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uptake of basic amino acids (L-arginine, L-lysine, and L-

ornithine) is mediated by the Na?-independent system (y?,

y?L, b0,?, b?) and the Na?-dependent system (B0,?) [9,

10]. System y?, composed of CAT-1, CAT-2A, CAT-2B,

CAT-3, and CAT-4, is the principal cationic amino acid

transport system for regulating the intracellular supply of L-

Arg for NOS. With the exception of the liver, CAT-1 is

expressed almost ubiquitously and has the most pro-

nounced trans-stimulation among the CATs [11]. The two

CAT-2 variants exhibit a quite distinct pattern. CAT-2A, a

low-affinity carrier for cationic amino acids, is most

abundant in the liver and also expressed in skeletal muscle

and pancreas, whereas a significant expression of CAT-2B

is only induced under the treatment of cytokine or lipo-

polysaccharide [12, 13]. CAT-3 is abundantly expressed in

thymus, moderately expressed in testis and mammary

gland, and weakly expressed in ovary and stomach [14].

The expression of CAT-4 in the plasma membrane of

mammalian cells is not sufficient to mediate amino acid

transport [15]; however, information on whether the CAT-

4 gene in poultry can be regulated by extracellular L-Arg or

not is obscure. Moreover, the homologous rate between

CAT-1 and CAT-3 (60 %) is higher than that between

CAT-1 and CAT-4 (40 %) [11].

NO is synthesized from L-Arg by three NOS isoforms,

namely neuronal NOS (nNOS), inducible NOS (iNOS), and

endothelial NOS (eNOS). At the gastrointestinal level,

endothelial eNOS and nNOS are expressed basally at the

vascular endothelium and the enteric nervous system of the

gastrointestinal tract, respectively [16]. The inducible iso-

form of NOS (iNOS) is expressed in macrophages and

neutrophils, but with potent signals for induction, it may also

be observed in epithelial cells and neurons [17]. Previous

studies found that the expression of the NOS enzymes for the

production of NO was often coordinated with CAT-mediated

L-Arg uptake [7, 18]. It is often induced together with the

iNOS and is generally co-expressed with CAT-1 [11]. It is

not known whether L-Arg upregulation of CAT-1 is co-

ordinated with iNOS levels to modulate L-Arg uptake and

NO production for the survival of chick intestinal epithelial

cells (IEC). Thus, we used an established chick primary IEC

derived from 14-day-old chick embryo by culturing cells

with increasing L-Arg concentrations to investigate the

effects of Arg on regulation of CAT-1, CAT-4, and iNOS

expression, and L-Arg uptake and metabolism.

Materials and methods

Cell culture and preparation

Chick intestinal epithelial cell, isolated from the intestinal

crypts of the 14-day-old chick embryo by collagenase

digestion, was obtained by the previous study [19]. All

experimental procedures were approved by the Animal

Care and Use Committee of Animal Science College of

Zhejiang University (Hangzhou, Zhejiang, China). Chick

IEC (passage 2–5) were grown in uncoated plastic culture

dishes (100 mm) in Dulbecco’s modified Eagle medium

(DMEM, high glucose, Gibco-Invitrogen, Cergy Pontoise,

France) containing 2 mM Gln, 20 ng/mL epidermal

growth factor, 2 lg/mL insulin (Sigma-Aldrich, Saint

Louis, Missouri, USA), 5 % fetal bovine serum (FBS,

Gibco-Invitrogen, Cergy Pontoise, France), and 100 U/mL

penicillin–streptomycin (Jinuo Biomedical Technology Co.

Ltd., Hangzhou, China). Medium was changed every

2 days. When grown to 80–85 % confluence, cells were

trypsinized and seeded in 96-well culture plates at a density

of 1 9 104 per well and maintained at 37 �C in a 5 % CO2

incubator. After an overnight incubation, the cells were

starved for 6 h in custom-made Arg-free DMEM (Merck

Millipore Beijing Skywing, Beijing, China) and all the

following experiments were performed under this treat-

ment. The 5 % FBS in the Arg-free DMEM provided

10 lM L-Arg [5, 20]. Cells were cultured in medium

containing 10, 100, 200, 400, and 600 lM L-Arg, and the

supplemented medium was changed every 2 days. The

optimum time and L-Arg concentration for cell growth

were determined by the 3-(4,5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich,

Saint Louis, Missouri, USA) assay following the desig-

nated incubation interval (0, 2, 4, and 6 days); each group

included 8 wells.

Detection of NO production by chick IEC

After a 4-day period of culture with 10, 100, 200, and

400 lM L-Arg in 24-well plates (4 wells for each group,

2 9 104 per well), NO concentrations in cells were measured

as nitrite using an NO detection kit (Beyotime Biotechnol-

ogy, Beijing, China) according to the manufacturer’s pro-

tocol. Briefly, a standard curve was prepared with standard

nitrite solutions in lysis medium. The standard solutions or

cytolysates were reacted with nitrate reductase for 30 min in

a 96-well plate, and then Griess reagent I and Griess reagent

II were added. After a 10-min incubation at room tempera-

ture, the absorbance at 540 nm was read in a microplate

reader (Bio-tek ELX800, USA). The samples were assayed

in duplicate.

L-[3H]-Arg uptake and metabolism by chick IEC

The procedure for L-[3H]-Arg uptake and metabolism was

a modification of previous study [21, 22]. After a 4-day

period of culture with 10, 100, 200, and 400 lM L-Arg in

6-well plates (1 9 105 per well), cells were washed with
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the LiCl-Dulbecco (140 mM LiCl, 5 mM KCl, 2 mM

Na2HPO4, 1.2 mM MgSO4, 2.5 mM CaCl2, 11 mM glu-

cose, and 10 mM HEPES-Tris solution, 37 �C, pH 7.4)

three times. Then cells were incubated with L-[2,3,4,5-3H]-

Arg (L-[3H]-Arg, 1 uCi/mL, 59 Ci/mmol, Ruxu Biotech-

nology, Shanghai, China) in 2 mL LiCl-Dulbecco solution

for 15 min. To determine the nonspecific uptake of L-[3H]-

Arg, cells incubated with 1 uCi/mL L-[3H]-Arg and

10 mM nonlabeled L-Arg in 2 mL LiCl-Dulbecco solution

were placed as the control. The transport was stopped by

washing the cells three times with 2 mL ice-cold LiCl-

Dulbecco solution. After solubilization of the cells in

400 lL lysis buffer, 50 lL of cytolysates were also taken

for measurements of protein content using a BCA protein

assay kit according to the instructions of manufacturer

(Beyotime Biotechnology, Beijing, China), and 250 lL of

cytolysates were added to 15 mL scintillation fluid and

inserted into a liquid scintillation counter (Perkin Elmer,

Waltham, MA, USA). Specific L-[3H]-Arg uptake was

determined by subtracting the total L-[3H]-Arg uptake from

the nonspecific L-[3H]-Arg uptake). L-[3H]-Arg was

expressed as pmol incorporation of L-[3H]-Arg into protein

per mg protein.

The metabolism of L-[3H]-Arg to L-[3H]-ornithine and

L-[3H]-citrulline can be quantitated by measuring the

appearance of [3H] in L-ornithine and L-citrulline through

thin layer chromatography (TLC) as described by previous

study [23]. Briefly, 40 lL of the cytolysates from each L-

[3H]-Arg uptake experiment was streaked directly on a

silica gel plate, and then the plate was exposed to a mobile

phase consisting of chloroform/methanol/ammonium

hydroxide/distilled water (9:9:4:1 by volume). The distin-

guish of L-ornithine and L-citrulline was determined by

comparison with the retardation factor (Rf) values of the

standard L-ornithine and L-citrulline (0.57 for L-ornithine

and 0.75 for L-citrulline). Then the spots in TLC plates

were scraped into liquid scintillation vials containing 15 ml

scintillation fluid, and the counts were measured in the

liquid scintillation counter. The radioactivity of the solu-

tion was determined by a liquid scintillation counter.

RNA extraction and cDNA synthesis

Total RNA was isolated from the cells in each 6-well plate

(1 9 105 per well) using Trizol reagent (Invitrogen,

Carlsbad, CA) according to the manufacturer’s instruc-

tions. The RNA quality was checked by 1.5 % agarose gel

electrophoresis and it had a ratio of optical density at

260 nm: optical density at 280 nm between 1.8 and 2.0.

Reverse transcription was performed from 2 lg of total

RNA by M-MLV reverse transcriptase (Takara, Dalian,

China) at 42 �C for 60 min with oligo (dT) adaptor primer

following the protocol of the manufacturer.

Quantification of mRNA by real-time PCR analysis

Primer pairs for four of the genes have been reported

previously and are as follows: CAT-1 [24] (forward 50-AT

GTAGGTTGGGATGGAGCC-30, reverse 50-AACGAGTA

AGCCAGGAGGGT-30), CAT-4 [25] (forward 50-CTCTT

GCAGATCCCTCTGGTC-30, reverse 50-CAGATGCCGT

AGCCAAAGTAG-30), iNOS [26] (forward 50-CAGCTGA

TTGGGTGTGGAT-30, reverse 50-TTTCTTTGGCCTACG

GGTC-30), b-actin [26] (forward 50-GAGAAATTGTGCG

TGACATCA-30, reverse 50-CCTGAACCTCTCATTGCC

A-30). The abundance of mRNA was determined on a Real-

Time PCR system (ABI 7300, Applied Biosystems, Foster

City, CA). The PCR reaction used SYBR Premix PCR kit

(TaKaRa, Dalian, China) and the program was 95 �C for

10 s, followed by 40 cycles of 95 �C for 10 s, and 60 �C

for 31 s. The standard curve was determined using pooled

samples. Efficiency of the real-time PCR primers for all the

examined genes was calculated from the standard curves.

Each sample was performed in duplicate and no template

control was included. Specificity of the amplification was

verified at the end of PCR run by melting curve analysis.

Average gene expression relative to the endogenous con-

trol for each sample was calculated using the 2-DDCt

method [27]. The calibrator for each studied gene was the

average DCt value of 10 lM L-Arg group.

Western blot analysis

Cells were cultured for 4 days in the presence of either 10,

100, 200, or 400 lM L-Arg. The cells were then lysed for

30 min at 4 �C in a lysis buffer. The cell lysates were

centrifuged (10,000 g for 15 min at 4 �C). Protein con-

centration in the supernatant fluid was determined as

described above. All samples were adjusted to an equal

protein concentration (25 lg), then diluted with

5 9 loading buffer (Beyotime Biotechnology, Beijing,

China), and heated in boiling water for 5 min. Denatured

proteins were separated using SDS-polyacrylamide gel

electrophoresis (4–10 % gradient gel) and transferred to

nitrocellulose (Bio-Rad, Hercules, CA, USA) overnight at

220 mA using the Bio-Rad Transblot apparatus (Bio-Rad,

Hercules, CA, USA). Membranes were blocked in 5 % fat-

free milk in Tris–Tween-buffered saline (TTBS) for 1 h

and then incubated with the following primary antibodies

at 4 �C overnight with gentle rocking: CAT-1 (1:200

dilution), iNOS (1:400), and b-actin (1:500) (Abcam Inc.,

Cambridge, MA, USA). After washing three times with

TTBS, the membranes were incubated at room temperature

for 2 h with secondary antibodies and the membranes were

washed with TTBS, followed by development using the

ECL-Plus kit (Beyotime Biotechnology, Beijing, China).
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The images were detected on Fujifilm LAS-3000 (Tokyo,

Japan). All treatments were normalized to b-actin, and all

data were expressed as the relative values to 10 lM L-Arg

group.

Statistical analysis

Results were analyzed by one-way analysis of variance

(ANOVA) using SPSS for Windows, version 16.0 (SPSS

Inc., Chicago, IL, USA). Differences among all treatments

were separated by the Tukey test for multiple comparisons,

and probability values of less than 0.05 were considered as

significant. Results are expressed as mean ± SE.

Results

Cell growth responds to L-Arg

The growth curves of chick IEC treated with L-Arg are

illustrated in Fig. 1. On days 0 and 2, the number of cells

did not differ among the 10, 100, 200, 400, and 600 lM L-

Arg groups. On day 4, the number of cells increased with

the extracellular concentrations of L-Arg from 10 to

600 lM (P \ 0.01). On day 6, the number of cells in 100,

200, 400, and 600 lM L-Arg groups were also higher

(P \ 0.01) than those in 10 lM L-Arg group, but no sig-

nificant differences were found between 100 and 200 lM

L-Arg groups, 400 and 600 lM L-Arg groups. The number

of cells in 100, 200, 400, and 600 lM L-Arg groups

increased (P \ 0.01) on day 4 and day 6 compared with

those on days 0 and 2.

Effects of L-Arg on NO production in cells

As Fig. 2 shown, NO production was minimal in cells

cultured in the presence of 10 lM L-Arg. And increasing

extracellular L-Arg concentrations from 10 to 400 lM dose

dependently increased (P \ 0.01) the concentrations of NO

production in cells.

Effects of Arg on L-[3H]-Arg uptake and metabolism

by chick IEC

Figure 3a reveals that L-[3H]-Arg uptake by chick IEC was

significantly increased (P \ 0.01) in response to extracel-

lular concentrations of L-Arg. Increasing extracellular

concentrations of L-Arg from 10 to 400 lM dose depen-

dently increased (P \ 0.01) the conversion of L-[3H]-Arg

to L-[3H]-citrulline, and the conversion of L-[3H]-Arg to L-

[3H]-ornithine in 10 lM L-Arg group was the lowest

(P \ 0.01) among other groups, while no significant dif-

ferences were found among 100–400 lM L-Arg groups

(Fig. 3b, c).

Effects of L-Arg on CAT-1, CAT-4 and iNOS

expression in chick IEC

The mRNA abundances of CAT-1 and CAT-4 are shown in

Fig. 4a. There were no obvious changes in CAT-4 mRNA

expression in response to the extracellular concentrations

of L-Arg from 10 to 400 lM, while expression of CAT-1 in

100, 200, and 400 lM L-Arg groups were 2.12-fold

(P \ 0.01), 2.45-fold (P \ 0.01) and 3.53-fold (P \ 0.01)

higher, respectively, than that in 10 lM L-Arg group.

Similarly, relative protein level for CAT-1 in 100, 200, and

400 lM L-Arg groups were 1.36-fold (P \ 0.01), 2.02-fold

(P \ 0.01), and 2.58-fold (P \ 0.01) higher, respectively,

Fig. 1 Cell growth response to L-Arg. The growth curve of cells

cultured in Arg-free DMEM containing 10, 100, 200, 400, and

600 lM L-Arg on day 0, 2, 4, and 6. Data are expressed as

mean ± SE, n = 8

Fig. 2 Effects of L-Arg on the concentrations of NO in chick

intestinal epithelial cell. Cells were cultured in 24-well plates (4 wells

for each group, 2 9 104 per well) supplemented with Arg-free

DMEM containing 10, 100, 200, and 400 lM L-Arg for 4 days. Data

are expressed as mean ± SE, n = 8. a–d Means with different letters

differ (P \ 0.01)
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than that in 10 lM L-Arg group (Fig. 5). Extracellular

concentrations of L-Arg dose dependently upregulated

(P \ 0.01) the expression of iNOS mRNA as demonstrated

by RT-PCR analysis (Fig. 4b), expression of which in 100,

200, and 400 lM L-Arg groups were 2.34-fold (P \ 0.01),

2.98-fold (P \ 0.01), and 3.67-fold (P \ 0.01) higher,

respectively, than that in 10 lM L-Arg group. There were

no significant differences in iNOS protein abundance

between 10 and 100 lM L-Arg groups or 200 and 400 lM

L-Arg groups, while relative protein levels for iNOS in 200

and 400 lM L-Arg groups were 1.65-fold (P \ 0.01)and

1.73-fold (P \ 0.01) higher, respectively, than those in

10 lM L-Arg group (Fig. 6).

Discussion

Determining changes in cell number in a culture dish over

time is the best available method to assess cell growth and

viability [28]. By using MTT assay, we found that L-Arg

concentrations at 10–400 lM enhanced cell growth.

However, when extracellular concentrations of L-Arg in the

medium increased from 400 to 600 lM, there was no

Fig. 3 Effects of L-Arg on L-[3H]-Arg uptake and metabolism. Cells

were cultured in 6-well plates (1 9 105 per well) supplemented with

Arg-free DMEM containing 10, 100, 200, and 400 lM L-Arg for

4 days. a Total L-[3H]-Arg taken up by cells for the period of

incubation. b L-[3H]-citrulline production from extracellular L-[3H]-

Arg. c L-[3H]-ornithine production from extracellular L-[3H]-Arg.

Bars represent mean ± SE of 4 experiments made in 4 replicates.

a–c Means with different letters differ (P \ 0.01)

Fig. 4 Effects of L-Arg on mRNA abundance. Cells were cultured in

Arg-free DMEM containing 10, 100, 200, and 400 lM L-Arg for

4 days and total RNA was isolated from cells in each 6-well plate

(1 9 105 per well). a mRNA expression of amino acid transporters

(CAT-1 and CAT-4). b mRNA expression of iNOS. Data are

expressed as mean ± SE, n = 4. a–d Means with different letters

differ (P \ 0.01)

Fig. 5



further increase in cell growth (Fig. 1). Thus, we conducted

all subsequent experiments with 10–400 lM L-Arg. Cell

growth depends on the balance between protein synthesis

and degradation, and L



the most relevant with regard to quantitative transport of L-

Arg as it exhibits a high transport capacity [42], for

example, it is responsible for 70–95 % of L-Arg uptake in

endothelial cells [43, 44]. In this study, we found both

mRNA and protein abundance of CAT-1 in 100, 200, or

400 lM L-Arg groups were significant higher than that in

10 lM L-Arg group, and this was accompanied by an

increase in cell viability. This result suggested that extra-

cellular L-Arg was involved in the regulation of chick

intestinal CAT-1 transporter, which mediated L-Arg-uptake

for cell growth, because CAT-1 allows cells to resume

growth as soon as amino acids become available [45].

In conclusion, addition of 100, 200, or 400 lM L-Arg to

the culture medium stimulated the growth of chick IEC.

The effect of L-Arg on CAT-1 and iNOS levels would

potentially increase the availability of extracellular L-Arg

and the conversion of L-Arg to NO. Taken together, we

suggest that the CAT-1 isoform plays a role in L-Arg

uptake, and L-Arg-mediated elevation of NO via iNOS

promotes the growth of chick IEC.
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