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Leucine stimulates HGF production by hepatic stellate
cells through mTOR pathway
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Abstract

Branched chain amino acids modulate various cellular functions in addition to providing substrates for the production of proteins.
We examined the mechanism underlying the stimulation by leucine of hepatocyte growth factor (HGF) production by hepatic stellate
cells. Both p70 S6 kinase activity and phosphorylation of eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) were up-regulated
rapidly after leucine treatment of a rat hepatic stellate cell clone. No such activation was observed following treatment with valine or
isoleucine. Rapamycin, an inhibitor of mammalian target of rapamycin (mTOR), suppressed leucine-induced activation of p70 S6 kinase
and 4E-BP1 and negated the stimulatory effect of leucine on HGF production. An mTOR-dependent signaling pathway mediates the

stimulatory effect of leucine on the production of HGF by hepatic stellate cells.

© 2007 Elsevier Inc. All rights reserved.
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4E-binding protein 1

Although hepatocyte growth factor (HGF) was identi-
fied initially as a mitogen for hepatocytes, further investiga-
tions revealed that HGF is a pleiotropic factor with
mitogenic, motogenic, morphogenic, anti-apoptotic and
tumor suppressive activities [1-3]. HGF is produced by
cells in various organs, including hepatic stellate cells
[1-3]. Exogenous administration of HGF has been shown
to stimulate DNA synthesis in the liver, kidney and lung,
facilitate liver function, reduce injuries of the liver, colon,
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kidney, lung, brain and heart, and suppress fibrogenesis
of the liver and kidney in experimental models [1-8]. These
observations indicate a potential application for HGF in
the treatment of various diseases. In addition, up-regula-
tion of HGF production may offer similar benefits. How-
ever, the mechanisms of regulation of HGF production
are still under investigation.

In patients with chronic liver injury, it is known that
serum levels of branched chain amino acids (BCAAs:
valine, leucine and isoleucine) are reduced, depending on
the degree of liver dysfunction [1,9]. Clinical trials of BCAA
supplementation therapy have been performed to facilitate
protein production, such as albumin by the cirrhotic liver
[10-12]. In addition, administration of BCAAs has been
reported to prevent or retard the progression of liver failure
in cirrhotic patients [10-12]. However, the mechanisms
through which the BCAAs generate the effects observed
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remain to be elucidated. In general, the most important role
of amino acids has been considered to be providing the sub-
strates for protein synthesis. Furthermore, recent studies
show that amino acids, especially BCAAs, serve as regula-
tory molecules that modulate numerous cellular functions
[1,13-17]. These observations imply that BCAAs can be
physiological regulators of protein production, in addition
to being essential amino acids for protein synthesis.
Recently, we reported that HGF production by hepatic stel-
late cells is up-regulated by the addition of leucine to the
culture medium [18]. In addition, we showed that leucine
administration to rats increases circulating and hepatic
HGF levels [19]. These results raise the possibility that leu-
cine is a regulator of the production of HGF by hepatic stel-
late cells. Considering the above-mentioned effects of HGF
on the liver, the clinical effect of BCAA administration in
patients with liver cirrhosis might be attributable, at least
in part, to the induction of HGF production by leucine.

In eukaryotic cells, one of the most important intracellu-
lar signaling transducers of amino acids is considered to be
the rapamycin-sensitive pathway associated with the mam-
malian target of rapamycin (mTOR), which regulates pro-
tein production post-transcriptionally through activation
of the eukaryotic initiation factor 4E-binding protein 1
(4E-BP1) and the 70 kDa ribosomal protein S6 (p70 S6)
kinase [20-23]. To evaluate the mechanism of regulation
of HGF production by leucine, we studied the effect of leu-
cine on an mTOR dependent signaling pathway in hepatic
stellate cells in relation to HGF production.

Materials and methods

Cell culture

The hepatic stellate cell clone (cHSC), CFSC-8B, was kindly provided
by Dr. Marcos Rojkind [24]. Cells were plated on plastic culture dishes at
7 % 10 cells/cm? in Eagle’s minimal essential medium (MEM, Nissui
Pharmaceutical Co., Ltd., Tokyo, Japan) containing 10% (v/v) fetal calf
serum (FCS, Gibco Laboratories, Life Technologies Inc., Grand Island,
NY). After a 4 h attachment period, the culture medium was replaced with
MEM supplemented with 0.5% FCS. After 20 h, cells were deprived of
amino acids by incubation in Hanks’ balanced salt solution (HBSS, Sigma
Chemical Co., St. Louis, Missouri) supplemented with a vitamin mixture
(Gibco Laboratories, Life Technologies Inc., Grand Island, NY). After
3 h, the cells were used for the following experiments.

Experiment I. The medium was changed to HBSS containing 10 mM
leucine (Ajinomoto Co., Inc., Tokyo, Japan). Cells were frozen serially
using liquid nitrogen and used for the assay of p70 S6 kinase activity and
examination of the phosphorylation state of 4E-BP1.

Experiment II. The medium was changed to HBSS with 0.1-10 mM
leucine or 10 mM valine or isoleucine (Ajinomoto Co., Inc., Tokyo,
Japan). After a 40 min incubation period, cells were frozen quickly using
liquid nitrogen and used for the assay of p70 S6 kinase activity and
examination of the 4E-BP1 phosphorylation state.

Experiment I1I. The medium was changed to HBSS containing 0.1-
2.5nM of rapamycin. After a 30 min incubation period, 10 mM leucine
was added to the medium. Forty minutes later, the cells were frozen
quickly using liquid nitrogen and used for the assay of p70 S6 kinase
activity and examination of the 4E-BP1 phosphorylation state.

Experiment IV. The cells were treated as in experiment III. HGF
concentrations in the medium were determined 24 h after leucine addition.

Immunoprecipitation and p70 S6 kinase assays

The p70 S6 kinase activity was determined after immunoprecipitation
using ribosomal subunits as substrate, as reported previously [15,25,26].
Briefly, cells were lysed in ice-cold buffer A (50 mM Tris-HCI pH 8.0,
1% Nonidet P-40, 120 mM NaCl, 20 mM NaF, 1 mM EDTA, 6 mM
EGTA, 20mM f-glycerophosphate, 0.5mM dithiothreitol, 50 uM
p-APMSF, 1 pg/ml aprotinin, and 1 pg/ml leupeptin) and incubated for
10 min. They were centrifuged at 10,000g for 30 min at 4 °C. An aliquot
of the supernatants was incubated with anti-p70 S6 kinase antibody (SC-
230, Santa Cruz Biotechnology, California) for 2h at 4°C and was
absorbed to protein G-Sepharose. This was washed twice with buffer A
containing 0.5M NaCl and twice with the buffer containing 20 mM
MOPS at pH 7.2, 10 mM B-glycerophosphate. The 40S S6 protein kinase
reaction was performed at 30 °C by the addition of reaction mixture
(50 mM MOPS pH 7.2, 12mM MgCl,, 2mM EGTA, 1 mM dithio-
threitol, 60 uM ATP, 10 mM B-glycerophosphate, 0.5 pM protein kinase
inhibitor, 0.5 A,sy subunits of 40S ribosomal subunits, and 5 puCi of
[y-**P]JATP). After a 20 min incubation period, one half volume of SDS
buffer (4% SDS, 20% glycerol, 100 mM Tris-HCl pH 6.8, 5%
2-mercaptoethanol) was added. The samples were separated by SDS—
PAGE on 12% gels, transferred to nitrocellulose membrane and the
radioactivity was visualized by autoradiography. The membrane also was
used for the detection of p70 S6 kinase protein by Western blotting using
anti-p70 S6 kinase antibody.

Examination of the 4E-BP1 phosphorylation state

An aliquot of the supernatant from the lysed cells, described
above, was mixed with SDS buffer, separated by SDS-PAGE on a
12% gel, and transferred to a nitrocellulose membrane. An electro-
phoretic mobility was studied using anti-4E-BP1 antibody (sc-6024,
Santa Cruz Biotechnology, California), as described previously
[26,27].

Assays for HGF concentrations in the culture medium

HGF concentrations in the culture medium were determined using a
rat HGF enzyme-linked immunosorbent assay kit (Institute of Immu-
nology, Tokyo, Japan) [18,28]. The lower limit of detection of the assay
was 0.1 ng/ml.

Results

Effect of leucine on p70 S6 kinase activity and
phosphorylation of 4E-BP1 in cHSC

p70 S6 kinase activity increased rapidly and peaked
40 min after treatment with 10 mM leucine, although total
p70 S6 kinase protein levels did not change (Fig. 1A). As
for 4E-BP1, cHSC cells exhibited a predominance of fas-
ter-migrating unphosphorylated forms of 4E-BP1 (o and
B bands) before the addition of leucine (Fig. 1B). The pro-
portion of slower-migrating highly phosphorylated form of
4E-BP1 (y band) increased 10 min after leucine addition,
peaked at 20 min, and remained at plateau levels thereafter
(Fig. 1B).

Effect of BCAAs on p70 S6 kinase activity and
phosphorylation of 4E-BP1 in cHSC

As shown in Fig. 2A, the addition of leucine increased
p70 S6 kinase activity in a dose-dependent manner. How-
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Fig. 1. p70 S6 kinase activity and phosphorylation of 4E-BP1 in cHSC
cells cultured in medium supplemented with leucine. (A) The p70 S6 kinase
activity was determined in the immunoprecipitates using ribosomal
subunits as substrate. The samples were separated by SDS-PAGE,
transferred to a nitrocellulose membrane and *?P radioactivity was
visualized by autoradiography (upper panel). The membrane was also
used for the detection of p70 S6 kinase protein by western blotting using
anti-p70 S6 kinase antibody (lower panel). (B) An electrophoretic mobility
was studied using anti-4E-BP1 antibody. Faster-migrating bands (o and B
bands) of 4E-BP1 indicate unphosphorylated or lower phosphorylated
forms of 4E-BP1, while the slower-migrating band (y band) indicates the
highly phosphorylated form.
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Fig. 2. p70 S6 kinase activity and phosphorylation of 4E-BP1 in
cHSC cells cultured in medium supplemented with BCAAs. (A) The
p70 S6 kinase activity is shown in the upper panel and the detection
of p70 S6 kinase protein is shown in the lower panel. (B)
Unphosphorylated or lower phosphorylated, faster-migrating bands
of 4E-BP1 (o and B bands) and the highly phosphorylated slower-
migrating band (y band) were revealed by electrophoretic mobility
using anti-4E-BP1 antibody.

ever, the addition of isoleucine or valine did not stimulate
activation of p70 S6 kinase. Addition of leucine also
increased the slower migrating y band, indicating a higher
state of phosphorylation of 4E-BPI, in a dose-dependent
manner, while the addition of isoleucine or valine did
not affect the state of phosphorylation of 4E-BP1
(Fig. 2B).
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Fig. 3. Effect of rapamycin on p70 S6 kinase activity and phosphorylation
of 4E-BP1 in cHSC cells cultured in the medium supplemented with
leucine. (A) The p70 S6 kinase activity is shown in the upper panel and the
detection of p70 S6 kinase protein is shown in the lower panel. (B)
Unphosphorylated or lower phosphorylated faster-migrating bands of 4E-
BP1 (o and B bands) and the highly phosphorylated slower-migrating
band (y band) were revealed by electrophoretic mobility using anti-4E-
BP1 antibody.
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Fig. 4. Effect of rapamycin on HGF concentrations in the medium of
cHSC cells cultured in HBSS supplemented with leucine. Data are
means + SEM of 5 dishes.

Effect of rapamycin on p70 S6 kinase activity and
phosphorylation of 4E-BP1 in cHSC stimulated by leucine

The addition of rapamycin attenuated the increase of
p70 S6 kinase activity and the phosphorylation state of
4E-BP1 in cHSC cells stimulated by leucine (Fig. 3).
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Effect of rapamycin on HGF production in cHSC stimulated
by leucine

HGF levels in the medium of cHSC increased signifi-
cantly following leucine treatment. The increase was sup-
pressed in a dose-dependent manner by the addition of
rapamycin (F= 5.61, p <0.01, tested by one-way analysis
of variance) (Fig. 4).

Discussion

We showed that leucine induces HGF production by
cHSC through a rapamycin-sensitive pathway which acti-
vates p70 S6 kinase and 4E-BP1.

Hepatic stellate cells are one of the major sources of
HGF production in the liver. However, freshly isolated
hepatic stellate cells become transformed into myofibro-
blast-like cells during culture, resulting in diminution of
HGF production with time [29]. Thus, we utilized a cHSC
which maintains a stable phenotype during culture [24] and
produces HGF continuously [18].

BCAAs are essential in protein nutrition. In addition,
both leucine and isoleucine are known to be good sources
of energy, producing 40 mol of ATP/mole [1,9]. One possi-
ble hypothesis is that the addition of leucine provides a
substrate for HGF synthesis and/or energy to the cells,
which results in the increased production of HGF. How-
ever, neither isoleucine nor valine stimulated HGF produc-
tion by cHSC [18]. Therefore, we studied the mechanism of
the stimulatory effect of leucine on HGF production, other
than by the supply of a substrate or energy for HGF
production.

It has been shown that activation of mTOR leads to the
phosphorylation of both p70 S6 kinase and 4E-BP1 [20,21].
p70S6 kinase and 4E-BP1 control the step in initiation of
translation involving the binding of mRNA to the 40S
ribosomal subunit [20,21]. 4E-BP1 regulates protein syn-
thesis through its association with eukaryotic translation
initiation factor 4E (elF4E). Though, theoretically, the
translation of all mRNAs can be regulated equally through
mTOR, it is known that some mRNAs are more suscepti-
ble to the changes in eIF4E than others, resulting in mod-
ulation of gene expression through altered patterns of
translation of specific mRNAs [20,21]. Our results showed
that addition of leucine to the medium rapidly increased
both p70 S6 kinase activity and phosphorylation of 4E-
BP1 in hepatic stellate cells. Furthermore, the addition of
rapamycin, a specific inhibitor of mTOR [22,23,30], pre-
vented the up-regulation of p70 S6 kinase and 4E-BPI
activity by leucine. Treatment with rapamycin also attenu-
ated the leucine-induced increase of HGF production. In
contrast, the other BCAASs, valine and isoleucine, did not
increase the activities of p70 S6 kinase and 4E-BP1. Our
previous report showed that neither valine nor isoleucine
stimulated HGF production in hepatic stellate cells [18].
These observations indicate that up-regulation of HGF

production by leucine is dependent on the activation of
an mTOR dependent signaling pathway.

Regulation of protein production by amino acids has
been a subject of study for many years. mTOR is known
as an evolutionarily conserved nutrient sensor that directs
the cellular response to nutrient status, especially the avail-
ability of amino acids [31,32]. Leucine is one of the most
potent amino acids in facilitating protein synthesis through
an mTOR signaling pathway [15,33]. Administration of
leucine has been reported to activate this pathway in vari-
ous kinds of cells, such as adipocytes and hepatocytes
in vitro and muscle, liver, and adipose tissue in vivo
[26,34-37]. Through this pathway, it has been shown that
leucine treatment stimulates the production of specific pro-
teins, such as leptin by adipocytes and albumin by hepato-
cytes [26,34]. Our observations may support the possible
role of leucine as a physiological or pharmacological regu-
lator of the production of HGF.
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