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Abstract This study tested the hypothesis that L-arginine

(Arg) may stimulate cell proliferation and prevent lipo-

polysaccharide (LPS)-induced death of intestinal cells.

Intestinal porcine epithelial cells (IPEC-1) were cultured for

4 days in Arg-free Dulbecco’s modified Eagle’s-F12 Ham

medium (DMEM-F12) containing 10, 100 or 350 lM Arg

and 0 or 20 ng/ml LPS. Cell numbers, protein concentra-

tions, protein synthesis and degradation, as well as mam-

malian target of rapamycin (mTOR) and Toll-like receptor 4

(TLR4) signaling pathways were determined. Without LPS,

IPEC-1 cells exhibited time- and Arg-dependent growth

curves. LPS treatment increased cell death and reduced

protein concentrations in IPEC-1 cells. Addition of 100 and

350 lM Arg to culture medium dose-dependently attenu-

ated LPS-induced cell death and reduction of protein con-

centrations, in comparison with the basal medium

containing 10 lM Arg. Furthermore, supplementation of

100 and 350 lM Arg increased protein synthesis and

reduced protein degradation in both control and LPS-treated

IPEC-1 cells. Consistent with the data on cell growth and

protein turnover, addition of 100 or 350 lM Arg to culture

medium increased relative protein levels for phosphorylated

mTOR and phosphorylated ribosomal protein S6 kinase-1,

while reducing the relative levels of TLR4 and phosphory-

lated levels of nuclear factor-jB in LPS-treated IPEC-1

cells. These results demonstrate a protective effect of Arg

against LPS-induced enterocyte damage through mecha-

nisms involving mTOR and TLR4 signaling pathways, as

well as intracellular protein turnover.
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Abbreviations

4EBP1 4E-binding protein-1

Arg Arginine

LPS Lipopolysaccharide

BSA Bovine serum albumin

DMEM-F12 Dulbecco’s modified Eagle’s F12 Ham

medium

FBS Fetal bovine serum

IPEC-1 Intestinal porcine epithelial cells-1

mTOR Mammalian target of rapamycin

NFjB Nuclear factor-jB

S6K1 Ribosomal protein S6 kinase-1

TLR4 Toll-like receptor 4

Introduction

L-Arginine (Arg) plays an important role in intestinal

physiology (Rhoads and Wu 2009). Arg has been studied
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as a component of an oral rehydration solution to enhance

intestinal absorption and villous recovery after injury, and

has been shown to be effective in a number of gut injury

models (MacKay and Miller 2003; Sukhotnik et al. 2005;

Wang et al. 2009). There is evidence showing the promise

of Arg as a prophylaxis against necrotizing enterocolitis in

premature infants (Amin et al. 2002). Additionally, dietary

supplementation of Arg exerts beneficial effects in alleviating

gut mucosal injury of LPS-challenged pigs and that the

protective effects are associated with decreased expression of

intestinal pro-inflammatory cytokines through activating

PPARc expression (Liu et al. 2008a, b).

Arg exerts its protective action on cells through both

nitric oxide (NO)-dependent and NO-independent effects

(Gualano et al. 2008; Montanez et al. 2008; Suenaga et al.

2008). Arg is the physiological nitrogenous substrate

for NO production (Anggard 1994; Wu et al. 2009) and

dietary L-Arg supplementation may contribute to the

repair of damaged cells and tissues through NO- and

polyamine-mediated mechanisms (Tan et al. 2009a; Wu

and Meininger 2000). Polyamines (putrescine, spermine

and spermidine) are required for growth, differentiation

and function of cells, including intestinal mucosal cells

(Flynn et al. 2009; Mitchell et al. 1994). Notably, recent

studies have demonstrated that Arg stimulates intestinal

cell migration and ex vivo intestinal protein synthesis,

while enhancing mammalian target of rapamycin (mTOR)

activity (Corl et al. 2008; Rhoads et al. 2004) and gaseous

signaling (Li et al. 2009). Currently, precise mechanisms

responsible for cytoprotective effects of Arg are largely

unknown.

We hypothesized that activation of the mTOR pathway

and inhibition of oxidative stress may play an important

role in protecting intestinal cell death. The present study

was designed to test this hypothesis using a model of LPS-

induced death of intestinal porcine epithelial cells-1 (IPEC-1;

Haynes et al. 2009).

Materials and methods

Reagents

Dulbecco’s modified Eagle’s F12 Ham medium (DMEM-

F12), fetal bovine serum (FBS), and antibiotics were

procured from Invitrogen (Grand Island, NY, USA). Epi-

dermal growth factor was obtained from BD Biosciences

(Bedford, MA, USA), and plastic culture plates were

manufactured by Corning Inc. (Corning, NY, USA). Unless

indicated, all other chemicals were purchased from Sigma-

Aldrich (St. Louis, MO, USA).

Cell culture

IPEC-1 cells were grown in serial passage in uncoated plastic

culture flasks (100 mm2) in DMEM-F12 containing 17.5 mM

D-glucose, 2 mM Gln, 0.7 mM arginine, 15 mM HEPES (pH

7.4), 5% FBS, insulin (5 lg/ml), transferrin (5 lg/ml), sele-

nium (5 ng/ml), epidermal growth factor (5 lg/L), penicillin

(50 lg/ml), streptomycin (4 lg/ml), and 0.25 lg/ml ampho-

tericin B (fungizone�). Medium was changed every 2 days.

At confluence, cells were trypsinized and seeded in 24-well

cell culture plates with approximately 2 9 104 cells per well

and maintained at 37�C in a 5% CO2 incubator. After an

overnight incubation, the cells were starved for 6 h in

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

provided 10 lM Arg. The cells were cultured in medium

containing 10, 100, 350, or 500 lM Arg. The medium was

changed every 2 days. The optimum time and Arg dose for

cell growth were determined on the basis of cell numbers after

0, 2, 4 and 6 days incubation.

Determination of cell growth and protein

concentrations

To determine effects of Arg on LPS-induced IPEC-1 cell

death, cells were seeded in 24-well cell culture plates with

approximately 2 9 104 cells per well for cell counting and

50 9 104 cells were seeded in 10-cm dishes for determination

of protein concentrations. After an overnight incubation, the

cells were starved 6 h in 0.5 ml of Arg-free DMEM. The cells

were then incubated in 0.5 ml of medium containing 10, 100 or

350 lM Arg and 0 or 20 ng/ml LPS. The media were changed

every 2 days. After a 4-day period of incubation, cells in

24-well cell culture plates were gently washed with calcium-

containing Dulbecco’s phosphate buffered saline and viable

cells were counted using a counting chamber (Dekaney et al.

2008). Cells were collected, nap-frozen in liquid nitrogen, and

stored at -80�C for protein assays and Western blot analysis.

Determination of protein synthesis and degradation

IPEC-1 cells (10 9 104) were seeded in 6-well cell culture

plates with 2 ml of DMEM-F12 medium containing

17.5 mM D-glucose, 2 mM Gln, 0.7 mM arginine, 15 mM

HEPES (pH 7.4), 5% FBS, insulin (5 lg/ml), transferrin

(5 lg/ml), selenium (5 ng/ml), epidermal growth factor

(5 lg/L), penicillin (50 lg/ml), streptomycin (4 lg/ml),

and 0.25 lg/ml amphotericin B (fungizone�). After over-

night culture, the cells were starved 6 h in 2 ml Arg-free

DMEM and then used for studies of intracellular protein

turnover (protein synthesis and degradation). There were

eight replicate sets of wells per Arg dose.
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For determining protein synthesis, after a 4-day period

of culture in Arg-free DMEM containing 10, 100 or

350 lM Arg and 0 or 20 ng/ml LPS, the medium was

removed and the cells were washed once with 2 ml of Arg-

free medium. Then, cells were cultured for 3 h in 2 ml

DMEM containing 1 mM L-phenylalanine plus 0.8 lCi

L-[ring-2,4-3H]phenylalanine (American Radiolabeled

Chemicals), 10, 100, or 350 lM Arg, and 0 or 20 ng/ml

LPS. At the end of a 3-h culture period, the medium was

collected and cells were rapidly washed three times with

2 ml ice-cold PBS. The cell pellet was mixed with 2 ml of

2% trichloroacetic acid (TCA) (Wu and Thompson 1990).

Cells in each well were scraped and then the whole solution

was collected into a 15-ml tube and centrifuged at 3,000g

for 5 min. The supernatant fluid was discarded. The cell

pellet was washed three times with 5 ml of 2% TCA and

dried in air at 37�C. After the pellet was dissolved in 0.5 ml

of 1 M NaOH, 0.4 ml of the solution was transferred to a

20-ml scintillation vial containing 15 ml of Hionic Fluor

Scintillation cocktail (PerkinElmer, MA, USA). The 3H

radioactivity was determined by a liquid scintillation

counter after overnight standing at room temperature.

Specific activity of 3H-phenylalanine in medium was used

to calculate rate of protein synthesis in cells.

For determining protein degradation, IPEC-1 cells were

cultured for 3 days in 2 ml of Arg-free DMEM containing

10, 100 or 350 lM Arg and 0 or 20 ng/ml LPS. Beginning

on day 4, cells were cultured for 24 h in 2 ml of Arg-

free DMEM containing 0.1 mM L-phenylalanine plus

L-[3H]phenylalanine (0.8 lCi/well) and 10, 100 or 350 lM

Arg plus 0 or 20 ng/ml LPS. After the 24-h culture to label

cellular proteins, cells were washed three times with 2 ml

Arg-free medium containing 1 mM L-phenylalanine to

deplete intracellular free [3H]phenylalanine (Wu and

Thompson 1990). The cells were then cultured for 3 h in

2 ml DMEM containing 1 mM L-phenylalanine and 10, 100,

or 350 lM Arg plus 0 or 20 ng/ml LPS. At the end of a 3-h

culture period, the medium was collected, the cells were

rapidly washed three times with 2 ml ice-cold PBS, and 2 ml

of 2% TCA was added to each well. The whole TCA extract

was collected into a 15-ml tube and centrifuged at 3,000g for

5 min. The supernatant fluid was removed and the pellet was

washed three times with 5 ml of 2% TCA and dried in air at

37�C. After the pellet was dissolved in 0.5 ml of 1 M NaOH,

0.4 ml of the solution was transferred to a 20-ml scintillation

vial containing 15 ml Hionic Fluor Scintillation cocktail for
3H measurement.

For determining [3H]phenylalanine released from pre-

labeled proteins into culture medium, the collected medium

was centrifuged at 3,000g for 2 min to remove any dead

cells. An aliquot (1 ml) of the supernatant fluid was

transferred to a 15-ml tube containing 2 ml of 2% TCA.

After the tubes were centrifuged at 3,000g for 5 min, all the

supernatant fluid was transferred to a 20-ml Scintillation

vial containing 15 ml Hionic Fluor Scintillation cocktail

for 3H measurement. The percentage of protein-bound

[3H]phenylalanine released into culture medium (namely

[3H]phenylalanine in medium/[3H]phenylalanine in cell

proteins 9 100) was calculated to indicate protein degra-

dation in IPEC-1 cells.

Western blot analysis

Frozen cell samples were homogenized in seven volumes of

buffer [20 mM HEPES, pH 7.4, 2 mM EGTA, 50 mM NaF,

100 mM KCl, 0.2 mM EDTA, 50 mM b-glycerophosphate,

1 mM dithiothreitol (DTT), 0.1 mM phenylmethylsulfonyl

fluoride (PMSF), 1 mM benzamidine and 0.5 mM sodium

vanadate] with a Polytron homogenizer and centrifuged at

10,000g for 10 min at 4�C, as described by Li et al. (2008).

Protein concentrations of cell homogenates were measured

using the BCA method and bovine serum albumin as stan-

dard. All samples were adjusted to an equal concentration.

The supernatant fluid (containing cell proteins) were then

diluted with 2 9 sodiumdodecyl sulfate (SDS) sample

buffer (0.63 ml of 0.5 M Tris–HCl pH 6.8, 0.42 ml 75%

glycerol, 0.125 g SDS, 0.25 ml b-mercaptoethanol, 0.2 ml

0.05% solution of bromphenol blue and 1 ml water to a final

volume of 2.5 ml) and heated in boiling water for 5 min.

After the solution was cooled on ice, it was used for Western

blot analysis. Aliquots of samples were loaded onto SDS-

polyacrylamide gels. After separation on 4–12% gels, pro-

teins were transferred to a nitrocellulose membrane (Bio-

Rad, Hercules, CA, USA) under 12 V overnight, using the

Bio-Rad Transblot apparatus (Hercules, CA, USA). Mem-

branes were blocked in 5% fat-free dry milk in Tris–Tween

buffered saline (TTBS; 20 mM Tris/150 mM NaCl, pH 7.5,

and 0.1% Tween-20) for 3 h and then were incubated with

the following primary antibodies overnight at 4�C with

gentle rocking: mTOR (cell signaling, 1:1,000), phosphor-

ylated mTOR (Ser2448) (cell signaling, 1:1,000), 4EBP1

(cell signaling, 1:1,000), phosphorylated 4EBP1 (Ser65)

(cell signaling, 1:1,000), S6K1 (cell signaling, 1:1,000),

phosphorylated S6K1 (Thr389) (cell signaling, 1:1,000),

TLR4 (Abcam, 1:1,000), NFjB (cell signaling, 1:1,000),

phosphorylated NFjB (Ser536) (cell signaling, 1:1,000) or

b-actin (cell signaling, 1:1,000). After washing three times

with TTBS, the membranes were incubated at room tem-

perature for 3 h with secondary antibodies at 1:50,000

(horseradish peroxidase-conjugated goat anti-rabbit IgG,

cell signaling or peroxidase-labeled rabbit anti-goat IgG,

Kirkegaard & Perry Lab). Finally, the membranes were

washed with TTBS, followed by development using Su-

persignal West Dura Extended Duration Substrate according

to the manufacturer’s instructions (Pierce, Rockford, IL,

USA). The signals were detected on Fujifilm LAS-3000
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(Tokyo, Japan). All protein measurements were normalized

to b-actin and all data were expressed as the relative values to

those of LPS-treated IPEC-1 cells cultured with 10 lM Arg.

Statistical analysis

Results are expressed as mean ± SEM. The statistical

analysis was performed by one-way or two-way ANOVA

using SPSS 13.0 (SPSS Inc., Chicago, IL, USA). P values

B0.05 were taken to indicate significance.

Results

Cell growth

The growth curves of IPEC-1 cells not treated with LPS

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

IPEC-1 cells did not differ among the 10, 100, 350 and

500 lM Arg groups. On day 4, cell numbers were increased

(P \ 0.001) with increasing Arg concentrations from 10 to

500 lM. The numbers of IPEC-1 cells in 100, 350 and

500 lM Arg groups were 457, 678 and 818% higher

(P \ 0.001) than those in the 10 lM Arg group, respec-

tively. On day 6, the number of IPEC-1 cells in 100, 350 and

500 lM Arg groups were also higher (P \ 0.001) than

those in the 10 lM Arg group, but there was no difference

between the 350 and 500 lM Arg groups. The numbers of

IPEC-1 cells in 100, 350 and 500 lM Arg groups, but not in

the 10 lM Arg group, increased (P \ 0.001) on days 4 and

6, compared with those on days 0 and 2.

Effects of Arg on cell numbers and protein

concentrations of normal and LPS-treated IPEC-1 cells

IPEC-1 cells cultured with 20 ng/ml LPS exhibited lower

(P \ 0.05) survival rate (Fig. 2A) and lower (P \ 0.05)

protein concentrations (Fig. 2B), compared with cells cul-

tured without LPS, regardless of Arg concentrations in

culture medium. The numbers of LPS-treated IPEC-1 cells

(Fig. 2A) in 10, 100 and 350 lM Arg groups are 83.3, 21.8

and 14.2% lower (P \ 0.05), respectively, than those of

IPEC-1 cells not treated with LPS. The IPEC-1 cell protein

concentrations (Fig. 2B) in 10, 100 and 350 lM Arg

groups are 25.5, 11.8 and 14.4% lower (P \ 0.05),

respectively, than those of IPEC-1 cells not treated with

LPS. Clearly, addition of 100 and 350 lM Arg to culture

medium reduced (P \ 0.05) LPS-induced cell death and

increased (P \ 0.05) protein concentrations in cells, com-

pared with the 10 lM Arg group (Fig. 2B).

Effects of Arg on protein synthesis and degradation

in normal- and LPS-treated IPEC-1 cells

Addition of 100 and 350 lM Arg to culture medium

increased (P \ 0.001) protein synthesis (Fig. 3A) and

reduced (P \ 0.001) protein degradation (Fig. 3B) in both

normal- and LPS-treated IPEC-1 cells. For IPEC-1 cells

not treated with LPS, protein synthesis was 96.1 and

97.3% higher (P \ 0.001) and protein degradation was

45.1 and 54.7% lower (P \ 0.001) in 100 and 350 lM

Arg treatments than in the 10 lM Arg group. Supple-

menting 100 and 350 lM Arg to the culture medium

attenuated (P \ 0.001) the adverse effects of LPS on

inhibition of protein synthesis and activation of protein

degradation.

Effects of Arg on mTOR and TLR4 expression

in LPS-treated IPEC-1 cells

Relative protein levels for total mTOR, phosphorylated

mTOR, 4EBP1, phosphorylated 4EBP1, S6K1 and phos-

phorylated S6K1 in IPEC-1 cells are illustrated in Fig. 4.

Compared with the 10 lM Arg group, addition of 100 and

350 lM Arg to culture medium increased (P \ 0.01)

protein levels for phosphorylated mTOR by 75 and 202%,

respectively, in LPS-treated IPEC-1 cells. Likewise,

addition of 100 and 350 lM Arg to culture medium

increased (P \ 0.01) protein levels for phosphorylated

S6K1 by 89 and 200.6% in LPS-treated cells, respec-

tively. Arginine (100 and 350 lM) had no effect on

protein levels for total mTOR, 4EBP1 and S6K1 in LPS-

treated IPEC-1 cells but increased the levels of phos-

phorylated mTOR (P \ 0.01) and phosphorylated 4EBP1

(P \ 0.05) in these cells.
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Arginine at 100 and 350 lM reduced (P \ 0.01) total

TLR4 levels in LPS-treated IPEC-1 cells, compared with

the control (10 lM Arg) (Fig. 5). The Arg treatment (100

and 350 lM) did not affect total NFjB levels but mark-

edly reduced (P \ 0.01) the levels of phosphorylated

NFjB in LPS-treated cells (Fig. 5). Representative wes-

tern blots for all the measured proteins are illustrated in

Fig. 6.

Discussion

LPS, a major component of the outer membrane of Gram

negative bacteria, has been used to mimic the immuno-

logical stress in pigs characterized by symptoms of acute

bacterial infection including anorexia, hypersomnia and

fever (Liu et al. 2008a). In the current study, we observed

the protective effects of Arg on intestinal cells using a cell
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of normal and LPS (20 ng/ml)-

treated IPEC-1 cells. Cells were
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DMEM containing 10, 100 or

350 lM arginine and 0 or

20 ng/ml LPS. Data are

expressed as means ± SEM,
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damage model induced by LPS and found that addition of

Arg to culture medium stimulated protein synthesis but

reduced protein degradation in LPS-treated IPEC cells

(Fig. 3). To our knowledge, this is the first report of the

regulation of intracellular protein turnover by Arg in ani-

mal cells.

Cell growth depends on the balance between protein

synthesis and degradation (Wu 2009). Our results indicate

that the mechanisms responsible for the stimulatory effect

of Arg on protein accretion in IPEC-1 cells involve

activation of cell signaling pathways that regulate the

machinery of intracellular protein turnover. Similarly, Arg

increases net protein synthesis in skeletal muscle of young

pigs (Kim and Wu 2009; Yao et al. 2008), finishing pigs

(Tan et al. 2009b), and adult rats (Jobgen et al. 2009a). This

effect of Arg can result from the activation of mTOR

signaling (increased phosphorylation of mTOR, S6K1 and

4EBP1) (Fig. 4), a master regulator of both protein syn-

thesis and autophage-mediated proteolysis (Phang et al.

2008; Suryawan et al. 2009).

Two key downstream targets of mTOR are p70s6k and

4EBP1 (Liao et al. 2008). Growing evidence shows that

Arg can activate mTOR and other kinase-mediated sig-

naling pathways in intestinal epithelial cells (Ban et al.

2004; Rhoads et al. 2007). For example, Arg enhanced cell

migration and activated p70(s6k) in porcine enterocytes

(Rhoads et al. 2007). Additionally, in severe piglet rota-

virus enteritis, in vitro jejunal protein synthetic rate

increased twofold, concomitant with a fourfold increase in

jejunal p70(s6k) phosphorylation and elevation of total

p70(s6k) protein levels (Rhoads et al. 2007). Consistent

with these reports, our results indicate that Arg supple-

mentation to culture medium can activate the mTOR

signaling pathway partly through S6K1 and 4EBP1 phos-

phorylation in LPS-treated IPEC cells.

There is evidence suggesting that mTOR has a role of

‘‘speed breaker’’ in suppressing NFjB activation (Mendes

Sdos et al. 2009). IjB kinase b (IKKb), a key activator of

the proinflammatory NFjB signaling pathway (Lee et al.

2007), phosphorylates and destabilizes Tuberous Sclerosis
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Complex 1 (TSC1), thus activating the mTOR complex 1

(mTORC1) in response to inflammatory cytokines (Dan

et al. 2008). On the contrary, the mTOR inhibitor, rapa-

mycin, promotes the LPS-induced transcriptional activity

of NFjB (Mendes Sdos et al. 2009). LPS binds its specific

receptor TLR4 on the plasma membrane, which triggers the

MyD88-dependent and independent pathways, resulting in

activation of NFjB and apoptosis (Austenaa et al. 2008;

Gribar et al. 2008; Lu et al. 2008). Many stimuli activate

NFjB, trigger the translocation of NFjB from the cytosol

to the nucleus where NFjB binds its consensus sequence

on the promoter–enhancer region of different genes and

regulates the transcription of specific genes (Steinle et al.

1999).

LPS-induced NFjB nuclear translocation interferes with

the DNA binding activity of NFjB and attenuates cell

damage (Zhang et al. 2006). Interestingly, Arg supple-

mentation to culture medium-reduced TLR4 expression

and phosphorylated NFjB levels in LPS-treated IPEC-1

cells (Fig. 6). These results indicate that Arg possesses a

cytoprotective effect on LPS-induced IPEC-1 cells by

inhibiting NFjB activation. Likewise, dietary supplemen-

tation with arginine attenuates oxidative stress in liver

(Jobgen et al. 2009a), skeletal muscle (Ma et al. 2009) and

adipose tissue (Jobgen et al. 2009b). These findings help

elucidate the mechanisms responsible for the beneficial

effect of Arg in treating inflammatory bowel disease and

intestinal dysfunction, which are significant problems in

preterm infants (Amin et al. 2002) and low-birth-weight

neonates (Wang et al. 2008).

In summary, addition of 100 or 350 lM Arg (physio-

logical concentrations in plasma) to culture medium con-

fers a cytoprotective effect on LPS-treated enterocytes.

This action of Arg involves increased protein synthesis and

reduced protein degradation, as well as mTOR and TLR4

signaling pathways. Results from these in vitro studies
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Fig. 5 Relative protein levels

for TLR4 (A), NFjB (B) and

phosphorylated NFjB (C) in

IPEC-1 cells. Cells were

cultured for 96 h in Arg-free

DMEM containing 10, 100 or

350 lM arginine and 20 ng/ml

LPS. Data are expressed as

means ± SEM, n = 4. a, b
Means sharing different letters

differ (P \ 0.01)

L-Arginine stimulates proliferation and prevents endotoxin-induced death of intestinal cells 1233

123



have important implications for the use of Arg in the

clinical management of endotoxin-infected infants and the

rearing of neonatal pigs.
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