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Abstract

The intestine requires a high amount of energy to maintain its health and function; thus, energy deficits in intestinal mucosa may lead to
intestinal damage. Asparagine (Asn) is a precursor for many other amino acids such as aspartate, glutamine and glutamate, which can be
used to supply energy to enterocytes. In the present study, we hypothesise that dietary supplementation of Asn could alleviate bacterial
lipopolysaccharide (LPS)-induced intestinal injury via improvement of intestinal energy status. A total of twenty-four weaned piglets were
assigned to one of four treatments: (1) non-challenged control; (2) LPS 4+ 0% Asn; (3) LPS + 0-5% Asn; (4) LPS 4 1:0% Asn. On day 19,
piglets were injected with LPS or saline. At 24h post-injection, piglets were slaughtered and intestinal samples were collected. Asn
supplementation improved intestinal morphology, indicated by higher villus height and villus height:crypt depth ratio, and lower crypt
depth. Asn supplementation also increased the ratios of RNA:DNA and protein:DNA as well as disaccharidase activities in intestinal
mucosa. In addition, Asn supplementation attenuated bacterial LPS-induced intestinal energy deficits, indicated by increased ATP and
adenylate energy charge levels, and decreased AMP:ATP ratio. Moreover, Asn administration increased the activities of key enzymes
involved in the tricarboxylic acid cycle, including citrate synthase, isocitrate dehydrogenase and a-ketoglutarate dehydrogenase
complex. Finally, Asn administration decreased the mRNA abundance of intestinal AMP-activated protein kinase-al (AMPKal),
AMPKa2, silent information regulator 1 (SIRT7) and PPARy coactivator-la (PGCI1a), and reduced intestinal AMPKa phosphorylation.
Collectively, these results indicate that Asn supplementation alleviates bacterial LPS-induced intestinal injury by modulating the AMPK
signalling pathway and improving energy status.
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The intestine is not only important for digestion and absorp-
tion of dietary nutrients, but also plays a key role in defence
against harmful bacteria-derived endogenous and exogenous
agents'”. Many factors such as infection and inflammation
can cause intestinal damage and dysfunction® ™. Recently,
research has shown that the intestine requires a high
amount of energy to maintain its health and function; thus,
energy deficits in intestinal mucosa are closely related to var-
ious degrees of injury in the intestine”. Amino acids can serve
as a central fuel source for intestinal mucosa®. Accumulating
evidence suggests that amino acids play a critical role in intes-

tinal integrity, function and health in animals and humans®®.

Thus, nutritional regulation (especially dietary addition of
amino acids) targeting intestinal energy metabolism may
hold great promise for intestinal disease prevention and
improvement of animal and human health.

Asparagine (Asn) is a non-essential amino acid. As has been
stated in a recent review, Asn, aspartate, glutamine, glutamate,
arginine, citrulline, ornithine and proline are interconvertible
via complex interorgan metabolism in most mammals”. Asn
can be converted to aspartate via deamination, and glutamate
can subsequently be generated from oa-ketoglutarate and
aspartate by a transamination reaction®. Emerging evidence
has demonstrated that glutamine, aspartate and glutamate
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Abbreviations: a-KGDHC, a-ketoglutarate dehydrogenase complex; AEC, adenylate energy charge; AMPK, AMP-activated protein kinase; Asn, asparagine;
BW, body weight; CONTR, non-challenged control group (piglets fed a control diet and injected with 0-9 % NaCl solution); CS, citrate synthase; ICD, isocitrate
dehydrogenase; LPS, lipopolysaccharide; pAMPKa, phosphorylated AMPKa; PGCla, PPARY coactivator-1a; SIRT1, silent information regulator 1; tAMPKa,
total AMPKa; VCR, villus height:crypt depth ratio.
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are the major sources of ATP in mammalian enterocytes”™. In
addition, Asn contributes to mounting an effective immune
response in normal subjects, but can also contribute to abnor-
mal lymphoblastic growth in leukaemia patients(9). Newburg
et al'® reported that deletion of Asn from diet formulations
led to significant growth deficits in weanling rats. Moreover,
Asn stimulates ornithine decarboxylase and cell proliferation
in all kinds of cells, including intestinal cells®'". However,
to our knowledge, only a few studies have focused on the
protective effect of Asn in the intestine.

Recent studies have shown that AMP-activated protein
kinase (AMPK), silent information regulator 1 (SIRT1) and
PPARY coactivator-1a (PGCla) play key roles in the regulation
of cellular energy metabolism™*'®. AMPK is a heterotrimeric
serine/threonine kinase. AMPK activation can restore energy
status in human cells with mitochondrial dysfunction®%!>
Several lines of evidence indicate that AMPK can increase
SIRT1 activity by increasing cellular NAD™ levels, culminating
in the modulation of downstream target activity’®. In
addition, AMPK and SIRT1 have been found to have a direct
impact on the activity of PGC-lae via phosphorylation and
deacetylation, respectively™?
catabolic pathways including fatty acid oxidation and glycoly-
sis to produce ATP, while synchronously inhibiting anabolic
processes including fatty acid synthesis and gluconeogenesis
a7

. These processes can initiate

to utilise energy

Accordingly, we hypothesise that Asn could improve
intestinal integrity by regulating energy status through the
modulation of the AMPK signalling pathway. In the present
study, we established an acute model of intestinal injury
by injecting Escherichia coli lipopolysaccharide (LPS)'®
Furthermore, we used a piglet model, which is an excellent
animal model for studying the potential nutritional role of
Asn in humans"®?”. The aim of the present study was to
investigate whether Asn could attenuate negative changes
caused by LPS challenge in the intestine, and to elaborate its
molecular mechanisms.

Materials and methods
Animal care and experimental design

All the experimental procedures were approved by the Animal
Care and Use Committee of Hubei Province, China. A total
of twenty-four weaned, castrated barrows (Duroc X Large
White X Landrace, 35 (sem 1)d old, 89 (sem 0-1) kg initial
body weight (BW)) were randomly divided into four treatment
groups (six replicate pens per treatment). Piglets were indivi-
dually caged in a 1-80 X 1-10 m pen equipped with a feeder
and a nipple drinker to allow ad libitum access to feed and
water. All piglets were housed in an environmentally
controlled room. The basal diet (Table 1) was formulated to
meet NRC?" requirements for all nutrients.

The four treatment groups were as follows: (1) non-
challenged control (CONTR) group (piglets fed a control diet
and injected with 0-9% NaCl solution); (2) LPS 4+ 0% Asn
treatment group (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 group (piglets
fed a 0-5% Asn diet and injected with LPS); (4) LPS 4+ 1:0%
Asn treatment group (piglets fed a 1-0% Asn diet and injected
with LPS). The Asn doses (purity >99%; Amino Acid Bio-
Chemical Company Limited) were selected on the basis of
our previous studies®?. Our previous investigations showed
that before the administration of LPS challenge, dietary
supplementation of 0-5 and 1:0% Asn did not affect growth
performance, total and differential leucocyte counts, and
serum biochemical parameters of weanling pigs (X Wang,
Y Liu, S Li, D Pi, H Zhu, Y Hou, H Shi and W Leng, unpublished
results; see online Supplementary Tables S1-S3), indicating that
the Asn level of the basal diet was adequate to maintain
growth performance and physiological function in weanling
pigs under normal physiological conditions. However, our
previous studies also showed that after the administration of
LPS challenge, dietary supplementation of 0-5% Asn attenu-
ated weight loss, and both 0-5 and 1-0% Asn supplementation

Table 1. Ingredients and composition of the experimental diets (as-fed
basis)

Items Content (g/kg)

Ingredients
Maize 570-5
Soyabean meal (44 % CP) 224
Wheat middling 50
Fishmeal 36
Soya protein concentrate 14
Fat powder* 20
Milk replacer powder 30
Limestone 94
Dicalcium phosphate 12.2
Salt 34
Alat 135
Acidifiert 2.0
L-Lys HCI (78-:8 % Lys) 2.7
pL-Met (99 % Met) 1.0
L-Thr (98 % Thr) 0-8
Butylated hydroquinone 05
Vitamin and mineral premix§ 10

Nutrient composition
Digestible energyl|1 (MJ/kg) 13-6
Crude protein** 203
Crude fat** 44
Ca** 8.0
Total P** 7-0
Total Lys9 1141
Total Met+Cys9 6-5

CP, crude protein.

* Rumen-stable fat powder, purchased from Berg + Schmidt.

1In the 0-5% asparagine diet, 1-35% alanine was replaced by 0-5% asparagine,
0-68 % alanine and 0-17 % maize starch. In the 1.0% asparagine diet, 1-35%
alanine was replaced by 1-0% asparagine and 0-35% maize starch. All diets
were isonitrogenous.

1A compound acidifier including lactic acid and phosphoric acid, provided by
Wuhan Fanhua Biotechnology Company.

§ Vitamin and mineral premix (defatted rice bran as the carrier) provided the follow-
ing amounts per kg of complete diet: retinol acetate, 2700 ng; cholecalciferol,
62-5 ng; DL-a-tocopheryl acetate, 20 mg; menadione, 3mg; vitamin Bip, 18 ng;
riboflavin, 4 mg; niacin, 40 mg; pantothenic acid, 15 mg; choline chloride, 400 mg;
folic acid, 700 .g; thiamin, 1-5mg; pyridoxine, 3mg; biotin, 100 .g; Zn, 80 mg
(ZnS0,4.7H20); Mn, 20 mg (MnS0,.5H,0); Fe, 83 mg (FeS0O,.H,0); Cu, 25mg
(CuS0,4.5H.0); 1, 0-48 mg (KI); Se, 0-36 mg (NaySe03.5H,0).

|| Based on diets containing maize starch.

9 Calculated.

** Analysed.
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Table 2. Specific primer sequences used for real-time PCR

Al
N
N

Genes Forward (5'-3') Reverse (5'-3) Efficiency (%) References
AMPKa 1 AAATCGGCCACTACATCCTG GGATGCCTGAAAAGCTTGAG 97 Oliver & Miles®®
AMPKa2 AACATGGACGGGTTGAAGAG CGCAGAAACTCACCATCTGA 99 Oliver & Miles®®
SIRT1 CTGGAACAGGTTGCAGGAAT CCTAGGACATCGAGGAACCA 101 Weber et al.®"
PGC1a GATGTGTCGCCTTCTTGTTC CATCCTTTGGGGTCTTTGAG 99 Weber et al.®"
GAPDH CGTCCCTGAGACACGATGGT GCCTTGACTGTGCCGTGGAAT 100 Liu et al.('®

AMPKa 1/02, AMP-activated protein kinase-a1/a2; SIRT1, silent information regulator 1; PGC1a, PPARy coactivator-1a; GAPDH, glyceraldehyde

3-phosphate dehydrogenase.

attenuated the changes in total and differential leucocyte
counts and serum biochemical parameters induced by LPS

2 indicating the importance of

challenge in weanling pigs
exogenous Asn supply under pathological conditions. Thus,
in the present experiment, we focused our investigation
upon the effect of 0-5 and 1:0% dietary Asn supplementation
on intestinal variables in LPS-challenged piglets, but did not
investigate the effect of Asn in non-LPS-challenged piglets.
To obtain isonitrogenous diets, we added 1-35, 0-68 and 0%
alanine (purity >99%; Amino Acid Bio-Chemical Company
Limited) to the control, 0-5% Asn and 1-0% Asn diets, respect-
ively. Feed consumption and BW were recorded on day 1 and
day 19 before the administration of saline or LPS injection.
After 19d of feeding the control, 0:5% Asn and 1-0% Asn
diets, the challenged groups were treated with an intraperito-
neal injection of LPS at a dose of 100 pg/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®'®, in which this dose caused
acute intestinal injury in weaned pigs. To avoid the potential
effects of LPS-induced feed intake reduction on intestinal vari-
ables, all piglets were fed the same amount of feed per kg BW
at 24 h following the administration of saline or LPS injection,
causing no significant difference in feed intake (266, 258, 270
and 276g, respectively) among the four treatment groups.
According to the feed intake of LPS-challenged piglets, the
amount of feed per kg BW was determined at 24 h after LPS
challenge in our preliminary study. Piglets were supplied
water ad libitum.

Blood and intestinal sample collection

At 24h post-injection, blood samples were collected into
uncoated vacuum tubes (Becton Dickinson Vacutainer
System) and centrifuged (3500g, 10min, 4°C) to obtain
serum samples. Serum was stored at —80°C until analysis.
After the collection of blood samples, piglets were humanely
euthanised with pentobarbital, and sections were cut at the
mid-jejunum (3cm and 10cm) and mid-ileum (3cm and
10 cm), respectively™®. The 3cm sections were flushed, and
then placed in 10 % neutral buffered formalin for the analysis
of intestinal morphology™®. The 10 cm sections were opened
and the contents were flushed®. Then, mucosal samples
were collected with a sterile glass slide, and immediately
frozen in liquid N, and stored at —80°C for further analysis'®.
Previous experiments have shown that at 24 h post-injection,
LPS induced changes in intestinal energy metabolism and
intestinal damage®®. Thus, the time point of 24h after the
administration of LPS or 0:9% NaCl solution was selected
for the experimental measurements.

Serum amino acid concentrations

A volume of 50 ul serum was deproteinised in 50 wl of 1-5M-
perchloric acid. After 2min, the samples were neutralised
with 25l of 2M-potassium carbonate and 1-125 ml double-
distilled water. Then, the samples were centrifuged at
10000 g for 1min, and the supernatant was used for amino
acid analysis. Serum concentrations of Asn and associated
amino acids were measured by HPLC methods involving

derivatisation ~with o-phthaldialdehyde, as

Q4

pre-column
described previously

Table 3. Effects of asparagine (Asn) supplementation on serum amino acid concentrations in weaned piglets at 24 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+0% Asn LPS + 0-5% Asn LPS + 1.0% Asn SEM CONTR v. LPS + 0% Asn Linear Quadratic
Asp (p.mol/l) 64 57 48 87 10 0-524 0-069 0-043
Asn (pwmol/l) 82 93 95 137 12 0-282 0-032 0-050
Glu (nmol/l) 249 184 148 207 22 0-005 0-533 0-260
Gin (wmol/l) 606 394 434 530 31 0-003 <0-001 0-001
Arg (wmol/l) 189 270 256 289 37 0-099 0-735 0-839
Cit (wmol/l) 84 88 84 92 4 0-608 0-459 0-442
Orn (mol/l) 97 82 137 83 14 0-463 0-960 0-013

CONTR, non-challenged control group (piglets fed a control diet and injected with 0-9 % NaCl solution); Cit, citrulline; Orn, ornithine.
*LPS-challenged (0% Asn) piglets were compared with CONTR piglets to determine the effects of LPS challenge. Linear and quadratic polynomial contrasts were used to
determine the response to Asn supplementation among the LPS-challenged piglets.
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Fig. 1. Effects of asparagine (Asn) supplementation on (a) villus height, (b)
crypt depth and (c) villus height:crypt depth ratio (VCR) in weaned piglets at
24h after the administration of Escherichia coli lipopolysaccharide (LPS)
challenge. Data were analysed as repeated measures with treatments
(CONTR (g3), LPS +0% Asn (@), LPS + 0-5% Asn (@) and LPS + 1.0%
Asn (7)) as the between-animal effect and segment (jejunum and ileum) as
the within-animal effect. LPS-challenged (0% Asn) piglets were compared
with CONTR piglets to determine the effects of LPS challenge. Linear (L)
and quadratic (Q) polynomial contrasts were used to determine the response
to Asn supplementation among the LPS-challenged piglets. Values are
means (n 6; one piglet per pen), with their standard errors represented by
vertical bars. Villus height (P<0-001) and VCR (P=0-016) in the jejunum
were higher than those in the ileum. There were significant treatment x
segment interactions observed for crypt depth (P=0-046) and VCR
(P=0-044). There were no significant treatment X segment interactions
observed for villus height (P=0-118). (a) CONTR v. LPS +0% Asn,
P=0-089; L, P<0-001; Q, P=0-001. (b) Jejunum: CONTR v. LPS + 0%
Asn, P=0-817; L, P=0-002; Q, P=0-006. lleum: CONTR v. LPS + 0% Asn,
P=0-602; L, P=0-515; Q, P=0-750. (c) Jejunum: CONTR v. LPS + 0% Asn,
P=0-088; L, P<0-001; Q, P<0-001. lleum: CONTR v. LPS + 0% Asn,
P=0-662; L, P=0-011; Q, P=0-036. CONTR, non-challenged control group
(piglets fed a control diet and injected with 0-9 % NaCl solution).

Intestinal morphology

After fixation for 24h, intestinal samples were dehydrated,
embedded in paraffin, sectioned, and stained with haematoxy-
lin and eosin®. Villus height and crypt depth were measured

according to the methods described in our previous study®> .

Intestinal mucosal protein, DNA and RNA contents

Frozen mucosal samples were homogenised in ice-cold NaCl
solution at a 1:10 (w/v) ratio, followed by centrifugation at
2500rpm for 10min at 4°C to collect the supernatant. The
supernatant was used for the measurement of protein, RNA
and DNA contents. Intestinal mucosal protein content was
measured according to the method of Lowry et al.*®. DNA
content was measured by a fluorometric assay®”. RNA con-
tent was measured by spectrophotometry with a modified
Schmidt—Tannhauser method®®,

Intestinal mucosal disaccharidase activities

Disaccharidase activities in the supernatant of intestinal
mucosa were determined according to the methods described
by Liu et al.*” using glucose kits (#A082-1 for lactase, #A082-2
for sucrase and #A082-3 for maltase; Nanjing Jiancheng Bioen-
gineering Institute). In brief, 10l double-distilled water,
glucose standard solution (5-55mmol/D) or test samples were
added to a test-tube and incubated with 20 ul of respective
substrate for 20 min at 37°C. Then, 10 pl of terminating agent
and 1000 pl of chromogenic agent were added and incubated
at 37°C for 15 min. Double-distilled water was used to set zero
at 505 nm, followed by the reading of the optical density value
of each tube. One unit (U) of enzyme activity was defined as
1nmol substrate hydrolysed/min under assay conditions
(37°C, pH 6:0).

Intestinal mucosal ATP. ADP and AMP concentrations

Frozen intestinal samples (0-10—0-20 g) were homogenised in
2ml of pre-cooled 1-5m-perchloric acid. The homogenates
were centrifuged at 3000g for 5min at 4°C, and then the
supernatants were collected. A volume of 1ml supernatant
was neutralised with 0:-4ml of 2M-potassium carbonate, fol-
lowed by centrifugation at 3000 g for 5min at 4°C. The super-
natant was stored at —80°C until analysis. ATP, ADP and AMP
concentrations were measured using HPLC, according to the
method proposed by Hou et al.*. Total adenine nucleotide
and adenylate energy charge (AEC) levels were calculated
by the following equations®®;

TAN = ATP 4+ ADP + AMP,
AEC = (ATP 4 0.5 ADP)/(ATP + ADP + AMP).

Key enzyme activities of the tricarboxylic acid cycle in
intestinal mucosa

The activities of key enzymes including citrate synthase
(CS), isocitrate dehydrogenase (ICD) and o-ketoglutarate
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Table 4. Effects of asparagine (Asn) supplementation on intestinal mucosal protein, DNA and RNA contents in weaned piglets at 24 h after the administration of Escherichia coli lipopolysaccharide

(LPS) challenge

(Mean values with their pooled standard errors, n 6 (one piglet per pen))

Quadratic

Linear

CONTR v. LPS + 0% Asn

X S

T

SEM

LPS + 1.0% Asn

LPS + 0-5% Asn

LPS+0% Asn

CONTR

Iltems

0-278
0-264
<0-001

0-109
0-102
<0-001

0-001

0-069

0-635

4.3 0-040

21

55.4 59-8

48-7

64-6

Jejunum
lleum

Protein (mg/g tissue)

0-006
0-405

54.1

54.5

59-0

64-8

<0-001  0-003 0-001

0-47
0-66
34
21

712
6-39
463
322

6-53
6-81
375

3-31
4-60

2.98
7-34
145
329

Jejunum
lleum

RNA:DNA

0-050
<0-001

0-026
<0-001

0-010

<0-001 0-808

0-272

<0-001

150
222

Jejunum
lleum

Protein:DNA

0-002

0-001

0-005

333
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T, treatment; S, segment; CONTR, non-challenged control group (piglets fed a control diet and injected with 0-9 % NaCl solution).

* P values were obtained using treatment as the main effect and by analysing the data from the jejunum and ileum as repeated measures.

1 LPS-challenged (0% Asn) piglets were compared with CONTR piglets to determine the effects of LPS challenge. Linear and quadratic polynomial contrasts were used to determine the response to Asn supplementation among

the LPS-challenged piglets.

dehydrogenase complex (a-KGDHC) involved in the tricar-
boxylic acid cycle were assayed according to commercial
enzyme assay kits (#45 126 for CS, #45 234 for ICD and #45 157
for a-KGDHC; Shanghai Yuanye Biotechnology Company).
All variables were measured according to the manufacturer’s
guidelines. Briefly, 50l of standard solutions or diluted
intestinal mucosal supernatants were added to a separately
identified well of the microelisa stripplate. A solution of 100 wl
horseradish peroxidase (HRP) conjugate reagent was added to
each well, and then covered with an adhesive strip and incu-
bated for 60 min at 37°C. After incubation, the plates were
washed for five times with wash solutions. Subsequently, 50 pl
of chromogen solution A and 50 pl of chromogen solution B
were added, followed by incubation for 15 min at 37°C. Then,
50 pl of stop solution were added. Optical density was read at
450nm using an ELISA plate reader (Model 550; Bio-Rad)
within 15 min. The activities of the key enzymes in the tricar-
boxylic acid cycle were determined by comparing the optical
density of intestinal samples with the standard curve. Results
for CS and ICD activities were expressed as wlU/mg protein.
One 1U/mg protein was defined as 1umol substrate hydro-
lysed/min per mg protein under specified assay conditions.

mMRNA abundance analysis by real-time PCR

Total RNA was extracted from intestinal mucosa using TRIzol
reagent (#9108; TaKaRa Biotechnology (Dalian) Company
Limited) following the manufacturer’s instructions. RNA was
spectrophotometrically quantified by determining absorbance
at 260nm, and integrity was assessed by agarose gel electro-
phoresis. Both genomic DNA removal and complementary
DNA synthesis were performed using a PrimeScript RT reagent
kit with a gDNA eraser (#RR047A; TaKaRa Biotechnology
(Dalian) Company Limited) according to the protocol of the
manufacturer. Real-time PCR analysis for gene expression
was carried out on the Applied Biosystems 7500 Real-Time
PCR System (Applied Biosystems, Life Technologies) using
a SYBR® Premix Ex Taq™ (Tli RNase H Plus) qPCR kit
(#RR420A; TaKaRa Biotechnology (Dalian) Company Limited),
according to the manufacturer’s guidelines. The PCR pro-
gramme was as follows: 95°C for 30s, followed by forty
cycles of 95°C for 5s and 60°C for 34s. The primer pairs
used are presented in Table 2. The sequences of the PCR pri-
mers were according to previous studies #3030, Quantitative
PCR efficiencies of these primers used were close to 100% in
the present experiment. The PCR products of different primers
were verified by agarose gel electrophoresis and sequencing.
The expression of the target genes v. housekeeping gene
(glyceraldehyde 3-phosphate dehydrogenase, GAPDH) was
determined by the formula 2724¢r of Livak & Schmittgen®?.
The results of the present study suggest that there was no
difference in the expression of GAPDH among the tissues
and treatments. The relative mRNA abundance of each target
gene was normalised to the control group.

Protein abundance analysis by Western blot

Protein immunoblot analysis was carried out in accordance
with the previously described method™®. Briefly, intestinal
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Quadratic
0-072
0-052
0-948
0-291
0-024
0-012
0-694

Linear
0-162
0-022
0-854
0-110
0-038
0-002
0-713

CONTR v. LPS + 0% Asn
0373
0-005
0-398
0330
0848
0010
0-891

TxS
0-002
0-367
0-559
0-025
0-731

0-694
0-653
<0-001
0-001
0-007

0-055
0-541
0-415
0-008
0-829

SEM
18
18
17
22
19
35

0-23

0-30
35
60

161
161
94
122
236
297
1.53
1-89
491
580

LPS + 1.0% Asn
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203
168
127
101
209
348
1.14
2.28
539
617

oF

LPS + 0-5% Asn

LPS+0% Asn

134
108
115
110
271

350
2.08
3-35
520
608

119
195
124
150
223
342
2.01
1.87
466
647

CONTR

Jejunum
lleum
Jejunum
lleum
Jejunum
lleum
Jejunum
lleum
Jejunum
lleum

Table 6. Effects of asparagine (Asn) supplementation on intestinal adenylate purines in weaned piglets at 24 h after the administration of Escherichia coli lipopolysaccharide (LPS) challenge

(Mean values with their pooled standard errors, n 6 (one piglet per pen))

ATP (ng/g wet weightt)
ADP (n.g/g wet weightt)
AMP (ng/g wet weightt)
TANi (ng/g wet weight)

Items
AMP:ATP
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2 Results
[Toleel o
S= § Growth performance
o o c
o
g During the entire 19d feeding trial (pre-challenge), there
g8 5 were no differences in initial BW (9:0, 8:8, 9:0 and 8-8kg,
33 g respectively) and final BW (180, 175, 183 and 187Kkg,
g respectively), average daily gain (477, 459, 492 and 524g,
; respectively), average daily feed intake (733, 741, 703 and
9 759 g, respectively) and feed:gain ratio (1-54, 1-64, 1:43 and
- 5 % 1-44, respectively) among the four treatment groups.
SS|f 2
> @
§ £ Serum amino acid concentrations
o}
fg § Compared with CONTR piglets, LPS-challenged (0% Asn) pig-
g 3 lets had decreased glutamate and glutamine concentrations
§ (‘; f (P<0:05; Table 3). Among the LPS-challenged piglets, Asn
o "% g supplementation increased the concentrations of aspartate
- § £ (quadratic, P<0-05), Asn (linear, P<0-05; quadratic,
8 %‘c’; % P=005), glutamine (linear, P<0-001; quadratic, P<0-05)
c\? g i: and ornithine (quadratic, P<0-05).
£ E
g g =
Q s 5
© g @g Intestinal morphology
3 8 fzf % g LPS challenge (0% Asn) caused fever, diarrhoea, anorexia, shi-
e ’gs -g vering and inactivity within 1h in all piglets (data not shown).
E| % e Villus height and villus height:crypt depth ratio (VCR) in the
g @'g jejunum were higher than those in the ileum (P<<0-05;
g3 2875 Fig. 1). No significant treatment X segment interaction was
°° |3 %5 observed for villus height. Overall, compared with CONTR
g E £ piglets, LPS-challenged (0% Asn) piglets tended to have
z g g decreased villus height (P = 0-089). Among the LPS-chal-
‘%g 5 lenged piglets, Asn supplementation increased villus height
5%‘§ (linear, P<0-001; quadratic, P<0-05).
28 § g k7 Significant treatment X segment interactions were observed
©o %%% for crypt depth and VCR (P<0:05). Compared with CONTR
% § § piglets, LPS—challénged (O% Asn) piglets tended to have
cgg decreased VCR in the jejunum (P =0088). Among the
3 g; LPS-challenged piglets, Asn supplementation increased
o £ é‘ 2 the VCR in the jejunum and ileum (linear, P<<0-05; quadratic,
e ggg’ P<0-05), and decreased crypt depth in the jejunum
§§§ (linear, P<0-05; quadratic, P<0-05).
o . Q
38°
2% £
§ § ‘;é% Protein, DNA and RNA contents
[ ~
% § g % The RNA:DNA ratio in the ileum was higher than that in the
€ Sz o + jejunum (P<0-05; Table 4). There were significant treatment X
g € é % % é segment interactions observed for RNA:DNA and protein:DNA
32 E £s 4 ratios (P<0-05), and a trend for treatment X segment
8 gg g, =3 interactions was observed for mucosal protein content
gé 222 § (P = 0-069). Relative to CONTR piglets, LPS-challenged (0%
£5 i’;@’: b3 Asn) piglets had decreased mucosal protein content in the
838529 jejunum and ileum (P<0-05), and RNA:DNA and protein:DNA
i § E’% Te ratios in the ileum (P<0-05). Among the LPS-challenged
E’§gﬁ£_’%? piglets, Asn supplementation increased the RNA:DNA and
83 §§ b2z protein:DNA ratios in the jejunum and ileum (linear,
< FrETRS P<0-05; quadratic, P=0-05).
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Table 7. Effects of asparagine (Asn) supplementation on intestinal activities of key enzymes in the tricarboxylic acid cycle in weaned piglets at 24 h after the administration of Escherichia coli lipopoly-

saccharide (LPS) challenge*

(Mean values with their pooled standard errors, n 6 (one piglet per pen))

Linear Quadratic

TxS CONTR v.LPS + 0% Asn

S
0-005 <0-001

LPS +1.0% Asn SEM

LPS+0% Asn LPS + 0-5% Asn

CONTR

Iltems
CS

0-001

0-052

0-042

0173

17
15
17

1.1

165
151

20-0

240
171
30-9

215 159
102
19-6

Jejunum
lleum

(wIU/mg protein)

144
2

0-307 <0-001

0-054

0-009

<0-001 <0-001

5.2

Jejunum
lleum

ICD (lU/mg protein)

<0-001

0-079 <0-001

<0-001

0-012

16-6

177

11.3
275
304

16-8
389
409

0-005

<0-001 0-021 0-288

26
22

282
374

459
473

Jejunum
lleum

a-KGDHC (ng/mg protein)

T, treatment; S, segment; CONTR, non-challenged control group (piglets fed a control diet and injected with 0-9 % NaCl solution); CS, citrate synthase; ICD, isocitrate dehydrogenase; a-KGDHC, a-ketoglutarate dehydrogenase

complex.
* International unit (IU) was defined as 1 umol substrate hydrolysed/min under specified assay conditions.

1 P values were obtained using treatment as the main effect and by analysing the data from the jejunum and ileum as repeated measures.

1 LPS-challenged (0% Asn) piglets were compared with CONTR piglets to determine the effects of LPS challenge. Linear and quadratic polynomial contrasts were used to determine the response to Asn supplementation among

the LPS-challenged piglets.

X. Wang et al.

Disaccharidase activities

Disaccharidase activities in the jejunum were higher than
those in the ileum (P<0-001; Table 5). No significant
treatment X segment interaction was found for lactase, maltase
and sucrase activities. Overall, compared with CONTR piglets,
LPS-challenged (0% Asn) piglets had decreased sucrase
activity (P=0-05). Among the LPS-challenged piglets, Asn
supplementation increased lactase activity (linear, P<0-05;
quadratic, P<0-05).

ATP. ADP and AMP concentrations in intestinal mucosa

AMP concentrations, AMP:ATP ratios and total adenine
nucleotide concentrations in the jejunum were lower than
those in the ileum, and AEC levels in the jejunum were
higher than those in the ileum (P<0-05; Table 6). Significant
treatment X segment interactions were observed for ATP
concentrations, AMP:ATP ratios and AEC levels (P<0-05).
Compared with CONTR piglets, LPS-challenged (0% Asn)
piglets had decreased ATP concentrations and AEC levels,
and increased AMP:ATP ratios in the ileum (P<0-05).
Among the LPS-challenged piglets, Asn supplementation
increased ATP concentrations in the ileum (linear, P<0-05)
and AEC levels in the jejunum (quadratic, P<0:05) and
ileum (linear, P<0-05), but decreased AMP:ATP ratios in the
jejunum (linear, P<0-05; quadratic, P<0-05) and ileum
(linear, P<0-05; quadratic, P<0-05).

Key enzyme activities of the tricarboxylic acid cycle

The activities of CS and ICD in the jejunum were higher than
those in the ileum (P<0-001), and a-KGDHC activity in the
jejunum was lower than that in the ileum (P<<0-05) (Table 7).
No significant treatment X segment interaction was found for
the activities of CS and a-KGDHC. Overall, compared with
CONTR piglets, LPS-challenged (0% Asn) piglets had
decreased CS and a-KGDHC activities (P<<0:05). Among the
LPS-challenged piglets, Asn supplementation increased the
activities of CS and a-KGDHC (quadratic, P<0-05).

A significant treatment X segment interaction was observed
for ICD activity (P<0-05). Compared with CONTR piglets,
LPS-challenged (0% Asn) piglets had decreased ileal ICD
activity (P<0-05). Among the LPS-challenged piglets, Asn
supplementation increased jejunal (quadratic, P<0-:001) and
ileal (linear, P<<0:001; quadratic, P<0-001) ICD activity.

mMRNA expression of AMP-activated protein kinase a7,
AMP-activated protein kinase o2, silent information
regulator 1 and PPARvy coactivator-1«

The mRNA abundance of AMPKal and AMPKaZ2 in the
jejunum was lower than that in the ileum (P<<0:05; Table 8).
There was a significant treatment X segment interaction
observed for the mRNA abundance of AMPKaZ2 (P<0:05),
and a trend for the treatment X segment interaction observed
for the mRNA abundance of AMPKa1 (P = 0-084). Compared
with CONTR piglets, LPS-challenged (0% Asn) piglets had
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Table 8. Effects of asparagine (Asn) supplementation on the mRNA expression of intestinal AMP-activated protein kinase (AMPK)a1, AMPKa2, silent information regulator 1 (SIRT1) and PPARy

coactivator-1a (PGC1e) in weaned piglets at 24 h after the administration of Escherichia coli lipopolysaccharide (LPS) challenge*

(Mean values with their pooled standard errors, n 6 (one piglet per pen))

Quadratic

TxS CONTR v. LPS + 0% Asn Linear

SEM

LPS + 1.0% Asn

LPS + 0-5% Asn

LPS+0% Asn

CONTR

Iltems

0-004
0-020

0-002
0-006
0-465

0-912

0-084

0-003 0-007

0-04
0-09
0-08
0-11
0-07
0-09
0-13
0-16

0-82
0-85
0-83
0-80
0-70
0-81

0-85
1.07
0-90
1-09
0-68
0-83
0.97
1.04

0-99

1.00
1.00
1.00
1-00
1.00
1.00
1-00
1.00

Jejunum

lleum

AMPKa 1

0-009
0-465

1.33
0-92

0-749
0-005
0-051

0-007 0-009

0-013

Jejunum
lleum

AMPKa2

0-001

0-039
0-458

1.52
0-92
0-95

0-016

0-196 0-709

0-018

Jejunum
lleum

SIRT1

0-009

0-003

0-019

0-390

0-700

0-009

115

0-83

1.45
156

Jejunum
lleum

PGCla

Asparagine improves intestinal energy status 561

T, treatment; S, segment; CONTR, non-challenged control group (piglets fed a control diet and injected with 0-9 % NaCl solution).

*Means are fold changes that were normalised to the control.

1 P values were obtained using treatment as the main effect and by analysing the data from the jejunum and ileum as repeated measures.

1 LPS-challenged (0% Asn) piglets were compared with CONTR piglets to determine the effects of LPS challenge. Linear and quadratic polynomial contrasts were used to determine the response to Asn supplementation among

the LPS-challenged piglets.

increased mRNA abundance of ileal AMPKal and AMPKaZ2
(P<0:05). Among the LPS-challenged piglets, Asn supplemen-
tation decreased the mRNA abundance of jejunal and ileal
AMPKal1, and ileal AMPKa2 (linear, P<0-05; quadratic,
P<0-05).

No significant treatment X segment interaction was obser-
ved for the mRNA abundance of SIRT7 and PGC1a. Compared
with CONTR piglets, LPS-challenged (0% Asn) piglets had
increased mRNA abundance of PGC1a (P<0:05). Among the
LPS-challenged piglets, Asn supplementation decreased the
mRNA abundance of SIRTI (linear, P<0-05) and PGCla
(linear, P<0:05; quadratic, P<0-05).

Protein phosphorylation and abundance of AMP-activated
protein kinase o

The pAMPKa:tAMPKa ratio in the jejunum were lower than
that in the ileum (P<<0:05), and the protein abundance of
tAMPKa in the jejunum was higher than that in the ileum
(P<0-001) (Fig. 2). A trend for the treatment X segment inter-
action was observed for the pAMPKa:tAMPKa ratio
(P=0073). Compared with CONTR piglets, LPS-challenged
(0% Asn) piglets had increased ileal pAMPKo:tAMPKa ratio
(P<0-05). Among the LPS-challenged piglets, Asn supplemen-
tation decreased the ileal pAMPKo:tAMPKa ratio (linear,
P<0-05; quadratic, P<0:05).

Discussion

LPS is the main constituent of the outer membrane of Gram-
negative bacteria®. Increasing evidence indicates that LPS is
a cofactor in intestinal injury™®'®. Intestinal alterations includ-
ing morphological injury, increased mucosal permeability and
bacterial translocation have often been reported after intraper-
itoneal injection of LPS®. The pathogenesis of LPS-induced
intestinal injury is viewed as a complex event, and it has
been correlated with increased inflammation caused by LPS
challenge that leads to the expression of pro-inflammatory
cytokines**3> In addition, LPS is known to cause significant
damage to gastrointestinal oxygen metabolism and mitochon-
dria dysfunction, leading to decreased ATP concentrations
and eventually intestinal damage@(’). Our previous studies
have suggested that dietary supplementation with 0-5% Asn
alleviated growth suppression, and both 0-5 and 1-0 % dietary
Asn supplementation attenuated the changes in total and
leucocyte
parameters in weaned piglets after the administration of LPS
challenge'®®. Therefore, we extended the finding to the intes-
tine to explore the effect of Asn supplementation on intestinal
injury. To our knowledge, this is the first study to evaluate
whether dietary Asn supplementation could attenuate intesti-

differential counts and serum biochemical

nal injury in weanling piglets challenged with LPS.

Villus height, crypt depth and VCR were used to measure
intestinal morphology™®.  Mucosal protein  contents,
RNA:DNA and protein:DNA ratios are important biochemical
indices for intestinal development®. Mucosal disaccharidases,
namely lactase, maltase and sucrase, are directly involved in
the energy supply of organism, and can mirror intestinal
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ratios, and increased disaccharidase activities linearly and
quadratically. These data indicate that Asn protected the
intestine from damage. Until now, little is known about the

562 X. Wang et al.
PAMPK — g
(a) 6 r TANPK " — — —
————3- G| ————
5 L

pAMPKo:tAMPKo.
w

20 +
1L | [

10 +

tAMPKo (a.u.)

0

Jejunum lleum

Fig. 2. Effects of asparagine (Asn) supplementation on the (a) phosphory-
lated AMP-activated protein kinase (pAMPKa):total AMP-activated protein
kinase (tAMPKa) ratio and (b) protein abundance of tAMPKa in weaned pig-
lets at 24h after the administration of Escherichia coli lipopolysaccharide
(LPS) challenge. The bands shown are the representative Western blot
images of pAMPKa (62 kDa), tAMPKa (62 kDa) and B-actin (42 kDa). B-Actin
was from the same blot as the proteins of interest. Data were analysed as
repeated measures with treatments (CONTR (&), LPS +0% Asn (@),
LPS +0-5% Asn (@) and LPS +1.0% Asn (z)) as the between-animal
effect and segment (jejunum and ileum) as the within-animal effect. LPS-
challenged (0% Asn) piglets were compared with CONTR piglets to deter-
mine the effects of LPS challenge. Linear (L) and quadratic (Q) polynomial
contrasts were used to determine the response to Asn supplementation
among the LPS-challenged piglets. Values are means (n 6; one piglet per
pen), with their standard errors represented by vertical bars. a.u., Arbitrary
units. The pAMPKa:tAMPKa ratio in the jejunum was lower than that in the
ileum (P=0-006), and protein abundance of tAMPKa in the jejunum was
higher than that in the ileum (P<<0-001). A trend for the treatment x segment
interaction was observed for the pAMPKa:tAMPKa ratio (P=0-073). There
was no significant treatment X segment interaction observed for protein
abundance of tAMPKa (P=0-947). (a) Jejunum: CONTR v. LPS + 0% Asn,
P=0-879; L, P=0-957; Q, P=0-722. lleum: CONTR v. LPS +0% Asn,
P=0-001; L, P=0-007; Q, P=0-028. (b) CONTR v. LPS+ 0% Asn,
P=0-688; L, P=0-917; Q, P=0-834. CONTR, non-challenged control group
(piglets fed a control diet and injected with 0-9 % NaCl solution).

digestive function®”. In the present study, villus height and
disaccharidase activities in the jejunum were higher than
those in the ileum, which is similar to the report of Rubio
et al.®®. LPS challenge decreased villus height, VCR, mucosal
protein content, RNA:DNA and protein:DNA ratios, and disac-
charidase activities, which is consistent with the findings of Liu
et al®*” . These data indicate that injection of LPS caused
intestinal injury in weaned pigs. Asn supplementation to the
LPS-challenged pigs height and VCR,
decreased crypt depth, increased RNA:DNA and protein:DNA

increased villus

nutritional significance of Asn in the intestine. Previous studies
have found that Asn stimulates enterocyte proliferation in the
small intestine of pigs®'". However, the protective mechan-
ism of Asn remains unknown. Rhoads et al.® reported that
Asn can be converted to aspartate, and glutamate can sub-
sequently be generated from a-ketoglutarate and aspartate.
In the present study, Asn supplementation to the LPS-chal-
lenged pigs increased serum concentrations of aspartate,
Asn, glutamine and ornithine linearly and quadratically. In
this way, it is possible that Asn may be a precursor for many
other amino acids to be produced on demand to meet the
requirements of enterocytes.

The intestine takes up a high amount of energy to sustain
its integrity, function and health®*®, and energy deficits in
intestinal mucosa may relate to intestinal injury®®. Most cellu-
lar processes need energy and are driven directly or indirectly
by hydrolysing ATP to ADP and phosphate, or less frequently
to AMP and pyrophosphate. The AMP:ATP ratio is a sensitive
indicator of cellular energy state™". In comparison with the
level of a single nucleotide, the energy charge of the adenyl
pool is a better way to measure the energy status of a
tissue®”. In the present study, LPS challenge decreased ATP
concentrations and AEC levels, and increased AMP:ATP
ratios. Similarly, Hou et al.®® reported that LPS challenge
altered the cellular energy status in intestinal mucosa. Asn sup-
plementation to the LPS-challenged pigs increased ATP con-
centrations linearly and AEC levels linearly and quadratically,
and decreased AMP:ATP ratios linearly and quadratically.
These data support the notion that Asn supplementation atte-
nuated LPS-induced intestinal damage possibly via modulating
the adenine nucleotide pool.

The tricarboxylic acid cycle is a central route for energy
production in the intestine®?. Key enzymes involved in the
tricarboxylic acid cycle include CS, ICD and a-KGDHC. The
enzyme CS catalyses the first step of the tricarboxylic acid
cycle by taking molecules of acetate and attaching them to
oxaloacetate™ ICD is responsible for catalysing the oxidative
decarboxylation of isocitrate into a-ketoglutarate and Ccoy™.
a-KGDHC is a multi-enzymatic complex that converts a-keto-
glutarate to succinyl-CoA“. In the present study, Asn
supplementation to the LPS-challenged pigs attenuated the
decrease in the activities of the key enzymes in the
tricarboxylic acid cycle linearly and quadratically. This may
due to the conversion of Asn to aspartate®™, which can be
converted to tricarboxylic acid cycle intermediates (such as
oxaloacetate)“”. In the present study, it is possible that
dietary supplementation with Asn intestinal
energy status by enhancing the key enzyme activities of the
tricarboxylic acid cycle.

AMPK is an energy regulator whose primary role involves
maintaining the intracellular energy balance in eukaryotic
A2 1t can be activated by mechanisms including
phosphorylation upon allosteric activation by increasing the
AMP:ATP ratioc™”. To restore the cellular energy status, the
activation of AMPK can switch on ATP-producing processes

improved
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while  synchronously  switching off ATP-consuming

processes™”. In addition, AMPK could chronically promote
cellular ability to produce ATP and diminish potentially
adverse cellular events“™®. Several reports have revealed that
AMPK can enhance the activity of SIRT1 by increasing cellular
NAD™ levels'®. SIRT1 was found to be a major regulator of
muscle adaptation to nutrient availability®>”. When acti-
vated, SIRT1 also enhances mitochondrial oxidative function
and leads to selective nutrient utilisation to regulate energy
balance™®. Furthermore, SIRT1 deactetylation has been pro-
posed to be a potential activator for the transcriptional activity
of PGC1a®Y. D’Errico et al.®? reported that PGCla modu-
lates mitochondrial biogenesis and function. In the present
study, LPS challenge increased the mRNA abundance of
AMPKal, AMPKa2 and PGCla, and the phosphorylation of
AMPKa. In agreement with the results of the present study,
Hou et al.®® reported that LPS challenge increased intestinal
AMPKa phosphorylation. Asn supplementation to the LPS-
challenged pigs decreased intestinal AMPKal, AMPKa2,
SIRT1 and PGCIa mRNA abundance, and decreased ileal
AMPKa phosphorylation linearly and quadratically. In the
present study, consistent with reduced intestinal AMP:ATP
ratios and increased ATP concentrations, dietary Asn sup-
plementation inhibited intestinal AMPK signalling pathway in
response to LPS treatment. It is possible that the reduced intes-
tinal AMP:ATP ratios and the increased ATP concentrations in
enterocytes might be enough to inhibit the AMPK signalling
pathway in LPS-challenged piglets fed the Asn diet. Future
research is needed to elucidate the mechanisms for the inhibi-
tory effect of Asn on the AMPK signalling pathway.

In the present study, only two doses of Asn (0-5 and 1-0%
Asn) were used. The higher concentration of Asn (1-0%)
had a worse effect on some parameters characteristic for
energy status compared with the lower concentration
(0-5%). We speculate that the different effects of the two
doses of Asn might be due to the following mechanisms.
First, Asn can be converted to glutamine via complex interor-
gan metabolism™”. In the present study, Asn supplementation
to the LPS-challenged pigs increased serum glutamine concen-
trations. Holecek®? reported that enhanced glutamine intake
competed with intestinal absorption of a number of amino
acids, which might affect amino acid and protein metabolism
in the gut, liver and whole body. Second, as with all other
nutrients, it is possible that excessive amount of Asn in diets
can cause amino acid imbalances and toxicity. In addition,
we used an acute model of LPS challenge, which is different
from a more chronic LPS challenge situation (e.g. during
8-15d post-weaning). Thus, future studies including more
Asn doses are needed to better understand the effects of
Asn supplementation in an acute or chronic LPS challenge
situation. Moreover, the effect of dietary Asn supplementation
on some variables differed between the jejunum and the ileum.
This might be related to different microenvironments among
various segments of the gut at molecular and cellular levels®?.

In summary, dietary supplementation of Asn mitigates intes-
tinal injury and improves intestinal energy status of weaned
piglets challenged by LPS. In addition, Asp supplementation
modulates intestinal AMPK signalling pathway. These novel

findings not only contribute to the understanding of the
mode of action of Asn in the intestine of pigs, but also hold
great significance for improving infant nutrition.
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