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Abstract
Pro-inflammatory cytokines are critical in mechanisms of muscle atrophy. In addition, asparagine (Asn) is necessary for protein synthesis in
mammalian cells. We hypothesised that Asn could attenuate lipopolysaccharide (LPS)-induced muscle atrophy in a piglet model. Piglets were
allotted to four treatments (non-challenged control, LPS-challenged control, LPS + 0·5% Asn and LPS + 1·0% Asn). On day 21, the piglets were
injected with LPS or saline. At 4 h post injection, piglet blood and muscle samples were collected. Asn increased protein and RNA content in
muscles, and decreased mRNA expression of muscle atrophy F-box (MAFbx) and muscle RING finger 1 (MuRF1). However, Asn had no effect
on the protein abundance of MAFbx and MuRF1. In addition, Asn decreased muscle AMP-activated protein kinase (AMPK) α phosphorylation,
but increased muscle protein kinase B (Akt) and Forkhead Box O (FOXO) 1 phosphorylation. Moreover, Asn decreased the concentrations of
TNF-α, cortisol and glucagon in plasma, and TNF-α mRNA expression in muscles. Finally, Asn decreased mRNA abundance of muscle toll-like
receptor (TLR) 4 and nucleotide-binding oligomerisation domain protein (NOD) signalling-related genes, and regulated their negative
regulators. The beneficial effects of Asn on muscle atrophy may be associated with the following: (1) inhibiting muscle protein degradation via
activating Akt and inactivating AMPKα and FOXO1; and (2) decreasing the expression of muscle pro-inflammatory cytokines via inhibiting
TLR4 and NOD signalling pathways by modulation of their negative regulators.
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Skeletal muscle, the most widely distributed and rapidly growing
tissue of the vertebrate body, plays major roles in different bio-
logical functions(1). However, infection and inflammation results
in the rapid loss of muscle mass and myofibrillar proteins (muscle
atrophy), which results in muscle weakness and increased
morbidity during acute illness or poor quality of life(1,2). Multiple
lines of evidence suggest that pro-inflammatory cytokines may
contribute to muscle atrophy(3,4). Pro-inflammatory cytokines,
such as IL-1β, IL-6 and TNF-α, have been implicated in the
regulation of muscle protein degradation(5). In addition, pro-
inflammatory cytokines are also responsible for increased muscle
atrophy F-box (MAFbx) and muscle RING finger 1 (MuRF1)

expression(1), which are considered as accurate markers of the
atrophy process(6). Thus, nutritional regulation targeting the sup-
pression of pro-inflammatory cytokine expression may hold great
promise for attenuating muscle atrophy and improving health of
animals and humans.

Asparagine (Asn), a neutral amino acid, can be synthesised
from aspartate and glutamine(7). Thus, traditionally, it is thought
as a nutritionally non-essential amino acid in mammals(7).
However, increasing evidence has shown that Asn plays an
important role in many physiological and biological processes.
First, Asn is necessary for the synthesis of many proteins in
mammalian cells(8). In addition, Asn has evolved to be
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a metabolic regulator of cell proliferation and apoptosis(8).
Moreover, through the reaction catalysed by asparginase,
Asn can be degraded into aspartate, which is a precursor for
gluconeogenesis or tricarboxylic acid cycle(9). Of particular
interest, Lancha et al.(10) reported that Asn and aspartate could
be metabolised by skeletal muscle. They have demonstrated
that Asn and aspartate supplementation increased glycogen
concentration and modulated the glucose uptake in muscle(10).
However, to our knowledge, the research on Asn modulating
muscle atrophy and its mechanism(s) are lacking.
Pattern-recognition receptors, including toll-like receptor

(TLR) and nucleotide-binding oligomerisation domain protein
(NOD), activate downstream signalling pathways that induce
innate immune responses via recognising pathogen-associated
molecular patterns(11). Several lines of evidence indicate that TLR
and NOD are functionally expressed in skeletal muscles(4,12).
Both TLR and NOD mediate the activation of NF-κB pathway,
which induces the expression of pro-inflammatory cytokines,
such as IL-1β, IL-6 and TNF-α(13). These pro-inflammatory cyto-
kines are critical regulators of muscle protein balance(14). In
addition, the pro-inflammatory cytokines have been demon-
strated to affect protein kinase B (Akt)(15) and AMP-activated
protein kinase (AMPK) pathways(16,17). The activation of Akt and
AMPK regulate muscle protein degradation through the nuclear
transcription factors termed Forkhead Box O (FOXO) and FOXO
target genes (i.e. MAFbx and MuRF1)(1,18).
On the basis of the findings cited above, we hypothesised

that Asn supplementation would suppress the production of
muscle pro-inflammatory cytokines through influencing TLR4
and NOD signalling pathways, and protect against muscle
atrophy, partially via regulating Akt and AMPK signalling. In this
study, administration of Escherichia coli lipopolysaccharide
(LPS) to animals was used to mimic endotoxaemia(15). Besides,
we used a piglet model, which is a well-characterised animal
model for nutrition research of humans, specifically children
and adolescents with rapid muscle growth(19,20). The aim of this
experiment was to investigate whether Asn could attenuate
muscle atrophy caused by LPS challenge, and to elaborate its
molecular mechanism(s).

Methods

Animal care and experimental design

This study was approved by the Animal Care and Use
Committee of Hubei Province, People’s Republic of China.
A total of twenty-four weaned castrated barrows (Duroc× Large
White× Landrace, 8·9 (SEM 0·7) kg initial body weight (BW))
were acquired and randomly divided into four treatments.
There were six replicate pens per treatment. To keep animal
uniformity, the piglets were of the same sex. The piglet was
individually caged in 1·80× 1·10m pen with a feeder and
a nipple waterer, and housed in a controlled-environment
chamber. The basal diet (online Supplementary Table S1) was
prepared according to the nutrient requirements of the National
Research Council(21).
The experiment consisted of four treatment groups: (1) non-

challenged control (CONTR; piglets fed a control diet and

injected with 0·9% NaCl solution); (2) LPS-challenged control
(LPS; piglets fed the same control diet and injected with E. coli
LPS (Escherichia coli serotype 055: B5; Sigma Chemical Inc.));
(3) LPS + 0·5% Asn treatment (piglets fed a 0·5% Asn diet and
injected with LPS); and (4) LPS + 1·0% Asn treatment (piglets
fed a 1·0% Asn diet and injected with LPS). The Asn doses
(purity >99%; Amino Acid Bio-Chemical Co.) were selected
according to our previous studies(22). Our previous studies
showed that, before LPS challenge 0·5 and 1·0% Asn addition did
not affect growth performance, total and differential leucocyte
counts and serum biochemical parameters of weaning piglets
(Xiuying Wang, Yulan Liu, Dingan Pi, Weibo Leng, Huiling Zhu,
Shuang Li and Haifeng Shi, unpublished results), indicating that
the Asn level in basal diet was enough to meet the requirements
of weanling piglets’ growth and physiological function in normal
physiological condition. However, our previous studies also
showed that, after LPS challenge, 0·5% Asn attenuated weight
loss, and both 0·5 and 1·0% Asn attenuated the changes of total
and differential leucocyte counts and serum biochemical para-
meters induced by LPS in weaning piglets(22), suggesting the
importance of exogenous Asn supply under pathological condi-
tions. Thus, in the current experiment, we focused on investi-
gating the effect of dietary 0·5 and 1·0% Asn supplementation on
muscle variables in LPS-challenged pigs, and did not investigate
the effect of Asn in pigs without LPS challenge. We added 1·35,
0·68 and 0% alanine (purity >99%; Amino Acid Bio-Chemical
Co.) to the control, 0·5% Asn and 1·0% Asn diets, respectively, to
get isonitrogenous diets. After 19-d feeding with the control, 0·5%
Asn and 1·0% Asn diets, the challenged groups were treated with
intraperitoneal injection of LPS at 100μg/kg BW, and the non-
challenged group was treated with the same volume of 0·9%
NaCl solution. The LPS dose was chosen in accordance with our
previous experiments(23,24), which demonstrated that this dose of
LPS caused tissue damage in weaning piglets.

Plasma and muscle sample collections

At 4 h after administration with saline or LPS, blood samples
were collected into heparinised vacuum tubes and centrifuged
(3500 g for 10min) to separate plasma. Plasma was kept at
−80°C for further measurement of TNF-α, cortisol, glucagon and
glucose concentrations. Following blood collection at 4 h, the
piglets were humanely euthanised with pentobarbitone. The
gastrocnemius and longissimus dorsi (LD) muscles were
collected rapidly, frozen immediately in liquid N2 and then
stored at −80°C for further measurement. In many experiments,
gastrocnemius and LD muscles were used for studying muscle
atrophy(25,26). MAFbx was highly up-regulated in the gastro-
cnemius and LD muscles in piglets with porcine congenital
splayleg, which is characterised by muscle fibre atrophy(26).
Thus, we were determined to choose these two muscles to
study sepsis-induced atrophy. In addition, previous studies
have found that, within 3–6 h post injection, LPS increased the
mRNA or protein expression of pro-inflammatory cytokines and
caused tissue damage(23,24,27–29). Besides, during the time
frame, the mRNA and protein level of TLR4 was also up-
regulated(24,30). Therefore, the time point of 4 h after LPS or
saline injection was selected for experimental measurements.
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Plasma TNF-α, cortisol, glucagon and glucose
concentrations

Plasma TNF-α concentration was analysed by using a com-
mercially available porcine ELISA assay kit (R&D Systems).
Plasma cortisol and glucagon concentrations were measured
with 125I RIA assay kits (Beijing North Institute of Biological
Technology). Plasma glucose concentration was determined by
the glucose GOD-PAP assay kit (DiaSys Diagnostic Systems
GmbH). All experimental procedures and data analyses were
performed according to the manufacturer’s instructions.

Muscle protein, DNA and RNA contents

Muscle protein, DNA and RNA contents were analysed using
the method of Liu et al.(23).

mRNA abundance analysis by real-time PCR

Total RNA extraction, quantification, complementary DNA
synthesis and real-time PCR were in accordance with the method
of Liu et al.(24). The primer pairs used are presented in the online
Supplementary Table S2. The expression of target genes v.
housekeeping gene (glyceraldehyde 3-phosphate dehy-
drogenase; GAPDH) was computed using the formula 2�ΔΔCT of
Livak and Schmittgen(31). The results of the present study sug-
gested that there was no difference in the expression of GAPDH
among four treatments. Relative mRNA abundance of every target
gene was normalised to the control group.

Protein abundance analysis by Western blot

Protein immunoblot analysis was measured according to the
previously described method(24). In brief, the muscle samples
were homogenised and centrifuged, and the supernatants were
collected. The protein contents of the supernatants were mea-
sured using the bicinchoninic acid (BCA) reagent(24). An equal
amount of muscle proteins was loaded onto 10% poly-
acrylamide gels, separated through SDS-PAGE, transferred to
blotting membranes and then incubated with the primary anti-
bodies(24). After that, the membranes were incubated with the
secondary antibody(24). Specific primary antibodies included
total AMPKα (tAMPKα; 1:1000; no. 2532), phosphorylated
AMPKα (pAMPKα, Thr172; 1:1000; no. 2535), total Akt (tAkt,
1:1000; no. 9272), phosphorylated Akt (pAkt, serine 473;
1:1000; no. 9271), total FOXO 1 (tFOXO1; 1:1000; no. 9454) and
phosphorylated FOXO 1 (pFOXO1, serine256; 1:1000; no.
9461) from Cell Signaling; MAFbx (1:1000; no. ab74023) from
Abcam; MuRF1 (1:1000; no. 55456-1-AP) from Proteintech
Group; and GAPDH (1:1000; no. ANT011) from Antgene
Biotech. Blots were developed using an Enhanced Chemilu-
minescence Western blotting kit (Amersham), and visualised
using a Gene Genome bioimaging system. Bands were ana-
lysed by densitometry using GeneTools software (Syngene).
The relative abundance of target proteins (MAFbx and MuRF1)
was expressed as the target protein:GAPDH protein ratio. The
phosphorylated forms of AMPKα, Akt and FOXO1 were nor-
malised with the total protein content.

Statistical analysis

All experimental data were analysed by variance specific for
repeated measurements using mixed procedure of SAS (SAS
Institute Inc.), with treatments (CONTR, LPS, LPS + 0·5% Asn,
LPS + 1·0% Asn) as the between-animal effect and muscle
(gastrocnemius muscle and LD muscle) as the within-animal
effect. Only when a significant treatment×muscle interaction
occurred, comparisons among treatments in each muscle was
performed. The LPS piglets (0% Asn) were compared with
CONTR piglets to determine the effect of LPS challenge. Linear
and quadratic polynomial contrasts were used to determine the
response to dietary Asn supplementation among LPS-
challenged piglets. Results were expressed as means values
with their pooled standard errors. Differences were considered
as significant when P≤ 0·05. Instances in which 0·05<P< 0·10
were taken to indicate trends.

Results

Plasma glucose, cortisol, glucagon and TNF-α
concentrations

Relative to CONTR piglets, LPS challenge increased the con-
centrations of TNF-α, cortisol and glucagon, and decreased
glucose concentration in plasma (P< 0·01; Table 1). Among the
LPS-challenged piglets, Asn supplementation decreased the
concentrations of TNF-α, cortisol and glucagon in plasma
(linear, P< 0·01; quadratic, P< 0·05).

Muscle protein, DNA and RNA contents

The protein, DNA and RNA contents in LD muscle were higher
than those in gastrocnemius muscle (P< 0·05; Table 2). No
significant treatment× segment interaction was observed for
protein and DNA contents. Overall, compared with CONTR
piglets, LPS challenge decreased DNA content (P< 0·001).
Among the LPS-challenged piglets, Asn supplementation
increased protein content (linear, P= 0·084; quadratic, P< 0·05).

There was significant treatment× segment interaction
observed for RNA content (P< 0·001). Among the LPS-
challenged piglets, Asn supplementation increased RNA
content in LD muscle (quadratic, P< 0·001).

Muscle mRNA and protein abundance of muscle atrophy
F-box and muscle RING finger 1

The mRNA abundance of MAFbx in gastrocnemius muscle was
higher than that in LD muscle (P< 0·05; Table 3), and the mRNA
abundance of MuRF1 in gastrocnemius muscle tended to be
higher than that in LD muscle (P= 0·071). There was treat-
ment× segment interactions observed for the mRNA abundance
of MAFbx (P= 0·05). Relative to CONTR piglets, LPS challenge
increased mRNA abundance of MAFbx in gastrocnemius
muscle (P< 0·01). Among the LPS-challenged piglets, Asn
supplementation decreased mRNA abundance of MAFbx in
gastrocnemius muscle (linear, P< 0·05; quadratic, P< 0·05). No
significant treatment× segment interaction was found for the
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mRNA abundance of MuRF1. Overall, compared with CONTR
pigs, LPS challenge resulted in an increase in the mRNA
abundance of MuRF1 (P< 0·001). Among the LPS-challenged
pigs, Asn supplementation decreased the mRNA abundance of
MuRF1 (linear, P= 0·001; quadratic, P< 0·01).

The protein abundance of MuRF1 in gastrocnemius muscle
was higher than that in LD muscle (P< 0·05; Fig. 1). No significant
treatment× segment interaction was found for the protein
abundance of MAFbx and MuRF1. Neither LPS nor Asn treatment
affected the protein abundance of MAFbx and MuRF1.

Table 2. Effects of asparagine (Asn) supplementation on muscle protein, DNA and RNA contents in weaning piglets at 4 h after the administration of
Escherichia coli lipopolysaccharide (LPS) challenge
(Mean values with their pooled standard errors; n 6 (one piglet per pen))

Treatment (T) P* P†

Items Muscle (M) CONTR LPS
LPS+

0·5% Asn
LPS+

1·0% Asn SEM T M T×M
LPS v.
CONTR Linear Quadratic

Protein (mg/g tissue) GM 49 52 59 54 3 0·030 <0·001 0·186 0·879 0·084 0·036
LDM 84 81 95 94 3

DNA (μg/g tissue) GM 85 59 67 66 7 <0·001 0·022 0·125 <0·001 0·839 0·979
LDM 122 74 67 70 8

RNA (μg/g tissue) GM 141 152 172 169 10 <0·001 <0·001 <0·001 0·166 0·330 0·452
LDM 200 216 324 256 13 0·380 0·198 <0·001

CONTR, non-challenged control; GM, gastrocnemius muscle; LDM, longissimus dorsi muscle.
* P values were obtained using treatment as the main effect and by analysing data from the GM and LDM as repeated measures.
† The LPS pigs were compared with CONTR pigs to determine the effect of LPS. Linear and quadratic polynomial contrasts were used to determine the response to Asn

supplementation among LPS-challenged pigs.

Table 1. Effects of asparagine (Asn) supplementation on plasma TNF-α, cortisol, glucagon and glucose concentrations in weaning piglets at 4 h after the
administration of Escherichia coli lipopolysaccharide (LPS) challenge
(Mean values with their pooled standard errors; n 6 (one piglet per pen))

Treatment P*

Items CONTR LPS LPS+0·5% Asn LPS+1·0% Asn SEM LPS v. CONTR Linear Quadratic

TNFα (pg/ml) ND 5846 5256 1548 858 <0·001 0·008 0·016
Cortisol (ng/ml) 55 242 201 166 13 <0·001 0·001 0·004
Glucagon (pg/ml) 126 316 256 223 19 <0·001 0·007 0·025
Glucose (mmol/l) 7·97 5·80 6·14 5·90 0·34 0·004 0·810 0·702

CONTR, non-challenged control; ND, not detectable.
* The LPS pigs were compared with CONTR pigs to determine the effect of LPS. Linear and quadratic polynomial contrasts were used to determine the response to Asn

supplementation among LPS-challenged pigs.

Table 3. Effects of asparagine (Asn) supplementation on muscle mRNA expression of AMP-activated protein kinase α (AMPKα), protein kinase B (Akt)
signals and their target genes in weaning piglets at 4 h after the administration of Escherichia coli lipopolysaccharide (LPS) challenge
(Mean values with their pooled standard errors; n 6 (one piglet per pen))

Treatment (T) P* P†

Items Muscle (M) CONTR LPS
LPS+

0·5% Asn
LPS+

1·0% Asn SEM T M T×M
LPS v.
CONTR Linear Quadratic

AMPKα1 GM 1·00 0·96 1·32 1·18 0·18 0·746 0·029 0·075 0·904 0·255 0·152
LDM 1·00 1·02 0·98 0·76 0·10 0·903 0·038 0·084

AMPKα2 GM 1·00 0·98 1·54 1·47 0·18 0·118 0·005 0·057 0·916 0·076 0·079
LDM 1·00 0·93 1·15 0·86 0·11 0·601 0·694 0·193

Akt1 GM 1·00 0·86 0·81 0·77 0·08 0·080 0·812 0·856 0·250 0·171 0·364
LDM 1·00 0·87 0·87 0·73 0·07

FOXO1 GM 1·00 2·12 2·01 2·06 0·20 <0·001 <0·001 0·020 0·005 0·694 0·940
LDM 1·00 2·80 3·00 2·96 0·26 <0·001 0·710 0·889

FOXO4 GM 1·00 1·06 0·82 0·96 0·08 0·002 <0·001 0·030 0·575 0·467 0·207
LDM 1·00 0·92 0·61 0·58 0·05 0·183 0·001 0·001

MAFbx GM 1·00 2·08 1·23 1·22 0·24 0·107 0·047 0·050 0·007 0·033 0·046
LDM 1·00 1·08 1·28 1·00 0·19 0·759 0·744 0·513

MuRF1 GM 1·00 4·85 3·89 2·98 0·45 <0·001 0·071 0·407 <0·001 0·001 0·005
LDM 1·00 4·59 3·66 2·15 0·31

CONTR, non-challenged control; GM, gastrocnemius muscle; LDM, longissimus dorsi muscle; FOXO, Forkhead Box O; MAFbx, muscle atrophy F-box; MuRF1, muscle RING finger 1.
* P values were obtained using treatment as the main effect and by analysing data from the GM and LDM as repeated measures.
† The LPS pigs were compared with CONTR pigs to determine the effect of LPS. Linear and quadratic polynomial contrasts were used to determine the response to Asn

supplementation among LPS-challenged pigs.
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Muscle mRNA abundance of AMP-activated protein
kinase α, protein kinase B/Forkhead Box O signalling

The mRNA abundance of AMPKα1, AMPKα2 and FOXO4 in
gastrocnemius muscle was higher than that in LD muscle
(P< 0·05; Table 3). The mRNA abundance of FOXO1 in gastro-
cnemius muscle was lower than that in LD muscle (P< 0·001).
There were treatment× segment interactions observed for the
mRNA abundance of FOXO1 and FOXO4 (P< 0·05), and trends
for treatment× segment interaction observed for the mRNA

abundance of AMPKα1 (P= 0·075) and AMPKα2 (P= 0·057).
Relative to CONTR piglets, LPS challenge increased mRNA
abundance of FOXO1 in gastrocnemius and LD muscles
(P< 0·01). Among the LPS-challenged piglets, Asn supplementa-
tion decreased mRNA abundance of AMPKα1 (linear, P< 0·05;
quadratic, P= 0·084) and FOXO4 (linear, P= 0·001; quadratic,
P= 0·001) in LD muscle, and tended to increase mRNA abun-
dance of AMPKα2 in gastrocnemius muscle (linear, P= 0·076;
quadratic, P= 0·079). No significant treatment× segment inter-
action was found for the mRNA abundance of Akt1. Neither LPS
nor Asn treatment affected the mRNA abundance of Akt1.

Muscle protein phosphorylation and abundance of AMP-
activated protein kinase α, protein kinase B and
Forkhead Box O 1

The ratios of pAMPKα:tAMPKα and pAkt:tAkt and the protein
abundance of tAkt and tFOXO1 in gastrocnemius muscle were
higher than those in LD muscle, and the protein abundance of
tAMPKα and the ratio of pFOXO1:tFOXO1 in gastrocnemius
muscle were lower than those in LD muscle (P≤0·001; Fig. 2–4).
A trend for treatment× segment interaction was observed for
pAMPKα:tAMPKα ratio (P=0·069). Relative to CONTR piglets, LPS
challenge increased the ratio of pAMPKα:tAMPKα in gastro-
cnemiusmuscle (P<0·01). Among the LPS-challenged piglets, Asn
supplementation decreased the ratio of pAMPKα:tAMPKα in
gastrocnemius and LD muscles (linear and quadratic, P<0·01).

No significant treatment× segment interaction was found for
the protein abundance of tAMPKα, tAkt and tFOXO1, and the
ratios of pAkt:tAkt and pFOXO1:tFOXO1. Overall, relative to
CONTR piglets, LPS challenge decreased the ratio of pAkt:tAkt
(P< 0·001). Among the LPS-challenged piglets, Asn supple-
mentation increased the protein abundance of tAMPKα (linear,
P< 0·05; quadratic, P= 0·075), and the ratios of pAkt:tAkt
(linear, P< 0·05; quadratic, P< 0·05) and pFOXO1:tFOXO1
(linear, P< 0·05), and tended to increase the protein abundance
of tAkt (linear, P= 0·097).

Muscle mRNA abundance of toll-like receptor 4 and
nucleotide-binding oligomerisation domain proteins and
their downstream signals

The mRNA abundance of TNF receptor-associated factor 6
(TRAF6) in gastrocnemius muscle was higher than that in LD
muscle, and the mRNA abundance of TNF-α in gastrocnemius
muscle was lower than that in LD muscle (P< 0·05; Table 4). No
significant treatment× segment interaction was observed for the
mRNA abundance of TLR4, myeloid differentiation factor 88
(MyD88), IL-1 receptor-associated kinase 1, TRAF6, NOD1,
NOD2, receptor-interacting serine/threonine-protein kinase 2
(RIPK2) and NF-κB p65. Compared with CONTR piglets, LPS
challenge increased mRNA abundance of TLR4, MyD88, NOD2
and RIPK2 (P< 0·05), and tended to increase mRNA abundance
of NF-κB p65 (P= 0·052). Among the LPS-challenged piglets, Asn
supplementation decreased mRNA abundance of TLR4 (linear,
P= 0·01; quadratic, P< 0·01), MyD88 (linear, P< 0·05; quadratic,
P< 0·05), NOD1 (linear, P< 0·05; quadratic, P< 0·05) and NOD2
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Fig. 1. Effects of asparagine (Asn) supplementation on protein abundance of
(a) muscle atrophy F-box (MAFbx) and (b) muscle RING finger 1 (MuRF1) in
muscles of weaning piglets at 4 h after the administration of Escherichia coli
lipopolysaccharide (LPS) challenge. The bands shown are the representative
Western blot images of MAFbx (42 kDa), MuRF1 (40 kDa) and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (37kDa). The data were analysed as
repeated measures with treatments ( , non-challenged control (CONTR); ,
LPS; , LPS+0·5% Asn; , LPS+1·0% Asn) as the between-animal effect and
muscle (gastrocnemius muscle and longissimus dorsi (LD) muscle) as the within-
animal effect. The LPS (0% Asn) pigs were compared with CONTR pigs (LPS v.
CONTR) to determine the effect of LPS. Linear (L) and quadratic (Q) polynomial
contrasts were used to determine the response to Asn supplementation among
LPS-challenged pigs. Values are means (n=6; one pig per pen), with standard
errors. The protein abundance of MuRF1 in gastrocnemius muscle was higher
than that in LD muscle (P=0·011). No significant treatment× segment interaction
was found for the protein abundance of MAFbx (P=0·473) and MuRF1
(P=0·630).
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(linear, P< 0·05), and tended to decrease mRNA abundance of
TRAF6 (linear, P= 0·070) and NF-κB p65 (linear, P= 0·082).
There was a trend for treatment× segment interaction

observed for the mRNA abundance of TNF-α (P= 0·094).
Compared with CONTR piglets, LPS challenge increased mRNA
abundance of TNF-α in gastrocnemius and LD muscles
(P< 0·01). Among the LPS-challenged piglets, Asn supple-
mentation decreased mRNA abundance of TNF-α in gastro-
cnemius and LD muscles (linear and quadratic, P< 0·05).

Muscle mRNA abundance of negative regulators of toll-like
receptor 4 and nucleotide-binding oligomerisation domain
proteins signalling pathways

The mRNA abundance of radioprotective 105 (RP105) in gas-
trocnemius muscle was lower than that in LD muscle (P< 0·001;
Table 5), and the mRNA abundance of toll-interacting protein
(Tollip) in gastrocnemius muscle tended to be higher than that
in LD muscle (P= 0·094). Significant treatment× segment
interactions were observed for the mRNA abundance of RP105
and suppressor of cytokine signalling 1 (SOCS1) (P< 0·01).

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

pA
M

P
K
�:

tA
M

P
K
�

Gastrocnemius muscle: CONTR v. LPS (P= 0.006), L (P= 0.006), Q (P= 0.002)
LD muscle: CONTR v. LPS (P= 0.831), L (P= 0.007), Q (P= 0.007)

0
Gastrocnemius muscle LD muscle

Gastrocnemius muscle LD muscle

1

2

3

4

5

6

7

8

tA
M

P
K

� 
(A

U
)

CONTR v. LPS (P= 0.475), L (P= 0.021), Q (P= 0.075)

(a)

(b)

tAMPK� (62 kDa)

pAMPK� (62 kDa)

Fig. 2. Effects of asparagine (Asn) supplementation on the (a) phosphorylated
AMP-activated protein kinase (pAMPKα):total AMP-activated protein kinase
(tAMPKα) ratio and (b) protein abundance of tAMPKα in muscles of weaning
piglets at 4 h after the administration of Escherichia coli lipopolysaccharide
(LPS) challenge. The bands shown are the representative Western blot images
of pAMPKα (62 kDa) and tAMPKα (62 kDa). The data were analysed as
repeated measures with treatments ( , non-challenged control (CONTR); ,
LPS; , LPS+0·5% Asn; , LPS +1·0% Asn) as the between-animal effect
and muscle (gastrocnemius muscle and longissimus dorsi (LD) muscle) as the
within-animal effect. The LPS (0% Asn) pigs were compared with CONTR pigs
(LPS v. CONTR) to determine the effect of LPS. Linear (L) and quadratic (Q)
polynomial contrasts were used to determine the response to Asn
supplementation among LPS-challenged pigs. Values are means (n 6; one
pig per pen) with standard errors. The ratio of pAMPKα:tAMPKα in
gastrocnemius muscle was higher than that in LD muscle (P= 0·001), and
the protein abundance of tAMPKα in gastrocnemius muscle tended to be lower
than that in LD muscle (P< 0·001). A trend for treatment × segment interaction
was observed for pAMPKα:tAMPKα ratio (P= 0·069). No significant
treatment × segment interaction was found for the protein abundance of
tAMPKα (P=0·894). AU, arbitrary units.
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Fig. 3. Effects of asparagine (Asn) supplementation on the (a) phosphorylated
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tAkt in muscles of weaning piglets at 4 h after the administration of Escherichia
coli lipopolysaccharide (LPS) challenge. The bands shown are the
representative Western blot images of pAkt (60 kDa) and tAkt (60 kDa). The
data were analysed as repeated measures with treatments ( , non-challenged
control (CONTR); , LPS; , LPS+ 0·5% Asn; , LPS+1·0% Asn) as the
between-animal effect and muscle (gastrocnemius muscle and longissimus
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Linear (L) and quadratic (Q) polynomial contrasts were used to determine the
response to Asn supplementation among LPS-challenged pigs. Values are
means (n 6; one pig per pen), with standard errors. The ratio of pAkt:tAkt
(P< 0·001) and the protein abundance of tAkt (P= 0·001) in gastrocnemius
muscle were higher than those in LD muscle. No significant
treatment × segment interaction was found for the ratio of pAkt:tAkt
(P= 0·211) and the protein abundance of tAkt (P= 0·335). AU, arbitrary units.

Asparagine inhibits muscle atrophy 1193

https://doi.org/10.1017/S000711451600297X  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S000711451600297X


Compared with CONTR piglets, LPS challenge increased mRNA
abundance of RP105 in gastrocnemius muscle, and SOCS1
in gastrocnemius and LD muscles (P< 0·05). Among the
LPS-challenged piglets, Asn supplementation decreased mRNA
abundance of RP105 (linear and quadratic, P< 0·05) and SOCS1
(linear, P< 0·05; quadratic, P= 0·081) in LD muscle.
No significant treatment× segment interaction was observed for

the mRNA abundance of Tollip, single Ig IL-1 R-related molecule
(SIGIRR), Erbb2-interacting protein (ERBB2IP) and centaurin β1
(CENTB1). Overall, compared with CONTR pigs, LPS challenge
decreased mRNA abundance of Tollip (P=0·05), and tended to
increase mRNA abundance of CENTB1 (P=0·074). Among the
LPS-challenged piglets, Asn supplementation decreased mRNA

abundance of CENTB1 (linear and quadratic, P<0·01), and tended
to increased mRNA abundance of Tollip (quadratic, P =0·064).

Discussion

Protein or amino acid supplementation exerts a regulatory
effect on both protein synthesis and protein degradation(32,33).
As stated in a recent review, protein or amino acids are more
effective than carbohydrate in increasing lean or fat-free body
mass and whole-muscle cross-sectional area(33). Amino acid
supplementation also stimulates the synthesis of both myofi-
brillar and sarcoplasmic proteins(32). However, the molecular
mechanisms by which protein or amino acids affect muscle
protein metabolism are presently unknown. Our present study
offered a new basis to explain the beneficial effects of amino
acid in the skeletal muscle. We found that Asn supplementation
had beneficial effects on muscle atrophy, as indicated by the
increase of muscle protein and RNA contents, and the
down-regulation of ubiquitin ligases MAFbx and MuRF1 mRNA
transcription. These changes were accompanied by increased
phosphorylation (activation) of Akt1 protein, and reduced
phosphorylation (inhibition) of AMPK and FOXO1 in muscles.
Also, these changes were concurrent with decreased circulating
level of TNF-α and decreased mRNA transcription of muscle
TLR4 and NOD and their downstream signals. Overall, the
present data suggest that Asn exerts a positive effect on LPS-
induced muscle atrophy, which is associated with regulating
Akt, AMPKα, TLR4 and NOD signalling.

Muscle atrophy occurs when protein degradation exceeds
protein synthesis, leading to a net loss of muscle protein(1,34).
The muscle protein, RNA and DNA are common metrics for
assessing the protein synthetic capacity, translational efficiency
and cell size, and they are negatively related to protein degra-
dation(35). MAFbx and MuRF1, induced early in the atrophy
process(36), are thought to be the accurate markers of the
atrophy process(6). The increased expression of the MAFbx and
MuRF1 precedes the loss of muscle weight(36), and have been
described in several models of muscle atrophy(37). In this
study, LPS administration resulted in decreased DNA content
and increased mRNA expression of MAFbx and MuRF1 in
muscles, indicating LPS-induced muscle atrophy. Our results are
in agreement with previous observations of up-regulation of
MAFbx and MuRF1 in endotoxaemia(38), and their central role in
the initiation and regulation of muscle protein degradation via
the ubiquitin-proteasome pathway during atrophy(39). Asn
supplementation to the LPS-challenged piglets increased
protein and RNA content in muscles, and decreased muscle
mRNA expression of MAFbx and MuRF1, indicating that Asn is
effective in attenuating LPS-induced muscle atrophy. However,
in this study, neither LPS nor Asn treatment affected the protein
abundance of MuRF1 and MAFbx. Many reports on mRNA and
protein abundances find that mRNA and protein are differen-
tially expressed, and the discrepancy may be attributed to dif-
ferent levels of regulation between transcript and protein
product(40,41). Previous studies have shown that, within 8–24 h
post injection, LPS increased the protein abundance of MuRF1
and MAFbx(2,15). We speculated that gene up-regulation may
occur at an earlier stage than protein production.
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Fig. 4. Effects of asparagine (Asn) supplementation on the (a) phosphorylated
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The data were analysed as repeated measures with treatments ( , non-
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pigs were compared with CONTR pigs (LPS v. CONTR) to determine the effect
of LPS. Linear (L) and quadratic (Q) polynomial contrasts were used to
determine the response to Asn supplementation among LPS-challenged pigs.
Values are means (n 6; one pig per pen), with standard errors. The ratio of
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Akt and AMPK are considered to regulate protein degradation
in muscle through FOXO and FOXO target genes (i.e. MAFbx
and MuRF1)(1,18). In our present experiment, LPS challenge
increased phosphorylation of AMPKα, and decreased phos-
phorylation of Akt, which is consistent with the findings of
Orellana et al.(2) and Frost and Lang(4). These data indicate that
injection of LPS enhanced AMPK activity but inhibited Akt
activity in skeletal muscle. In the present study, consistent with

decreased mRNA expression of MAFbx and MuRF1 in muscle,
Asn supplementation to the LPS-challenged pigs decreased the
phosphorylation of AMPKα and increased the phosphorylation
of Akt and FOXO1. AMPK, in an active (phosphorylated)
state, can enhance the activity of FOXO transcription factor
family members, leading to muscle wasting(18). On the
contrary, the phosphorylation of Akt inhibits muscle protein
degradation by phosphorylating and inactivating FOXO

Table 4. Effects of asparagine (Asn) supplementation on muscle mRNA expression of toll-like receptor 4 (TLR4) and nucleotide-binding oligomerisation domain
proteins (NOD) and their downstream signals in weaning piglets at 4 h after the administration of Escherichia coli lipopolysaccharide (LPS) challenge
(Mean values with their pooled standard errors; n 6 (one piglet per pen))

Treatment (T) P* P†

Items Muscle (M) CONTR LPS
LPS+

0·5% Asn
LPS+

1·0% Asn SEM T M T×M
LPS v.
CONTR Linear Quadratic

TLR4 GM 1·00 2·47 1·59 1·56 0·22 0·001 0·598 0·985 0·002 0·010 0·009
LDM 1·00 2·40 1·45 1·50 0·25

MyD88 GM 1·00 2·54 1·77 1·96 0·22 <0·001 0·188 0·538 <0·001 0·023 0·017
LDM 1·00 2·81 1·99 1·94 0·18

IRAK1 GM 1·00 1·00 0·99 1·01 0·10 0·800 0·464 0·721 0·852 0·364 0·641
LDM 1·00 1·04 0·92 0·87 0·06

TRAF6 GM 1·00 1·30 1·22 1·21 0·16 0·226 0·049 0·308 0·116 0·070 0·185
LDM 1·00 1·27 1·00 0·86 0·08

NOD1 GM 1·00 0·96 0·81 0·64 0·14 0·054 0·873 0·583 0·823 0·013 0·048
LDM 1·00 1·15 0·69 0·52 0·17

NOD2 GM 1·00 2·93 1·93 1·60 0·41 0·007 0·820 0·680 0·026 0·042 0·117
LDM 1·00 2·55 2·02 1·74 0·27

RIPK2 GM 1·00 2·59 2·12 2·29 0·25 <0·001 0·275 0·720 <0·001 0·650 0·433
LDM 1·00 2·18 1·97 2·24 0·17

NF-κB p65 GM 1·00 1·38 1·02 1·09 0·12 0·085 0·897 0·262 0·052 0·082 0·118
LDM 1·00 1·24 1·17 1·11 0·06

TNF-α GM 1·00 2·09 1·45 1·10 0·19 <0·001 0·001 0·094 0·008 <0·001 0·001
LDM 1·00 3·19 2·15 1·64 0·32 0·008 0·007 0·025

CONTR, non-challenged control; GM, gastrocnemius muscle; LDM, longissimus dorsi muscle; MyD88, myeloid differentiation factor 88; IRAK1, IL-1 receptor-associated kinase 1;
RIPK2, receptor-interacting serine/threonine-protein kinase 2; TRAF6, TNF receptor-associated factor 6.

* P values were obtained using treatment as the main effect and by analysing data from the GM and LDM as repeated measures.
† The LPS pigs were compared with CONTR pigs to determine the effect of LPS. Linear and quadratic polynomial contrasts were used to determine the response to Asn

supplementation among LPS-challenged pigs.

Table 5. Effects of asparagine (Asn) supplementation on muscle mRNA expression of negative regulators of toll-like receptor 4 (TLR4) and nucleotide-binding
oligomerisation domain proteins (NOD) signalling pathways in weaning piglets at 4h after the administration of Escherichia coli lipopolysaccharide (LPS) challenge
(Mean values with their pooled standard errors; n 6 (one piglet per pen))

Treatment (T) P* P†

Items Muscle (M) CONTR LPS
LPS+

0·5% Asn
LPS+

1·0% Asn SEM T M T×M
LPS v.
CONTR Linear Quadratic

RP105 GM 1·00 1·14 0·82 0·92 0·31 0·033 <0·001 0·002 0·788 0·648 0·793
LDM 1·00 3·86 1·52 1·35 0·53 0·017 0·012 0·018

SOCS1 GM 1·00 4·23 4·35 4·50 0·53 <0·001 0·478 <0·001 0·002 0·745 0·950
LDM 1·00 5·51 4·56 3·43 0·53 <0·001 0·023 0·081

Tollip GM 1·00 0·57 1·10 0·78 0·14 0·076 0·094 0·206 0·050 0·606 0·064
LDM 1·00 0·61 0·93 0·60 0·14

SIGIRR GM 1·00 0·91 1·11 0·87 0·20 0·626 0·325 0·872 0·962 0·653 0·372
LDM 1·00 1·06 1·27 0·90 0·17

ERBB2IP GM 1·00 0·95 1·05 1·28 0·20 0·884 0·564 0·331 0·801 0·630 0·698
LDM 1·00 1·15 0·94 0·97 0·11

CENTB1 GM 1·00 2·01 0·34 0·40 0·52 0·003 0·175 0·572 0·074 0·003 0·004
LDM 1·00 2·73 0·84 0·41 0·27

CONTR, non-challenged control; RP105, radioprotective 105; GM, gastrocnemius muscle; LDM, longissimus dorsi muscle; SOCS1, suppressor of cytokine signalling 1; Tollip,
toll-interacting protein; SIGIRR, single Ig IL-1 R-related molecule; ERBB2IP, Erbb2-interacting protein; CENTB1, centaurin β1.

* P values were obtained using treatment as the main effect and by analysing data from the GM and LDM as repeated measures.
† The LPS pigs were compared with CONTR pigs to determine the effect of LPS. Linear and quadratic polynomial contrasts were used to determine the response to Asn

supplementation among LPS-challenged pigs.
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transcription factors(2). Thus, we speculated that Asn’s ability
to attenuate muscle atrophy may be related to preventing LPS-
induced inhibition of Akt and activation of AMPKα and FOXO1.
Pro-inflammatory cytokines can lead to muscle wasting

directly or via alterations of Akt/FOXO/ubiquitin-proteasome
pathway(15,42). In addition, skeletal muscle metabolism is under
hormonal control(43), and many of the hormonal responses to
sepsis and endotoxaemia are mediated by enhanced synthesis
and secretion of pro-inflammatory cytokines(44). In our study,
LPS challenge increased the concentrations of plasma
TNF-α, cortisol and glucagon, and decreased plasma glucose
concentration, and increased TNF-α mRNA expression in
muscles. Cytokines have been shown to increase catabolic
hormones such as cortisol(45) and glucagon(46). The metabolic
effects of cortisol are enhanced with skeletal muscle protein
breakdown to provide gluconeogenic substrate and amino
acids for liver protein synthesis(45). Blood glucose level, which
is regulated by the balance between anabolic and catabolic
(glucagon and cortisol) hormones, is related to muscle
fibre composition and could partially indicate ultimate pork
quality(47,48). In the present study, Asn supplementation to the
LPS-challenged pigs decreased the concentrations of TNF-α,
cortisol and glucagon in plasma, and the mRNA expression of
TNF-α in muscles. The data support the notion that dietary Asn
supplementation may attenuate muscle atrophy partially by
reducing pro-inflammatory cytokines.
Activation of TLR4 and NOD signalling pathways can induce

over-production of pro-inflammatory cytokines, and elicit
collateral host-tissue injury. To avoid excessive and harmful
inflammatory responses, TLR4 and NOD signalling are
subjected to extensive negative regulation through extra-
cellular and intracellular mechanisms(49,50). Of them, negative
regulators of TLR4 (such as RP105, SOCS1, Tollip and SIGIRR)
and NOD (such as ERBB2IP and CENTB1) play a central role in
this process(49,50). To explore the molecular mechanism(s) by
which Asn reduces muscle pro-inflammatory cytokines, we
examined the roles of these intracellular signalling pathways. In
the present experiment, consistent with the decreased plasma
and muscle TNF-α concentrations, Asn supplementation to the
LPS-challenged pigs decreased mRNA abundance of TLR4 and
NOD signalling-related genes (TLR4, MyD88, TRAF6, NOD1,
NOD2 and NF-κB p65). In addition, we found that LPS challenge
increased mRNA abundance of RP105, SOCS1 and CENTB1,
and tended to decrease mRNA abundance of Tollip. Asn
attenuated the alteration of mRNA levels of these negative
regulators induced by LPS. Therefore, it is possible that the
beneficial roles of Asn on muscle atrophy are closely related to
reducing the expression of muscle pro-inflammatory cytokines
through inhibiting the TLR4 and NOD signalling pathways
via modulation of their negative regulators. We speculate
that the effect of Asn on TLR4 and NOD pathways might be
due to the following mechanisms. Asn can be converted to
arginine and glutamine through complex metabolism(7). Chen
et al.(51) reported that arginine supplementation inhibited
the excessive activation of the TLR4–MyD88 signalling
pathway. In addition, Zhou et al.(52) found that glutamine
protected the intestinal tract in preterm neonatal rats with
necrotising enterocolitis via reducing TLR2 and TLR4

expression. In this way, it is possible that Asn may be converted
to many other amino acids to regulate the TLR4 and NOD
signalling pathways.

In summary, Asn supplementation has beneficial effects
on muscle atrophy because of inhibition of muscle proteolysis
via Akt activation and AMPKα and FOXO1 inhibition, and also
decreasing the inflammatory processes via inhibition of TLR4
and NOD signalling pathways.
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