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Abstract L-Arginine has been reported to promote cellular
and organismal growth. In this study, the effects of L-
arginine on the expression of growth hormone (GH) and
insulin-like growth factor 1 (IGF-1), the two key growth
factors, are investigated in cultured GH3 pituitary epithe-
lium and HepG2 cells, respectively. L-Arginine signifi-
cantly induced the gene expression of GH and IGF-1 in
GH3 pituitary epithelium and HepG2 hepatocytes respec-
tively, and reduced IGF binding protein-1 gene expression
in HepG2 cells assessed via quantitative polymerase chain
reaction analysis. L-Arginine also significantly induced GH
and IGF-1 hormone secretion from GH3 and HepG2 cells,
respectively. In addition, the multi-target ELISA analysis
conducted revealed that phosphorylation of p-38 MAPK,
MEK, and JNK were significantly increased in HepG2
cells, suggesting L-arginine-induced activation of the
MAPK signaling pathway. These results suggest that L-
arginine promotes the synthesis and secretion of GH and
IGF-1 in vitro and induces the MAPK signaling cascade in
cultured hepatocytes.
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Introduction

Cellular growth is a complex biological event that includes
regulation of cell proliferation, differentiation, and meta-
bolism. Growth hormone (GH) and insulin-like growth
factor 1 (IGF-1) are key growth stimulating hormones in
mammals [1]. GH is a master regulator to stimulate cell
proliferation, growth, reproduction, and regeneration and is
synthesized and secreted from somatotropic cells within
the anterior pituitary gland [2]. The binding of GH to GH-
receptors in the hepatocytes stimulates the Janus kinase/
signal transducer and activator of transcription signaling
pathway [3] and then induces the synthesis and secretion of
IGF-1, a proinsulin, in the liver [4]. IGF-1 is targeted to
various tissues and it promotes organismal growth by
inducing cell proliferation and regulation of energy meta-
bolism [5]. Accordingly, injection of GH and IGF-1 in
animals has demonstrated organismal growth in vivo. IGF
binding protein 1 (IGFBP-1) plays a role in regulation of
IGF-1 activity; its binding with IGF-1 in the hepatocytes
represses secretion of IGF-1 into the circulation [6]. Sev-
eral cellular signaling pathways regulate cell proliferation.
The PI3K/Akt/mTOR signaling axis [7] and MAPK path-
way have been reported as major cell proliferation signal-
ing pathways [8]. In particular, the MAPK pathway can be
regulated by several signaling molecules including Src
homology and collagen; Ras and Raf; and transcription
factors such as c-Jun [9], c-Fos [10], Elk [11], and c-Myc
[12] to induce the target gene expressions required for cell
proliferation.

Cellular growth is stimulated by several amino acids. L-
Arginine is a semi-essential amino acid required for infants
and child growth that promotes GH secretion by inhibiting
somatostatin, which suppresses the GH-releasing hormone
[13]. L-Arginine has been reported to stimulate protein
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synthesis by activating the mTORC1 signaling pathway via
activation of the PI3K pathway [14, 15]; however, alter-
native mechanisms of L-arginine for promoting cell pro-
liferation and growth are elusive. In this study, we
examined the effect of L-arginine on the expression and
secretion of GH and IGF-1, two key growth hormones, on
GH3 pituitary epithelium and HepG2 hepatocytes,
respectively. Gene expression and hormone secretion were
quantified and the primary cellular signaling pathways
regulated by L-arginine were studied in cultured
hepatocytes.

Materials and methods
Cell culture and treatment

GH3 and HepG2 cells were obtained from Korean Cell
Line Bank (Seoul, Korea) and were cultured in the Dul-
becco’s Modified Eagle Medium (DMEM; Hyclone,
Logan, UT, USA) containing 10% heat-inactivated fetal
bovine serum (FBS; Hyclone) and 1% penicillin/strepto-
mycin (PEST; Welgene Inc., Seoul, Korea). Cells were
maintained at 37 °C in a humidified atmosphere of 5%
CO,. L-Arginine and B-estradiol (a positive control) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). L-
Arginine (1 M) and B-estradiol (100 uM) were dissolved in
doubly distilled water and dimethyl sulfoxide (DMSO),
respectively, as stock solutions and were stored at — 20 °C
before treatment. GH3 and HepG2 cells were cultured in a
six-well plate and incubated in serum-free media with L-
arginine (5, 10, and 25 mM), B-estradiol (100 nM), or
vehicle (water) for 24 h.

Quantitative polymerase chain reaction (qQPCR)
analysis

Total RNA was extracted from GH3 and HepG2 cells using
RNAiso Plus, a total RNA extraction solution (Takara,
Otsu, Japan), according to a previously defined method
[16]. The cDNA was synthesized from 2 pg of total RNA
using M-MLV reverse transcriptase (Mbiotech, Seoul,
Korea) and oligo (dT). Gene expression levels were mea-
sured using a Bio-Rad iQ5 iCycler system with RealM-
asterMix SYBR ROX (5 Prime, Hamburg, Germany). The
primer sequences were as follows: rat GH forward 5'-
AGGGCATCCAGGCTCTGAT-3’ and reverse 5'-
GCATGTTGGCGTCAAACTTG-3'; rat B-actin forward
5'-CATGTACGTTGCTATCCAGGC-3' and reverse 5'-
CTCCTTAATGTCACGCACGAT-3'; human IGF-1 for-
ward 5-GCTCTTCAGTTCGTGTGTG-3' and reverse 5'-
GACTTGGCAGGCTTGAGG-3’; human IGFBP-1 for-
ward 5-TATGATGGCTCGAAGGCTCT-3’ and reverse
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5'-TAGACGCACCAGCAGAGTC-3; and human B-actin
forward 5'-CCTTCTTGGGTATGGAATCC-3’ and reverse
5'-TCTGCATCCTGTCAGCAATG-3'. The reaction con-
ditions for rat primers were 95 °C for 4.5 min, followed by
40 cycles of 95 °C for 10 s, 55 °C for 30 s, and 68 °C for
20 s, and those for human primers were 95 °C for 10 min,
followed by 40 cycles of 95 °C for 15 s, 60 °C for 1 min,
and 68 °C for 20 s. Gene expression levels were calculated
using iQ5 Optical System software (version 2; Bio-Rad),
employing the expression levels of B-actin as reference.

Quantification of GH and IGF-1 secretion

The concentrations of GH (Invitrogen, Camarillo, CA,
USA) and IGF-1 (Koma Biotech, Seoul, Korea) were
quantified using enzyme-linked immunosorbent assays. In
brief, cells were cultured in a six-well plate with 1 mL of
culture medium and stimulated with L-arginine (5, 10, and
25 mM), B-estradiol (100 nM), or vehicle for 24 h. GH and
IGF-1 secretion was then quantified in the culture media of
GH3 and HepG2 cells, respectively. The hormone levels in
the sample were calculated according to the standard curve
produced with recombinant hormones supplied by the
manufacturers. The absorbance of samples was measured
using a microplate reader (Bio-Rad Laboratories Inc.,
Hercules, CA, USA) at 450 nm.

MAPK signaling analysis

Effects of rL-arginine on MAPK pathways were assessed
using a PathScan multi-target ELISA kit (Cell Signaling
Technology, Beverly, MA, USA). Multi-target ELISA
quantifies protein expression and phosphorylation of mul-
tiple proteins in the MAPK pathway including MEK, ERK,
p38 and JNK. In the conducted experiment, HepG2 cells
were incubated in serum-free media containing L-arginine
(100 M) for 15 min. Cell lysates were harvested from
vehicle (distilled water)-treated controls and L-arginine-
treated cells. Measurements of the total- and phospho-
forms of proteins in the MAPK pathway were quantified
using an ELISA-based method according to the protocol of
the manufacturer. The absorbance of samples was read
using a Model 680 microplate reader (Bio-Rad) at 450 nm.

MEK, p38 MAPK, and JNK inhibitor treatment

HepG2 cells were seeded in a six-well plate overnight and
incubated using a 20-uM MEK inhibitor PD98059 (Cay-
man, MI, USA), 20-uM p38 MAPK inhibitor SB203580
(Cayman), or 20-uM JNK inhibitor SP600125 (Cayman).
After 6 h, cells were treated with L-arginine (10 mM) or
vehicle (water) for 24 h in the presence of inhibitors. Total
RNA was extracted from cells and used for gPCR analysis.
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Statistical analysis

Data are presented as the mean =+ standard error of the
mean (SEM). ANOVA and ¢ test were used for multiple
(n > 2) and two-group comparison, respectively. P < 0.05
was considered statistically significant.

Results and discussion

The GH and IGF-1 are major hormones for regulating
growth such as cell proliferation, development, differenti-
ation in multiple tissues including bone and muscle
[17-20], thereby promoting growth performance.

The effect of L-arginine on the gene expressions of GH
and IGF-1 was examined in cultured cells. The mRNA
expressions of GH and IGF-1 were quantified via qPCR in
GH3 and HepG2 cells, respectively, after stimulation with
L-arginine for 24 h. In GH3 cells, GH mRNA expression
levels significantly increased 2.11 and 4.88 fold when using
10 and 25 mM L-arginine compared with those of the
control, respectively (Fig. 1A). In HepG2 cells, IGF-1
mRNA expression levels increased by 2.79 and 3.65 fold
when using 10 and 25 mM L-arginine compared with those
of the control, respectively (Fig. 1B). However, in HepG2
cells, the IGFBP-1 mRNA expression levels reduced 0.40
and 0.51 fold when using 10 and 25 mM L-arginine,
respectively, compared with those of the control (Fig. 1C).

Fig. 1 The gene expression of (

e

B-estradiol, a positive control, increased GH and IGF-1
gene expression levels 4.65 and 2.94 fold, respectively, and
reduced IGFBP-1 gene expression levels 0.54 fold when
using 100 nM vL-arginine compared with those of the con-
trol (Fig. 1A, C). These results suggest that L-arginine
induces the expression of GH and IGF-1 genes and inhibits
IGFBP-1 gene expression in vitro.

Next, we investigate the effect of L-arginine on the
secretion of GH and IGF-1 hormones from GH3 and
HepG2 cells, respectively. Hormone levels were quantified
in the culture media after stimulating cells with L-arginine
for 24 h. Stimulation with 10 and 25 mM of L-arginine
significantly increased GH secretion 1.08 and 1.58 fold,
respectively. B-Estradiol, a positive control, also improved
protein level (1.66 fold) in the medium at 100 nM com-
pared with that of the control (Fig. 2A). In HepG2 cells,
IGF-1 secretion increased 1.61 and 2.09 fold via L-arginine
stimulation at 10 mM and 25 mM, respectively, and [-
estradiol increased IGF-1 gene expression levels 4.33 fold
at 100 nM (Fig. 2B). These results suggest that L-arginine
induces GH and IGF-1 hormone secretion in cultured cells
after induction of their gene expressions.

Inducing mRNA expressions of subsequent secretion of
IGF-1 could stimulate cellular grown of hepatocytes acti-
vated via MAPK signaling pathways. We next investigate
whether L-arginine could stimulate MAPK pathways in
HepG2 cells. Since several signaling options are known in
MAPK pathways on cellular growth, we performed MAPK
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multi-target ELISA to simultaneously assess the levels of
total proteins and phosphorylation status of the MAPK
signaling cascade. Results revealed that phosphorylation of
MEK1/2 (Ser217/221), which is upstream kinase of
MAPKSs, significantly increased (2.15 fold) via 100 uM L-
arginine stimulation at 15 min compared with the levels at
0 min (Fig. 3A). Phosphorylation of p38 MAPK (Thr180/
Tyrl82) and JNK (Thr183/Tyr185) also significantly
increased (1.45 and 6.15 fold, respectively) after 15 min of
L-arginine stimulation compared with the levels at the
baseline (Fig. 3B). The presence of unphosphorylated
forms of MEK1 decreased with an increase in phospho-
rylated forms (Fig. 3A). To evaluate the effects of L-argi-
nine on GH and IGF-1 mediated via MEK, p38 MAPK, and
JNK signaling, we performed MEK, p38 MAPK, and JNK

inhibitor experiments in HepG2 cells. The effects of L-
arginine on IGF-1 induction and IGFBP-1 reduction were
completely abrogated in HepG2 cells treated with MEK,
p38 MAPK, and JNK inhibitors (Fig. 3C). These results
suggest that rL-arginine triggers MEK, p38 MAPK, and
JNK signaling pathway to promote cell proliferation in
HepG2 cells.

GH and IGF-1 regulate energy metabolism to provide
energy molecules required for ATP synthesis in cellular
and organismal growth [21]. For example, GH induces
triglyceride lipolysis in visceral adipose tissue and subcu-
taneous adipose tissue and increases the release of circu-
latory free fatty acids [22]. Therefore, blood free fatty acids
are shuttled to be consumed tissues on growth. These direct
actions of GH are regulated by the MAPK cascade [23].
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Fig. 3 Activation of the MEK, p38 MAPK, and JNK signaling
pathways by L-arginine in HepG2 cells. (A) MEK1 and p-MEK1/2
expression levels. (B) p-ERK1/2, p-p38 MAPK, JNK, and p-JNK
expression levels. (C) The mRNA expression levels of IGF-1 and
IGFBP-1 expressions in HepG2 cells treated using a 20-uM MEK
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Initiation of growth stimulation, however, is mainly caused
by IGF-1, which is induced by GH. GH activates the JAK-
STAT signaling axis by binding to a GH receptor in hep-
atocytes and subsequently induces IGF-1 synthesis [24].
The secreted IGF-1 promotes cellular growth of the target
tissues including cartilage, muscle, bone, kidneys, lungs,
skin, and nerves via activation of PI3K/Akt/mTOR sig-
naling axis [25]. As such, GH and IGF-1 are major growth-
promoting hormones in organisms.

The results of our study show that L-arginine signifi-
cantly increased GH gene expression levels in GH3 cells
and induced IGF-1 while suppressing the IGFBP-1 mRNA
expression levels in HepG2 cells (Fig. 1). These in turn
induced the secretion of GH and IGF-1 hormones from
GH3 and HepG2 cells, respectively, suggesting that L-
arginine is a positive regulator for GH and IGF-1 synthesis
and secretion. These effects of L-arginine are similar to
those of P-estradiol, although the potency of former is
weaker (Fig. 2).

In mammals, L-arginine is known as a precursor of nitric
oxide production [26] of which nitric oxide is an important
cellular signaling molecule and neurotransmitter that
modulates cGMP-dependent signaling cascades to perform
various physiological functions including vasodilation and
protection of ischemic damage of the liver [27, 28]. In
addition to nitric-oxide production, L-arginine stimulates
cellular and organismal growth via activation of the mTOR
pathway [15]. This study examines the role of L-arginine on
growth, which stimulates mRNA expression and secretion
of GH and IGF-1 from pituitary epithelium and hepato-
cytes, respectively, and activates the MEK, p38 MAPK,
and JNK signaling pathways in HepG2 cells.

This study suggests that L-arginine may have dual
functions in cell proliferation and tissue growth. First, L-
arginine directly activated the MEK, p38 MAPK, and JNK
signaling cascades as a short-term effect, as shown through
15-min stimulation. Second, rL-arginine induced GH and
IGF-1 mRNA expressions and subsequent secretion, as
seen via a long-term treatment (24 h).

First, short-term stimulation of L-arginine induced
phosphorylation of MEK (MAPK kinase), JNK, and p38
MAPK (MAPK super family). Phosphorylation of ERK
(p44/42 MAPK), a kinase in the MAPK family, was also
increased; however, it was nonsignificant. ERK is a MAPK
protein that when phosphorylated by MEK1/2 promotes
genes expression related to proliferation and differentiation
by activating transcription factors such as Elk-1. JNK and
p38 are stimulated by both stress response and growth
factors; however, different signaling pathways share some
target proteins. For example, JNK is activated by MEK4/7
and phosphorylates c-Jun, ATF2, and Elk-1, while p38 is
phosphorylated by MEK3/6 and targets MK2, MK3, and
ATF?2. Therefore, the activation of ERK, JNK, and p38 by

L-arginine found in this study indicates that L-arginine
activates three major MAPK pathways, which collectively
contributes to the induction of cell proliferation and tissue
growth in hepatocytes. It is possible that L-arginine may
directly interact with a growth hormone receptor or an
upstream kinase in the MEK, p38 MAPK, and JNK sig-
naling pathways as an allosteric regulator. The mechanism
of L-arginine in the activation of multiple pathways in
MEK, p38 MAPK, and JNK signaling should be further
investigated in the future.

Second, long-term stimulation of GH3 and HepG2 cells
with L-arginine induced mRNA expressions and hormone
secretion [13]. In these cells, we confirmed the effect of L-
arginine on GH expression reported by Adriao et al. [13],
and we report a novel effect of L-arginine on IGF-1 gene
expression and hormone secretion.

In summary, the results of this study suggest two novel
functions of L-arginine of cellular growth. Treatment with
L-arginine significantly increased GH and IGF-1 expression
at both gene and protein levels, whereas that of IGFBP-1
decreased significantly in vitro. In addition, the analysis of
the MAPK pathway demonstrated that these growth-pro-
moting effects were linked to increased activation of the
MEK, p38 MAPK, and JNK signaling cascade. Therefore,
intake of L-arginine may be important for tissue and
organismal growth.
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