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LP	� Low protein
mTOR	� Mammalian target of rapamycin
RT-PCR	� Real-time polymerase chain reaction

Introduction

The intestine is considered an important organ for intestinal 
barrier, nutrition absorption and innate immunity and has 
attracted much attention in the field of human and animal 
nutrition (Johansson et  al. 2009; Santaolalla et  al. 2011; 
Huygelen et al. 2012). Recent studies have illustrated that 
amino acids play critical roles in regulating gut function, 
such as stimulating cell proliferation, blocking enterocyte 
apoptosis, regulating cell migration and maintaining intes-
tinal mucosal barrier (Marc Rhoads and Wu 2009; Tan 
et  al. 2010; Wang et  al. 2010; Faure et  al. 2005). Amino 
acids in the diet will exert their effects on extra-intestinal 
tissues after being absorbed by the small intestine, and the 
transportation of these nutrients is a key regulatory step in 
utilization of dietary protein by piglets (Baker 2009; He 
et al. 2013). However, the mechanisms for intestinal amino 
acid transportation are largely unknown.

The transporters of amino acids in the small intestine 
can be divided into basic amino acid, neutral amino acid 
and acidic amino acid systems (Chairoungdua et al. 1999; 
Kanai and Hediger 1992). For example, rBAT/b0,+AT 
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and 4F2hc/y+LAT1, encoded by SLC3A1/SLC7A9 and 
SLC3A2/SLC7A5, are the most important basic amino 
acid transporters in intestine (Bröer 2008). rBAT/b0,+AT 
plays a vital role for the transportation of basic amino 
acids from the luminal membrane into enterocytes, while 
4F2hc/y+LAT1 regulates the efflux of basic amino acids 
across the basolateral membrane (Palacin et  al. 2001; 
Bauch and Verrey 2002). B0AT1, encoded by SLC6A19, 
is a major apical neutral amino acid transporter in kid-
ney and intestine (Broer et  al. 2004). ASCT2, encoded 
by SLC1A5, can transport neutral amino acids and help 
to equalize neutral amino acid composition in epithelial 
cells, but ASC-like activity is only about 1/10 of system 
B0 activity in the intestine (Munck and Munck 1999). 
EAAT2 and EAAT3, encoded by SLC1A2 and SLC1A1, 
regulate the absorption of the acidic amino acids, such as 
aspartate and glutamic acid, in the small intestine (Boe-
hmer et al. 2003).

Many factors have been shown to contribute to the 
expression of amino acid transporters in the intestine. For 
instance, during the early suckling period, compared with 
high body weight littermates, low body weight piglets had 
lower jejunal expression profiles of both Slc6a19 (B0AT1) 
and Slc1a5 (ASCT2) (Yang et  al. 2012). Furthermore, 
amino acid profiles and feed restriction have been demon-
strated to influence the expression of nutrient transporter 
mRNA in the small intestine of broiler chicks, showing that 
different nutrient levels in the diet may change the expres-
sion of amino acid transporters (Gilbert et al. 2008).

Leucine, as one of the branched-chain amino acids 
(BCAA), plays a critical role in regulatory effects, such 
as protein synthesis and degradation, insulin secretion and 
cell autophagy (Sheen et  al. 2011; Yang et  al. 2010; Yin 
et  al. 2010). Numerous studies have focused on leucine 
due to its ability to stimulate protein synthesis in muscle 
through mammalian target of rapamycin (mTOR) signal-
ing pathways with the phosphorylation of S6K1, 4E-BP1 
and eIF4E assembly (Escobar et al. 2005, 2006; Torrazza 
et al. 2010; Yin et al. 2010). Furthermore, leucine has been 
reported to induce up-regulation of system A amino acid 
transporters in muscle (Peyrollier et al. 2000). However, at 
present, little is known about the effect of leucine on the 
expression of amino acid transporters in the small intes-
tine, which is critical for the supply of amino acids to all 
tissues and the homeostasis of plasma amino acid levels 
(Bröer 2008). The effects of leucine have been poorly doc-
umented in the intestine (Wu 2009). In recent years, leu-
cine has been shown to influence the protein metabolism, 
phosphokinase expression, cell proliferation, and may acti-
vate the mTOR pathway and cell migration in the intestine 
(Coeffier et  al. 2011; Rhoads et  al. 2008; Torrazza et  al. 
2010), which indicates that it might have a vital role in 
intestine regulation.

The study of the regulation of transporters leads to 
the elucidation of mechanisms that can change transport 
rates in the intestine (Ferraris 2001; Ferraris and Diamond 
1989). Based on the results of an experiment conducted in 
our lab showing that BCAA can regulate the amino acid 
and peptide transporters in the small intestine of piglets 
fed protein reduced diet (Zhang et  al. 2013), we hypoth-
esized that the leucine supplementation can regulate the 
expression of amino acid transporters. Thus, the major 
aim of this experimental study was to assess the effects of 
leucine on intestinal amino acid transporters in vitro and 
elucidate the underlying mechanisms through which it 
functions.

Materials and methods

Cell culture and treatment

The IPEC-J2 cell line, a porcine IEC line originally derived 
from the jejunal crypts of a neonatal piglet, was kindly pro-
vided by Dr. Guoyao Wu (Texas A & M University). Cells 
were cultured in six-well plates in DMEM/F12 medium 
(Thermo, Waltham, MA, Cat: SH30023.0113) supple-
mented with 5 % (vol/vol) fetal bovine serum (FBS, Gibco, 
Carlsbad, CA, Cat: 10099-141), 5  μg/L ITS (Sciencell, 
Carlsbad, CA, USA, Cat: 0803) and 5  μg/L epidermal 
growth factor (Sciencell, Carlsbad, CA, USA, Cat: 105-
04). After reaching 90 % confluence, cells were starved for 
2  h in an amino acid-deprived medium with Earle’s Bal-
anced Salt Solution (EBSS) (Sigma, St. Louis, MO, USA, 
Cat: E2888) and a vitamin mixture (Sigma, St. Louis, MO, 
USA, Cat: R7256), according to established protocols 
(Nishikawa et  al. 2007). After starvation, cells were used 
for the following experiments.

Experiment I

IPEC-J2 cells were cultured in the presence of 0, 1, 2.5, 5, 
7.5 or 10  mM leucine, isoleucine or valine, respectively. 
After 1, 2, 6, 8 or 10  h, IPEC-J2 cells were collected to 
examine the expression of CAT-1, 4F2hc, rBAT, ASCT2, 
y+LAT, B0,+AT, B0AT and PepT-1.

Experiment II

IPEC-J2 cells were cultured in the presence of 7.5 mM leu-
cine. After 0-, 5-, 10-, 30-, 40- or 60-min incubation, the 
IPEC-J2 cells were collected to examine the phosphoryla-
tion of mTOR, Akt and MAPK (ERK, P38 and JNK). The 
phosphorylation state of 4EBP-1 and eIF4E was tested 
after incubation periods of different durations (0, 1, 2, 4 
and 8 h).
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Experiment III

IPEC-J2 cells were pre-treated for 30  min with either 
20 nM rapamycin (Sigma, St. Louis, MO, Cat: R8781), or 
10 μM wortmannin (Sigma, St. Louis, MO, Cat: W1628), 
or 10 μM PD098059 (Sigma, St. Louis, MO, Cat: P215-
1MG). Then, IPEC-J2 cells were cultured in the presence 
of 7.5 mM leucine. After 8 h, IPEC-J2 cells were collected 
to examine the mRNA expression and protein abundance of 
4F2hc and ASCT2.

RNA isolation and RT‑PCR analysis

Total RNA was isolated using a RNeasy Mini Kit (Qiagen, 
Hilden, Germany, Cat: 74014) according to the manufac-
turer’s protocol. 1 μg RNA was reverse-transcribed to com-
plementary DNA (cDNA) using a PrimeScript 1st Strand 
cDNA Synthesis Kit (Takara, Ostu, Japan, Cat: 6110A) 
according to the manufacturer’s protocol. Primers for the 
selected genes were designed using Oligo 7.0 Software 
(Table 1). Real-time PCR was performed using an Applied 
Biosystems 7500 Real-Time PCR System (Applied Bio-
systems, Singapore) with SYBR Green PCR Master Mix 
(Takara, Ostu, Japan, Cat: RR820A), containing MgCl2, 
dNTP, and Hotstar Taq polymerase. Quantification of target 
mRNA was conducted using a relative standard curve gen-
erated by a serial dilution (1:107–1:1) of amplification prod-
ucts. The PCR system consisted of 5.0 μL of SYBR Green 
qPCR mix, 1.0  μL of cDNA, 3.6  μL of double distilled 
water, and 0.4  μL of primer pairs (25  μM forward and 
25 μM reverse) in a total volume of 10 μL. The protocols 

for all genes included a denaturation program (1  min at 
95 °C), amplification and quantification program repeated 
for 35 cycles (5 s at 95 °C, 30 s at 58 °C), followed by the 
melting curve program at 60–95 °C with a heating rate of 
0.1  °C per second and continuous fluorescence measure-
ment. Each sample was measured in triplicate.

Western blot analysis

The total proteins and membrane proteins were extracted 
from IPEC-J2 cells. To extract the total protein, the IPEC-
J2 cells were lysed in RIPA buffer (150  mM NaCl, 1  % 
Triton X-100, 0.5  % sodium deoxycholate, 0.1  % SDS, 
50  mM Tris–HCl at pH 7.4, plus a protease inhibitor 
cocktail purchased from Applygene, Beijing, China, Cat: 
HX18622). The membrane proteins of IPEC-J2 cells were 
extracted by Mem-PER Eukaryotic Membrane Protein 
Extraction Kit (Pierce, Rockford, IL, USA, Cat: 89826) and 
proteins were deglycosylated by the PNGase F (New Eng-
land Biolabs, Ipswich, MA, USA, Cat: P0704S) accord-
ing to the instruction. Protein concentrations were deter-
mined using a BCA Protein Assay Kit (Pierce, Rockford, 
IL, USA, Cat: 23227). Equal amounts of proteins (30 mg) 
were electrophoresed on SDS polyacrylamide gels. Pre-
stained protein markers (Fermentas, Waltham, MA, USA, 
Cat: 26616) were used in each gel. Proteins were electro-
transferred to a polyvinylidene difluoride membrane (Mil-
lipore, Bedford, MA, USA, Cat: IPVH00010) and blocked 
with 5 % nonfat dry milk overnight at 4  °C. The transfer 
efficiency was assessed by gel staining with Coomassie 
Blue. Samples were incubated with corresponding primary 

Table 1   Primers used for real-
time PCR

ASCT2 Na+-neutral AA 
exchanger, B0AT1 system B0 
neutral AA transporter, CAT-1 
cationic amino acid transporter 
1, b0,+AT related to b0,+ amino 
acid transporter, y+LAT1 y+ 
l amino acid transporter-1, 
4F2hc 4F2 heavy chain, Pept-1 
intestinal peptide transporter, 
rBAT basic amino acid 
transporter

Genes Primers Sequences (5′–3′) Size (bp) Tm (°C) Accession no.

ASCT2 Forward GCCAGCAAGATTGTGGAGAT 206 60 DQ231578

Reverse GAGCTGGATGAGGTTCCAAA

B0AT1 Forward CACAACAACTGCGAGAAGGA 155 60 DQ231579

Reverse CCGTTGATAAGCGTCAGGAT

CAT-1 Forward TGCCCATACTTCCCGTCC 192 59 NM_001012613

Reverse GGTCCAGGTTACCGTCAG

b0,+AT Forward ATCGGTCTGGCGTTTTAT 144 59 NM_001110171

Reverse GGATGTAGCACCCTGTCA

y+LAT1 Forward GCCCATTGTCACCATCATC 216 59 NM_001110421

Reverse GAGCCCACAAAGAAAAGC

4F2hc Forward CTCGAACCCACCAAGGAC 174 59 XM_003361818

Reverse GAGGTGAGACGGCACAGAG

Pept-1 Forward CCCAGGCTTGCTACCCAC 144 60 NM_214347

Reverse ACCCGATGCACTTGACGA

rBAT Forward TTTCCGCAATCCTGATGTTC 146 59 NM_001123042

Reverse GGGTCTTATTCACTTGGGTC

β-Actin Forward TGCGGGACATCAAGGAGAAG 216 60 XM_003357928

Reverse AGTTGAAGGTGGTCTCGTGG
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antibodies (1:500 dilution for 2 h at room temperature or 
overnight at 4 °C) against ASCT2 (Santa Cruz Biotechnol-
ogy, Cat: sc-130963), 4F2hc (Santa Cruz Biotechnology, 
Cat: sc-31249), p-4E-BP1 (Thr70) (Cell Signaling Tech-
nology, Cat: 13396), 4E-BP1 (Cell Signaling Technology, 
Cat: 9644P), p-eIF4E (Ser209) (Cell Signaling Technology, 
Cat: 9741), eIF4E (Cell Signaling Technology, Cat: 2067), 
p-mTOR (Ser2448) (Cell Signaling Technology, Cat: 5536), 
mTOR (Cell Signaling Technology, Cat: 2983), p-Akt 
(Ser473) (Cell Signaling Technology, Cat: 4058), Akt (Cell 
Signaling Technology, Cat: 4691), p-ERK (Thr202/Tyr204) 
(Cell Signaling Technology, Cat: 4377), ERK (Cell Sign-
aling Technology, Cat: 4695), p-p38 (Thr180/Tyr182) (Cell 
Signaling Technology, Cat: 9215), p-38 (Cell Signaling 
Technology, Cat: 8690), p-JNK (Thr183/Tyr185) (Cell Sign-
aling Technology, Cat: 4668), JNK (Cell Signaling Tech-
nology, Cat: 9258) and Na+/K+ ATPase (Millipore, Bill-
erica, MA, USA) β-actin (Cell Signaling Technology, Cat: 
4970). After being washed with Tris-Tween-20 buffer (pH 
7.4), membranes were incubated with a secondary antibody 
(Horseradish Peroxidase-Conjugated Goat Anti-Rabbit 
IgG) (Zhongsan Gold Bridge, Beijing, China, Cat: ZDR-
5306) at a ratio of 1:7,000 dilution for 1 h at room tempera-
ture. The membrane was exposed by AlphaImager 2200 
(Alpha Innotech, San Leandro, CA, USA) automatically. 
Band densities were detected with the Western Blot Lumi-
nance Reagent (Applygene, Beijing, China, Cat: HX1868) 
and quantified using AlphaImager 2200 (Alpha Innotech, 
San Leandro, CA, USA).

Statistical analysis

Statistical analysis was performed using the statistical soft-
ware SAS Version 9.2. Data were analyzed by ANOVA 
according to the GLM procedure of SAS. Means were sep-
arated by Student–Newman–Keuls multiple range test. Dif-
ferences at P < 0.05 were considered significant.

Results

Leucine induced the mRNA and protein expression 
of 4F2hc and ASCT2 amino acid transporters  
in IPEC‑J2 cells

Cells were treated with various concentrations of leucine, 
isoleucine or valine (0, 1, 2.5, 5, 7.5 or 10 mM) for 1, 2, 
6, 8 or 10 h. In this experiment, the mRNA expression of 
B0AT and rBAT amino acid transporters was too weak to 
be detected in the IPEC-J2 cells. By contrast, the mRNA 
expression of 4F2hc and ASCT2 amino acid transporters 
was significantly affected by leucine for 2, 6, 8 and 10 h 
treatments (P  <  0.05) (Fig.  1). However, isoleucine and 

valine did not affect the mRNA expression of any amino 
acid transporters for any time or dose treatments (P > 0.05) 
(Fig. 2 shows the effect of 7.5 mM leucine, isoleucine or 

Fig. 1   The relative mRNA expression of ASCT2 (a) and 4F2hc (b) 
is stimulated by leucine in IPEC-J2 cells (n = 4). Cells were treated 
with 0, 1, 2.5 5, 7.5 or 10 mM leucine for the time points indicated in 
the figure. The mRNA expression of ASCT2 (a) and 4F2hc (b) was 
detected by real-time PCR. β-Actin was used as an internal standard 
for normalization. Means followed by same or no letter did not differ 
(P > 0.05)

Fig. 2   The relative mRNA expression of ASCT2 and 4F2hc is stim-
ulated by 7.5 mM leucine, not isoleucine or valine in IPEC-J2 cells 
after 8 h treatment (n = 4). Cells were treated with 7.5 mM of leu-
cine, valine or isoleucine for 8 h. The mRNA expression of ASCT2 
and 4F2hc was detected by real-time PCR. β-Actin was used as an 
internal standard to normalization. Means followed by same letter did 
not differ (P > 0.05)
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valine on the mRNA expression of the ASCT2 and 4F2hc 
amino acid transporters). Culture of IPEC-J2 at both 
7.5 and 10  mM leucine for 2, 6, 8 or 10  h significantly 
enhanced the mRNA expression of the ASCT2 amino acid 
transporter (P < 0.05), and 5 mM leucine treatment for 8 h 
also significantly increased the mRNA abundance of the 
ASCT2 amino acid transporter (P  <  0.05) (Fig.  1a). For 
the 4F2hc amino acid transporter, there was a significant 
increase in the mRNA expression for both 7.5 and 10 mM 
leucine treatments at 2, 8 and 10 h (P < 0.05). The increase 
in mRNA expression of the 4F2hc amino acid transporter 
was also observed for 5, 7.5 and 10  mM leucine supple-
mentation in comparison with the control at 6 h (P < 0.05) 
(Fig.  1). The protein abundance of the ASCT2 amino 
acid transporter was significantly increased for 5, 7.5 and 
10 mM leucine supplementation after 8 h, compared with 
the control (Fig.  3a, P  <  0.05). However, leucine supple-
mentation had no effect on the protein expression of the 
4F2hc amino acid transporter (Fig. 3b, P > 0.05).

Phosphorylation of 4E‑BP1, eIF4E, mTOR, Akt, ERK, P38 
and JNK in response to leucine supplementation

7.5  mM leucine supplementation markedly enhanced the 
phosphorylation of 4E-BP1 during the 1 h culture (Fig. 4). 
The phosphorylation level of eIF4E was also increased 
with 7.5 mM leucine supplementation in IPEC-J2 cells for 
1–8 h culture (Fig. 4). The phosphorylation of mTOR was 
induced by 7.5 mM leucine treatment in the 5 min culture, 
reaching higher levels at 30, 40 and 60 min (Fig. 5). The 
phosphorylation level of Akt was also induced by 7.5 mM 
leucine in the 5 min culture and reaching higher levels at 40 
and 60 min (Fig. 5). The increase in ERK phosphorylation 

was observed after 5 min treatment (P < 0.05), but no sig-
nificant difference of P38 and JNK phosphorylation was 
observed at any tested time point (Fig. 6).

The mRNA expression and protein abundance of the 
ASCT2 and 4F2hc amino acid transporters in response 
to leucine supplementation in the presence of the inhibitors 
of mTOR, Akt, and ERK

Compared with leucine supplementation alone, rapamy-
cin and wortmannin pre-treatment before leucine supple-
mentation markedly attenuated the positive induction of 
the mRNA expression of the ASCT2 and 4F2hc (P < 0.05) 
(Fig.  7). In contrast, PD098059 pre-treatment before leu-
cine supplementation had no such effect (Fig.  7). The 
protein abundance of the ASCT2 was all attenuated by 
pre-treatment of these three inhibitors before leucine sup-
plementation (P < 0.05) (Fig. 8).

Discussion

Several amino acids have been demonstrated to differen-
tially modulate the mRNA expression of different amino 
acid transporters in different species. For instance, die-
tary lysine supplementation up-regulated mRNA expres-
sion of intestinal b0,+-like and y+-like transport systems 
in chicken (Torras-Llort et  al. 1998). The mRNA expres-
sion of b0,+AT, 4F2hc and PepT-1 amino acid and peptide 
transporters was up-regulated in the ileum of growing pigs 
when the lysine level increased from 0.6 to 0.8  % in the 
diet (Wang et  al. 2012). Leucine and Isoleucine, alone or 
in combination, significantly decreased expression of b0,+ 

Fig. 3   The protein abundance of amino acid transporter ASCT2 
(a) and 4F2hc (b) was analyzed after 8 h of treatment with leucine 
in IPEC-J2 cells (n = 4). Cells were treated with 0, 1, 2.5 5, 7.5 or 
10  mM leucine for 8  h. The protein abundance of ASCT2 (a) and 

4F2hc (b) was detected by Western Blot. Na+/K+ ATPase was used as 
an internal standard to normalization. Means followed by same or no 
letter did not differ (P > 0.05)
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AT amino acid transporter and significantly increased the 
CAT-1 amino acid transporter in the jejunum of piglets 
(Cervantes-Ramirez et  al. 2013). Furthermore, our previ-
ous data demonstrated that BCAA up-regulated the small 
intestinal amino acid and peptide transporters (CAT-1, 
4F2hc, rBAT and PepT-1) in piglets (Zhang et  al. 2013). 
In this study, we confirmed that leucine strongly induced 

the mRNA expression of the ASCT2 and 4F2hc amino acid 
transporters in porcine IPEC-J2 cells.

In addition to species-specific regulation of amino acid 
transporters by different amino acids, gene-specific and 
cell-specific regulation patterns by leucine were evident. 
First, among all the amino acid transporters that were 
analyzed, the mRNA expressions of CAT-1, EAAT1 and 
PepT-1 were not inducible by leucine, isoleucine or valine 
in IPEC-J2 cells. Second, the expression of rBAT and 
B0AT, existing in the small intestine, was not detected in 
the IPEC-J2 cells. Similarly, there is evidence that system-
B0 specific amino acid uptake activity was absent in rat 
crypt-like cell line IEC-17 but was higher in less differenti-
ated cells such as a Caco-2 cell line (Moreno et al. 1996; 
Costa et  al. 2000). In addition, the expression of B0AT1 
was demonstrated in enterocyte-specific pattern, but not 
in any other type of intestinal epithelial cells (Bröer et al. 
2004). Third, for those genes that were inducible by leu-
cine, each was differentially regulated, with a different 
magnitude of induction. For example, ASCT2 was induced 
nearly threefold, whereas 4F2hc was induced by almost 
2.5-fold in Porcine IPEC-J2 cells in response to 7.5  mM 
leucine supplementation. Therefore, it is important to ver-
ify the expression patterns of amino acid transporters by 
leucine stimulation in different cell types.

The intestinal AA exchanger ASCT2 (SLC1A5) is 
responsible for the exchange of neutral AA across the 
apical membrane (Torres-Zamorano et  al. 1998). Epider-
mal growth factor and nitric oxide were demonstrated to 
up-regulate the transport activity and mRNA and protein 
expression of ASCT2 (Uchiyama et al. 2005). Furthermore, 
the intestinal AA exchanger 4F2hc (SLC3A2), a transmem-
brane glycoprotein, not only acted as an amino acid trans-
port, but also regulated multiple cellular functions, includ-
ing extracellular signaling, epithelial cell adhesion/polarity, 
and cell–cell interactions (Yan et  al. 2008; Shennan et  al. 
2004). There is evidence that 4F2hc expression was rap-
idly and transiently up-regulated following essential amino 
acid ingestion in humans (Drummond et al. 2010). In this 
study, we found that only leucine, not isoleucine or valine, 
can up-regulate the expression levels of ASCT2 (mRNA 
and protein) and 4F2hc (mRNA), indicating that ASCT2 
and 4F2hc expression may be regulated by leucine as its 
special role in signaling pathway regulation. Our data pro-
vide novel information about translational up-regulation of 
ASCT2 production induced by leucine in IPEC-J2 cells.

Based on previous reports, mTOR, Akt, and MAPK 
signaling pathways may participate in leucine-mediated 
induction of amino acid transports (ASCT2 and 4F2hc). 
Leucine was proved to modulate protein synthesis directly 
through mTOR/4E-BP1/eIF4E (Hara et al. 1998; Kimball 
et  al. 1999) or indirectly through PI3K/Akt/mTOR/4E-
BP1/eIF4E signaling pathways (Sekulić et  al. 2000; 

Fig. 4   Analysis of the phosphorylation statue of 4E-BP1 and eIF4E 
signaling pathways in IPEC-J2 cells treated with 7.5  mM leucine 
(n = 4). Cells were treated with 7.5 mM leucine for the time points 
indicated in the figure. The phosphorylated forms of 4E-BP1 (Thr70) 
and eIF4E (Ser209) were detected by Western Blot. a Represented the 
immunoblots of phosphorylation forms of 4E-BP1 and eIF4E. (b, c) 
Represented the quantitation of the phosphorylation fold changes of 
p-4E-BP1 and p-eIF4E, respectively. Means followed by same letter 
did not differ (P > 0.05)
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Rommel et al. 2001). The phosphorylation of 4E-BP1 and 
the release of the initiation factor eIF4E could activate 
translation via the formation of the initiation complex (Fox 
et al. 1998; Anthony et al. 2000). Our results showed that 
phosphorylation of Akt, mTOR, 4E-BP1 and eIF4E was 
induced by leucine stimulation in IPEC-J2 cells. How-
ever, it was also demonstrated that mTOR phosphoryla-
tion induced by leucine was independent of the PI3K/Akt 
signaling pathway (Lang and Frost 2005). The activation 

of PI3K signaling pathway could also directly affect the 
mRNA expression (Park et  al. 2010; Pore et  al. 2003). 
A previous study found that both PI3K and MAPK inhi-
bition had a negative effect on the glucose transporter 
(GLUT1) mRNA and protein expression, which means 
that PI3K signaling pathway might participate in the glu-
cose uptake regulation (Chen et  al. 2001). However, it is 
unknown whether amino acid transporter expression was 
affected directly by PI3K or through the PI3K/Akt/mTOR 

Fig. 5   Analysis of PI3K-Akt and mTOR signaling pathways in 
IPEC-J2 cells treated with leucine (n =  4). Cells were treated with 
leucine 7.5 mM for the time points indicated in the figure. The phos-
phorylated forms of phospho-Ser473 Akt (a) and phospho-Ser2448 

mTOR (b) were detected by Western Blot. Representative immu-
noblots and quantitation of the phosphorylation fold changes are 
also shown in a and b. Means followed by same letter did not differ 
(P > 0.05)

Fig. 6   Analysis of ERK (p42 
and p44), p38, and JNK signal-
ing pathways in IPEC-J2 cells 
treated with leucine (n = 4). 
IPEC-J2 cells were treated with 
7.5 mM leucine for the time 
points indicated in the figure 
and the phosphorylated forms 
of ERK (Thr202/Tyr204), p38 
MAPK (Thr180/Tyr182), and JNK 
(Thr183/Tyr185) were detected 
by Western Blot analysis. a 
Represents the immunoblots of 
phosphorylation forms of ERK, 
p38 MAPK, and JNK. b–d Rep-
resent the quantitation of the 
phosphorylation fold changes 
of p-ERK, p-38 and p-JNK, 
respectively. Means followed by 
same or no letter did not differ 
(P > 0.05)
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signaling pathway in this paper. Besides mTOR signaling 
pathway, eIF4E phosphorylation could be regulated by 
members of the mitogen-activated protein kinase (MAPK) 
superfamily like ERK and p38 (Pyronnet 2000; Walsh 
and Mohr 2004). In this study, only the phosphorylation 
of ERK but not JNK or p38, was regulated by leucine, 
which was similar to a previous experiment showing that 
leucine regulates the phosphorylation of ERK in hepatic 
stellate cells (de Obanos et al. 2006). Inhibition of mTOR 
and PI3K attenuated leucine-mediated induction of mRNA 
expression of amino acid transporter ASCT2, but inhibi-
tion of ERK did not. Similarly, it was demonstrated that 
the PI3K/Akt/mTOR signaling pathway could regulate the 
mRNA expression of glucose and amino acid transporters 
in muscle and placenta (Yu et al. 2012; Roos et al. 2009). 
However, some studies found that the inhibition of ERK 
signaling pathway can down-regulate the target mRNA 
expression (Sun et  al. 2010). This may be related to the 
different function of ERK signaling pathway on differ-
ent target mRNA expression. Inhibition of mTOR, PI3K 
or ERK attenuated leucine-mediated induction of protein 
expression of amino acid transporter ASCT2. This indi-
cates that PI3K/Akt/mTOR and ERK signaling pathways 
play a critical role in modulating expression of amino 
acid transporters. Therefore, leucine-mediated induction 
of amino acid transport (ASCT2 and 4F2hc) was possibly 
mediated through PI3K/Akt/mTOR and ERK signaling 
pathways.

In conclusion, leucine could up-regulate the mRNA 
abundance of amino acid transporters (4F2ch and ASCT2) 
and protein expression of amino acid transporter ASCT2 in 
IPEC-J2 cells, but isoleucine or valine could not. Leucine 
possibly modulated the expression of amino acid trans-
porters through the PI3K/Akt/mTOR and ERK signaling 
pathways. These findings have important implications that 
leucine may be beneficial for regulating neutral amino acid 
transporter expression in the small intestine.

Acknowledgments  This research was supported by National Key 
Basic Research Program (2012CB124704 and 2013CB127305).

Conflict of interest  All the authors declare that they have no com-
peting interests in the present work.

References

Anthony JC, Anthony TG, Kimball SR, Vary TC, Jefferson LS (2000) 
Orally administered leucine stimulates protein synthesis in skel-
etal muscle of postabsorptive rats in association with increased 
eIF4F formation. J Nutr 130(2):139–145

Fig. 7   The mRNA abundance of amino acid transporter ASCT2 
with leucine stimulation in IPEC-J2 cells pre-treated with inhibitors 
(n =  4). Cells were pre-treated for 30 min with either 20 nM rapa-
mycin (mTOR inhibitor), 10  μM wortmannin (PI3K inhibitor), or 
10 μM PD098059 (MEK1inhibitor) prior to incubation with 7.5 mM 
leucine for 8 h and the mRNA expression of ASCT2 and 4F2hc was 
detected by real-time PCR. β-Actin was used as an internal stand-
ard to normalization. Means followed by same letter did not differ 
(P > 0.05)

Fig. 8   The protein abundance of amino acid transporter ASCT2 
with leucine stimulation in IPEC-J2 cells pre-treated with inhibitors 
(n =  4). Cells were pre-treated for 30 min with either 20 nM rapa-
mycin (mTOR inhibitor), 10  μM wortmannin (PI3K inhibitor), or 
10 μM PD098059 (MEK1inhibitor) prior to incubation with 7.5 mM 
leucine for 8  h. The protein abundance of ASCT2 was detected 
by Western Blot. Na+/K+ ATPase was used as an internal stand-
ard to normalization. Means followed by same letter did not differ 
(P > 0.05)



2641Leucine stimulates ASCT2 amino acid transporter expression

1 3

Baker DH (2009) Advances in protein–amino acid nutrition of poul-
try. Amino Acids 37(1):29–41

Bauch C, Verrey F (2002) Apical heterodimeric cystine and cati-
onic amino acid transporter expressed in MDCK cells. Am J 
Physiol Renal Physiol 283(1):F181–F189. doi:10.1152/ajpre
nal.00212.2001

Boehmer C, Henke G, Schniepp R, Palmada M, Rothstein JD, Bröer 
S, Lang F (2003) Regulation of the glutamate transporter EAAT1 
by the ubiquitin ligase Nedd4-2 and the serum and glucocorti-
coid-inducible kinase isoforms SGK1/3 and protein kinase B. J 
Neurochem 86(5):1181–1188

Bröer S (2008) Amino acid transport across mammalian intestinal and 
renal epithelia. Physiol Rev 88(1):249–286

Broer A, Klingel K, Kowalczuk S, Rasko JE, Cavanaugh J, Broer S 
(2004) Molecular cloning of mouse amino acid transport sys-
tem B0, a neutral amino acid transporter related to Hartnup 
disorder. J Biol Chem 279(23):24467–24476. doi:10.1074/jbc.
M400904200

Bröer A, Klingel K, Kowalczuk S, Rasko JE, Cavanaugh J, Bröer S 
(2004) Molecular cloning of mouse amino acid transport system 
B0, a neutral amino acid transporter related to Hartnup disorder. J 
Biol Chem 279(23):24467–24476

Cervantes-Ramirez M, Mendez-Trujillo V, Araiza-Pina BA, Barrera-
Silva MA, Gonzalez-Mendoza D, Morales-Trejo A (2013) Sup-
plemental leucine and isoleucine affect expression of cationic 
amino acid transporters and myosin, serum concentration of 
amino acids, and growth performance of pigs. Genet Mol Res 
12(1):115–126. doi:10.4238/2013.January.24.3

Chairoungdua A, Segawa H, Kim JY, Miyamoto K, Haga H, Fukui 
Y, Mizoguchi K, Ito H, Takeda E, Endou H (1999) Identifica-
tion of an amino acid transporter associated with the cystinu-
ria-related type II membrane glycoprotein. J Biol Chem 
274(41):28845–28848

Chen C, Pore N, Behrooz A, Ismail-Beigi F, Maity A (2001) Regu-
lation of glut1 mRNA by hypoxia-inducible factor-1. Interaction 
between H-ras and hypoxia. J Biol Chem 276(12):9519–9525

Coeffier M, Claeyssens S, Bensifi M, Lecleire S, Boukhettala N, 
Maurer B, Donnadieu N, Lavoinne A, Cailleux AF, Dechelotte 
P (2011) Influence of leucine on protein metabolism, phosphoki-
nase expression, and cell proliferation in human duodenum. Am J 
Clin Nutr 93(6):1255–1262. doi:10.3945/ajcn.111.013649

Costa C, Huneau J-F, Tomé D (2000) Characteristics of l-glutamine 
transport during Caco-2 cell differentiation. Bba-biomembranes 
1509(1):95–102

de Obanos MP, Zabalza MJL, Prieto J, Herraiz MT, Iraburu MJ (2006) 
Leucine stimulates procollagen α1 (I) translation on hepatic stel-
late cells through ERK and PI3K/Akt/mTOR activation. J Cell 
Physiol 209(2):580–586

Drummond MJ, Glynn EL, Fry CS, Timmerman KL, Volpi E, Ras-
mussen BB (2010) An increase in essential amino acid availabil-
ity upregulates amino acid transporter expression in human skel-
etal muscle. Am J Physiol-Endoc M 298(5):E1011–E1018

Escobar J, Frank JW, Suryawan A, Nguyen HV, Kimball SR, Jeffer-
son LS, Davis TA (2005) Physiological rise in plasma leucine 
stimulates muscle protein synthesis in neonatal pigs by enhanc-
ing translation initiation factor activation. Am J Physiol-endoc M 
288(5):E914–E921

Escobar J, Frank JW, Suryawan A, Nguyen HV, Kimball SR, Jeffer-
son LS, Davis TA (2006) Regulation of cardiac and skeletal mus-
cle protein synthesis by individual branched-chain amino acids in 
neonatal pigs. Am J Physiol-endoc M 290(4):E612–E621

Faure M, Moënnoz D, Montigon F, Mettraux C, Breuillé D, Ballèvre 
O (2005) Dietary threonine restriction specifically reduces intes-
tinal mucin synthesis in rats. J Nutr 135(3):486–491

Ferraris RP (2001) Dietary and developmental regulation of intestinal 
sugar transport. Biochem J 360(Pt 2):265–276

Ferraris RP, Diamond JM (1989) Specific regulation of intestinal 
nutrient transporters by their dietary substrates. Annu Rev Phys-
iol 51(1):125–141

Fox HL, Pham PT, Kimball SR, Jefferson LS, Lynch CJ (1998) 
Amino acid effects on translational repressor 4E-BP1 are medi-
ated primarily by l-leucine in isolated adipocytes. Am J Physiol-
Cell Ph 275(5):C1232–C1238

Gilbert ER, Li H, Emmerson DA, Webb KE Jr, Wong EA (2008) 
Dietary protein quality and feed restriction influence abundance 
of nutrient transporter mRNA in the small intestine of broiler 
chicks. J Nutr 138(2):262–271

Hara K, Yonezawa K, Weng Q-P, Kozlowski MT, Belham C, Avruch J 
(1998) Amino acid sufficiency and mTOR regulate p70 S6 kinase 
and eIF-4E BP1 through a common effector mechanism. J Biol 
Chem 273(23):14484–14494

He L, Yang H, Hou Y, Li T, Fang J, Zhou X, Yin Y, Wu L, Nyachoti M, 
Wu G (2013) Effects of dietary l-lysine intake on the intestinal 
mucosa and expression of CAT genes in weaned piglets. Amino 
Acids 45(2):1–9

Huygelen V, De Vos M, Willemen S, Tambuyzer B, Casteleyn C, 
Knapen D, Van Cruchten S, Van Ginneken C (2012) Increased 
intestinal barrier function in the small intestine of formula-fed 
neonatal piglets. J Anim Sci 90(Supplement 4):315–317
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