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Abstract The aim of this study was to elucidate the

effects of long-term intake of leucine in dietary protein

malnutrition on muscle protein synthesis and degradation.

A reduction in muscle mass was suppressed by leucine-

supplementation (1.5% leucine) in rats fed protein-free diet

for 7 days. Furthermore, the rate of muscle protein degra-

dation was decreased without an increase in muscle protein

synthesis. In addition, to elucidate the mechanism involved

in the suppressive effect of leucine, we measured the

activities of degradation systems in muscle. Proteinase

activity (calpain and proteasome) and ubiquitin ligase

mRNA (Atrogin-1 and MuRF1) expression were not sup-

pressed in animals fed a leucine-supplemented diet,

whereas the autophagy marker, protein light chain 3 active

form (LC3-II), expression was significantly decreased.

These results suggest that the protein-free diet supple-

mented with leucine suppresses muscle protein degradation

through inhibition of autophagy rather than protein

synthesis.
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Introduction

A characteristic of several diseases, aging and nutritional

deficiency is a decrease in skeletal muscle mass resulting

from a decreased rate of muscle protein synthesis and an

accelerated rate of muscle protein degradation (Thomas

2007). A reduction in muscle mass results in decreased

mobility and a concomitant impairment of daily activity.

Therefore, it is important to maintain muscle mass by

regulating muscle protein synthesis and degradation. Sev-

eral hormones, as well as nutrition, are involved in

regulating muscle protein metabolism (Sugden et al. 1991).

Studies have shown that dietary protein and essential

amino acids enhance muscle growth (Yoshizawa et al.

1999; Smith et al. 1998). Notably, branched-chain amino

acids, especially leucine, are known to maintain muscle

mass due to the stimulation of muscle protein synthesis and

the suppression of muscle protein degradation (Buse and

Reid 1975; Matthew 2005).

We have shown that myofibrillar protein degradation

was suppressed by the oral administration of leucine

(135 mg/100 g body weight) (Nagasawa et al. 2002).

Furthermore, we have demonstrated that long-term (7-days)

feeding of leucine (protein-free diet supplemented with

1.5% leucine) suppressed muscle protein degradation with

a concomitant increase in muscle mass (Sugawara et al.

2007). Thus, muscle protein degradation might be a critical

factor in the regulation of muscle mass. Leucine stimulates

translational activity in protein synthesis via the mam-

malian target of rapamycin (mTOR), which stimulates

phosphorylation of the eukaryotic initiation factor 4E

binding protein (4E-BP1) and ribosomal protein S6 kinase

1 (S6K1) (Kimball et al. 1999). It is possible that a protein-

free diet supplemented with 1.5% leucine enhanced muscle

protein synthesis, although we did not measure the rate of
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protein synthesis. However, even if translation factors are

activated by leucine, it is possible that the rate of muscle

protein synthesis is not increased, due to depletion of

amino acids for material of protein synthesis. Few reports

have measured the effect of leucine on the change in the

rate of muscle protein synthesis. Therefore, it is necessary

to measure the rate of protein synthesis and degradation.

Several proteolytic systems; such as; calpain, ubiquitin-

proteasome and autophagy-lysosome, are present in skeletal

muscle. Calpain is a Ca2?-dependent cytosolic cysteine

proteinase, which is involved in the first step of myofibrillar

proteolysis (Ono et al. 2006). The autophagy-lysosome

system is reportedly involved in long-lived protein degra-

dation. Here, proteins are initially surrounded by a double-

membrane vesicle, the autophagosome, which fuses with a

lysosome and degraded by the lysosomal enzyme cathepsin.

The microtubule-associated protein 1 light chain 3 (LC3)

which is necessary to produce autophagosomes is a

very specific marker of the autophagosome (Karim et al.

2007). Ubiquitin-proteasome is an ATP-dependent system.

Ubiquitin-conjugated proteins are degraded by the 26S

proteasome. Several studies have suggested that the E3

ubiquitin ligases Atrogin-1 and MuRF1 have central role

in muscle protein degradation (Bodine et al. 2001). Our

previous study has shown that long-term leucine-supple-

mentation suppresses myofibrillar protein degradation,

although the mechanism involved requires further clarifi-

cation (Sugawara et al. 2007).

The aim of the present study was to elucidate the effect

of long-term intake of leucine on the rate of muscle protein

synthesis and degradation. In the present study, we mea-

sured the rate of myofibrillar protein degradation, as well

as the rate of muscle protein synthesis. In addition, we

examined the mechanism involved in the suppression of

myofibrillar protein degradation as a result of leucine-

supplementation. Our results indicate that leucine sup-

presses the rate of muscle protein degradation through the

inhibition of autophagy, but does not stimulate muscle

protein synthesis.

Materials and methods

Animals and experimental design

Experiment 1 Male Wistar rats (4 weeks old) were pur-

chased from SLC (Shizuoka, Japan). They were

individually housed in stainless steel wire cages and

maintained at 22�C and 55% relative humidity and a 12-h

light dark cycle (6:00–18:00). They were allowed free

access to water and 20% casein diet (20C) according to

AIN-93G (Reeves et al. 1993) for 1 week. The rats were

then randomly assigned to the following three dietary

groups; PF (protein-free diet), Leu (protein-free diet sup-

plemented with 1.5% leucine, which equals to the amount

of leucine in 20C), and 20C (Table 1). The rats were fed

the experimental diets ad libitum for a week. During this

period, the food intake of rats fed Leu was less than that of

those fed 20C ad libitum in a preliminary experiment.

Therefore, we used the pair-feeding method where the

amount of food intake in rats fed 20C or PF was decreased

as those fed Leu, because the reduced amount of food

intake may affect body weight and muscle weight. On the

final day, the gastrocnemius muscle was removed from the

leg to measure muscle weight. The animal care protocol in

this study was approved by the Iwate University Animal

Research Committee under Guidelines for Animal Exper-

iments in Iwate University.

Experiment 2 Male Wistar rats (4 weeks old) were

purchased from SLC (Shizuoka, Japan). They were allowed

free access to water and 20C for 1 week. The rats were

then randomly assigned to the following two dietary

groups, PF and Leu (Table 1). The rats were fed the

experimental diets ad libitum for 1 week as Experiment 1.

On the final day, the rats were anesthetized with intra-

peritoneal injections (1.88 mL/kg body weight [BW]) of a

mixture of ketamine (43.1 mg/mL) and xylazine (2.76 mg/

mL). To measure the rate of protein synthesis, 0.5 mmol/kg

BW L-[2H5]-phenylalanine (Cambridge Isotope Lab, MA,

USA) was injected into the tail vein. Thirty minutes post-

injection, the abdomen was opened and blood collected

from the inferior vena cava. The abdominal aorta was then

cut to exsanguinate the rats. The extensor digitorum longus

(EDL), soleus, plantaris and gastrocnemius muscles were

Table 1 Composition of experimental diets

Composition (g/kg) PF Leu 20C

Caseina 0 0 200

Leucineb 0 15 0

Cystineb 0 0 3

Sucrosec 100 100 100

a-Cornstarcha 732.5 717.5 529.5

Soy bean oild 70 70 70

Mineral mixturee 35 35 35

Vitamin mixturee 10 10 10

Choline bitartrated 2.5 2.5 2.5

Cellulosea 50 50 50

PF protein-free diet, Leu PF supplemented with 1.5% leucine, 20C
20% casein diet
a Oriental Yeast Co., Tokyo, Japan
b Ajinomoto Co., Tokyo, Japan
c Toyo Sugar Refining Co., Tokyo, Japan
d Wako Pure Chemical Industries Ltd., Osaka, Japan
e AIN 93 composition (Reeves et al. 1993)
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then removed. The collected blood was centrifuged at

3,500g for 15 min to obtain plasma, which was frozen in

liquid nitrogen and stored at -80�C for further analysis.

EDL muscle was used for measuring the rate of protein

degradation, while gastrocnemius muscle was used for

measuring the rate of protein synthesis, enzyme activities,

Northern blot, and Western blot.

Muscle protein synthesis

The rate of muscle protein synthesis was measured using

the flooding dose method (Debras et al. 2007; Rieu et al.

2007; Welle et al. 2006). Gastrocnemius muscle was

homogenized with 10 volumes of 3.5% perchloric acid

using a Polytron homogenizer (kinematica GmbH, Stein-

hofhalde, Switzerland), and the homogenates were

centrifuged at 8,000g for 15 min. Free phenylalanine

enrichment of the supernatant was assessed. The pellet was

hydrolyzed with 6 M HCl at 110�C for 24 h to determine

protein bound phenylalanine enrichment, and the HCl was

subsequently removed by evaporation. These samples were

purified using a cation exchange resin (200–400 mesh

DOWEX 50 W-X8, H? form; Bio-Rad, Richmond, CA,

USA). The eluted sample was dried, and then dissolved in

acetonitrile. N-methyl-N-tert-butyldimethylsilyl trifluoro-

acetamide (PIERCE, Rockford, IL, USA) was added to the

sample and heated (80�C) for 20 min to produce the tert-

butyldimethylsilyl derivative. The derivative was analyzed

by GC-MS (QP2010, Shimadzu, Kyoto, Japan) (Fujita

et al. 2006). Fractional synthesis rate (FSR) was calculated

from the following equation.

FSR ¼ Sb � 100=Sa � t

where Sb is the enrichment at time t of the protein-bound

phenylalanine, Sa is the enrichment of tissue free phenyl-

alanine, and t is the incorporation time in a day.

Myofibrillar protein degradation

3-Methylhistidine (Ns-methylhistidine, MeHis) is a sensi-

tive index of myofibrillar protein degradation (Haverberg

et al. 1975; Nagasawa et al. 1996). We incubated the iso-

lated EDL muscle in a Krebs–Ringer bicarbonate buffer

containing 10 mM glucose under 95% O2–5% CO2 at 37�C

for 2 h after a 30 min pre-incubation at 37�C to measure

the rate of MeHis release (Nagasawa et al. 1998). The

amount of MeHis in the incubation buffer was measured by

HPLC after the derivatization by fluorescamine and treat-

ment with perchloric acid and heating (Wassner et al.

1980). Several studies have shown that the release of

MeHis from isolated muscle for incubation reflects an

individual nutritional condition (Nagasawa et al. 1996,

2002, 2004).

Concentration of plasma branched-chain amino acids

(BCAA)

Plasma leucine, isoleucine, and valine concentrations were

measured by HPLC after derivatization of o-phthalalde-

hyde by our previous method with a minor modification

(Nagasawa et al. 1991; Sugawara et al. 2007).

Plasma insulin concentration

Plasma insulin concentration was measured using enzyme-

linked immunosorbent assay (ELISA) (Morinaga Institute

of Biological Science, Yokohama, Japan).

Proteinase activities in muscle

We measured proteinase activity in gastrocnemius muscle.

Calpain activity was measured by the method of Higuchi

et al. (1996), using azocasein as the substrate. Gastrocne-

mius muscle (100 mg) was homogenized with 30 volumes

buffer [100 mM Tris, 1 mM EDTA (pH 7.5)] using a

Polytron homogenizer, with the resultant sample used as

crude enzyme.

Proteasome activity was measured by the method of Aki

et al. (1994), using succinyl-Leu-Leu-Val-Tyr-MCA

(chymotrypsin-like activity) as the substrate. Gastrocne-

mius muscle (100 mg) was homogenized with 30 volumes

buffer [10 mM Tris, 1 mM EDTA, 5 mM MgSO4,

250 mM Sucrose, 0.1% Brij35 (pH 7.4)] using a Polytron

homogenizer, with the resultant sample used as crude

enzyme.

Northern blotting for the detection of Atrogin-1

and MuRF1 expression

For the detection of mRNA transcripts by Northern blotting,

specific cDNA probes were synthesized using the following

oligonucleotides: rat Atrogin-1, 50-ATCCCTGAGTGGCA

TCGC-30 and 50-CTCTTCCACAGTAGCCGGT-30; rat

MuRF1, 50-GGACGGAAATGCTATGGAGAT-30 and 50-A
ACGACCTCCAGACATGGA-30; rat GAPDH, 50-ACCA

CAGTCCATGCCATCAC-30 and 50-TCCACCACCCTGT

TGCTGTA-30. Total RNA was prepared by the AGPC

method (Chomczynski and Sacchi 1987). Total RNA

(10 lg) from rat gastrocnemius muscle was subjected to

Northern blot analysis using the DIG system (Roche

Diagnostics, Tokyo, Japan) as previously described (Ito

et al. 2006).

Western blotting for expression of LC3

Gastrocnemius muscle (200 mg) was homogenized with 10

volumes 0.25 M sucrose/1 mM EDTA (pH 7.4) using a
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Polytron homogenizer and centrifuged at 3,800g. The

precipitate was used as the SDS-PAGE sample. The sample

was separated on 15% polyacrylamide gel and transferred

to a PVDF membrane (Amersham Biosciences, Tokyo,

Japan). The membrane was blocked for 1 h with 5% skim

milk in Tris buffered saline (TBS) buffer containing 0.1%

Tween 20 (TBS-T) at room temperature. The membrane

was incubated overnight at 4�C with anti-LC3B polyclonal

antibodies (Cell Signaling Technology, Danvers, MA,

USA) in TBS-T (containing 5% bovine serum albumin),

followed by 1 h incubation with HRP-conjugated goat anti-

rabbit IgG (Stressgen, Victoria, BC, Canada) in TBS-T

(containing 5% skim milk). Detection of the secondary

antibody was performed using an ECL western blot

detection kit (Amersham Biosciences) (Karim et al. 2007).

To estimate the relative intensity of each band, X-ray films

were scanned and analyzed using image analysis software

(NIH Image, version 1.62).

Statistical analyses

Data are expressed as means with SEM. Comparisons

between animals fed a PF diet and those fed other diets

were carried out using a two-tailed unpaired t-test (Instat

Ver. 2.03). Differences were considered significant at

P \ 0.05.

Results

Experiment 1 The final body weights of rats fed Leu did not

differ compared with those fed PF, but 20C were signifi-

cantly heavier than those fed PF. The weight of

gastrocnemius muscle (weight per body weight) were sig-

nificantly increased in animals fed Leu or 20C compared

with those fed PF (Table 2), indicating that long-term

feeding of protein-free diet decrease muscle mass, and

leucine suppresses the reduction.

Experiment 2 The final body weights of rats fed PF

(84.3 ± 1.8 g) and Leu (82.3 ± 1.4 g) did not significantly

differ. The total food intake of rats fed PF was 48.5 g and

was slightly decreased for those fed Leu (45.7 ± 1.4 g). The

muscle (EDL, soleus, plantaris and gastrocnemius) weights

per body weights were significantly increased in animals fed

Leu (Fig. 1). There were no significant differences between

plasma branched-chain amino acids concentrations (BCAA)

(valine, isoleucine, and leucine) or plasma insulin concen-

trations of rats fed PF or Leu (Figs. 2, 3).

The rate of MeHis release from the isolated EDL muscle

in rats fed Leu was significantly suppressed (28%) as

compared with that in rats fed PF (Fig. 4a). In our previous

study (Sugawara et al. 2007), the rate of myofibrillar protein

degradation was increased in animals fed PF diet as com-

pared with those fed a control diet (20% casein). Leucine

suppressed an increased degradation of myofibrillar protein

caused by a PF diet. On the other hand, leucine-supple-

mentation did not change the FSR of gastrocnemius muscle

(Fig. 4b). Thus, leucine-supplementation did not enhance

the rate of muscle protein synthesis.

Next, we investigated how the proteolytic system is

regulated by leucine. Calpain activity and chymotrypsin-

like activity (proteasome) were measured in gastrocnemius

muscle and were found to be unaltered in animals fed a

leucine supplemented diet (Fig. 5). Because the ubiquitin-

proteasome system cannot be evaluated from proteasome

activity alone, we therefore measured ubiquitin ligase

mRNA expression. Atrogin-1 mRNA expression was sig-

nificantly increased by the feeding of Leu. MuRF1 mRNA

expression showed an increasing trend in animals fed Leu

(P = 0.14). Thus, ubiquitin ligase mRNA was not

decreased but rather increased by the feeding of Leu

(Fig. 6).

The change in LC3 expression, a marker of auto-

phagosome, was evaluated by LC3-II form using Western

blotting. LC3-I is the precursor form, whereas LC3-II is the

active form. LC3-II expression was decreased significantly

in animals fed Leu (Fig. 7). These results suggest that

leucine-supplementation did not suppress the calpain and

ubiquitin-proteasome proteolytic systems, but significantly

suppressed the autophagy-lysosome system.

Table 2 Body weight and gastrocnemius muscle weight of rats

(Experiment 1)

Body weight (g) Muscle weight

(g) (mg/g body weight)

PF 69.7 ± 1.7 0.29 ± 0.01 4.12 ± 0.11

Leu 70.8 ± 1.1 0.34 ± 0.02 4.74 ± 0.24*

20C 78.4 ± 2.3* 0.36 ± 0.02* 4.61 ± 0.10*

Value is the mean ± SE (n = 5). * P \ 0.05 vs. PF
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supplemented with 1.5% leucine (Leu, open bars) on weight of EDL,

soleus, and plantaris muscle (a) and gastrocnemius muscle (b). Values

are represented as the mean ± SEM (n = 5). *P \ 0.05 versus PF
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Discussion

This study demonstrated that a decrease in muscle mass in

animals fed a protein-free diet was suppressed by the

feeding of supplemental leucine for 7 days. Furthermore,

we were able to show that myofibrillar protein degradation

was prominently suppressed and muscle protein synthesis

was not enhanced. These results strongly suggest that

muscle mass reduction is suppressed by leucine in rats fed

a protein-deficient diet and is regulated by protein degra-

dation rather than protein synthesis.

Generally, muscle mass is regulated by muscle protein

synthesis and degradation. Therefore, it is important to

maintain or increase muscle mass by enhancing synthesis

and suppressing degradation. Many studies show that

muscle protein metabolism could be regulated by nutrients.

Rieu et al. (2003) showed that the feeding of a diet sup-

plemented with leucine for 10 days stimulated muscle

protein synthesis in rats. Kimball and Jefferson (2004)
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showed that muscle protein synthesis in rats was stimulated

by oral administration of leucine. In these studies, the rats

were fed sufficient dietary protein, and the dietary protein

could be used as material to make muscle protein. Leucine

stimulates protein synthesis through mTOR, thereby stim-

ulating phosphorylation of 4E-BP1 and S6K1, which is

involved in protein translation (Anthony et al. 2002). In the

present study, although we did not measure the changes in

these factors, it is possible that these factors were stimu-

lated by feeding of a leucine-supplemented diet. However,

the rate of muscle protein synthesis was not stimulated in

animals fed a leucine-supplemented diet. This suggests that

when dietary protein is deficient, the amino acids used as

material to synthesis muscle protein are deficient. Although

amino acids are supplied by muscle protein degradation,

these might be not sufficient for protein synthesis. On the

other hand, in this study, muscle protein degradation was

suppressed by leucine-supplementation. Unlike an increase

in the rate of protein synthesis, material is not necessary for

the suppression of protein degradation. Under the present

experimental conditions, muscle protein degradation is a

key factor in muscle mass regulation.

Insulin is thought to enhance muscle protein synthesis

and suppress degradation, and leucine is known to stimu-

late secretion of insulin (Li et al. 2003). In this study,

however, plasma insulin concentration was not increased

by leucine-supplementation. An increase in plasma insulin

concentration was likely, but may have only occurred

during a very short period. Therefore, suppression of

muscle mass reduction and myofibrillar protein degrada-

tion seems to be independent of the action of insulin.

However, other hormones such as glucocorticoid and IGF-I

may affect muscle protein synthesis and degradation.

Myofibrillar proteins are degraded by the calpain,

ubiquitin-proteasome and autophagy-lysosome systems.

Studies have shown that the ubiquitin-proteasome system is

stimulated by several catabolic conditions (Fang et al.

2000; Rajan and Mitch 2008). Several reports suggest that

leucine suppresses accelerated muscle protein degradation

by the inhibition of the ubiquitin-proteasome system.

Nakashima et al. (2005) showed that ubiquitin and 20S

proteasome C2 subunit mRNA expressions decreased in

chicks orally administered leucine. Hamel et al. (2003)

demonstrated that several amino acids, including leucine,

directly inhibited the activity of muscular proteasome.

Therefore, it is possible that suppression of muscle protein

degradation by leucine may be mediated by the ubiquitin-

proteasome system. In the present study, however, pro-

teasome (chymotrypsin-like) activity which is one of index

in proteasomal proteolysis and ubiquitin ligase (MuRF1

and Atrogin-1) mRNA expression were not inhibited by

feeding of leucine-supplementation. Unexpectedly, Atro-

gin-1 mRNA expression increased significantly in animals

fed Leu, but the reason has yet to be elucidated. Leucine is

also known to affect the autophagy-lysosome system.

Mordier et al. (2000) showed that leucine restriction

induces the formation of autophagy and activation of

lysosomal-dependent proteolysis in C2C12 myotube. Ka-

dowaki and Kanazawa (2003) suggest that leucine has a

direct regulatory potential in liver autophagic proteolysis.

We showed in the present experiment that autophagy

marker protein active form, LC3-II expression was

decreased significantly in rats fed a Leu diet. These results

indicate that the autophagy-lysosome system may be reg-

ulated by leucine.

We have previously shown that oral administration of

leucine (135 mg/100 g body weight) increased plasma

leucine concentration (2,000 nmol/ml) within 1 h, and

subsequently decreased to post-absorption levels (Nagasa-

wa et al. 2002). The rapid reduction of leucine implies that

leucine is quickly oxidized (Harper et al. 1984). In the

present experiment, the plasma leucine concentration was

approximately 150 nmol/ml in rats fed a leucine-supple-

mented diet, and did not significantly differ from levels in

animals fed a PF diet. It is conceivable that the plasma

leucine concentration was increased immediately after

feeding of a leucine-supplemented diet and returned to

post-absorption levels prior to sampling. Therefore, it is

possible that protein synthesis was not stimulated in the

time of measurement; however, the increase in the rate of

synthesis might be not occurred because of less material

amino acids for synthesis.

In conclusion, we showed that feeding of a leucine-

supplemented diet suppresses muscle mass reduction

caused by protein deficiency. Long-term feeding of leucine

suppressed myofibrillar protein degradation and did not

stimulate muscle protein synthesis. Therefore, under the

condition of dietary protein deficiency, regulation of
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muscle protein degradation is a key factor in the suppres-

sion of muscle mass reduction. Furthermore, LC3-II

expression clearly decreased. These results suggest that

inhibition of autophagy-lysosome is likely the system

involved in the suppression of myofibrillar protein degra-

dation by leucine.
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