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in suckling piglets: a novel molecular mechanism for arginine
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Abstract The objective of this study was to determine
developmental changes in mRNA and protein levels for
N-acetylglutamate synthase (NAGS; a key enzyme in
synthesis of citrulline and arginine from glutamine/gluta-
mate and proline) in the small intestine of suckling piglets.
The porcine NAGS gene was cloned using the real-time
polymerase-chain reaction (RT-PCR) method. The porcine
NAGS gene encoded 368 amino acid residues and had a
high degree of sequence similarity to the “conserved
domain” of human and mouse NAGS genes. The porcine
NAGS gene was expressed in E. coli BL21 and a poly-
clonal antibody against the porcine NAGS protein was
developed. Real-time RT-PCR and western-blot analyses
were performed to quantify NAGS mRNA and protein,
respectively, in the jejunum and ileum of 1- to 28-day-old
pigs. Results indicated that intestinal NAGS mRNA levels
were lower in 7- to 28-day-old than in 1-day-old pigs.
Immunochemical analysis revealed that NAGS protein was
localized in enterocytes of the gut. Notably, intestinal
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NAGS protein abundance declined progressively during
the 28-day suckling period. The postnatal decrease in
NAGS protein levels was consistent with the previous
report of reduced NAGS enzymatic activity as well as
reduced synthesis of citrulline and arginine in the small
intestine of 7- to 28-day-old pigs. Collectively, these
results suggest that intestinal NAGS expression is regulated
primarily at the post-transcriptional level. The findings also
provide a new molecular basis to explain that endogenous
synthesis of arginine is impaired in sow-reared piglets and
arginine is a nutritionally essential amino acid for the
neonates.
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Abbreviations
Arg Arginine
CPSI Carbamylphosphate synthetase I

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
IPTG Isopropyl-f-p-thiogalactopyranoside

MTS Mitochondrial targeting signal

NAG N-acetylglutamate

NAGS N-acetylglutamate synthase

RT-PCR Real-time polymerase-chain reaction

SDS-PAGE  SDS-polyacrylamide gel electrophoresis

Introduction
N-acetylglutamate synthase (NAGS) catalyzes the forma-

tion of N-acetylglutamate (NAG) from acetyl-coenzyme A
and L-glutamate in mitochondria (Morizono et al. 2004).
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NAG is an activator of both A'-pyrroline-5-carboxylate
(P5C) synthase and carbamylphosphate synthetase I (CPSI)
(Wu et al. 2004a), therefore playing a crucial role in reg-
ulating in vivo synthesis of citrulline and arginine by the
small intestine (Caldovic et al. 2002a, b; Wu et al. 2009).
NAGS is expressed primarily in the mitochondrial matrix
of the liver and absorptive epithelial cells of the small
intestine (enterocytes) (Wu and Morris 1998). This protein
has a key regulatory role in hepatic and intestinal urea-
genesis by supplying NAG to modulate CPSI activity
(Schmidt et al. 2005; Wu et al. 2009). Inherited defects in
the NAGS gene cause hyperammonaemia due to inactiva-
tion of CPSI (Morizono et al. 2004).

Piglets have a particularly high requirement of arginine
for growth and metabolic function (Rhoads and Wu 2009;
Tan et al. 2009). Although sow’s milk was traditionally
thought to provide adequate amino acids for supporting
piglet growth (Wu 2010), recent studies identified sub-
maximal growth of suckling piglets (Kim and Wu 2009;
Wu et al. 2000a, 2004a). Notably, arginine is remarkably
deficient in sow’s milk, which provides at most 40% of
arginine requirements by the 1-week-old piglets (Kim and
Wu 2004). Available evidence shows that a low concen-
tration of mitochondrial NAG is responsible for the striking
decline in the intestinal synthesis of citrulline and arginine
during the suckling period (Wu et al. 2009). Thus, the
metabolic activation of intestinal citrulline and arginine
synthesis by N-carbamoylglutamate (a metabolically stable
analogue of NAG) provides a novel, effective strategy to
increase endogenous arginine provision (Wu et al. 2004a;
2010a). These findings indicate that increasing NAG
availability stimulates intestinal synthesis of citrulline
and arginine, thereby enhancing endogenous arginine
provision.

The molecular basis for age-dependent change in the
activity of intestinal NAGS is not known. Thus, the present
study was conducted to determine NAGS expression at
both mRNA and protein levels in the small intestine of
suckling piglets.

Materials and methods
Animal housing and sample collection

A total of 24 newborn Landrace x Yorkshire piglets
(12 males and 12 females) were selected from 6 litters for
this study. All piglets were freely nursed by sows. There
were six piglets (3 males and 3 females) per age group. The
number of piglets were chosen on the basis of their known
variation (Li et al. 2009b; Wang et al. 2009a; Yin et al.
2004, 2009; Tang et al. 2005; Hou et al. 2008) and the
statistical power calculation (Fu et al. 2010; Li et al. 2008;
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Yin et al. 2008). This study was carried out in accordance
with the Chinese guidelines for animal welfare and
experimental protocol (He et al. 2009; Kong et al. 2009;
Wu et al. 2010a).

On days 1, 7, 21, and 28 of age, piglets were anesthe-
tized with an overdose intraperitoneal injection of 10%
sodium pentobarbital before being kiled (Deng et al. 2009;
Tan et al. 2009; Fang et al. 2009). The entire small intestine
was then rapidly removed from the piglets (Haynes et al.
2009; Yin et al. 2001; Yang et al. 2005). The jejunum and
ileum were rapidly separated and cleaned several times
with ice-cold phosphate-buffered solution (PBS) (Chen
et al. 2009; Huang et al. 2005; Kong et al. 2007). The
isolated intestinal segments were immediately frozen in
liquid nitrogen and stored in a freezer at —70°C.

RNA extraction and cDNA synthesis

Total RNA was isolated from 100 mg liquid nitrogen
pulverized tissues using TRIZOL reagent (Invitrogen,
Carlsbad, CA, USA) and treated with DNase I (Invitrogen,
USA) according to the manufacturer’s instructions. The
RNA quality was checked by 1% agarose gel electropho-
resis and stained with 10 pg/ml ethidium bromide (Deng
et al. 2007; Li et al. 2009a; Wang et al. 2009a, b; Tan et al.
2010). The RNA had an OD260: OD280 ratio between 1.8
and 2.0. Synthesis of the first strand cDNA was performed
with oligo (dT) 20 and Superscript II reverse transcriptase
(Invitrogen) (Wence et al. 2009).

Cloning of the NAGS cDNA and construction
of recombinant expression plasmid

Primers for the porcine NAGS cDNA sequence were
designed with Primer 5.0 based on the human and mouse
NAGS cDNA. The primers used in this study were 5'-CG
CGCGAATTCAGGAGGAATTTAAAATGAGAGGATC
GCATCACCATCACCATCACGACATGAAGCCTCTGG
TGGTTCTGGGGCTG-3' (forward) and 5-CTG CAG
GTCGACTCATTCAGCTGCCTGGGTCAGAAGCCG-3'
(reverse). The expected sizes of the PCR product of the
NAGS gene was 1464 bp (corresponding to the human
NAGS sequence, GenBank accession number NM153006).
PCR conditions were as follows: denaturation at 94°C for
5 min, 30 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C
for 1 min with a final extension of 72°C for 10 min. The
PCR products were separated by electrophoresis on a 2%
agarose gel in Tris-borate-EDTA buffer and visualized by
staining with ethidium bromide (Kang et al. 2010; Wang
et al. 2009a, b; Wu et al. 2010b, c¢). The purified PCR
product was digested with Sall and EcoRI and subcloned
into pLM1 vector, which was digested with the same
endonucleases. The recombinant pLMI1-NAGS plasmid
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was identified by double restriction digestion with Sall and
EcoRI, followed with sequencing at Sangon Biotechnol-
ogy, Inc. (Shanghai, China).

Expression of recombinant NAGS protein in E. coli

The following procedure was used to express the NAGS
protein in E. coli. Normally, the E. coli strain BL21 (DE3)
cells with the pPLM1-NAGS plasmid was grown at 37°C in
500 ml of LB medium containing 100 mg/l ampicillin until
a desirable cell density (ODgoy = 0.4) was reached. At this
point, the cells were incubated at room temperature with
the addition of 0.2 mM IPTG overnight with shaking at
180 rpm. The cells were harvested by centrifugation and
resuspended in 50 mM sodium phosphate buffer (pH 8.0)
(containing 300 mM NaCl, 10 mM imidazole, 0.1% Triton
X-100, 15% glycerol, and 10 mM f-mercaptoethanol)
incubated with 5 mg lysozyme at room temperature for
30 min, and then lysed by sonication four times for 30 s
each time using an Ultrasonic sonicator equipped with a
8-mm-diameter tip. After removal of cell debris, the protein
was purified using Hi-Trap column (Amersham, Piscata-
way, NJ, USA) according to manufacturer’s instructions
(Zeng et al. 2007; Tang et al. 2010). The protein content
was determined using method of Bradford (Bradford 1976)
with bovine serum albumin (BSA) as the standard. The
eluted fractions were analyzed by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) with 12% acrylamide (Lae-
mmli 1970). The purified enzyme fractions were combined
and dialyzed for 24 h against a solution [S0 mM potassium
phosphate buffer (pH 8.0), 5% glycerol, and 5 mM
f-mercaptoethanol] and then stored at —70°C until use
(Kang et al. 2008; Tang et al. 2009).

Preparation of a polyclonal antibody against
the porcine NAGS

A New Zealand rabbit at 3 months of age was subcutane-
ously injected with 100 pg of purified porcine NAGS
protein. Immunizations were performed three times in a
14-day interval and the sampling of blood started on day 14
after the first injection. Blood samples (~ 10 ml) were
collected weekly. Anti-serum was tested by Dot-ELISA,
using the crude antiserum diluted at 1:5,000, 1:10,000,
1:40,000, 1:80,000, and 1:160, 000 (v/v) in 0.5 x PBS.

Real-time RT-PCR analysis of mRNA

Primers for NAGS and GAPDH were designed with Primer
5.0 based on the porcine NAGS cDNA sequence (Table 1)
to produce an amplification product (Table 1). GAPDH
was used as a housekeeping gene to normalize the target
gene. Real-time RT-PCR was performed using SYBR

Table 1 Real-time RT-PCR primers used in this study

Gene Primers

NAGS Sense: 5'-GTGAGCACCAAAGAACGGC-3
Antisense: 5'-GCCAGATAGTCGTCCCGCA-3’

GAPDH Sense: 5'-AAGGAGTAAGAGCCCCTGGA-3'
Antisense: 5'-TCTGGGATGGAAACTGGAA-3’

Green PCR Mix, which contained MgCl,, dNTP, and
Hotstar Taq polymerase (Dekaney et al. 2008; Wang et al.
2009a). A cDNA template solution (2 pl) was added to
12.5 pl SYBR Green mix, as well as 1 pmol/l of each
forward and reverse primers (total volume in the assay
mixture = 25 pl). The following protocol was used for the
PCR analysis in this study: (i) pre-denaturation program
(10 s at 95°C); (ii) amplification and quantification pro-
gram (5 s at 95°C, 20 s at 60°C, repeated 40 cycles); and
(iii) melting curve program (60-99°C with heating rate of
0.1°C/s and fluorescence measurement). The identity of
each product was confirmed by dideoxy-mediated chain
termination sequencing at Sangon Biotechnology, Inc. The
relative expression ratio (R) of mRNA was calculated by
R = 2724 (Livak and Schmittgen 2001). Real-time RT-
PCR efficiencies were acquired by the amplification of
dilution series of cDNA according to equation 10 /8P
and were consistent between target gene and the reference
gene (GAPDH). Results are expressed as the relative val-
ues to those for the control group (Livak and Schmittgen
2001; Yang et al. 2003, 2004; Liu et al. 2009). Negative
controls were performed in which cDNA was substituted
for water.

Immunochemical analysis of NAGS protein
in the small intestine

The localization of NAGS protein in the small intestine
was identified using immunohistochemical analysis (Wu
et al. 2010a). The samples of jejunum and ileum were fixed
in 10% formalin, dehydrated, and embedded in paraffin
wax, incubated with 3% H,0O, for 15 min at room tem-
perature, and then washed with DD-H,O and PBS for
5 min. After blocking with 5% BSA for 30 min, the sam-
ples were incubated with a polyclonal rabbit anti-porcine
NAGS antibody diluted at 1:800 in PBS overnight at 4°C.
Negative controls were incubated with PBS. After washing
with PBS for 5 min, all the samples were incubated with
Biotin-labeled goat anti-rabbit IgG (1:200, booster),
stained with BCIP (5-bromo-4-chloro-3’-indolyphosphate
p-toluidine salt) and NBT (nitro-blue tetrazolium chloride)
substrates, re-stained with Nuclear Fast Red, and mounted
with water-soluble mounting medium. Immunochemical
staining sections were photographed using a Leica DFC
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320 digital camera (Leica Microsystems, Wetzlar, Ger-
many). The cells that expressed NAGS protein had a
brown-yellow color, while this color did not appear in cells
containing no NAGS or in the negative control samples.

Western blot analysis of NAGS protein

The frozen samples of the jejunum and ileum were rapidly
transferred into ice-cold K-Hepes buffer (200 mM manni-
tol, 80 mM K-Hepes, 41 mM KOH, pH 7.5) containing
pepstatin, leupeptin, K-EDTA, and phenylmethylsulphonyl
fluoride (PMSF) as protease inhibitors (Hou et al. 2010).
After homogenizing with a tip sonicator, the homogenate
was centrifuged at 10,000 g for 20 min at 4°C and the
supernatant fluid was saved at —70°C. After measurement
of the total protein concentration (Bio-Rad Protein Kit) in
the supernatant fluid, 50 pg protein were incubated in the
Laemmli’s buffer, and SDS-PAGE was performed on
5-12% polyacrylamide gels. For western blot analysis,
proteins were transferred electrophoretically from
unstained gels to polyvinylidene difluoride (PVDF) mem-
branes (Immobilon-P, Millipore, Billerica, MA, USA) (Tan
et al. 2010). After blocking with 5% milk powder in Tris-
buffered saline-0.1% Tween-20 (TBST) for 2 h, the blots
were incubated with the primary antibody (porcine NAGS,
affinity-purified antibody, 200 pg/ml, 1:800; f-tubulin,
1:1000; Santa Cruz, CA, USA) for 2 h at room tempera-
ture. After washing with TBST, blots were incubated with
secondary antibody at 1:2500 (HRP-labeled goat IgG,
Santa Cruz, USA; horseradish peroxidase-linked anti-rabbit
IgG, Abcam, MA, USA) for 2 h at room temperature.
PVDF membranes were developed using ECL™ Western
blot detection reagents (Amersham Biosciences). Equal
volumes of ECL™ reagents A and B were added to the
PVDF membrane and incubated for 1 min. Finally, the
PVDF membranes were exposed to Alpha FluorChem FC2
(Cell Biosciences, Santa Clara, CA, USA), and the amounts
of proteins were quantified by scanning densitometry. The
levels of NAGS protein were normalized to those for
p-tubulin and results are expressed as the relative values to
those for the control group.

Bioinformatics and statistical analysis

BLAST was used to identify homologous sequences in the
GenBank databases. Sequences were aligned by the mul-
tiple alignment program CLUSTAL X (Thompson et al.
1997). All data, expressed as means = SEM, were sub-
jected to ANOVA analysis using the SAS (SAS Institute,
Cary, NC). Differences among group means were com-
pared using the Tukey multiple comparison test. A P-value
of less than 0.05 was taken to indicate statistical
significance.
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Results
Sequence analysis of the porcine NAGS gene

Results of gene sequencing indicated that the porcine NAGS
gene (NM_001097520.1) was 1,107 bp and coded for a
protein consisting of 368 amino acids (NP_001090989.1).
The amino acid sequence of the porcine NAGS protein
shared 77.95% and 76.43% of identity to the human NAGS
(NP_694551.1) and mouse NAGS (CAM23258.1), respec-
tively. Based on the alignment of the conserved domain
(highlighted in grey) in NAGS protein, the porcine protein
had 93.2% and 90.76% of similarity to the human and mouse
NAGS, respectively (Fig. 1).

Expression of recombinant porcine NAGS protein
in E. coli

Expression of the porcine NAGS protein in E. coli BL21
(DE3) was carried out at different temperatures and IPTG
concentrations, and the NAGS protein was obtained under
all the tested conditions. It was found that the porcine NAGS
protein was expressed better at 0.2 mM IPTG because this
experimental condition resulted in more soluble protein at
room temperature (25°C) than at 37°C. A nickel metal-
affinity resin column was used for single-step purification of
NAGS protein. The purity of the protein was examined by
SDS-PAGE and a single band corresponding to 40 KDa was
detected (Fig. 2). This molecular weight was similar to the
software-computed value of 40.3226 KDa.

Immunochemistry of recombinant porcine NAGS

The polyclonal antibody obtained from the present study
reacted specifically with the NAGS protein of the pig small
intestine on the western blot analysis (Fig. 2). The porcine
NAGS protein could be recognized by the antibody even at
a dilution of 1:40,000. Immunochemical analysis revealed
that NAGS protein was localized in enterocytes of the gut
(Fig. 3). Other cell types of the pig small intestine did not
contain NAGS protein.

mRNA levels for intestinal NAGS in suckling piglets

GAPDH mRNA was measured in all samples as the
internal reference to the NAGS mRNA. In all small-
intestinal segments, NAGS mRNA levels did not differ
(P > 0.05) between male and female piglets (data not
shown). NAGS mRNA levels declined (P < 0.05) in the
jejunum and ileum with increasing age during the suckling
period (Fig. 4). Specifically, NAGS mRNA levels were
lower in 7- to 28-day-old than in 1-day-old pigs. Of note,
NAGS mRNA levels in the jejunum posterior were
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Fig. 1 Alignment of amino acid sequence of NAGS for humans
(NP_694551.1), mice (CAM23258.1) and pigs (NP_001090989.1).
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Fig. 2 SDS-PAGE of NAGS protein. a Marker, b purified NAGS
protein, ¢ western blot of NAGS

approximately 15% higher in 21- and 28-day-old pigs than
in 7-day-old pigs.

Protein levels for intestinal NAGS in suckling piglets

f-Tubulin protein was measured in all samples as the
internal reference to the NAGS protein. NAGS protein was
readily detected in the piglet small intestine. In all small-
intestinal segments, NAGS protein levels did not differ
(P > 0.05) between male and female piglets (data not
shown). The abundance of NAGS protein declined
(P < 0.05) progressively in the jejunum and ileum as the
age of piglets increased from 1 to 28 days (Fig. 5).

Fig. 3 Immunohistochemical
analysis of intestinal NAGS
protein in suckling piglets.

a ileum; b jejunum; c ileum,
negative control, d ileum,
negative control. (400x)
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Discussion

Arginine is an essential amino acid for maximal growth of
young mammals (Flynn et al. 2002; Wu et al. 2007), not
only due to its abundance in tissue proteins (Wu et al.
2009) but also because of its key role in regulation of gene
expression (Jobgen et al. 2006, 2009; McKnight et al.
2010; Palii et al. 2009) and cell signaling (Li et al. 2009c;
Rhoads and Wu 2009). In addition, there is evidence that
arginine is deficient in the milk of most studied mammals,
including pigs (Yao et al. 2008; Wu and Knabe 1995; Wu
et al. 1995) and humans (Davis et al. 1994). Thus,
endogenous synthesis of arginine is expected to play a
crucial role in maintaining arginine homeostasis in neo-
nates fed enterally or parenterally (Flynn and Wu 1996;
Wu 2009, 2010). Based on daily weight gain and arginine
catabolism, endogenous synthesis of arginine has been
estimated to provide at least 60% of total daily arginine
requirements in 7-day-old piglets (Wu et al. 2004a).
However, intestinal synthesis of arginine from glutamine
and glutamate decreases by 70-73% in 7-day-old suckling
piglets in comparison with newborn piglets and declines
further in 14- to 28-day-old piglets (Wu et al. 1994, 1995).
The postnatal decline in endogenous synthesis of arginine
may result from decreases in cellular activities of both PSC
synthase and NAGS (Wu et al. 2004a; Wu et al. 1995).
NAGS is a mitochondrial protein required for intestinal
arginine synthesis, because the product (NAG) of this
enzyme is an allosteric activator of CPSI (Wu and Morris
1998) and P5C synthase (Wu et al. 2004a). Wakabayashi
et al. (1991) reported a profound decrease in NAGS
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activity in the small intestinal mucosa of 3-day-old rats
compared with the newborn rats. The NAGS activity was
also found to decrease progressively in enterocytes of 7- to
28-day-old piglets compared with 1-day-old pigs (Wu et al.
2004b). Therefore, it has been suggested that the reduced
activity of intestinal NAGS may be responsible for the
impaired synthesis of arginine by enterocytes in suckling
pigs (Wu et al. 2004a, 2007). However, molecular evidence
for developmental changes in intestinal NAGS gene
expression has previously been lacking.

The amino acid sequences of NAGS in human and
mouse consist of three regions with different degrees of
conservation: the mitochondrial targeting signal (MTS), the
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Fig. 5 Protein amounts of NAGS in the jejunum anterior (A),
jejunum posterior (B) and ileum (C) of suckling piglets from day 1 to
28 of age. a—d Means with different superscripts in a row differ
(P <0.05.n=6

variable domain, and the conserved domain (Schmidt et al.
2005; Caldovic et al. 2006). Our results of alignment by the
clustal X showed that the porcine NAGS gene had a high
degree of similarity to the “conserved domain” of the
human and mouse NAGS. In order to study the regulation
of intestinal NAGS expression by hormones and nutrients,
we successfully purified sufficient amounts of NAGS pro-
tein from E. coli after the porcine NAGS gene was
expressed in the bacteria. To our knowledge, this is the first
report of expression of the porcine NAGS gene in E. coli.

@ Springer



1520

M. Geng et al.

The pig is a useful model to study developmental
expression pattern of NAGS in the small intestine (Wu
et al. 2004a). Our results indicated that mRNA and protein
levels for NAGS decreased in the jejunum and ileum of
sow-reared piglets with increasing age from 1 to 28 days
(Fig. 4). Interestingly, there was a modest increase in
NAGS mRNA abundance in the jejunum posterior between
7 and 21 days of age, which was apparently not consistent
with the data on NAGS enzymatic activity (Wu et al.
2004a). Note that NAGS mRNA levels in the jejunum and
ileum of 7- to 28-day-old piglets were still lower than those
for 1-day-old pigs (Fig. 4), as we observed for the intestinal
NAGS protein (Fig. 5). Similarly, circulating levels of
cortisol in piglets decrease progressively during the suck-
ling period (Wu et al. 2000b, c). Thus, it is possible that the
transcription of the NAGS gene may be regulated by cor-
tisol, as reported for other arginine-metabolic enzymes
(Flynn et al. 2009).

Caldovic et al. (2002a) reported that the enzymic
activity of mouse NAGS increased after removal of its
predicted MTS. To explain a higher level of jejunal NAGS
mRNA in 14- to 28-day-old than in 7-day-old pigs (Fig. 4)
but an opposite observation for NAGS protein (Fig. 5), we
suggest that translation of the intestinal NAGS gene into a
biologically active protein and its post-translational modi-
fications may be impaired in the 14- to 28-day-old suckling
pigs compared with newborn piglets, as reported for global
protein synthesis in piglet skeletal muscle (Suryawan et al.
2007, 2009). Alternatively, degradation of intestinal NAGS
protein may be progressively enhanced in piglets during
the suckling period. Further studies are warranted to test
these novel hypotheses. Such work can be greatly facili-
tated by our successful development of the porcine NAGS
antibody.

At present, little is known about the regulation of NAGS
activity by covalent modifications (e.g., phosphorylation
and acetylation). This possibility should be examined in
future research. However, the data on postnatal changes in
both NAGS mRNA and protein levels in the piglet small
intestine suggest that expression of the NAGS gene is
regulated primarily at the post-transcriptional level. Addi-
tionally, it is evident that studies of intestinal NAGS
expression must involve quantification of NAGS protein or
determination of NAGS activity and should not be limited
solely to the measurement of NAGS mRNA levels.
Collectively, results of our current and previous work
(Wu et al. 2004a) indicate that NAGS enzymatic activity is
a valid indicator of NAGS protein expression in the pig
small intestine.

In summary, intestinal NAGS expression in young pigs
is age-dependent and declines during the suckling period.
The postnatal decrease in the levels of intestinal NAGS
protein is consistent with the previous report of reduced

@ Springer

synthesis of citrulline and arginine from glutamine/gluta-
mate and proline in enterocytes of 7- to 21-day-old pigs
compared with newborn pigs. These results provide a novel
molecular basis to explain that endogenous synthesis of
arginine is impaired in sow-reared piglets and that arginine
is a nutritionally essential amino acid for the neonates.
Regulation of NAGS expression may provide a new
attractive strategy to improve arginine nutrition and growth
in suckling piglets.
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