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ABSTRACT: A non-protein amino acid, L-ornithine (Orn), has been shown to stimulate the urea cycle and tissue protein 
synthesis in the liver. The purpose of the current study was to assess whether Orn affects the mammalian target of rapa-
mycin (mTOR) complex 1 (mTORC1) pathway, which is involved in protein synthesis. Primary cultured cells isolated 
from Wistar rat liver were incubated in an amino acid-free medium, followed by addition of Orn for 3 h. The cell lysate 
was subjected to immunoblotting to evaluate the phosphorylation of downstream targets of mTORC1, including p70S6K, 
S6, and 4EBP1. To assess the involvement of mTORC1 for the effect of Orn, the cells were pretreated with the mTOR in-
hibitor rapamycin before the addition of Orn and the cell lysate was subjected to immunoblotting. We next examined 
whether the effects of Orn were exerted in vivo. Orn was orally administered to 18 h food-deprived rats, the blood and the 
livers were collected at 1 and 3 h after administration for immunoblotting. Orn treatment for primary cultured cells for 3 
h enhanced the phosphorylation of p70S6K, S6, and 4EBP1. In addition, rapamycin blocked the effects of Orn completely 
(p70S6K and S6) or partially (4EBP1). The oral administration of Orn to the rat also augmented the phosphorylation of 
mTORC1 downstream targets notably in S6 at 1 h. Our findings demonstrate that Orn has the potential to induce the 
phosphorylation of downstream targets of mTORC1 in the rat liver. This may be mediated by the augmentation of 
mTORC1 activity.

Keywords: L-ornithine, mTORC1, rapamycin

INTRODUCTION

L-ornithine (Orn) is a non-protein amino acid and an es-
sential component of the urea cycle, the ammonia-detox-
ifying system in the liver. Among foods, the Asiatic clam 
(corbiculidae), tuna, and cheese contain high amounts 
of Orn (1-3). In Japan, Orn is commonly used in dietary 
supplements and functional foods. Administration of 
Orn is well known to stimulate the urea cycle (4,5). The 
urea cycle acts to dispose of excess of nitrogen by con-
verting ammonia to urea. Orn is also synthesized endo-
genously from amino acids including L-arginine, espe-
cially in the liver. In pharmacological therapy, Orn is 
used to decrease blood ammonia levels and reduce the 
symptoms of hepatic encephalopathy associated with liv-
er cirrhosis (6). In addition, many human studies have 
indicated several beneficial effects of Orn, including at-
tenuation of fatigue evoked by exercise or alcohol con-

sumption (7,8), stimulation of growth hormone release 
(9), and improvements in sleep disturbance (10,11). 
Furthermore, a report indicated that the addition of Orn 
to a basal diet induced the blood growth hormone level 
and the rate of protein synthesis in the liver and gastro-
cnemius muscle (12). These observations have led to the 
extensive use of Orn for hepatoprotection. However, the 
molecular mechanisms leading to increased protein syn-
thesis are not well known.

The mammalian target of rapamycin (mTOR), a mem-
ber of the phosphatidylinositol 3 kinase family of en-
zymes, plays a central role as a nutrient, energy, and re-
dox sensor mainly in skeletal muscle and the liver 
(13,14). mTOR is assembled in two subunit complexes; 
mTOR complex 1 (mTORC1) and mTOR complex 2. 
Both complexes are composed of different components 
and affect their activation and functions each other (15). 
mTORC1 signaling regulates protein synthesis, cell 
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growth, proliferation, and autophagy. In protein synthe-
sis, mTORC1 effects through the mRNA binding step of 
translation initiation and the phosphorylation of transla-
tional repressor factors such as 70-kDa ribosomal pro-
tein S6 kinase (p70S6K), ribosomal protein S6 (S6), and 
eukaryotic initiation factor 4E binding protein 1 (4EBP1) 
(16,17). mTORC1 is also the major regulator of cell 
growth, proliferation, and autophagy.

Various metabolic factors can modulate mTORC1 sig-
naling (18). Of these, L-leucine (Leu) and insulin are 
well known to promote protein synthesis through the 
activation of mTORC1 signaling. In addition, recent evi-
dence demonstrated that another amino acid, L-citrul-
line, is a similar potent regulator of mTORC1 signaling 
(19).

Considering the fact that L-citrulline is synthesized 
endogenously mainly from Orn with carbamoyl phos-
phate, and constitutes one of the significance reactions 
in the urea cycle, the stimulatory effect of Orn on pro-
tein synthesis is predicted to be involved in the mTORC1 
pathway. Therefore, the aim of our study was to inves-
tigate whether Orn is able to promote liver protein syn-
thesis through the stimulation of mTORC1 pathway in 
vitro, and also to compare mTORC1 activation by oral 
administration of Orn to food-deprived rats. 

MATERIALS AND METHODS

Animals 
Male Wistar rats (Japan SLC, Shizuoka, Japan) were pur-
chased at 7 weeks of age and allowed to acclimate to 
their new surroundings for at least 1 week. Rats ate lab-
oratory rat chow, AIN-93G (Clea Japan, Tokyo, Japan), 
and drank tap water ad libitum. Rats were housed indi-
vidually in cages in a room maintained at 20∼25oC with 
40∼70% relative humidity on a 12-h lighting cycle. All 
animal experiments were approved by the Kirin Com-
pany Ethics Committee for Animal Experimentation and 
performed in accordance with the guidelines for the care 
and use of laboratory animals of the Kirin Company.

Isolation and primary culture of rat hepatic cells
Rat liver parenchymal cells were isolated by a collage-
nase perfusion method, as previously described (20). The 
yield was 6.8×107 cells/liver on average. Isolated hepatic 
cells were plated in collagen-coated six-well plates (35 
mm in diameter) at a density of 5×105 cells/well in 
Dulbecco’s modified Eagle’s medium (DMEM; Gibco 
BRL, Carlsbad, CA, USA) supplemented with 10% fetal 
bovine serum, 100 units/mL penicillin, and 0.1 mg/mL 
streptomycin. After overnight incubation at 37oC in a 
humidified atmosphere of 5% CO2 to allow attachment 
to the plates, the cells were rinsed with phosphate-buf-

fered saline to remove all unattached and dead cells.

Cell treatment
Primary cultured cells were starved in an amino acid-free 
medium based on DMEM. After incubation for 20 min 
in the medium, the cells were further incubated for 3 h 
in the amino acid-free medium with 0, 5, 10, or 20 mM 
Orn or 20 mM Leu, and then lysed for immunoblotting. 
For the time course experiments, the cells were incuba-
ted in the amino acid-free medium with 0 and 20 mM 
Orn for 1 and 3 h after the 20-min amino acid starva-
tion. To evaluate the involvement of mTORC1, the cells 
were incubated with amino acid-free medium with or 
without 1 M mTOR inhibitor rapamycin, followed by 
addition of 0 or 20 mM Orn. After 3 h incubation, the 
cells were collected for immunoblotting. All experiments 
were performed in triplicate.

Oral amino acid administration and sample collection
Rats were randomly divided into 4 groups (N=5 for 
each group). After fasting for 18 h, water or 1.74 g/kg 
body weight Orn hydrochloride was administered by 
gavage without anesthesia at a volume of 25 mL/kg. The 
blood and the livers were collected 1 or 3 h after admin-
istration, and then the livers were excised and rinsed in 
ice-cold saline. The liver homogenates were prepared us-
ing a Potter-Elvehjem homogenizer in 10 volumes of 20 
mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic ac-
id at pH 7.4 containing 100 mM KCl, 2 mM ethylene 
glycol-bis(-aminoethylether)-N,N,N’,N’-tetraacetic acid, 
1 mM dithiothreitol, and Halt protease and phosphatase 
inhibitor cocktail (Thermo Fisher, Waltham, MA, USA) 
according to the manufacturer’s recommendation. After 
centrifugation at 10,000 g for 10 min at 4oC, the super-
natants were aliquoted and stored at −80oC until use. 

Protein concentration measurement
Protein concentrations of the samples were determined 
by the Lowry assay using bovine serum albumin as a 
standard (Bio-Rad Laboratories Inc., Hercules, CA, USA).

Immunoblotting
The lysates (20 g) were subjected to SDS-PAGE and 
transferred to polyvinylidene difluoride membranes, and 
then probed with the appropriate antibodies against 
phospho-mTOR (Ser2448), mTOR, phospho-p70S6K 
(Thr389), p70S6K, phospho-S6 (Ser235/236), S6, phos-
pho-4EBP1 (Thr37/46), and 4EBP1 (all from Cell Signal-
ing Technology, Inc., Danvers, MA, USA) to assess their 
phosphorylation states. Anti-rabbit secondary antibody 
conjugated to horseradish peroxidase (Cell Signaling 
Technology, Inc.) and an ECL prime western blotting 
detection system (GE Healthcare, Amersham, Bucking-
hamshire, UK) were used for detection. The bands in-
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Fig. 1. Phosphorylation levels of mTOR (A), p70S6K (B), S6 (C), and 4EBP1 (D) in primary cultured rat hepatic cells treated with 
Orn or Leu for 3 h. Cell lysates (20 g) were subjected to immunoblotting with specific antibodies. Ratios of phosphorylated proteins
to respective total proteins were compared to judge the phosphorylation states. Inserts show the representative immunoblot 
images. Upper images show phosphorylated proteins and lower show total proteins. Right and left images were cut out from the 
same membrane. Values are mean±standard error of the mean, *P＜0.05, **P＜0.01 compared with the control (Dunnett’s test).

tensities were quantified and processed by LAS-3000 
fluorescence imaging system (Fujifilm, Tokyo, Japan). 
The phosphorylation states were corrected against the 
respective total protein levels. 

Plasma-free amino acid and growth hormone analysis
Plasma was acidified and deproteinized with perchloric 
acid (final concentration of 0.45 N), and the superna-
tants were collected after centrifugation. Before the ami-
no acid analysis, samples were diluted 8-fold with 0.1 N 
hydrochloric acid and prepared with O-phthalaldehyde 
derivatives. Urea cycle amino acid, Orn, citrulline, and 
arginine, were measured using a commercially available 
amino acid analyzer (Shimadzu, Kyoto, Japan).

Plasma growth hormone, insulin, and glucose levels 
were determined using respective commercial kits accord-
ing to the manufacturer’s instructions (Shibayagi, Gun-
ma, Japan; Morinaga, Kanagawa, Japan; Wako, Osaka, 
Japan).

Statistical analysis
All data are expressed as mean±standard error of the 
mean. The Student’s t-test was used for comparison be-
tween two groups, and the analysis of variance followed 
by the Dunnett’s test was used for more than two 
groups. A P-value of ＜0.05 was considered statistically 
significant.

RESULTS

Orn induces the phosphorylation of mTORC1 downstream 
targets in primary rat hepatic cells
We first investigated whether Orn augments the phos-
phorylation of several downstream targets of mTORC1, 
p70S6K, S6, and 4EBP1, in primary cultures of rat hep-
atic cells. Orn significantly upregulated the phosphor-
ylation levels of p70S6K, S6, and 4EBP1 but not mTOR 
at 20 mM (Fig. 1). These levels of phosphorylation were 
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Fig. 2. Phosphorylation levels of mTOR (A), p70S6K (B), S6 (C), and 4EBP1 (D) in primary cultured rat hepatic cells treated with 
Orn (20 mM) for 1 or 3 h. Cell lysates (20 g) were subjected to immunoblotting with specific antibodies. Phosphorylation levels 
were normalized against total protein. Inserts show the representative immunoblot images. Upper images show phosphorylated 
proteins and lower show total proteins. Values are mean±standard error of the mean, *P＜0.05, **P＜0.01 compared with the 
respective control.

almost the same as that of Leu at 20 mM. Significant el-
evation of 4EBP1 phosphorylation was detected at 5 mM 
and dose dependency was also observed; this was not 
apparent for the other factors measured (Fig. 1). 

The incubation time of 3 h was better than that of 1 h
To elucidate the time point at which Orn exerts its func-
tion, the cells were incubated with Orn for 1 and 3 h. 
Orn treatment for 3 h resulted in much greater levels of 
p70S6K and 4EBP1 phosphorylation than that obtained 
from a 1 h, and the phosphorylation levels of S6 were in-
creased only at 3 h (Fig. 2). 

The effect of Orn was inhibited by the mTOR inhibitor ra-
pamycin
Rapamycin is a representative mTOR inhibitor (21). We 
examined whether the effect of Orn was deleted with 
the treatment of rapamycin. The cells were incubated 

with rapamycin for 20 min prior to Orn treatment and 
incubated for 3 h in the presence of rapamycin and Orn. 
The rapamycin treatment completely inhibited p70S6K 
and S6 phosphorylation, and partially inhibited the phos-
phorylation of 4EBP1 (Fig. 3). These results indicate that 
Orn augmented the phosphorylation of these factors 
probably via the mTORC1 activation. 

Orn administration to the rat augmented the phosphor-
ylation of mTORC1 downstream targets
To evaluate whether Orn stimulates the mTORC1 path-
way in vivo as well as in vitro, the phosphorylation of 
mTOR and its downstream targets in the rat liver was 
examined. Blood and liver were collected from rats at 1 
and 3 h after Orn administration via oral gavage. Levels 
of plasma parameters were analyzed. Oral Orn treatment 
led to 17.5- and 20.1-fold increases in plasma Orn levels 
at 1 and 3 h, respectively (Table 1). With regard to other 
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Fig. 3. Phosphorylation levels of mTOR (A), p70S6K (B), S6 (C), and 4EBP1 (D) in primary cultured rat hepatic cells treated with 
Orn (20 mM) for 3 h in the presence or absence of rapamycin (1 M). Cell lysates (20 g) were subjected to immunoblotting 
with specific antibodies. Phosphorylation levels were normalized against total protein. Inserts show the representative immunoblot
images. Upper images show phosphorylated proteins and lower show total proteins. Values are mean±standard error of the mean,
*P＜0.05, **P＜0.01 compared with the respective control, #P＜0.05, ##P＜0.01 compared with the Orn without rapamycin.

Table 1. Plasma levels of urea cycle amino acids, growth hormone, insulin, and glucose in rats following oral administration of 
Orn

1 h 3 h

Control Orn Control Orn

Amino acids (M)
Orn 26.7±1.9 466.0±47.4** 28.6±1.7 575.7±37.0**
Arg 63.1±2.8 72.6±3.2 74.4±2.9 65.6±3.6
Cit 72.9±1.1 64.3±2.4* 75.6±2.3 58.3±2.1**

Growth hormone (pg/mL) 78.5±11.1 139.4±40.5 78.1±0.65 108.1±10.9
Insulin (ng/mL) 3.91±0.14 3.93±0.49 3.74±0.65 3.39±0.79
Glucose (mg/dL) 129.0±7.4 167.3±5.7** 127.4±8.5 130.2±5.9

Orn, L-ornithine; Arg, L-arginine; Cit, L-citrulline.
Values are mean±standard error of the mean, *P＜0.05, **P＜0.01 compared with the control.

urea cycle amino acids, citrulline levels were decreased 
by 0.9- and 0.8-fold, respectively, while arginine levels 
were not significantly different. In addition, Orn admin-
istration increased glucose concentration only at 1 h. 

There were no significant differences in plasma growth 
hormone and insulin levels, but an increasing trend in 
growth hormone was shown after Orn administration 
(P＜0.1).
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Fig. 4. Phosphorylation levels of mTOR (A), p70S6K (B), S6 (C), and 4EBP1 (D) in rat liver homogenate. Liver samples were collected
1 or 3 h after oral administration of Orn (1.74 g/kg body weight). Liver homogenates (20 g) were subjected to immunoblotting 
with specific antibodies. Phosphorylation levels were normalized against total protein. Inserts show the representative immunoblot
images. Upper images show phosphorylated proteins and lower show total proteins. Values are mean±standard error of the mean,
*P＜0.05, **P＜0.01 compared with the control.

Orn administration promoted the phosphorylation of 
p70S6, S6, and 4EBP1 at 1 h. Among these factors, S6 
showed the largest effect (6.9-fold compared with the 
control group). Orn enhanced the phosphorylation of 
these factors at 3 h, but the effects were much lower 
than those of 1 h (Fig. 4).

DISCUSSION

Recent reports have highlighted the ability of Orn to 
modulate ammonia metabolism in the liver and also var-
ious physiological functions such as anti-fatigue (6,7). 
Its effect on promoting tissue protein synthesis has also 
been shown (12). Recently, citrulline, a urea cycle amino 
acid that is metabolized from Orn, was reported as a po-
tent regulator of the mTORC1 pathway following pro-
tein synthesis (19). mTORC1 is a master regulator that 

controls protein synthesis (16,17). These facts prompted 
us to consider that Orn promotes tissue protein syn-
thesis via the mTORC1 pathway, similarly to citrulline. 
The present study was designed to evaluate the hypoth-
esis that Orn stimulates the mTORC1 pathway. We per-
formed Orn treatment on primary cultured rat hep-
atocyte cells and examined the effects of oral Orn ad-
ministration in rats.

In primary rat cells cultured in an amino acid-free 
state, Orn treatment affected the phosphorylation state 
of typical mTORC1 downstream targets, p70S6K, S6, 
and 4EBP1 (Fig. 1). This result suggested that Orn has 
the potential to promote the phosphorylation of the 
mTORC1 downstream targets. Furthermore, 20 mM Leu 
treatment had an equivalent effect on the phosphoryla-
tion state of these factors as the same concentration of 
Orn. Therefore, Orn may also be a potent mTORC1 acti-
vator, similar to Leu. 
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We next investigated the appropriate induction time of 
Orn. Cells were incubated with 20 mM Orn for 1 and 3 
h, and the phosphorylation state was evaluated. The ef-
fects of Orn at 3 h on phosphorylation were much great-
er than those at 1 h (Fig. 2). Therefore, we regarded that 
the incubation time of 3 h was better than that of 1 h in 
our experimental setting. In a previous report using cul-
tured rat hepatoma H4IIE cells, p70S6K phosphorylation 
reached a peak at 20 min after the addition of Leu (22). 
Orn requires a longer time period to induce the effect 
compared with Leu. We speculated that the mechanisms 
of Orn stimulation of the mTORC1 pathway are not con-
sistent with that of Leu. Stimulation of mTORC1 down-
stream targets by Orn was observed in a time- and dose- 
dependent manner, as shown in Fig. 1 and 2.

Primary cultured cells were treated with rapamycin 
prior to stimulation with Orn. The activation of p70S6K 
and S6 phosphorylation by Orn was strongly inhibited 
by rapamycin, and phosphorylation of 4EBP1 was re-
stricted (Fig. 3). Rapamycin influenced the phosphoryla-
tion state of mTORC1 downstream factors; however, the 
extent of inhibition was different. Previous studies have 
shown that S6 activity is completely inhibited by rapa-
mycin, but 4EBP1 is only partially inhibited depending 
on the cell type or duration of rapamycin treatment (23). 
Thus the restricted inhibition of 4EBP1 shown in the 
present study was due to the potential of rapamycin. 
These results suggest that the potential activity of Orn is 
mainly associated with mTORC1 activation.

We next examined whether the effects of Orn ob-
served in primary cultured cells are also exerted in vivo. 
Previous reports have demonstrated that overnight fast-
ing almost completely reduced the phosphorylation of 
mTOR downstream targets and subsequent protein syn-
thesis in both skeletal muscle and the liver (16,24,25). 
In addition, Norton et al. showed that peak mTOR sig-
naling responses occur shortly after consumption of a 
meal (26). Rats were starved for 18 h before the experi-
ment began and dissected 1 and 3 h after Orn adminis-
tration. In various previous reports investigating the ef-
fect of Leu, 1.35 g/kg body weight of Leu was adminis-
tered (19,27,28). We calculated the Orn hydrochloride 
dosage for 1.74 g/kg body weight as equivalent molar to 
1.35 g/kg body weight of Leu.

Orn administration had an obvious stimulatory effect 
on the phosphorylation of p70S6, S6, and 4EBP1 in the 
rat liver, particularly after 1 h. This suggests that Orn 
stimulates the phosphorylation of mTORC1 targets by 
oral administration as well as in in vitro cell exposure us-
ing rat primary cells. A previous report indicated that 
citrulline, which is metabolized from Orn, is able to pro-
mote the phosphorylation of 4EBP1 but not that of S6 
(19). In our experiment, S6 phosphorylation was pro-
moted more predominantly than that of 4EBP1. Further, 

plasma citrulline levels were not increased after Orn 
administration. These results may suggest that the effect 
of Orn on mTORC1 signaling was not exerted through 
its metabolite, citrulline. Another mechanism behind 
the effects of Orn on mTORC1 pathway was thought to 
be through growth hormone release, because it was re-
ported that Orn has the potential to stimulate growth 
hormone release (9). Orn administration tended to in-
crease plasma growth hormone levels (P＜0.1, Table 1). 
Growth hormone is an anabolic hormone that is se-
creted from the pituitary gland in a pulsatile pattern, as 
observed in peripheral blood (29). In addition, growth 
hormone treatment in hepatoma cells activated protein 
synthesis through the mTORC1 pathway (30). Consid-
ering these facts, the effect of Orn observed in vivo may 
be mediated by the indirect action of increased blood 
growth hormone levels besides the direct action of Orn 
itself. In in vitro experiments, the stimulation of mTOR 
downstream targets was observed after 3 h incubation 
with Orn (Fig. 2). In contrast, the stimulation was ob-
served in a shorter time in the in vivo experiments (Fig. 
4). Considering the time that was required for absorp-
tion, in vivo experiments usually need a longer time to 
exhibit the effect of Orn. The obvious reason of this dis-
crepancy was not clear, but the indirect effects of Orn 
can be one of the speculated possibilities.

In this study, we were unable to assess the direct rela-
tion between Orn and mTOR. The phosphorylation 
states of mTOR itself were not different by Orn in pri-
mary cultured cell and rat liver. Indirect elucidation us-
ing the mTOR inhibitor suggested the involvement of 
mTOR to effect Orn. One possibility would be that the 
evaluation time from Orn treatment was inappropriate 
for detecting the mTOR phosphorylation based on the 
results of Leu on mTOR phosphorylation (Fig. 1). Fur-
ther studies using specific inhibitors of proposed factors 
that regulate mTOR activation such as MAPK or PI3K 
would extend our understanding of the contribution of 
Orn to the mTORC1 downstream targets.

In conclusion, this is the first study to report the ef-
fects of Orn on the mTORC1 downstream targets in the 
rat liver. The results demonstrate that Orn augments the 
phosphorylation of representative downstream targets of 
mTORC1, including p70S6K, S6, and 4EBP1, in amino 
acid-free conditions in rat primary hepatoma cell and rat 
liver. Based on the mTOR inhibitor experiments, these 
effects are likely mediated by the mTOR signaling path-
way. The effect of Orn on promoting tissue protein syn-
thesis may be explained by this mechanism. 
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