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ABSTRACT
This study examined how L-leucine affected DNA synthesis and cell cycle regulatory protein expression in cultured primary chicken

hepatocytes. L-Leucine promoted DNA synthesis in a dose- and time-dependent manner, with concomitant increases in cyclin D1 and cyclin E

expression. Phospholipase C (PLC) and protein kinase C (PKC) mediated the L-leucine-induced increases in [3H]-thymidine incorporation and

cyclin D1/CDK4 and cyclin E/CDK2 expression, as U73122 (a PLC inhibitor) or bisindolylmaleimide I (a PKC blocker) inhibited these effects. L-

Leucine also increased PKC phosphorylation and intracellular Ca2þ levels. L-Leucine-mediated increases in [3H]-thymidine incorporation and

cyclin/CDK expression were sensitive to LY 294002 (PI3K inhibitor), Akt inhibitor, PD 98059 (MEK inhibitor). It was also observed that L-

leucine-induced increases of cyclin/CDK expression were inhibited by PI3K siRNA and ERK siRNA; L-leucine increased extracellular signal-

regulated kinases 1/2 (ERK1/2) and Akt phosphorylation levels. Bisindolylmaleimide I attenuated L-leucine-induced phosphorylation of

ERK1/2 but did not influence Akt phosphorylation, and PI3K siRNA and LY 294002 inhibited L-leucine-induced ERK1/2 phosphorylation,

suggesting some cross-talk between the PKC and ERK1/2 or PI3K/Akt and ERK1/2 pathways. L-Leucine also increased the levels of

phosphorylated molecular target of rapamycin (mTOR) and two of its targets, ribosomal protein S6 kinase (p70S6K), and 4E binding protein 1

(4E-BP1); furthermore, rapamycin (an mTOR inhibitor) blocked all of the mitogenic effects of L-leucine. In addition, Akt inhibitor blocked

L-leucine-induced mTOR phosphorylation. In conclusion, L-leucine stimulated DNA synthesis and promoted cell cycle progression in primary

cultured chicken hepatocytes through PKC, ERK1/2, PI3K/Akt, and mTOR. J. Cell. Biochem. 105: 1410–1419, 2008. � 2008 Wiley-Liss, Inc.
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T he branched-chain amino acids (BCAAs; valine, leucine, and

isoleucine) share unique biochemical properties that make

them useful tools to modulate altered physiological states. They are

abundant in body proteins and possess various nutritional [Watford,

2007], therapeutic [Khanna and Gopalan, 2007], and pathophysio-

logical functions [Hörster and Hoffmann, 2004]. For example, these

amino acids exert a mitogenic effect on both adult and fetal

hepatocytes and hepatoma cells in the presence of insulin, insulin-

like growth factor-I (IGF-I), or other growth factors [Patti et al.,

1998; Dubbelhuis and Meijer, 2002; Krause et al., 2002]. BCAAs

were also recently identified as important signaling agents in

initiating and modulating hepatocyte proliferation.

One of the BCAAs, leucine, specifically activates signaling

pathways that enhance cell growth and exerts mitogenic effects in
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various cell types [Lynch et al., 2000]. However, the liver

metabolizes leucine poorly compared to other amino acids, since

BCAA transaminase is nearly inactive in the liver. For these reasons,

a better understanding of the molecular mechanisms behind the

biological function of leucine will aid in developing more effective

treatments for hepatic injury.

Presumably, L-leucine exerts its mitogenic effects on hepatocytes

by modulating one or more components of the cell cycle, but the

exact molecular mechanism behind this process remains a mystery.

Cell cycle progression through the G1/S transition requires cyclin D–

CDK4/CDK6 and cyclin E–CDK2 activation [Matsushime et al., 1994;

Sherr and Roberts, 1995]. Although CDK activity is transcriptionally

regulated, CDK inhibitors (CKIs), such as the members of the p21WAF/Cip1

family, also regulate CDK activity throughout the cell cycle.
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Protein kinase C (PKC) is intimately involved in controlling

progression through the cell cycle [Livneh and Fishman, 1997], but

it is not clear whether PKC or any of the related pathways

participate in L-leucine-induced proliferation of hepatocytes.

Nishitani et al. [2002] reported that leucine acts through PKC to

promote glucose uptake in skeletal muscle under insulin-free

conditions. In addition, several studies implicated the mitogen-

activated protein kinases (MAPKs) in leucine-induced hepatocyte

mitogenesis [Kimura and Ogihara, 2005]. The serine/threonine

kinase mammalian target of rapamycin (mTOR) is central to

regulating cell growth and protein synthesis [Schmelzle and Hall,

2000], and other reports suggested that the activation of two of

its downstream effectors, ribosomal protein S6 kinase (p70S6K)

and eukaryotic initiation factor 4E binding protein (4E-BP1),

mightplay a part in L-leucine-mediated hepatocyte proliferation

[Anthony et al., 2001a; Fujita et al., 2007].

Despite various implications from these studies, the mechanisms

of the mitotic regulation by leucine in chicken hepatocytes are not

completely understood. In order to address this critical knowledge

gap, this study examined the effect of L-leucine on DNA synthesis

and its related signaling pathways. We chose cultured primary

chicken hepatocytes as our experimental model system, because in

culture they retained many liver-specific functions and hormone

responses in previous biophysiological liver function studies. The

primary chicken hepatocyte culture system utilized herein also

retains many typical differentiated liver phenotypes, including

albumin expression [Hou et al., 2001], p4501A induction [Hou et al.,

2001], tyrosine aminotransferase expression [Sasaki et al., 2000],

and ascorbate recycling [Sasaki et al., 2001], in an in vitro tissue

culture setting. These properties make this system ideal for

elucidating the cellular components of L-leucine-mediated hepato-

cyte proliferation.

MATERIALS AND METHODS

MATERIALS

Two-week-old White Leghorn male chickens were obtained from Dae

Han Experimental Animal Co., Ltd. (Chungju, Korea). All animal

management procedures followed the standard operation protocols of

SeoulNationalUniversity.The InstitutionalReviewBoardatChonnam

National University approved the research proposal and the relevant

experimental procedures, including animal care protocols. Experi-

mental sample management and quality control of the laboratory

facilities and equipment were appropriately maintained. Class IV

collagenase and soybean trypsin inhibitor were purchased from Life

Technologies (Grand Island, NY). Fetal bovine serum was purchased

from Biowhittaker (Walkersville, MD). L-Leucine, PD 98059, LY

294002, and rapamycin were obtained from Sigma Chemical

Company (St. Louis, MO). Akt inhibitor (1L6-hydroxymethyl-chiro-

inositol-2-(R)-2-O-methyl-3-O-octadecyl-sn-glycerocarbonate) was

purchased from Calbiochem (La Jolla, CA). [3H]-thymidine was

purchased from NEN (Boston, MA). The phospho-ERK1/2, phospho-

Akt (Thr308, Ser473), phospho-mTOR, phospho-p70S6K1, and phospho-

4E-BP1 antibodies were acquired from New England Biolabs

(Herts, UK). The CDK-2, CDK-4, cyclin D1, and cyclin E antibodies

were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
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Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG was

obtained from Jackson Immunoresearch (West Grove, PA). Liquiscint

was obtained from National Diagnostics (Parsippany, NY). All other

reagents were of the highest purity commercially available.

PRIMARY CULTURE OF CHICKEN HEPATOCYTES

The chicken liver cells were prepared and maintained in a monolayer

culture as described elsewhere [Hou et al., 2001]. Briefly, the chicken

hepatocytes were isolated by perfusing them with 0.05% collagenase

from a liver that had been starved for 3 h. Hepatocytes with more

than 90% viability, as verified by a Trypan blue exclusion test,

were used for subsequent plating. The hepatocytes were plated

(5.0� 105 cells per 60-mm collagen-coated dish) in incubation

medium (basal Eagle medium supplemented with essential amino

acids) containing 75 U/ml penicillin, 75 U/ml streptomycin, and 5%

fetal bovine serum, and incubated for 4 h at 378C in 5% CO2 in the

gas phase. The medium was then replaced with fresh incubation

medium, and the hepatocytes were incubated for another 20 h to

achieve a monolayer culture.

[3H]-THYMIDINE INCORPORATION

A final media change was carried out when the cells had reached 50–

60% confluence. The thymidine incorporation experiments were

conducted as described by Gabelman and Emerman [1992]. The cells

were incubated in the presence or absence of L-leucine for 24 h and

subsequently pulsed with 1 mCi [methyl-3H]-thymidine for 4 h at

378C. The cells were then washed twice with PBS, fixed in 10%

trichloroacetic acid (TCA) at room temperature for 15 min, and

washed twice in 5% TCA. The acid-insoluble material was dissolved

in 2 N NaOH at room temperature, and the level of radioactivity was

counted using a liquid scintillation counter (LS 6500; Beckman

Instruments, Inc., Fullerton, CA). All experiments were performed in

triplicate, and the values were converted from absolute counts to a

percentage of the control in order to compare the results between

experiments.

MEASUREMENT OF INTRACELLULAR CA2R CONCENTRATION

([CA2R]i)

Changes in [Ca2þ]i were monitored with Fluo-3/AM that had

initially been dissolved in dimethylsulfoxide and stored at �208C.

Chicken hepatocytes in 35-mm culture dishes were rinsed twice with

bath solution [140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 0.5 mM MgCl2,

10 mM glucose, 5.5 mM HEPES (pH 7.4)]. They were then incubated

in bath solution containing 3 mM Fluo-3/AM with 5% CO2–95% O2

at 378C for 40 min, rinsed twice with bath solution, mounted on a

perfusion chamber, and scanned at 1-s interval using confocal

microscopy (Fluoview 300; Olympus, Orangeburg, NY), with

fluorescence excitation set at 488 nm and emission at 515 nm.

All analyses of [Ca2þ]i were processed in a single cell, and the results

were expressed as fluorescence intensity (F/F0, arbitrary units).

SMALL INTERFERING RIBONUCLEIC ACID TRANSFECTION

The cells were grown to 75% confluence in each dish and transfected

for 48 h with either a ON-TARGET plus SMARTpool of small

interfering RNAs specific to PI3KR1 (phosphatidylinositol 3-kinase,

regulatory subunit, polypeptide 1 p85 a) (target sequence: UCGGG-
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AAUAUGAUAGAUUA, CGAUUACACUCUUACACUA, AAACAAAG-

CGGAGAACCUA, and GAACAACAAUAUGUCCUUG) or ERK1 [target

sequence: GGAUACAGAUCUUAAAUUG, UGAGAGGGCUAAAGUA-

UAU, ACAAGAGGAUUGAAGUUGA, and UAUACCAAGUCCAUU-

GAUA] (200 pmol/L) or non-targeting small interfering RNA (as

positive control; 200 pmol/L; Dharmacon, Inc., Lafayette, CO) using

Dharmafect (Dharmacon, Inc.) according to the manufacturer’s

instructions.

WESTERN BLOT ANALYSIS

The cell homogenates (20 ml protein) were separated with 10% SDS–

polyacrylamide gel electrophoresis and transferred to nitrocellulose

membranes. The blots were then washed with H2O, blocked with 5%

skimmed milk powder in TBST [10 mM Tris–HCl (pH 7.6), 150 mM

NaCl, 0.05% Tween-20] for 1 h, and incubated with the appropriate

primary antibody at the dilutions recommended by the supplier. The

membrane was then washed in TBST, and the primary antibodies

were detected with goat anti-rabbit-IgG (1:10,000) conjugated to

HRP. The bands were visualized using enhanced chemiluminescence

(Amersham Pharmacia Biotech, Buckinghamshire, UK).

STATISTICAL ANALYSIS

The results are expressed as means� standard error (SE). Differences

between two mean values were analyzed by ANOVA. A P-value

<0.05 was considered significant.
Fig. 1. L-Leucine affected [3H]-thymidine incorporation in a dose- and time-depende

18 h and pulsed with 1 mCi [3H]-thymidine for 1 h. B: Chicken hepatocytes were incubate

[3H]-thymidine for 1 h. In (A) and (B), the values shown are means� SE of four indepen

dependently upregulated cyclin D1 and cyclin E protein expression, as analyzed by Wester

shown is representative of three experiments. The graphs denote the mean� SE of thre
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RESULTS

L-LEUCINE ENHANCED [3H]-THYMIDINE INCORPORATION IN A

TIME- AND DOSE-DEPENDENT MANNER

In order to examine the effect of L-leucine on DNA synthesis in

cultured primary hepatocytes, we first measured changes in their

[3H]-thymidine incorporation as a result of exposing them to various

L-leucine doses for 24 h. As shown in Figure 1A, L-leucine increased

the level of [3H]-thymidine incorporation in a dose-dependent

manner. Addition of 10�5 M L-leucine yielded the maximum

increase in [3H]-thymidine incorporation. In addition, we deter-

mined [3H]-thymidine incorporation at various time points (0–24 h)

and found that L-leucine significantly increased [3H]-thymidine

incorporation in a time-dependent manner (Fig. 1B). We observed

the maximum increase in [3H]-thymidine incorporation using

10�5 M L-leucine for 8 h.

Next, we examined whether L-leucine affected cell cycle

regulatory protein expression in a time-dependent manner. As

shown in Figure 1C, L-leucine time-dependently increased the levels

of cyclin D1 and cyclin E expression in these primary hepatocytes.

PLC/PKC WAS INVOLVED IN L-LEUCINE-INDUCED CELL

CYCLE PROGRESSION

To determine whether PKC was involved in L-leucine-induced cell

proliferation, we observed pan-PKC phosphorylation after treating
nt manner. A: Chicken hepatocytes were incubated with various doses of L-leucine for

d in the presence of 10�5 M L-leucine for different time periods and pulsed with 1 mCi

dent experiments from triplicate dishes. �P< 0.05 versus control. C: L-Leucine dose-

n blot. The cells were left untreated or given L-leucine (10�5 M) for 12 h. Each example

e experiments for each condition determined from densitometry relative to b-actin.
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the cells with 10�5 M L-leucine for 30 min. L-Leucine mediated a

time-dependent increase in pan-PKC phosphorylation (Fig. 2A). To

ascertain whether this apparent increase in PKC activity depended

on Ca2þ, we monitored intracellular Ca2þ mobility in response to L-

leucine. As shown in Figure 2B, L-leucine induced a transient

increase in the intracellular Ca2þ concentration ([Ca2þ]i), an increase

that was sensitive to U73122 (PLC blocker, 10�7 M). Pretreating

the cells with the PKC blocker bisindolylmaleimide I (10�7 M)

attenuated the L-leucine-induced increase in the levels of the cell

cycle regulatory proteins cyclin E, CDK2, cyclin D1, and CDK4, and
Fig. 2. Ca2þ/PKC was involved in L-leucine-induced [3H]-thymidine incorporation. A

(0–90 min). The phosphorylation of pan-PKC was detected by Western blot analysis. Ban

of three experiments. The graphs denote the mean� SE of three experiments for each c

2 mM Fluo-3-AM in serum-free medium with or without U73122 (a PLC inhibitor, 10

monitored by confocal microscopy. The data are expressed as fluorescence intensity (F/F0%

for 30 min prior to L-leucine treatment for 8 h, and the levels of cyclin E, CDK2, cyclin D1,

three experiments. The graphs denote the mean� SE of three experiments for each cond

U73122 or bisindolylmaleimide I for 30 min prior to L-leucine treatment for 12 h; cells w

as means� SE of four independent experiments from triplicate dishes. �P< 0.05 versu
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it increased the levels of the CDKI p21WAF1/Cip1 (Fig. 2C). In addition,

treatment with U73122 or bisindolylmaleimide I blocked the

L-leucine-induced increase in [3H]-thymidine incorporation. Taken

together, these results suggested that Ca2þ/PKC signaling partici-

pated in the mitogenic effects of L-leucine in primary hepatocytes.

PI3K/AKT WAS INVOLVED IN L-LEUCINE-INDUCED CELL CYCLE

PROGRESSION

We next utilized Western blots to investigate whether

phosphoinositide-3 kinase and protein kinase B (PI3K/Akt) were
: Chicken hepatocytes were treated with L-leucine (10�5 M) for various time points

ds represent 80-kDa Pan-PKC and 41-kDa actin. Each example shown is representative

ondition determined from densitometry relative to b-actin. B: Cells were loaded with
�7 M) for 40 min, treated with L-leucine as before, and changes in Ca2þ influx were

, arbitrary units). C: Cells were treated with bisindolylmaleimide I (a PKC blocker, 10�6 M)

CDK4, and p21 were detected by Western blot. Each example shown is representative of

ition determined from densitometry relative to b-actin. D: Cells were pretreated with

ere subsequently pulsed with 1 mCi [3H]-thymidine for 1 h. The values are represented

s control; ��P< 0.05 versus L-leucine alone. ROD, relative optical density.
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also involved. L-Leucine induced Akt phosphorylation in a time-

dependent manner (Fig. 3A). This activated PI3K/Akt pathway might

affect cell cycle regulatory protein expression, because LY 294002

(a PI3K inhibitor, 10�6 M) inhibited both the L-leucine-induced

modulation of cell cycle regulatory protein levels [increases in

cyclin E, CDK2, cyclin D1, and CDK4, and decrease in p21 (Fig. 3B)]

and the L-leucine-induced [3H]-thymidine incorporation (Fig. 3C).

In experiment to determine whether PI3K/Akt pathway is

involved in PKC phosphorylation, PKC phosphorylation was not

influenced by LY 294002 and Akt inhibitor. This result suggests that
Fig. 3. PI3K/Akt was involved in L-leucine-induced [3H]-thymidine incorporation. A:

(0–240 min), and the levels of phosphorylated Akt 308 and Akt 473 were detected by We

prior to L-leucine treatment for 12 h; the levels of cyclin E, CDK2, cyclin D1, CDK4, an

experiments. The graphs denote the mean� SE of three experiments for each condition

294002 for 30 min prior to L-leucine treatment for 12 h; cells were subsequently pulsed w

experiments from triplicate dishes. �P< 0.05 versus control; ��P< 0.05 versus L-leucin

inhibitor (10�5 M) for 30 min prior to L-leucine treatment for 30 min. Phosphorylation of

experiments. The graphs denote the mean� SE of three experiments for each conditio
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PI3K/Akt pathway and PKC are activated independently by L-leucine

(Fig. 3D).

ERK1/2 WAS INVOLVED IN L-LEUCINE-INDUCED CELL

CYCLE PROGRESSION

Based on our results implicating Akt/PKB in L-leucine-induced cell

proliferation, we next began to elucidate the effectors downstream

of PKC signaling in L-leucine-induced cell proliferation by

examining the role of extracellular signal-regulated kinases

(ERK)1/2 in this process. As shown in Figure 4A, L-leucine increased
Chicken hepatocytes were treated with L-leucine (10�5 M) for various time points

stern blot. B: Cells were treated with LY 294002 (a PI3K inhibitor, 10�6 M) for 30 min

d p21 were detected by Western blot. Each example shown is representative of three

determined from densitometry relative to b-actin. C: Cells were pretreated with LY

ith 1mCi [3H]-thymidine for 1 h. The values represent means� SE of four independent

e alone. D: Cells were pretreated with LY 294002 (a PI3K inhibitor, 10�6 M) and Akt

pan-PKC was detected by Western blot. Each example shown is representative of three

n determined from densitometry relative to b-actin. ROD, relative optical density.
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Fig. 4. ERK1/2 participated in L-leucine-induced [3H]-thymidine incorporation. A: Chicken hepatocytes were treated with L-leucine (10�5 M) for various time points

(0–120 min), and the levels of phosphorylated ERK1/2 were detected by Western blot. B: Cells were pretreated with PD 98059 (ERK1/2 blocker, 10�5 M) for 30 min prior to

L-leucine treatment for 12 h, and the levels of cyclin E, CDK2, cyclin D1, CDK4, and p21 were detected by Western blot. C: Cells were transfected for 48 h with either SMART pool

of PI3K, ERK siRNA, and a non-targeting control siRNA (200 pmol/L) using Dharmafect prior to L-leucine treatment for 12 h and the levels of cyclin E, CDK2, cyclin D1, CDK4,

and p21 were detected by Western blot. Each example shown is representative of three experiments. The graphs denote the mean� SE of three experiments for each condition

determined from densitometry relative to b-actin. D: Cells were pretreated with PD 98059 for 30 min prior to L-leucine treatment for 12 h, and they were subsequently pulsed

with 1 mCi [3H]-thymidine for 1 h. Values are means� SE of four independent experiments from triplicate dishes. �P< 0.05 versus control; ��P< 0.05 versus L-leucine alone.

E: Cells were pretreated with bisindolylmaleimide I (a PKC blocker, 10�7 M) for 30 min or transfected for 48 h with SMART pool of PI3K siRNA prior to L-leucine treatment for

30 min. Phosphorylation of ERK1/2 was detected by Western blot. Each example shown is representative of three experiments. The graphs denote the mean� SE of three

experiments for each condition determined from densitometry relative to b-actin. ROD, relative optical density.
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ERK1/2 phosphorylation in a time-dependent manner. In addition,

we investigated whether ERK1/2 was involved in L-leucine-induced

cell cycle progression by treating chicken hepatocytes with PD

98059 [a MAP-ERK kinase (MEK) inhibitor, 10�5 M] for 30 min or

transfection with PI3K siRNA and ERK siRNA for 48 h before

treating them with L-leucine. As shown in Figure 4B,C, pretreatment

with PD 98059, PI3K siRNA, or ERK siRNA blocked the L-leucine-

induced modulation of cell cycle regulatory protein levels; namely,

the increases in cyclin E, CDK2, cyclin D1, and CDK4, and the

decrease in p21. In addition, PD 98059 also blocked this [3H]-

thymidine incorporation (Fig. 4D). These results suggest that L-

leucine has a mitogenic effect, which is mediated by PI3K/Akt and

ERK1/2 pathways. Furthermore, when we conducted experiments

designed to determine whether PKC and PI3K/Akt were involved in

L-leucine-induced activation of ERK1/2, the pretreatment of

bisindolylmaleimide I (a PKC inhibitor, 10�7 M) or PI3K siRNA

attenuated the L-leucine-induced activation of ERK1/2 (Fig. 4E).

Taken together, these data support a model in which L-leucine-

activated PKC and PI3K/Akt participate in cross-talk with ERK1/2

activation to mediate hepatocyte cell growth.

THE mTOR PATHWAY WAS INVOLVED IN L-LEUCINE-INDUCED CELL

CYCLE PROGRESSION

We next examined whether L-leucine treatment affected the levels of

mTOR/p70S6K/4E-BP1 phosphorylation, in order to determine if the

mTOR pathway participated in L-leucine-induced DNA synthesis

and cell cycle regulatory protein modulation. As shown in

Figure 5A, L-leucine induced phosphorylation of mTOR, p70S6K,

and 4E-BP1 in a time-dependent manner (0–240 min). In addition,

pretreating cells with rapamycin (an mTOR inhibitor, 10�8 M)

reversed the L-leucine-induced modulation of cyclin E, CDK2, cyclin

D1, CDK4, and p21 expression levels (Fig. 5B) and blocked the

increase of [3H]-thymidine incorporation in response to L-leucine

(Fig. 5C). In addition, as shown in Figure 5D, phosphorylation of

mTOR was blocked by Akt inhibitor (10�5 M). Taken together, these

results suggest a role for the mTOR pathway that is activated by

PI3K/Akt pathway in L-leucine-induced cell cycle progression.

DISCUSSION

In this study, L-leucine stimulated cell cycle regulatory protein

expression and DNA synthesis in cultured primary chicken

hepatocytes. Understanding the mechanism behind this phenom-

enon, including the signaling pathways involved, is crucial to

understanding the function of L-leucine in hepatocytes. L-Leucine

increased [3H]-thymidine incorporation at doses between 10�7

and 10�4 M, consistent with previous reports showing that L-leucine

treatment increased the growth rate of several different cell types

under various experimental conditions [Swenne, 1992; Kimura and

Ogihara, 2005]. Several studies in a variety of cell types have

reported L-leucine-induced mitogenic effects mediated by changes

in expression of intracellular mitogens, such as TGF-a, HGF, or IGF-

I [Sugiyama et al., 1998; Kimura and Ogihara, 2005; Tomiya et al.,

2007], but the exact mechanism by which L-leucine alters cell cycle

regulatory protein expression is unclear.
1416 L-LEUCINE INCREASES THYMIDINE INCORPORATION
This study demonstrated that L-leucine increased the expression

of cyclin D1–CDK4 and cyclin E–CDK2. These kinase systems

phosphorylate various substrates, including the product of the

retinoblastoma susceptibility gene (pRB), in order to initiate DNA

synthesis [Gad et al., 2004; White et al., 2005]. Cyclin D1–CDK4 and

cyclin E–CDK2 play a key role in cell cycle progression from G1 to S

phase in most cell types, including hepatocytes [Alisi et al., 2003;

Koroxenidou et al., 2005]. Along with the increases in cyclins/CDKs,

L-leucine treatment mediated a concomitant decrease in p21WAF1/Cip1

expression. Since the cyclin/CDK pairs and their CKIs transduce

various extracellular stimuli that control progression through the

G1/S phase cell cycle restriction point, the results of this study

suggested that L-leucine stimulates cell proliferation, reflected by

increased [3H]-thymidine incorporation, by facilitating cell cycle

progression.

This study demonstrated that PKC phosphorylation was increased

in response to L-leucine, as did the intracellular Ca2þ concentration.

Taken together, these findings suggest that L-leucine activated

PLC-associated second messenger cascades. Indeed, we observed

that PLC influenced the L-leucine-induced increase in cell cycle

regulatory proteins and DNA synthesis. PLC plays a pivotal role in

transmembrane signaling, as follows: In order to transmit signals

from activated extracellular membrane receptors in response to

various extracellular stimuli (numerous hormones, growth factors,

and neurotransmitters), PLC hydrolyzes a minor membrane

phospholipid, phosphatidylinositol 4,5-bisphophate (PIP2), into

the two second messengers diacylglycerol (DAG) and inositol 1,4,5-

triphosphate (IP3), which subsequently activate PKC and mediate

intracellular Ca2þ release, respectively [Shin et al., 2002]. Lynch

et al. [2000] reported that L-leucine executes its proliferative role

through its functional receptor. In this study, we observed that

L-leucine-induced increases in the intracellular Ca2þ concentration

were inhibitable by neomycin pretreatment, suggesting that

activation of the putative L-leucine receptor and subsequent PLC

activation played a pivotal role in L-leucine-induced cell prolifera-

tion in chicken hepatocytes.

In addition to the PLC-associated Ca2þ influx, PKC activity

increased in response to L-leucine. It is clear that PKC activation does

not always produce the same pattern of CDK and cyclin modulation,

because Bürger et al. [1994] reported that TPA (a PKC activator)

decreased CDK-2 expression and upregulated cyclin D1. However,

previous studies have consistently demonstrated that activation of the

phospholipid-dependent PKC is associated with mitogenesis in

various cell types [Rozengurt, 2007]. To our knowledge, the study

herein is the first report to demonstrate that PKC activation is

responsible for L-leucine-inducedmitogenesis in chickenhepatocytes.

In the present study, L-leucine increased the levels of phos-

phorylated Akt. The serine/threonine protein kinase Akt is a well-

characterized downstream target of PI3K during diverse processes,

including glucose homeostasis, transcription, apoptosis, cell

motility, angiogenesis, proliferation, and growth [Brazil and

Hemmings, 2001]. Akt is a key component of growth control,

and it acts as downstream of mitogens and nutrients to regulate

protein translation and cell cycle progression in hepatocytes

[Mullany et al., 2007]. Studies in a number of experimental models

have demonstrated that Akt regulates cyclin–CDK activity and cell
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 5. The mTOR pathway is involved in L-leucine-induced [3H]-thymidine incorporation. A: Chicken hepatocytes were treated with L-leucine (10�5 M) for various time

points (0–240 min), and the levels of phosphorylated mTOR, p70S6K, and 4E-BP1 were detected by Western blot. B: Cells were treated with rapamycin (an mTOR inhibitor,

10�8 M) for 30 min prior to L-leucine treatment for 12 h, and the levels of cyclin E, CDK2, cyclin D1, CDK4, and p21 were detected by Western blot. Each example shown is

representative of three experiments. The graphs denote the mean� SE of three experiments for each condition determined from densitometry relative to b-actin. C: Cells were

pretreated with rapamycin for 30 min prior to L-leucine treatment for 12 h; cells were subsequently pulsed with 1 mCi [3H]-thymidine for 1 h. The values represent means� SE

of four independent experiments from triplicate dishes. �P< 0.05 versus control; ��P< 0.05 versus L-leucine alone. D: Cells were pretreated with Akt inhibitor (10�5 M) for

30 min prior to L-leucine treatment for 2 h. Phosphorylation of mTOR was detected by Western blot. Each example shown is representative of three experiments. The graphs

denote the mean� SE of three experiments for each condition determined from densitometry relative to b-actin. ROD, relative optical density.
cycle progression through several mechanisms. For example, in

one study, Akt induced expression of cyclin D1, a key G1-phase

regulatory protein [Muise-Helmericks et al., 1998]. Akt also

inactivated CKI proteins (p21 and p27), thereby promoting CDK

activity and cell cycle progression [Liang and Slingerland, 2003].

Consistent with these precedents, the Akt pathway was clearly

involved in the L-leucine mitogenic effect, because L-leucine-

induced stimulation of [3H] thymidine incorporation and cyclin D1–

CDK4, cyclin E–CDK2 expression, and its inhibition of p21WAF/Cip1

protein expression was blocked by the inhibition of PI3K/Akt by LY

294002, PI3K siRNA, or Akt inhibitor.
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This study also implicated ERK1/2 in L-leucine-induced modula-

tion of cell cycle regulatory proteins and DNA synthesis in primary

cultured chicken hepatocytes. The ERK1/2 pathway is an important

growth-related signaling pathway for cell proliferation, and various

mitogens can activate it [Deng et al., 2007]. In this study, L-leucine

triggered ERK1/2 activation, and a MEK inhibitor, PD 98059 or ERK

siRNA blocked L-leucine-induced increases in expression of cyclin

D1, CDK4, cyclin E, and CDK2. In addition, L-leucine-induced DNA

synthesis was also blocked by PD 98059. Therefore, ERK1/2

activation plays an important role in cell cycle progression and cell

proliferation by L-leucine.
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In cell culture systems, Akt promoted growth by regulating

several components of the translational apparatus, including the

mTOR pathway [Gingras et al., 1998; Bjornsti and Houghton, 2004].

In this study, we showed that L-leucine promoted phosphorylation of

mTOR and two of its most well-described targets, p70S6K and the

translational repressor 4E-BP1. These results are consistent with a

number of studies showing that a PI3K inhibitor blocked the

leucine-induced activation of p70S6K or phosphorylation of 4E-BP1

[Xu et al., 1998; Wang et al., 2005]. Both these proteins are critical

for translation of specific mRNAs involved in cell cycle progression,

including cyclin D1 [Mamane et al., 2006]. A number of studies

reported that L-leucine stimulated protein synthesis by increasing

mRNA expression of several effectors [Anthony et al., 2001b;

Yoshizawa, 2004; Stipanuk, 2007]. Our observations that L-leucine

induced increases in cyclin/CDK protein expression levels and

decreases in p21WAF/Cip1 protein expression, and that rapamycin

blocked this effect were consistent with these previous studies and

provided another piece of the mechanism behind the results of our

[3H]-thymidine incorporation experiment.

In conclusion, we propose a model in which L-leucine stimulates

DNA synthesis and expression of cell cycle regulatory proteins

through the Ca2þ/PKC/ERK1/2, PI3K/Akt, and mTOR signaling

pathways in primary cultured chicken hepatocytes (Fig. 6). Further

research will elucidate the exact nature of these intracellular signal

transduction pathways, which should add to our understanding of

how L-leucine modulates hepatocyte proliferation and clarify its role

in regulating physiological processes like liver regeneration.
Fig. 6. The hypothesized model for the signal pathways involved in

L-leucine-induced cell proliferation. L-leucine activates PLC, which increases

intracellular Ca2þ concentration and activates PKC. PKC subsequently induces

ERK1/2 activation. In addition, L-leucine concomitantly activates Akt, which

activates ERK1/2 and mTOR activation. ERK1/2 and mTOR increase cell cycle

regulatory protein expression, which induces cell proliferation. PLC, phospho-

lipase C; PI3K, phosphatidylinositol 3-kinase; PKC, protein kinase C; ERK1/2,

extracellular signal regulated kinase1/2; mTOR, mammalian target of rapa-

mycin; Cdk, cyclin-dependent protein kinase. Arrows represent the proposed

signaling pathways.
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