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Abstract

The administration of branched-chain amino acids (BCAAs) to cirrhosis patients increases serum albumin levels and improves

the blood Fischer�s ratio. Although it has been reported that albumin synthesis in rat primary hepatocytes is diminished under lower

Fisher�s ratio conditions compared to normal Fischer�s ratio conditions, the mode of action at the molecular level for these effects is

still uncertain. It has been reported recently that the triggering signal for protein synthesis is transmitted through mTOR (mam-

malian target of rapamycin). We have had an interest in the mTOR signal transduction system. In the present study, we analyzed the

mode of action of BCAA-induced albumin synthesis using rat primary hepatocytes. The BCAA mixture dose-dependently promoted

the production of albumin, with leucine being the major effector half of which was inhibited by the mTOR inhibitor rapamycin. We

also showed that only leucine induces P70 S6 kinase activation and 4E-BP1 phosphorylation which are mTOR�s downstream

translational effectors. These activations were completely inhibited by rapamycin. Our results suggest that BCAAs, especially

leucine, promote the production of albumin in rat primary hepatocytes through an mTOR signal transduction system.

� 2003 Elsevier Science (USA). All rights reserved.
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The administration of an oral BCAA (branched-

chain amino acid) pharmaceutical preparation intended

for decompensated cirrhotic patients improves hypoal-
buminemia [1–3]. In chronic hepatic failure patients

[2,4], the change in the plasma amino acid composition

was shown especially, the decrease in the Fischer�s ratio
(Fischer�s ratio; BCAA/AAA), caused by the increase in

the concentration of aromatic amino acids (AAA), and

the decrease in the concentration of BCAA [5]. A posi-

tive correlation between plasma BCAA concentration

(or Fischer�s ratio) and albumin concentration was ob-
served in decompensated cirrhotic patients. Oral BCAA

administration to cirrhotic patients and to carbon tet-

rachloride induced liver cirrhosis-model rats not only

raised the serum albumin levels but also improved the

prognosis [1,6].

Hormones and nutrients are known to have an influ-

ence on albumin synthesis or secretion, based on studies

with primary hepatocytes and liver perfusion experiments

[7,8]. Among hormones, insulin and dexamethasone have

been reported to increase the production of albumin, and

among nutrients, glucose and amino acids affect the
production of albumin [7,9]. The synthesis and secretion

of albumin increased when rat primary hepatocytes were

cultured with an appropriate Fischer�s ratio (3.0) [10].

The addition of amino acids similar to the plasma com-

position was found to promote albumin synthesis in

primary hepatocytes and in liver perfusion experiments,

and the removal of amino acids decreased albumin syn-

thesis. It was shown by liver perfusion experiments that
albumin mRNA was translated by membrane-bound

polysomes in the presence of amino acids [11,12]. In

contrast, mRNA is dissociated from the ribosome and

was not translated in the absence of amino acids.

Recently, it has been clarified that certain kinds of

amino acids can trigger protein synthesis in various cells

through a key molecule known as mTOR (mammalian

target of rapamycin) [13–17]. Activated mTOR phos-
phorylates p70 S6 kinase, followed by activated p70 S6

kinase that phosphorylates ribosomal S6 protein, and as

a result, increases the protein synthesis complex. Acti-
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vated mTOR also phosphorylates eIF4E-BP1 and pro-
motes the formation of the protein synthesis initiation

complex. On the other hand, amino acids appear to be

indispensable for insulin to promote protein synthesis

through mTOR [15]. It has also been shown that leucine

activates mTOR in the hepatic carcinoma cell lines FAO

and H4IIE [13,16]. Oral administration of leucine to

food-deprived animals leads to an increase in protein

synthesis associated with effects on p70 S6 kinase and
eIF4E-BP1 in skeletal muscle, adipose tissue, and liver

[18,19]. However, no report on the correlation between

mTOR activation with amino acids and albumin syn-

thesis has been reported. Therefore, we used rat primary

hepatocytes to analyze the albumin synthesis promotion

activity of BCAA by examining the activation of mTOR

signal transduction.

Materials and methods

Preparation and culture of rat primary hepatocytes. Hepatocytes

were obtained from the livers of 6-week-old male Wistar rats (Charles

River Japan, Kanagawa, Japan) by the collagenase perfusion method

[20]. The liver tissue was digested and suspended in Hanks� balanced
salt solution (Gibco-BRL, Life Technologies, Grand Island, NY), and

filtered with a 100-lm pore size nylon mesh. The cells were suspended

in 45% Percol–HBSS solution and centrifuged for 10min and the

pelleted cells were washed three times with 30ml RPMI1640 (Gibco-

BRL, Life Technologies, Rockville, MD) medium containing 1% fetal

calf serum (JRH Biosciences, Lenexa, KS). The cells were cultured at

37 �C for 16 h in a collagen type I coated six-well plate (Iwaki Grass,

Tokyo, Japan) at a density of 1� 105cells=0:2ml=cm2 in the same

medium, washed with amino acid-deficient RPMI1640 medium, and

then incubated with amino acid-deficient RPMI1640 medium for 2 h.

Then, cells were incubated with the media containing indicated BCAAs

and rapamycin (Wako Pure Chemical Industries, Osaka, Japan). The

amino acid-deficient medium was made with the RPMI Selection

Amine Kit (Gibco-BRL, Life Technologies, Rockville, MD) with os-

motic pressure adjusted between 300 and 310mOsm. At the end of the

culture period, two photographs were taken at random at 100�
magnification and the number of cells in each area was counted. All

procedures involving care and use of animals were approved by

Institutional Animal Care and Use Committee of Pharmaceutical

Research Laboratories of Ajinomoto prior to conduct.

Quantitative analysis of albumin. Albumin was quantified using

europium (Eu)-labeling reagent (Amersham Pharmacia Biotech,

Buckinghamshire, UK). Rat albumin (Sigma Chemical, St. Louis,

MO) was dissolved in 50mM NaHCO3 (1mg/ml) and mixed with Eu-

labeling reagent for 12 h. The Eu-labeled albumin was collected by a

Superdex Hi Load 16/60 column (Amersham Pharmacia Biotech,

Buckinghamshire, UK). Anti-human albumin antibody solution

(DAKO A/S, Glostrup; Denmark, 1 lg/ml in 10mM carbonic acid

buffer) was poured into a 96-well Maxisorp plate (Nalge Nunc Inter-

national, Rochester, NY) and kept at 4 �C for 12 h. The plate was

washed once with TBS (20mM Tris, pH 7.4, 0.15M NaCl). A fourfold

dilution of Blockase (Snow Brand Milk Products, Japan) was added at

100ll/well and kept at room temperature for 2 h. Twenty microliters of

the sample (1/3-diluted with DELFIA assay buffer, Amersham Phar-

macia Biotech) and 30 ll of the europium-labeled albumin (10,000

counts) were mixed in a well, kept at room temperature for 1 h, and

then washed five times with TBS-Tween (20mM Tris, pH 7.4, 0.15M

NaCl, and 0.05% Tween 20). After the addition of 100ll/well of

DELFIA enhancement buffer (Amersham Pharmacia Biotech), the

time-resolved fluorescence was measured using a microplate reader

ARVO (EG & GWallac Oy, Turku, Finland).

Immunoprecipitation and p70 S6 kinase assays. The p70 S6 activity

was determined in the immunoprecipitates using ribosomal subunits as

substrate. Hepatocytes were incubated with amino acid-deficient media

supplemented with or without 2mM each of BCAAs and 25 ng/ml

rapamycin for 20min after amino acid starvation. Then, cells

were lysed in ice-cold buffer A (50mM Tris–HCl at pH 8.0, 1%

Nonidet P-40, 120mM NaCl, 20mM NaF, 1mM EDTA, 6mM

EGTA, 20mM b-glycerophosphate, 0.5mM dithiothreitol, 50 lM
p-amidinophenylmethylsulfonyl fluoride hydrochloride, 1lg/ml apro-

tinin, and 1lg/ml leupeptin) and the extracts were centrifuged at

10,000g for 30min at 4 �C. Aliquots of the supernatants were subjected

to immunoprecipitation with p70 S6 kinase (C-18) antibody (SC-230,

Santa Cruz Biotechnology) for 2 h, which were absorbed to protein G–

Sepharose. This was washed twice with buffer A containing 0.5M

NaCl and twice with wash buffer (20mM MOPS at pH 7.2, 10mM b-
glycerophosphate). The 40S S6 protein kinase reaction was started by

adding the reaction mixture (50mM MOPS at pH 7.2, 12mM MgCl2,

2mM EGTA, 1mM dithiothreitol, 60lM ATP, 10mM b-glycero-
phosphate, 0.5 lM protein kinase inhibitor, 0.5A260 subunits of 40S

ribosomal subunits, and 5lCi of ½c-32P�ATP). This was incubated for

20min at 30 �C and the reaction was terminated by adding the SDS

sample buffer. The samples were separated by SDS–PAGE on 12%

acrylamide gel and radioactivity incorporated into 40S S6 protein of

each sample was visualized by autoradiography.

Examination of 4E-BP1 phosphorylation state. Hepatocyte lysates

were solubilized in SDS sample buffer, separated by SDS–PAGE on

12% acrylamide gel, and transferred to nitrocellulose membrane.

Electrophoretic mobility shift assays using 4E-BP1 (C-19) antibody

(sc-6024 Santa Cruz Biotechnology) were visualized by ECL.

Measurement of protein synthesis by LL-[35S]methionine. Hepato-

cytes were cultured for 6 h in the culture medium with or without 2mM

leucine and 25 ng/ml rapamycin, supplemented with 10 lCi/ml LL-

[35S]methionine. The cell pellet or culture supernatant precipitated by

10% TCA was dissolved in a small volume of SDS–PAGE sample

buffer and separated by 10% polyacrylamide gel SDS electrophoresis.

The radioactivity of each protein band was measured with a BAS-2000

Bio Imaging Analyzer (Fuji Photo Film, Tokyo, Japan).

Detection of albumin mRNA. Total RNA was extracted from cells

with a total RNA Isolation Kit (Invitrogen, Groningen, The Nether-

lands) and detected using Taqman EZ RT-PCR core reagents (Perkin–

Elmer Biosystems, Turku, Finland). The PCR was carried out by a

standard method. The primers and probes used in the experiments

were as follows. Rat albumin: forward primer, 50-T G T C C C C A A

A G AG T T T A A A G C T G-30; reverse primer, 50-T C T T T A T C

T G C T T C T C C T T G T C T G G-30; probe, 50-Fam-A C C T T C

A C C T T C C A C T C T G A T A T C T G C A C A C T-Tamra-30.

Rat b-actin: forward primer, 50-C G T G A A A AGA T G A C C C A

G A T C A-30; reverse primer, 50-A C A C A G C C T G G A T G G C

T A C G T A-30; probe, 50-Fam-T T T G A G A C C T T C A A C A C

C C C A G C C A-Tamra-30. The amount of albumin mRNA and

b-actin mRNA was compared with that of a time-zero control.

Statistical analyses. The results are given by means� SE. The

judgment of significant difference (less than 5%) was based on Dun-

nett�s t test multiple analysis or Tukey–Kramer analysis.

Results

Albumin secretion activity of BCAA

Many reports suggested that the amino acid compo-

sition in a culture medium was important to the albumin

secretion/production from primary hepatocytes [7,21].
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In the present study, we examined whether branched-
chain amino acids (BCAAs) promote albumin secretion

in primary hepatocytes. The mixture ratio of BCAA was

adjusted to leucine:isoleucine:valine¼ 2.0:1.0:1.2 (molar

ratio) according to the results of a study in which vari-

able effects on viability were observed in response to the

oral administration of BCAAs to cirrhosis-model rats

treated with carbon tetrachloride [6].

It was confirmed that the albumin secretion rate in-
creases linearly for the first 6 h (data not shown) and

constantly remained independent of the amino acid

levels in the medium.

Therefore, it was thought that the levels of albumin

secretion correspond directly to albumin synthesis. The

albumin synthesis rate was increased to 1.5 times in

medium with an RPMI composition (400 ng/h/dish)

compared to those in the absence of amino acids
(260 ng/h/dish). At this time, a 2mM BCAA mixture

(400 ng/h/dish) showed promotion effects equal to those

obtained with the RPMI composition. There was no

change in the number of cells after 6 h in any of the

experiments (data not shown).

Fig. 1 shows the amount of albumin in the 6-h culture

supernatant. The BCAA mixture promoted albumin

synthesis in a dose-dependent manner from 0.1 to
0.5mM, with production reaching a plateau (3484� 246

ng/6 h/dish) at a BCAA concentration of 0.5mM. The

concentrations of amino acids in the media and the cells

were measured. No great difference was seen in the

amino acid concentrations in the medium before and

after the culture. However, the amount of intracellular

leucine in cells cultured with the 2mM leucine medium

was 10 times as high as that in cells of the amino acid-
deficient medium.

Albumin-synthesis activity of leucine, isoleucine, and

valine

The experiment shown in Fig. 2 was carried out to

examine which amino acid has the most potent albumin-

synthesis activity in a BCAA mixture. Among BCAAs,

leucine appeared to be the most important amino acid,

as 2mM leucine showed activity equal to that of a 2mM

mixture of BCAAs. Isoleucine and valine showed slight
promotion-inducing tendencies, although their effects

were not significant.

The effects of other amino acids were examined. Our

results (data not shown) showed no noticeable effect on

albumin synthesis for histidine [21], proline [22], and

alanine [23,24], all of which have been reported to have

some positive effects on liver proliferation or liver injury.

Effect of the mTOR inhibitor rapamycin on the promotion

of albumin synthesis by leucine

Experiments were carried out to clarify whether leu-

cine promotes albumin synthesis through an mTOR

signal transduction system. It is well known that rapa-

mycin selectively binds to FKBP-12 and inhibits the

activation of mTOR [13–16,25]. A decrease in p70 S6

kinase activity and the dephosphorylation of eIF-4EBP1
were observed when the mTOR activity was blocked

[13–16]. As a result, the formation of the protein syn-

thesis initiation complex was inhibited and the rate of

Fig. 1. Concentration-dependence of BCAA on albumin synthesis.

After primary hepatocytes had been cultured for 6 h with an amino acid-

deficient medium with the addition of a 0–2mM BCAA mixture. The

amount of albumin in the culture supernatant was measured in three

independent experiments and the results are shown as means� SEM.

*P < 0:05 compared with the values without adding BCAAs.

Fig. 2. Effect of each BCAA on albumin synthesis. The primary he-

patocytes were cultured for 6 h with an amino acid-deficient medium

with the addition of 2mM leucine (also 0.95mM), isoleucine, valine, or

a 2mM BCAA mixture, and the amount of albumin in the culture

supernatant was measured. Three independent experiments were car-

ried out. The results are shown as means� SEM. *P < 0:05 compared

with the values with no A.A.
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protein synthesis decreased. As shown in Fig. 3, 25 ng/
ml rapamycin significantly inhibited the albumin-pro-

ducing activity of leucine by 52%.

The newly synthesized proteins were measured to

clarify whether leucine promotes only the synthesis of

secreted proteins such as albumin or promotes all types

of proteins. Newly synthesized proteins were measured

using LL-[35S]methionine. The cell culture supernatant

and cell extract were separated by SDS–PAGE and the
radioactivity of each band was measured. The albumin

in relation to total protein was 2.8% with no amino acids

in the medium, 3.8% in 2mM leucine, and 3.3% in 2mM

leucine+ rapamycin. The rate of albumin synthesis rose

with the amount of leucine by 1.4 times and rapamycin

inhibited this activity by 58% (Table 1). It was also

confirmed that only a small amount of albumin accu-

mulated intracellularly, which suggests that the amount
of albumin in the culture supernatant directly corre-

sponded to the rate of albumin synthesis, which is sim-

ilar to the results illustrated in Fig. 3. The synthesis of

transferrin [26], another secreted protein, was also pro-

moted by leucine and inhibited by rapamycin (0.48% in

leucine, 0.41% in leucine with rapamycin, and 0.38% in

medium with no amino acids). In contrast, no remark-

able changes were observed in intracellular proteins.

Change in the amount of albumin mRNA

The amount of albumin mRNA and b-actin mRNA

was quantified for primary hepatocytes cultured in the

presence of leucine and rapamycin. Total mRNA was

measured by quantitative RT-polymerase chain reaction

and compared with the control sample prepared at the

end of 2-h pre-culture in the absence of amino acids.

There was no remarkable change in the amount of al-

bumin mRNA after a 6-h culture with no amino acids in

the medium, with 2mM leucine, or with leucine and

rapamycin. A similar result was obtained for b-actin
mRNA with no amino acids in the medium, with 2mM

leucine, and with leucine and rapamycin.

Only leucine stimulates mTOR-signaling pathway

The ability of individual BCAA to stimulate p70 S6

kinase activity following amino acid withdrawal was

examined using rat primary hepatocytes. As shown in

Fig. 4A (upper panel), brief (2 h) withdrawal of amino
acids from serum-deprived culture medium diminished

the activity to basal level (lane 1) and the addition of

leucine stimulated p70 S6 kinase activity (lane 2).

However, the addition of isoleucine and valine did not

stimulate p70 S6 kinase activity (lanes 3 and 4). Using

the same lysates, we also monitored phosphorylation

states of 4E-BP1 by the shift in the migration of 4E-BP1

polypeptides on SDS–PAGE. As with p70 S6 kinase, rat
primary hepatocytes deprived of amino acids for 2 h

exhibited a predominance of rapidly migrating bands (a
and b bands), meaning lower phosphorylation state of

4E-BP1 (Fig. 4B, lane 1). Single addition of leucine di-

minished the proportion of more rapidly migrating

bands (a and b bands) and increased that of the slower

migrating band (c band), meaning higher phosphoryla-

tion state of 4E-BP1 (Fig. 4B, lane 2). The readdition of
isoleucine and valine did not change the phosphoryla-

tion states of 4E-BP1 compared to its culture after

amino acid depletion (Fig. 4B, lanes 3 and 4). Rapa-

mycin completely inhibited the activity of leucine to p70

S6 kinase and 4E-BP1 phosphorylation states (data not

shown). We also examined the effect of other amino

acids on p70 S6 kinase and 4E-BP1 phosphorylation

states. No other amino acid exhibited the activity to
these proteins except methionine, which stimulated these

Fig. 3. Effect of the mTOR inhibitor rapamycin on albumin synthesis.

The primary hepatocytes were cultured for 6 h in an amino acid-defi-

cient medium with no additional amino acid, with an addition of 2mM

leucine, and 2mM leucine with 25 ng/ml rapamycin, and the amount of

albumin in the culture supernatant was measured. Three independent

experiments were carried out and the results are shown as

means� SEM. *P < 0:05 compared with the values with no A.A.

#P < 0:05 compared with the values with Leu.

Table 1

Ratio of newly synthesized albumin and transferrin

No amino acid Leu Leu+ rapamycin

Albumin 3.3 4.8 3.2

Transferrin 0.43 0.65 0.35

Total protein 100 100 100

Primary hepatocytes were cultured for 6 h in an amino acid-defi-

cient medium with 10lCi/ml LL-[35S]methionine containing no amino

acid, 2mM leucine, or 2mM leucine with 25 ng/ml rapamycin. The

TCA precipitate of the culture supernatant was separated by 10%

polyacrylamide gel electrophoresis–SDS, and the radioactivity of the

protein bands corresponding to albumin and transferrin was measured

using BAS 2000 Bio Imaging Analyzer, and shown is the ratio to the

radioactivity of total synthesized proteins.
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effectors slightly (data not shown). Thus, in rat primary

hepatocytes, only leucine among BCAAs stimulated the
mTOR-signaling pathway. Consistent with our obser-

vations, the other reports have demonstrated that the

readdition of leucine alone after amino acid depletion

activates p70 S6 kinase activity in FAO hepatoma cells

[13] and in H4IIE cells [16].

Discussion

Primary hepatocytes secrete albumin at a constant

rate even when no amino acids are present and BCAA

appears to promote the secretion in a dose-dependent

manner from 0.1 to 0.5mM. It is believed that the al-

bumin synthesis is promoted at physiological concen-

trations because plasma BCAA concentrations of rats

after 24 h fasting are approximately 0.4mM [17]. These
results suggest that BCAA administration to cirrhosis

patients directly promotes liver albumin synthesis and

increases plasma albumin levels.

In addition, the promotion of albumin synthesis was

found to depend mainly on leucine in the BCAA mix-

ture and only a slight promotion activity was observed

with both isoleucine and valine. However, Anthony et

al. [19] have reported that leucine administration for the
food-deprived rats reduced circulating concentrations of

isoleucine and valine compared with control rats. They

discussed that this reduction of serum isoleucine and

valine after leucine administration may reflect an in-

crease in uptake of those amino acids to support rates of

protein synthesis enhanced by leucine. For this, we are
confident that oral administration of BCAA mixture,

not only leucine, is of great benefit for cirrhosis patients

who have hypoalbuminemia.

A specific mTOR inhibitor, rapamycin, inhibits the

albumin synthesis promotion activity of leucine by half

(Fig. 3) and completely inhibits the activation of P70 S6

kinase and the phosphorylation of 4E-BP1 in mTOR

signaling pathway (Fig. 4). That is, leucine promotes
protein synthesis in at least two signaling pathways, a

rapamycin-sensitive pathway and an unknown rapamy-

cin-insensitive pathway as shown in the skeletal muscle

and adipose tissue [18,19,27]. In addition, based on the

results of the protein-labeling experiments, a correlation

between albumin synthesis and its accumulation in the

culture supernatant was observed. These results sug-

gested that leucine promotes the synthesis of secreted
proteins such as albumin and transferrin, whereas it has

no effect on the synthesis of intracellular proteins and the

amount of albumin mRNA. Recently, Tomiya et al. [28]

reported that leucine stimulates the secretion of hepa-

tocyte growth factor (HGF) by hepatic stellate cells. It

was indicated that leucine may stimulate protein pro-

duction in hepatocyte indirectly in vivo through inducing

factors such as HGF. The amounts of albumin mRNA
showed no remarkable change in these experiments,

therefore, it was deduced that the mTOR-dependent al-

bumin-synthesis promotion activity of leucine is due to

the stimulation of protein translation but not to the

stimulation of mRNA transcription or stability.

BCAAs are essential in protein nutrition and are

abundant in body proteins [29]. Among BCAAs, leucine

was focused for its strong activity to stimulate protein
synthesis through mTOR signaling pathway. Recently,

it has been examined about the structural requirements

for stimulation and inhibition of mTOR signaling

pathway by leucine and its analogs [16,27]. The control

mechanism with leucine upstream of the mTOR and a

more detailed elucidation will be necessary to be clari-

fied in the future.
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