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Dietary L-arginine supplementation
alleviates liver injury caused by Escherichia
coli LPS in weaned pigs

Quan Li1, Yulan Liu1,2, Zhengquan Che1, Huiling Zhu1,
Guoquan Meng1, Yongqing Hou1, Bingying Ding, Yulong Yin1,2

and Feng Chen1

Abstract

This study was conducted to evaluate whether dietary supplementation with L-arginine (Arg) could attenuate Escherichia

coli LPS-induced liver injury through the TLR4 signaling pathway in weaned pigs. Eighteen weaned pigs were allotted to

three treatments: non-challenged control, LPS challenged control and LPS + 0.5% Arg. On d 18, pigs were injected with

LPS at 100 mg/kg of body weight (BW) or sterile saline. Blood samples were obtained at 4 h post-injection. Pigs were then

sacrificed for the collection of liver samples. Arg supplementation (0.5%) alleviated liver morphological impairment,

including hepatocyte caryolysis, karyopycnosis and fibroblast proliferation induced by LPS challenge; it mitigated the

increase of serum aspartate aminotransferase and alkaline phosphatase activities induced by LPS (P< 0.05); it prevented

the increase of hepatic TNF-a, malondialdehyde contents and mast cell number induced by LPS administration (P< 0.05);

and it attenuated the elevation of hepatic NF-�B and TLR4-positive cell percentages (P< 0.05). These results indicate

that Arg supplementation has beneficial effects in attenuating hepatic morphological and functional injury induced by LPS

challenge in piglets. Additionally, it is possible that the protective effects of Arg on the liver are associated with a

decreased release of liver pro-inflammatory cytokines and free radicals through inhibiting TLR4 signaling.
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Introduction

Commercially-reared food animals encounter serial
pathogenic and nonpathogenic immunological
challenges throughout production.1 In particular,
weaned piglets (approximately 3–5 wks of age) are
susceptible to immunological challenge as a result of
their less mature immune and digestive systems.2 The
stress response is indicated by growth retardance,
decreased growth rate of lean tissue and quantitative
changes in nutritional requirements.3,4 Immunological
challenge involves the release of a variety of
pro-inflammatory cytokines, such as TNF-a, IL-1b
and IL-6.3,4 Over-release of these pro-inflammatory
cytokines has an adverse effect on growth and feed
efficiency. In addition, overproduction of pro-
inflammatory cytokines can result in the injury of tis-
sues. As the most important metabolic organ, the
main detoxification site and the primary defense bar-
rier, the liver is liable to be injured by immunological
challenge.5,6

Traditionally, arginine (Arg) is thought of as a nutri-
tionally non-essential amino acid.7 However, in the last
two decades, increasing evidence has shown that Arg
plays an important role in various physiological and
biological processes.8,9 Of particular interest, Arg is
the substrate for the synthesis of NO, a key mediator
of various physiological functions,9 the immune
response10 and neurological function.11 Arg is known
to exist in a number of animal cells, including hepato-
cytes and Kupffer cells.12 Hepatocytes take up large
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amounts of Arg from the hepatic urea cycle and liver
failure is associated with high plasma Arg level.13

Research has shown that Arg exerted a protective
effect in many liver injury models, such as hepatic ische-
mia reperfusion injury in pigs,14 and acute cholestasis-
induced liver damage in rats.15 In addition, Arg supple-
mentation may be beneficial in offering protection to
mice following methicillin-resistant Staphylococcus
aureus challenge.16 Wilcken et al.13 reported that most
studies in animal model have provided evidence for
beneficial effects of oral L-Arg supplementation.
However, results from human studies have shown nei-
ther beneficial nor adverse effects. The reason for the
discrepancy may be that L-Arg supplementation may
increase the level of asymmetric dimethylarginine,
which inhibits the activity of NO synthase (NOS) and
then down-regulates the production of NO.13 Until
now, little research has been conducted to investigate
these effects in weaned piglets subjected to immuno-
logical challenge.

TLRs play a central role in the activation of the
innate system as a result of the recognition of bacterial
pathogen-associated molecular patterns. Of them,
TLR4, the receptor of LPS, is a major player and
triggers the activation of different intracellular signaling
cascades, such as activation of NF-kB and the produc-
tion of reactive oxygen species (ROS).17 Activated
NF-kB stimulates the synthesis of pro-inflammatory
cytokines, including TNF-a, IL-1b and IL-6.17 Con-
sequently, ROS and pro-inflammatory cytokines are
involved in the activation of host defense mechanisms
and tissue injury.17

In our current experiment, Escherichia coli LPS was
administered as an inflammatory agent to establish the
model of liver injury following the model of Masaki
et al.5 Our objective was to evaluate whether dietary
supplementation with L-Arg could attenuate LPS-
induced liver injury through TLR4 signaling pathway
in weaned pigs.

Materials and methods

Experimental animals and design

The animal protocol for this research was approved by
the Animal Care andUse Committee of Hubei Province,
China. Eighteen crossbred pigs (Duroc�Large
White�Landrace), weaned at 21� 1 d of age
(7.50� 0.92 kg), were balanced for initial body mass
(BM) and ancestry across three treatment groups.
Each pig was individually housed in a 1.80� 1.10m
pen with six replicate pens per treatment. Pigs were
allowed access to food and water ad libitum. The basal
diet (Table 1) was formulated according to National
Research Council (NRC)18 requirements for all nutri-
ents. Crude protein, calcium and phosphorus of the

basal diet were analyzed according to the procedures
of the Association of Official Analytical Chemists.19

The digestible energy of the basal diet was calculated
according to the digestible energy content of different
ingredients and their ratios. The room temperature
was maintained at 25–27�C. Lighting was natural.

Treatments included: (1) non-challenged control
(CONTR)—pigs were fed a control diet and injected
intraperitoneally with 0.9% sterile saline; (2) LPS-
challenged control (LPS) —pigs were fed with the
same control diet and challenged by intraperitioneal
injection with E. coli LPS (E. coli serotype 055: B5;
purity >99%; Sigma Chemical Inc., St Louis, MO,
USA); (3) LPS+0.5% Arg treatment—pigs were fed
with a 0.5% Arg (L-Arg; purity >99%; Ajinomoto,
Tokyo, Japan) diet and challenged with LPS. The
dose of Arg was chosen according to our previous

Table 1. Ingredient composition of the basal diet (as-fed basis).

Item %

Ingredient

Maize 56.45

Soy bean meal (CP, 44%) 22.00

Wheat middling 6.00

Fish meal 6.00

Soybean oil 1.20

Milk replacer 4.00

Alaninea 1.02

Limestone 0.65

Dicalcium phosphate 1.00

NaCl 0.31

L-Lysine. HCl (78.8% lysine) 0.32

Butylated hydroquinone 0.05

Vitamin and mineral premixb 1.00

Nutrient composition

Digestible energyc (MJ/kg) 13.60

Crude proteind 20.00

Calciumd 0.80

Total phosphorusd 0.70

Total lysinec 1.28

Total methionine + cysteinec 0.65

aIn the 0.5% Arg diet, 1.02% alanine was replaced by 0.5% Arg and 0.52%

cornstarch. The basal and 0.5% Arg diets were isonitrogenous.
bProvided the following amounts of vitamins and trace minerals per kilo-

gram of complete diet: retinol acetate, 2700mg; cholecalciferol, 62.5 mg;

dl-a-tocopheryl acetate, 20 mg; menadione, 3 mg; vitamin B12, 18 mg; ribo-

flavin, 4 mg; niacin, 40 mg; pantothenic acid, 15 mg; choline chloride,

400 mg; folic acid, 700 mg; thiamin,1.5 mg; pyridoxine, 3 mg; biotin,

100mg; Zn, 80 mg (ZnSO4�7H2O); Mn, 20 mg (MnSO4�5H2O); Fe, 83 mg

(FeSO4�H2O); Cu, 25 mg (CuSO4�5H2O); I, 0.48 mg (KI); Se, 0.36 mg

(Na2SeO3�5H2O).
cCalculated.
dAnalyzed.

CP: crude protein.
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studies.10,20 In the morning of d 18, pigs were injected
intraperioneally with either 100 mg/kg body mass of
LPS or the same amount of 0.9% (wt/vol) NaCl solu-
tion. The LPS was dissolved in 0.9% sterile saline
(500mg LPS/l saline). The dose of LPS was chosen
according to our previous studies.20,21

Blood and tissue sample collections

At 4 h post-challenge, blood samples were collected into
10-ml uncoated vacuum tubes (Becton Dickinson
Vacutainer System, Franklin Lakes, NJ, USA) and
centrifuged (3500 g for 10min) to separate serum.
Sera were stored at �80�C until analysis. Following
blood sample collection, all pigs were humanely killed
by intravenous injection of sodium pentobarbital
(40mg/kg BM). A midline laparotomy was performed.
The abdomen was dissected and the liver was obtained
with the cholecyst removal. The 0.5 cm3 segments
removed from the liver and flushed with ice-cold PBS
(pH 7.4). One fragment of these samples was fixed in
fresh 4% paraformaldehyde/PBS and embedded in par-
affin; the remaining portions were immediately frozen
in liquid nitrogen and then stored at �80�C for further
analysis.

The liver samples were fixed for 72 h, dehydrated
with gradient concentration of alcohols (70–100%),
cleared with xylene and embedded in paraffin.
Cross-sections of segments approximately 5-mm thick
with a microtome (American Optical Co., Scientific
Instrument Div., Buffalo, NY, USA) for liver morph-
ology, Kupffer cell and mast cell counting, and immu-
nohistochemistry analysis.

The frozen liver samples were weighted and
homogenized in ice-cold PBS-EDTA(0.05M Na3PO4,
2.0M NaCl, 2� 10�3 M EDTA, pH 7.4) with a ratio
at 1 : 10 (wt/vol) and then centrifuged at 900 g for
10min at 4�C. Protein concentration of liver homogen-
ates was measured by the method of Lowry22 using a
detergent-compatible protein assay (Bio-Rad
Laboratories, Hercules, CA, USA) and BSA as
standards.

Liver morphology, and Kupffer cell and mast cell
counting

Tissue slides (5 mm) for liver morphology were
deparaffinized and stained with hematoxylin and eosin
(HE). The method of HE was according to Liu et al.20

The resulting slides were arranged in a random
sequence and were examined blindly using a light
microscope with a computer-assisted morphometric
system (BioScan Optimetric, BioScan Inc., Edmonds,
WA, USA) by a pathologist for hepatic injury.

Tissue slides (5mm) for Kupffer cells counting were
deparaffinized and stained with HE and Perls’ Prussian
blue according to Tan et al. 23 Tissue slides for mast cell

counting were deparaffinized and stained with toluidine
blue according to Mangia et al.24 In each section, 10
fields were examined using a light microscope with a
computer-assisted morphometric system. The number
of mast cells or Kupffer cells was counted. The percent-
ages of mast cells or Kupffer cells were calculated as the
ratio of the number of mast cells or Kupffer cells to the
total number of cells.

Measurement of serum enzyme activity

The activity of alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), alkaline phosphatase
(AKP) and lactate dehydrogenase (LDH) were mea-
sured by colorimetric method using commercial kits
(Nanjing Jiancheng Biological Product, Nanjing,
China) according to the manufacturer’s recommenda-
tions. The activity of glutamyl transpeptidase (GGT)
was measured by enzymatic rate method using a com-
mercial kit (Shanghai Fenghui Medical Technology
Company, Shanghai, China).

Measurement of TNF-�

The TNF-a level of liver homogenates was assayed
using a commercially-available porcine ELISA kit
(R&D Systems, Inc., Minneapolis, MN, USA). The
minimum detectable dose was 3.7 ng/l. The intra- and
inter-assay coefficients of variance (CVs) were 4.9%
and 8.9% respectively. The TNF-a level in liver hom-
ogenates was expressed as pg/mg protein.

Liver antioxidant enzymes, malondialdehyde,
reduced glutathione and oxidized glutathione

The lipid peroxidation product malondialdehyde
(MDA) of liver homogenates was measured by the
thiobarbituric acid reaction.25 Superoxide dismutase
(SOD) activity was evaluated by inhibition of nitroblue
tetrazolium reduction by superoxide anion generated
by the xanthine/xanthine oxidase system.25 Reduced
glutathione (GSH) and oxidized glutathione (GSSG)
were detected by 5,5’-dithio bis-(2-nitrobenzoic acid)
reaction.26 Catalase (CAT) activity was determined by
visible spectrophotometry;26 glutathione peroxidase
(GSH-px) activity was determined by colorimetric
method;26 MDA, SOD, GSH, GSSG, CAT and
GSH-px were determined by commercially-available
kits (Nanjing Jiancheng Biological Product) according
to the manufacturer’s recommendations.

Immunohistochemical staining for detection of iNOS,
TLR4, and NF-�B

Tissue slides (5mm) were deparaffinized, rehydrated and
hydrated to buffer (PBS, pH 7.4). The slides were trea-
ted with 3% H2O2 in distilled water for 10min to
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quench endogenous peroxidase activity and heated up
in 10mM citrate buffer (pH 6.0) to retrieve antigen.
After washing, the slides were blocked for 30min at
room temperature (25�C) with 5% BSA in PBS and

exposed to the primary Abs overnight (12 h) at 4�C
[rabbit polyclonal Abs to inducible NOS (iNOS)
(1 : 50; #610333, Transduction Laboratories,
Lexington, KY, USA), to TLR4 (1 : 100; sc-10741,
Santa Cruz Biotechnology, CA, USA) or to NF-kB
p65 (1 : 50; #3034, Cell Signaling, Danvers, MA,
USA)]. Following the primary Ab incubation, slides
were incubated for 30min at room temperature in goat
anti-rabbit (dilution 1 : 100, Boter Biotech, Wuhan,
China) and then incubated with avidin-biotinylated
peroxidase complex for 20min. The reaction was
visualized by 3,3’-diaminobenzidine substrate (Dako
Laboratories, Carpinteria, CA, USA) staining and
then stopped in distilled water and counterstained with
hematoxylin for 25 s. Negative control sections were not
treated with primary Ab. For each slide, the number of
cells that had positive results for staining with iNOS,
TLR4 or NF-kB was counted in at least 10 fields. The
percentages of iNOS, TLR4 or NF-kB-positive cells
were calculated as the ratio of the number of cells that
had positive staining for iNOS, TLR4 or NF-kB to the
total number of cells.

Statistical analysis

All data were analyzed by ANOVA using the general
linear model procedures of SAS (SAS Inc., Cary, NC,
USA) appropriate for randomized complete block
design. LPS pigs were compared by pre-planned
contrasts with either CONTR pigs to determine the
effect of LPS challenge or to LPS+0.5% pigs to deter-
mine the effect of Arg supplementation within chal-
lenged pigs. All results were expressed as means� SD.
Differences were considered as significant when
P< 0.05.

Results

Liver morphology

Regarding the histopathological structure of the liver,
no obvious changes were found in the livers of control
pigs (Figure 1A). However, in the LPS group, morpho-
logical changes associated with liver injury, such as
hepatocyte caryolysis, karyopycnosis, fibroblast prolif-
eration and hepatic cell cords arrangement in disorder,
were observed (Figure 1B). Compared with the LPS
group, liver injury was significantly attenuated in the
LPS+0.5% Arg group (Figure 1C).

Serum enzyme activity

The data for enzyme activity in serum are presented in
Table 2. LPS administration increased serum AST,
GGT and AKP activity, and AST/ALT ratio compared
with the CONTR group (P< 0.05). Compared with the
LPS group, supplementation of 0.5% Arg decreased

(A)

(B)

(C)

Figure 1. Photomicrographs of liver sections stained with

hematoxylin and eosin. (A) CONTR group (pigs fed a control

diet and injected with sterile saline). No obvious changes were

found. (B) LPS group (pigs fed the same control diet and

challenged with E. coli LPS). Significant morphological changes

associated with liver injury, such as hepatocyte caryolysis (a),

karyopycnosis (b), fibroblast proliferation (c) and hepatic cell

cords arrangement in disorder were observed. (C) LPS + 0.5%

Arg group (pigs fed a 0.5% Arg diet and challenged with LPS).

Liver injury was significantly attenuated. Original magnifications

400�. Scale bars¼ 125 mm.
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AST and AKP activity (P< 0.05) and tended to
decrease the AST/ALT ratio (P¼ 0.071) and GGT
activity (P¼ 0.077).

Liver TNF-� level and percentage of iNOS-positive
cells

The data for liver TNF-a level and iNOS-positive cell
percentage are presented in Table 3. LPS challenge
resulted in a significant increase in TNF-a level and
percentage of iNOS-positive cells in liver compared
with the control pigs (P< 0.05). Relative to LPS pigs,

dietary supplementation of 0.5% Arg decreased the
TNF-a level in liver (P< 0.05). However, Arg supple-
mentation had no effect on the percentage of
iNOS-positive cells.

Mast cell and Kupffer cell

The data for mast cell and Kupffer cell indices are pre-
sented in Table 4. Compared with the control group, a
significant increase in mast cell index was observed in
liver in the LPS group (P< 0.05) (Figure 2). Arg sup-
plementation was effective in preventing LPS-induced

Table 2. Effect of Arg supplementation on serum enzyme activity of weaned pigs after 4 h E. coli LPS challenge.

Itemsa CONTR LPS LPS + 0.5% Arg

Comparisonb

1 2

ALT (U/L) 44.0� 2.0 38.3� 3.3 34.7� 3.1 0.166 0.381

AST (U/L) 42.5� 4.8 64.8� 3.8 49.1� 3.5 0.001 0.013

AST/ALT 0.87� 0.10 1.67� 0.19 1.30� 0.10 0.001 0.071

AKP (U/L) 233� 17 316� 18 262� 15 0.003 0.036

GGT (U/L) 28.0� 1.5 40.3� 4.8 31.5� 2.7 0.018 0.077

LDH (U/L) 737� 73 745� 44 756� 51 0.926 0.894

aThe data are expressed as mean� SE (n¼ 6).
bComparison: (1) CONTR vs LPS; (2) LPS vs LPS + 0.5% Arg.

CONTR (non-challenged control)¼ pigs fed a control diet and injected with sterile saline; LPS (LPS challenged control)¼ pigs fed the same control diet

and challenged with E. coli LPS; LPS + 0.5% Arg¼ pig fed a 0.5% Arg diet and challenged with LPS; ALT: alanine aminotransferase; AST¼aspartate

aminotransferase; AKP¼ alkaline phosphatase; GGT¼ glutamyl transpeptidase; LDH¼ lactate dehydrogenase.

Table 3. Effect of Arg supplementation on liver TNF-a content and iNOS-positive cell percentage of weaned pigs after 4 h E. coli LPS

challenge.

Itemsa CONTR LPS LPS + 0.5% Arg

Comparisonb

1 2

TNF-a (pg/mg protein) 73.3� 7.0 97.9� 4.7 76.4� 4.0 0.006 0.013

iNOS (%) 1.02� 0.05 2.25� 0.46 1.54� 0.31 0.016 0.137

aThe data are expressed as mean� SE (n¼ 6).
bComparison: (1) CONTR vs LPS; (2) LPS vs LPS + 0.5% Arg.

CONTR (non-challenged control)¼ pigs fed a control diet and injected with sterile saline; LPS (LPS challenged control)¼ pigs fed the same control diet

and challenged with E. coli LPS; LPS + 0.5% Arg¼ pig fed a 0.5% Arg diet and challenged with LPS; iNOS¼ inducible nitric oxide synthase.

Table 4. Effect of Arg supplementation on liver mast cells and Kupffer cell count of weaned pigs 4 h after E. coli LPS challenge.

Itemsa CONTR LPS LPS + 0.5% Arg

Comparisonb

1 2

Mast cells (%) 1.27� 0.05 2.01� 0.28 0.86� 0.05 0.011 0.001

Kupffer cells (%) 0.84� 0.17 1.50� 0.23 1.63� 0.47 0.178 0.113

aThe data are expressed as mean� SE (n¼ 6).
bComparison: (1) CONTR vs LPS; (2) LPS vs LPS + 0.5% Arg.

CONTR (non-challenged control)¼ pigs fed a control diet and injected with sterile saline; LPS (LPS challenged control)¼ pigs fed the same control diet

and challenged with E. coli LPS; LPS + 0.5% Arg¼ pig fed a 0.5% Arg diet and challenged with LPS.
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increase of mast cell in liver compared with the LPS
group (P< 0.01) (Figure 2). However, LPS and Arg
had no effect on Kupffer cell index.

Liver antioxidant enzymes, GSH, GSSG and MDA

The data for liver antioxidant enzymes, GSH, GSSG
and MDA are summarized in Table 5. LPS challenge
increased the level of MDA and activities of CAT and
SOD in liver compared with the control pigs
(P< 0.05). Relative to LPS pigs, 0.5% Arg alleviated
the increase of MDA level (P< 0.05), decreased the
GSH/GSSG ratio (P< 0.05), increased the GSSG
level (P< 0.05) and tended to decrease the activity of
SOD (P¼ 0.088).

NF-�B and TLR4-positive cell percentage

Cells that stained positive for NF-kB were observed
mainly in hepatocytes, immune cells and fibroblasts
(Figure 3). Cells that stained positive for TLR4 were
observed mainly in immune cells and, to lesser extent,
in hepatocytes (Figure 4). LPS injection increased the
positive cell percentages of NF-kB and TLR4 in liver
(P< 0.05) compared with the control pigs. Compared
with LPS pigs, exposure to 0.5% Arg decreased positive
cell percentages of NF-kB and TLR4 (P< 0.05)
(Figures 3 and 4, Table 6).

Discussion

To evaluate whether Arg supplementation could allevi-
ate liver injury through an anti-inflammatory role in
weaned pigs, we took advantage of a model for
inducing liver injury in pigs by injecting E. coli LPS
according to the model of Masaki et al.5 LPS is the
prototypical example of endotoxin, found in the outer
membrane of various Gram-negative bacteria, which is
an important cause of disease. Multiple lines of evi-
dence show that LPS is a co-factor in liver injury.27

LPS-induced liver injury has been used commonly as
an experimental model in which to analyze the mech-
anism of endotoxin-induced acute liver injury.5

A number of inflammatory cytokines, including
TNF-a, play pivotal roles in the development of
LPS-induced liver injury.5

Our previous study showed that feeding 0.5% Arg
supplementation for 18 d alleviated the mass loss in
weaned pigs after LPS challenge, which indicates the
importance of exogenous Arg supply in weaning pigs
under stress, infection and diseases.20 In this study,
intraperitoneal injection of LPS caused morphologic
change in liver, including hepatocyte caryolysis, kar-
yopycnosis and fibroblast proliferation, which is con-
sistent with the report of Xu et al.28 Compared with
LPS pigs, 0.5% Arg supplementation attenuated the
liver injury caused by LPS. In agreement with our

study, Giovanardi et al.14 reported that pharmaco-
logical preconditioning using intraportal infusion
of Arg attenuated the impairment of liver cell morph-
ology and mitochondrial ultrastructure in pigs sub-
jected to hepatic ischemia reperfusion. In addition,
Chattopadhyay et al.29 showed that Arg exerted a

(A)

(B)

(C)

Figure 2. Representative photomicrographs showing mast cells

stained with toluidine blue. Liver sections from the CONTR

group (pigs fed a control diet and injected with sterile saline) (A),

LPS group (pigs fed the same control diet and challenged with E.

coli LPS) (B) or LPS + 0.5% Arg group (pigs fed a 0.5% Arg diet and

challenged with LPS) (C). An increase in mast cell number was

observed in liver in the LPS group compared with the CONTR

group. Arg supplementation decreased the mast cell number

compared with the LPS group. Original magnifications 400�.

Scale bars¼ 125 mm.
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protective effect against necrosis and apoptosis caused
by experimental ischemic and reperfusion in rat liver.

AST and ALT are hepatic intracellular enzymes.
Serum elevation in both of these enzymes reflects leak-
age from injured hepatocytes and is considered to be a
sensitive indicator of liver injury.30 The high AST/ALT
ratio also indicates liver damage.30 In addition, serum
AKP and GGT activities have also been described as
valuable parameters of hepatic injury and function.31

In our experiment, LPS increased the activities of AST,
AKP and GGT, and AST/ALT ratio, indicating that
LPS induced liver function injury. Interestingly, LPS
challenge numerically decreased the activity of serum
ALT. In agreement with our findings, Sano et al.32

reported that pretreatment with 100 mg/kg LPS signifi-
cantly reduced serum ALT level. In the present study,
Arg alleviated the increase of serum AST and AKP
activity induced by LPS challenge and tended to
decrease serum GGT activity and the AST/ALT ratio,
indicating that Arg was effective in improving liver func-
tion. In agreement with our findings, Giovanardi
et al.14 reported that Arg significantly suppressed the
increase of the serum ALT and AST levels in an ische-
mia-reperfusion experiment in pigs. Muriel and
González15 showed that treatment with Arg partially
prevented the increase in the two enzymes activities
induced by 3 d-biliary obstruction in rats.

Induction of iNOS may be responsible for tissue
injury via the formation of nitric oxide-dependent
nitrating species, such as peroxynitrite.33 In the current
study, we hypothesized that Arg exerted its protective
effect on liver morphology and function through
attenuating the liver inflammatory response. Con-
sistent with liver morphology and function impairment
caused by the LPS challenge, increased liver iNOS
expression and TNF-a level were observed. Over-
production of these pro-inflammatory parameters can
have a negative influence on liver morphology and

function.5,34 In the present study, 0.5% Arg supplemen-
tation attenuated the inflammatory response by
decreasing the TNF-a level in liver compared with
LPS pigs. In agreement with our findings, Zhang
et al.35 reported that Arg treatment reduced TNF-a
concentration in the liver of acute hemorrhagic, necro-
tizing pancreatitis rats. In addition, Arg exerted an
inhibitory effect on pro-inflammatory cytokine
production in many other stress models.20,36,37 Arg
down-regulated pro-inflammatory cytokine expression
or production in spleen, thymus, lung and liver of
burned rats,37 in serum and lung of immature rats
after gut ischemia-reperfusion36 and in peritoneal
lavage fluid of septic rats,38 thus preventing the devel-
opment of inflammation. Our previous study also
showed that Arg down-regulated the expression of
intestinal cytokines, thus alleviating the intestinal
impairment caused by LPS challenge in weaned
pigs.20 In our current study, it is possible that feeding
pigs dietary Arg attenuated liver morphology and
function impairment partially by suppressing pro-
inflammatory cytokine production.

Mast cells are strategically placed close to blood ves-
sels and nerves in tissues. Mast cells are the major cell
type to store TNF-a and are thus primed to trigger
TNF-mediated inflammatory responses most rapidly.39

Therefore, mast cells play a pivotal role in allergic and
inflammatory responses.40 In our study, 0.5% Arg sup-
plementation attenuated the increase in the number of
mast cells and also alleviated the increase in TNF-a
level caused by LPS, which indicates that Arg inhibited
the mast cells in releasing TNF-a, thus alleviating liver
injury. L-Arg is the substrate of NO and NO can sup-
presses mast cell activation in vitro and in vivo,41 which
suggests that Arg has anti-inflammatory properties, at
least in the acute mast cell-dependent phase of the
response through the NO pathway. Forsythe et al.42

reported that NO is an important messenger molecule

Table 5. Effect of Arg supplementation on liver antioxidant enzymes, GSH, GSSG and MDA of weaned pigs 4 h after E. coli LPS

challenge.

Itemsa CONTR LPS LPS + 0.5% Arg

Comparisonb

1 2

CAT (mg/g protein) 38.1� 4.0 65.4� 8.5 55.5� 8.1 0.017 0.341

GSH-px (U/mg protein) 36.8� 3.3 42.7� 2.9 38.7� 2.6 0.174 0.342

GSH (mg/g protein) 24.9� 1.8 25.9� 1.7 25.5� 1.3 0.659 0.860

GSSG (mg/g protein) 3.21� 0.11 3.14� 0.15 3.69� 0.15 0.718 0.013

GSH/GSSG 7.31� 0.43 7.93� 0.53 6.64� 0.23 0.307 0.044

SOD (U/mg protein) 18.3� 0.74 21.1� 0.58 19.2� .84 0.015 0.088

MDA (nmol/mg protein) 0.656� 0.036 0.819� 0.032 0.681� 0.037 0.005 0.014

aThe data are expressed as mean� SE (n¼ 6).
bComparison: (1) CONTR vs LPS; (2) LPS vs LPS + 0.5% Arg.

CONTR (non-challenged control)¼ pigs fed a control diet and injected with sterile saline; LPS (LPS challenged control)¼ pigs fed the same control diet

and challenged with E. coli LPS; LPS + 0.5% Arg¼ pig fed a 0.5% Arg diet and challenged with LPS; CAT¼ catalase; GSH-px¼ glutathione peroxidase;

SOD¼ superoxide dismutase.
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(A)

(B)

(C)

Figure 3. Representative photomicrographs showing

immunostaining for NF-kB. Liver sections from the CONTR

group (pigs fed a control diet and injected with sterile saline)

(A), LPS group (pigs fed the same control diet and challenged

with E. coli LPS) (B) or LPS + 0.5% Arg group (pigs fed a 0.5%

Arg diet and challenged with LPS) (C). Cells that stained positive

for NF-kB were observed mainly in immune cells (a), hepatocytes

(b) and fibroblasts (c). The number of NF-kB-positive cells was

increased in the LPS group compared with the CONTR group.

Arg supplementation decreased positive cell percentage of

NF-kB compared with the LPS group. Original magnifications

400�. Scale bars¼ 125 mm.

(A)

(B)

(C)

Figure 4. Representative photomicrographs showing

immunostaining for TLR4. Liver sections from the CONTR

group (pigs fed a control diet and injected with sterile saline) (A),

LPS group (pigs fed the same control diet and challenged with E.

coli LPS) (B) or the LPS + 0.5% Arg group (pigs fed a 0.5% Arg diet

and challenged with LPS) (C). Cells that stained positive for TLR4

were observed mainly in immune cells (a) and to a lesser extent

in hepatocytes (c). The number of TLR4-positive cells was

increased in the LPS group compared with the CONTR group.

Arg supplementation decreased the positive cell percentages of

TLR4 compared with the LPS group. Original magnifications

400�. Scale bars¼ 125 mm.
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that regulates mast cell activity by modifying gene
expression and intracellular pathways.

It is well known that oxidative stress is one of major
factors contributing to tissue injury.25,26 SOD, CAT
and GSH-px are regarded as the first line of the anti-
oxidant enzyme system against ROS generated during
oxidative stress; MDA is an end-product of lipid
peroxidation resulting from reactions with free rad-
icals.25 In the current study, consistent with attenuated
injury of liver morphology and function caused by the
LPS challenge, a decrease of liver MDA content was
also observed after 0.5% Arg supplementation. In
agreement with our observations, Calabrese et al.43

reported that a significant decrease of MDA content
in Arg-treated pigs than the control group in ische-
mia-reperfusion injury. Lin et al.26 showed that L-Arg
supplementation reduces the oxidative damage on the
myocardium caused by exhaustive exercise in rats.
Interestingly, our results showed that LPS challenge
increased antioxidant enzyme activity, including CAT
and SOD, and Arg supplementation tended to alleviate
the increase of SOD, which indicates that enhanced
tissue antioxidant enzymes during endotoxemia may
be a preventive measure of the host to handle the super-
oxide anion load after LPS administration.44 Similarly,
Huang et al.45 and Lin et al.26 reported that the anti-
oxidant enzymes in liver were significantly lower in the
exhaustive+L-Arg group than in the exhaustive group
in rats. In the present study, it is surprising that dietary
supplementation with L-Arg decreased the GSH/GSSG
ratio and increased GSSG content. However, Lin
et al.26 reported that cardiac GSSG levels significantly
decreased, whereas GSH and the GSH/GSSG ratio
increased in exercised rats supplemented with L-Arg
compared with exercised rats. The reason for the dis-
crepancy is not clear. In the current study, it is possible
that feeding pigs with Arg-supplemented diet reduced
liver injury partially by reducing oxidative stress.

To explore the molecular mechanism by which Arg
attenuated liver inflammatory response and oxidative
stress, we examined the role of the TLR4 signaling
pathway. TLRs play a central role in the activation
of the innate system as a result of the recognition of
bacterial pathogen-associated molecular patterns

(especially LPS), which triggers the activation of differ-
ent intracellular signaling cascades, such as activation
of NF-kB and the production of ROS.17 Activated
NF-kB stimulates the synthesis of pro-inflammatory
cytokines, including TNF-a, IL-1b and IL-6.17 Con-
sequently, ROS and pro-inflammatory cytokines are
closely associated with tissue injury.17

In the present study, we have observed that
TLR4 and NF-kB expression were down-regulated
and the release of TNF-a was decreased in Arg-
supplemented pigs after LPS challenge. Therefore, it is
possible that the protective effects of Arg on liver injury
were associated with decreasing the release of liver
pro-inflammatory cytokines through inhibiting TLR4
and NF-kB signaling. Similarly, Tan et al.46 reported
that addition of Arg to culture medium reduced the rela-
tive levels of TLR4 and phosphorylated levels of NF-kB
in LPS-treated IPEC-1 cells. In addition, in a rat model
of LPS-induced injury, Arg inhibited the NF-kB DNA
binding and stabilized the I-kB complex, both of which
may account for the decrease in pro-inflammatory cyto-
kines.47 Li et al.48 also showed that administration of
Arg protected lung from LPS-induced injury by inhibit-
ing NF-kB activation and subsequently inhibiting the
NF-kB-mediated release of inflammatory factors.

Lin et al.49 reported that ROS generation was
mediated through the TLR4/NADPH oxidative path-
way. In our study, we found that TLR4 expression was
down-regulated and the level of MDA (the end-product
of lipid peroxidation resulting from reactions with free
radicals)50,51 was decreased in Arg-supplemented pigs
after LPS challenge. Zeng et al.52 reported that L-Arg
can affect the metabolism of oxygen free radical in rats
with renovascular hypertension. In our study, it is pos-
sible that the protective effects of Arg on liver injury
were associated with decreasing the oxidative stress
through inhibiting the TLR4/NADPH oxidative path-
way. Further studies are required to investigate this.

In conclusion, dietary supplementation of 0.5% Arg
exerts beneficial effects in alleviating liver injury of
LPS-challenged pigs. It is possible that the protective
effects of Arg on the liver are associated with decreasing
the release of liver pro-inflammatory cytokines and free
radicals through the inhibition of TLR4 signaling.

Table 6. Effect of Arg supplementation on liver TLR4 and NF-kB-positive cell percentage of weaned pigs 4 h after E. coli LPS

challenge.

Itemsa CONTR LPS LPS + 0.5% Arg

Comparisonb

1 2

NF-kB (%) 11.05� 1.26 19.16� 2.07 11.40� 0.93 0.002 0.002

TLR4 (%) 24.38� 2.80 31.35� 2.04 20.53� 1.75 0.041 0.003

aThe data are expressed as mean� SE (n¼ 6).
bComparison: (1) CONTR vs LPS; (2) LPS vs LPS + 0.5% Arg.

CONTR (non-challenged control)¼ pigs fed a control diet and injected with sterile saline; LPS (LPS challenged control)¼ pigs fed the same control diet

and challenged with E. coli LPS; LPS + 0.5% Arg¼ pig fed a 0.5% Arg diet and challenged with LPS.
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