as

protein turnover and cell cycle, maybe reducing the cell

death, as this amino acid and also its metabolite b-hydroxy-

b-methylbutyrate can inhibit the protein cell degradation in

vitro and in vivo, as well stimulating the protein synthesis

(Kanazawa et al. 2004; Smith et al. 2004, 2005; Ventrucci

et al. 2004, 2007). Knowing that the intracellular protein
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Fig. 4 Alkaline phosphatase

activity and protein synthesis

and degradation: a alkaline

phosphatase activity in Vero

cells, control or leucine-treated

cultures for 24, 48 and 72 h.

The control cells are set as

100% of alkaline phosphatase

activity for each period

analysed. b Total protein

synthesis and proteolysis rate in

Vero cell treated or not with 25

or 50 lM leucine-rich medium

after 24 h incubation. The

results are expressed as

percentage of the control cells.

C: control; L25: Vero cell

treated at 25 lM leucine-rich

medium; L50: Vero cell treated

at 50 lM leucine-rich medium.

For details, see ‘‘Materials and

methods’’. The columns
represent the means ± SEM.

* P \ 0.05 compared to control

Vero cells
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degradation depends on three major proteolytic systems:

the lysosomal pathway, the calcium-dependent pathway,

and the ATP-ubiquitin–proteasome-dependent pathway

(Hasselgren and Fischer 2001), the leucine exposure could

modulate these processes improving the cell ability to

generate more cell activity such the cell cycle. The present

work investigated the protein degradation in fibroblastic

cells analysing the proteolysis ATP-dependent ubiquitin

pathway, which involves an enzymatic cascade by which

multiple ubiquitin molecules are covalently attached to the

protein target, which is then degraded by the 26S protea-

some complex. The catalytic core of the 26S proteasome is

the 20S proteasome, characterized by five peptidase

activities: the trypsin-like, chymotrypsin-like, peptidyl-

glutamyl peptidase, branched-chain amino acid-preferring,

and small neutral amino acid-preferring activities (Jagoe

and Goldberg 2001). The ubiquitin–proteasome system is

considered to be the most important pathway for intracel-

lular protein degradation in catabolic conditions (Lecker

et al. 1999). Studies showed that leucine could reduce the

proteolysis in chick myotubes (Nakashima et al. 2005) and

in muscle tissue (Ventrucci et al. 2004) by inhibiting the

ubiquitin and proteasome subunits expression (Nakashima

et al. 2005). Equally, the leucine metabolite, b-hydroxy-b-

methylbutyrate, also attenuated the proteasome-induced

proteolysis by PIF in myotubes (Smith et al. 2004) and also

in muscle of tumour-bearing mice (Smith et al. 2005). Both

amino acid or it’s metabolite induce the modulation of

ubiquitin–proteasome pathway inhibiting the chymotryp-

sin-like activity as well as the 19S and 11S proteasome

subunits in vitro and in vivo (Nakashima et al. 2005; Smith

et al. 2004, 2005; Ventrucci et al. 2004). Conversely, the

fluorogenic substrate specific for a proteasome proteolytic

activity (chymotrypsin-like activity) is less cleaved in L25

and L50 Vero cells than in control cells, demonstrating that

functional proteasome activity is significantly modulated in

the presence of leucine, indicating that even in normal cell

condition the leucine can improve the cell activities man-

aging this proteolytic system or other mechanisms to cell

cycle or proliferation more efficiently.

The other two systems, which are also involved to the

protein degradation, are the lysosomal system and calcium-

dependent pathway. The lysosomal is concerned to prote-

olysis of extracellular proteins and cell surface receptors
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Fig. 5 Analysis of proteolysis systems in Vero cells culture: effect of

leucine on proteasome functional activity, determined as the chymo-

trypsin-like enzyme activity in Vero cells treated with 25 or 50 lM

leucine-rich medium for 24, 48 and 72 h and compared to control

Vero cells (100% of chymotrypsin-like activity for each period

analysed). Vero cells chymotrypsin-like activity was significantly

decreased in L25 and L50 Vero cells at 24, 48 and 72 h incubation.

b Vero cells cathepsin B, cathepsin H (c), and calpain activities (d)

were significantly decreased in L25 and L50 Vero cells for 72 h

(control cells are set as 100% of enzyme activity for each period

analysed). C: control; L25: Vero cell treated at 25 lM leucine-rich

medium; L50: Vero cell treated at 50 lM leucine-rich medium. For

details, see ‘‘Materials and methods’’. The columns represent the

means ± SEM. * P \ 0.05 compared to control Vero cells
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and is not involved in the breakdown of myofibrillar pro-

teins in muscle cells (Bechet et al. 2005; Lowell et al.

1986); parallelely the lysosomal cystein cathepsins are also

involved in signalling pathway in apoptosis (Chwieralski

et al. 2006; Stoka et al. 2007). Under physiological con-

ditions these enzymes are synthesized as pre-pro-enzymes

and are localized intralysosomally being released to cytosol

by certain stimulus (Chwieralski et al. 2006). The analysis

of lysosomal pathway showed that leucine could modulate

this process in Vero cells. These facts are also verified by

other authors that amino acids suppressed the autophagic

proteolysis in isolated hepatocytes (Kadowaki and Kanaz-

awa 2003; Kanazawa et al. 2004) or during leucine

depletion the autophagic process was enhanced in C2C12

myotubes (Mordier et al. 2000). Amino acids, especially

leucine, in addition to their ability to function as substrates

for protein synthesis, are also inhibitors of autophagic

protein degradation (Kadowaki and Kanazawa 2003; Kim

et al. 2008; Meijer and Codogno 2008). As extensively

reviewed by Meijer and Codogno (2004, 2006, 2008),

amino acids (leucine in particular), in combination with

insulin or other growth factors, can stimulate mTOR sig-

nalling, although the inhibition of mTOR activity by

rapamycin (or amino acid depletion) stimulates autophagy.

Similarly, since the lysosomal cathepsin B activities were

decreased in Vero cells after leucine-rich medium treat-

ment, the apoptosis process, which could be cathepsin

signalled (Chwieralski et al. 2006; Stoka et al. 2007), is

probably depressed in these cells confirming the cell pro-

gression increase (Fig. 3) associated to the increase in cell

activity (enhanced alkaline phosphatase activity inferring

the cell activity; Fig. 4a). Calcium-dependent proteases

have been proposed to be required in the initial degradation

of skeletal myofibrillar proteins during sepsis (Williams

et al. 1999) and have been found to be activated in the

skeletal muscle and heart of tumour-bearing rats (Costelli

et al. 2001), both catabolic states; our results displayed

significantly decrease on calpain activities in Vero cells

treated with leucine-rich culture medium. Nakashima et al.

(2005) also demonstrated that leucine inhibited the calpain

subunit, but not cathepsin mRNA expression in cultured

chick myotubes. The present results indicate that leucine is

capable to attenuate the global Vero cells proteolysis and

probably the cell death, suggesting that these proteolysis

pathways could be modulated by leucine in correspondence

to the improvement of other cellular process such as cell

cycle rather than apoptosis. Our findings clearly emphasize

the importance of leucine alone to mediate protein syn-

thesis and restrain catabolism in Vero cells cultures.

In conclusion, our results demonstrated that the lyso-

somal, the calcium-dependent, the ATP-dependent

ubiquitin–proteasome proteolytic pathways and the total

protein degradation were modulated by leucine in Vero

cells and this modulation was associated to an increase in

cell proliferation, total protein synthesis and alkaline

phosphatase activity. These data strengthen the view that

leucine may be useful for anticatabolic therapy in catabolic

conditions such as sepsis, severe injury and cancer

cachexia. Our observations also support the concept that

Vero cells may represent a new model of the proteolysis

pathways study, especially focusing the extracellular

matrix, which also can be wasted in cancer cachexia.

However, the precise mechanism by which leucine can

induce cell proliferation and modulate the protein break-

down by proteolytic systems in Vero cells needs to be

better understood. The investigations are currently under-

way in our laboratory to address these important questions.
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dação de Amparo à Pesquisa do Estado de São Paulo (FAPESP, grant

# 06/06007-3) and Conselho Nacional de Desenvolvimento Cientı́fico

e Tecnológico (CNPq, grant # 304000/2007-8). Dr Estela Maria
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