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ABSTRACT: Arginine (Arg) has traditionally not
been considered as a deficient nutrient in diets for
gestating or lactating swine due to the assumption
that these animals can synthesize sufficient amounts
of Arg to meet their physiological needs. The lack
of full knowledge about Arg nutrition has contrib-
uted to suboptimal efficiency of pork production.
Over the past 25 yr, there has been growing inter-
est in Arg metabolism in the pig, which is an agri-
culturally important species and a useful model
for studying human biology. Arginine is a highly
abundant amino acid in tissues of pigs, a major
amino acid in allantoic fluid, and a key regulator
of gene expression, cell signaling, and antioxidative
reactions. Emerging evidence suggests that dietary
supplementation with 0.5% to 1% Arg maintains

gut health and prevents intestinal dysfunction in
weanling piglets, while enhancing their growth per-
formance and survival. Also, the inclusion of 1%
Arg in diets is required to maximize skeletal mus-
cle accretion and feed efficiency in growing pigs,
whereas dietary supplementation with 1% Arg
reduces muscle loss in endotoxin-challenged pigs.
Furthermore, supplementing 0.83% Arg to corn-
and soybean meal-based diets promotes embry-
onic/fetal survival in swine and milk production by
lactating sows. Thus, an adequate amount of diet-
ary Arg as a quantitatively major nutrient is neces-
sary to support maximum growth, lactation, and
reproduction performance of swine. These results
also have important implications for improving the
nutrition and health of humans and other animals.
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INTRODUCTION

Knowledge of Arginine (Arg) metabolism in
pigs provides a foundation for understanding its
nutritional value. Arginine has been known over

'This work was supported by Agriculture and Food
Research Initiative Competitive Grants (2014-67015-21770
and 2015-67015-23276) from the USDA National Institute
of Food and Agriculture, Texas A&M AgriLife Research (H-
8200), Hubei Hundred Talent program, and Natural Science
Foundation of Hubei Province (2016CFA070).

2We thank our colleagues, students, and technicians for
their contribution to this research.

3Corresponding author: g-wu@tamu.edu

Received July 4, 2018.

Accepted October 15, 2018.

J. Anim. Sci. 2018.96:5035-5051
doi: 10.1093/jas/sky377

60 yr as a nutritionally essential amino acid (AA)
for weanling pigs, because its absence from their
diet results in poor growth (Mertz et al., 1952).
Young pigs can grow (Southern and Baker, 1983)
and sexually mature swine can gestate fetuses
(Easter and Baker 1976) when their diets do not
contain Arg. Those studies indicated the pres-
ence of endogenous Arg synthesis in young and
adult pigs. The pathways for de novo synthesis
of Arg from glutamine and proline in pigs were
identified in the 1990s (Wu et al., 1994b; Wu,
1997). As a mechanism for the regulation of Arg
homeostasis, Arg catabolism in pigs occurs pri-
marily via the arginase pathway and increases
gradually in response to dietary Arg intake (Wu
et al., 2016).
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Over 40 yr ago, Arg was considered to be suffi-
cient in the diets of prepubertal or gestating swine
based on results of nitrogen balance experiments
(Easter and Baker, 1974; 1976). In 1998, relatively
low concentrations of dietary Arg were recom-
mended by the NRC (1998) for nursery, weanling,
and growing-finishing pigs. Modern breeds of
pigs grow faster, gain more lean tissues, and ges-
tate more fetuses (Mateo et al., 2007, 2008) and,
therefore, have greater physiological requirements
for Arg, when compared with previous breeds (Wu
et al., 2010a, 2013b). Currently, adequate provision
of dietary Arg is particularly important in the pig
industry because low-protein diets, which are cur-
rently used to reduce the production of nitrogenous
wastes by swine farms, may not supply sufficient Arg
or its AA precursors (Hou et al., 2016). Thus, there
is a need to reevaluate the dietary requirements of
modern breeds of pigs for Arg during their nursery,
weaning, growing-finishing, gestating, and lactat-
ing periods. To achieve this goal, the present article
highlights Arg metabolism and nutrition in pigs.

ARGININE METABOLISM IN PIGS
Arginine Synthesis in Pigs

It was recognized in the early 1990s that previ-
ous investigators had failed to determine all physi-
ologically important AA (e.g., glutamine, citrulline,
and ornithine) in sow’s milk; therefore, studies were
initiated to quantify free and protein-bound AA in
sow’s colostrum and milk on days 1 to 28 of lactation
(Wu and Knabe, 1994). Strikingly, concentrations of
free glutamine in milk increased progressively with
advancing lactation and reached the highest mean
value of 3.5 mM at day 28 of lactation, in compari-
son with 0.3 to 0.4 mM glutamine in the plasma of
lactating sows (Wu and Knabe, 1994). In contrast,
concentrations of Arg in sow’s milk (free plus pep-
tide-bound) were much lower than those of glutamine
plus glutamate, proline, lysine, and branched-chain
AA on all days of lactation (Table 1). Concentrations
of free Arg in sow’s colostrum or milk account for
less than 0.7% of their total Arg content (Wu and
Knabe, 1994). On a gram basis, Arg/lysine ratios were
0.35 and 0.97, respectively, in sow’s milk on day 7 of
lactation and in the tissue proteins of 7-d-old piglets
(Wu et al., 2004), suggesting a deficiency of Arg in
sow’s milk for maximum growth of piglets.

The high abundance of Arg in the tissue pro-
teins of piglets (Wu et al., 1999) and the apparent
deficiency of Arg in sow’s milk (Wu and Knabe,
1994; Davis et al., 1994) led to the following
important questions: 1) is Arg deficient in sow’s
milk? 2) If deficient, what are the nutritional
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Table 1. Concentrations of amino acids in whole
milk from sows between days 7 and 21 of lactation

Amino acids' g/L g/kg DM
Alanine 1.97 10.6
Arginine 1.43 7.69
Asparagine + Aspartate 5.12 27.5
Cysteine 0.72 3.87
Glutamate + Glutamine 9.44 50.8
Glycine 1.12 6.02
Histidine 0.92 4.95
Isoleucine 2.28 12.3
Leucine 4.46 24.0
Lysine 4.08 21.9
Methionine 1.04 5.59
Phenylalanine 2.03 10.9
Proline 5.59 30.1
Serine 2.35 12.6
Threonine 2.29 12.3
Tryptophan 0.66 3.55
Tyrosine 1.94 10.4
Valine 2.54 13.7
Total 50.0 268.8

Adapted from Kim et al. (2004) and Wu et al. (2014).
'The sum of free plus peptide-bound amino acids.

implications? 3) Is there a nutritional significance
of the high abundance of glutamine and proline in
sow’s milk? Subsequent research to answer these
questions yielded discoveries that have fundamen-
tally advanced our knowledge of Arg synthesis
and nutrition in pigs over the last 25 yr (Table 2).
Synthesis of citrulline and arginine from glu-
tamine in pig enterocytes. Studies involving can-
nulation of the jejunal artery and jejunal vein of
14- to 58-d-old pigs have shown that the small
intestine actively utilizes glutamine from the diet
and arterial blood to synthesize citrulline and, to
a lesser extent, Arg (Wu et al., 1994a). Of particu-
lar interest, glutamine is the only AA in arterial
blood that is taken up by the small intestine of pigs
in the postabsorptive state (Wu et al., 1994a). To
identify the cell type responsible for citrulline and
Arg synthesis, Wu et al. (1994b) isolated biochem-
ically viable enterocytes from the small intestine of
1- to 58-d-old pigs. Increasing extracellular con-
centrations of glutamine from 0.5 to 5 mA dose-de-
pendently increased the synthesis of citrulline and
Arg via pyrroline-5-carboxylate (PSC) synthase in
porcine enterocytes (Wu et al., 1994b). The de novo
synthesis of Arg is consistent with the conversion
of [U-"“C]glutamine into ["*C]Arg in the entero-
cytes of 0- to 7-d-old pigs (Blachier et al., 1993).
All substrates required for this synthetic pathway,
including ammonia, HCO,", glutamate, aspartate,
and ATP, are produced from glutamine catabolism
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Table 2. NRC-recommended minimal content of arginine in diets for pigs and Wu-recommended optimal
content of arginine in diets for pigs (values are % of total diet, unless indicated otherwise)

Growing-finishing Gestating pigs
Nursery piglets Weanling piglets pigs (140 kg BW at
(5 kg BW) (10 kg BW) (20 to 100 kg BW) breeding) Lactating sows
NRC (2012)! 0.75 0.68 0.62 (20 kg BW) 0.36 (days 0 to 90) 0.60 (parity 1)?
0.38 (100 kg BW) 0.47 (days 90 to 114) 0.54 (parity 2)
NRC (1998)? 0.59 0.54 0.37 (20 kg BW) 0.0 0.0
0.19 (100 kg BW)
Wu (2014)* 1.19 1.01 0.83 (20 kg BW) 1.03 (days 0 to 90) 1.37

0.64 (100 kg BW)

1.03 (days 90 to 114)

"Nutrient Requirements of Swine, NRC (2012), minimal content of Arg in diets.

Standardized ileal digestible value.

*Nutrient Requirements of Swine, NRC (1998), minimal content of Arg in diets.

*Wu-recommended optimal content of true digestible Arg in swine diets. Feed intake for gestating swine is 2 kg/d (days 0 to 90) and 2.3 kg/d

(days 90 to 114).

(Wu et al., 1994b). Pyrroline-5-carboxylate syn-
thase and N-acetylglutamate synthase are the 2
key regulatory enzymes in the intestinal conver-
sion of glutamine into citrulline (Wu et al., 2004).
Other major tissues of preweaning and postwean-
ing pigs (including liver, kidney, heart, pancreas,
brain, large intestine, and skeletal muscle) lack
P5C synthase for synthesizing citrulline from glu-
tamine or glutamate (Wu et al., 1997; Dillon et al.,
1999). These findings establish an essential role for
enterocytes in the synthesis of citrulline and Arg
from glutamine in pigs.

The reactions for the formation of citrul-
line from glutamine start in the mitochondria of
enterocytes, with the first enzyme being glutami-
nase for hydrolyzing glutamine into glutamate, and
the subsequent conversion of citrulline into Arg
takes place in the cytosol (Wu and Morris, 1998).
Of interest, in contrast to the ornithine produced
in the mitochondria, extracellular ornithine is a
very poor substrate for the synthesis of citrulline
and Arg in enterocytes (Wu et al., 1994b), which is
likely due to the preferential channeling of extracel-
lular ornithine into proline production (Wu et al.,
1996b). These results indicate that 1) glutamine
plays an important role in the intestinal synthesis
of citrulline and Arg and 2) the abundance of glu-
tamine in sow’s milk is of nutritional significance
as it compensates for the insufficient provision of
dietary Arg required for the optimal growth of pig-
lets (Wu et al., 2004).

Synthesis of citrulline and Arg from proline in
pig enterocytes. The rates of citrulline synthesis
from glutamine decrease markedly in 14- to 21-d-
old piglets, when compared with 0- to 7-d-old pig-
lets (Wu et al., 1994b, Wu and Knabe, 1995). Thus,
we hypothesized that an alternative precursor for
intestinal synthesis of citrulline would provide

additional Arg for suckling piglets. Intriguingly,
when sow-reared piglets were treated with gabacu-
line (an inhibitor of ornithine aminotransferase, an
enzyme for converting P5C into ornithine), concen-
trations of both glutamine and proline in plasma
increased 2-fold (Flynn and Wu, 1996), suggesting
that proline may be a substrate for citrulline syn-
thesis. Using radiochemical and chromatographic
methodologies, Wu (1997) discovered that proline
is extensively catabolized by pig enterocytes to yield
P5C, citrulline, and Arg via the proline oxidase
pathway. The conversion of proline into citrulline
requires ammonia and glutamate, both of which
are provided by glutamine degradation (Wu et al.,
1994b). Because there is little uptake of proline
from arterial blood by the pig’s small intestine (Wu
etal., 1994a), enteral provision of large amounts of
proline from sow’s milk is crucial in the compen-
sation for the deficiency of Arg in sow’s milk. In
support of this view, Brunton et al. (1999) reported
that there was little synthesis of Arg from proline
in arterial blood in piglets and that the intragastric
administration of proline was effective in amelio-
rating Arg deficiency in neonates.

Synthesis of arginine via the intestinal-renal
axis in pigs. Although Arg is formed in the liver
via the urea cycle, there is no net synthesis of Arg
by this organ in mammals including pigs (Urschel
et al., 2005) due to an exceedingly high activity of
cytosolic arginase that rapidly hydrolyzes Arg (Wu
and Morris, 1998). The formation of citrulline and
Arg from glutamine and proline in enterocytes and
the conversion of citrulline into Arg via arginino-
succinate synthase and argininosuccinate lyase
(ASL) in the kidneys (the primary site for extra-in-
testinal synthesis of Arg) are known as the intes-
tinal-renal axis for the de novo synthesis of Arg
in many mammalian species, including pigs. The
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absence of intestinal synthesis of citrulline in some
mammals (e.g., cats) results in their high require-
ments for dietary Arg (MacDonald et al. 1984).

At birth, ASL activity is high in enterocytes,
but low in the kidneys (Wu and Knabe, 1995).
Thus, most of the glutamine- and proline-derived
citrulline is utilized locally by the enterocytes of 1-
to 7-d-old pigs for Arg synthesis (Wu and Knabe,
1995). The virtual absence of arginase from the
enterocytes of 1- to 21-d-old preweaning pigs lim-
its Arg degradation (Wu et al., 1996b), which helps
maximize the output of Arg by the neonatal small
intestine. Wu and Knabe (1995) estimated that sow’s
milk provides, at most, only 40% of Arg required
by 7-d-old pigs. Thus, Arg synthesis via the intes-
tinal-renal axis plays a crucial role in maintaining
Arg homeostasis in sow-reared piglets. In support
of this view, an inhibition of intestinal ornithine
aminotransferase for 12 h reduced concentrations
of ornithine, citrulline, and Arg in plasma by 59%,
52%, and 76%, respectively, in 4-d-old sow-reared
piglets (Flynn and Wu, 1996). Although Wilkinson
et al. (2004) reported that gastric feeding of a high-
Arg diet to 7-d-old piglets (1.80-g Arg-kg BW!-d™!)
reduced the endogenous synthesis of Arg from pro-
line in comparison with an Arg-deficient diet (0.2-g
Arg-kg BW™!-d™), this finding should not be inter-
preted to indicate that elevated Arg intake within
physiological ranges reduces the intestinal synthesis
of citrulline and Arg because the metabolic path-
ways in piglets fed the high-Arg diet (indicated by a
17% decrease in growth) were likely impaired by the
severe imbalance of AA (Wilkinson et al., 2004).

After weaning, a short-term cortisol surge
induces the expression of P5SC synthase in porcine
enterocytes for the enhanced synthesis of citrulline
from glutamine (Flynn and Wu, 1997a). In post-
weaning pigs, ASL activity is high in the kidneys,
but low in enterocytes (Wu and Knabe, 1995, Wu
et al. 1997). Therefore, the small intestine releases
most of the synthesized citrulline into the blood cir-
culation. In both preweaning and postweaning pigs
(Wu et al., 2007b), as reported for rats (Dhanakoti
et al., 1990), citrulline released by the small intes-
tine is not extracted by the liver, but is utilized for
Arg synthesis primarily in the kidneys. Likewise,
the uptake of physiological concentrations of Arg
by the pig liver is limited (Wu et al., 2007b) due to
low activity of the AA transport system y* (a trans-
porter of basic AA) in hepatocytes (Closs et al.,
2004). Therefore, the small intestine is essential for
the endogenous synthesis of Arg from both glu-
tamine and proline in pigs (Wu and Morris, 1998;
Bertolo et al., 2003), and the citrulline and Arg that
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are derived from glutamine and proline in the gut
are equally effective as a source of Arg for the whole
body (Figure 1). Wu et al. (2016) reported that diet-
ary supplementation with 0.5% to 2% Arg did not
affect intestinal synthesis of citrulline and Arg from
glutamine and proline in postweaning pigs.
Arginine deficiency limiting the maximal
growth of sow-reared piglets. A plethora of fac-
tors, including genetic, nutritional, and stressors
(e.g., crowding, disease, ambient temperature, and
air pollution), can affect pig growth (Wu, 2018).
Data from artificial rearing systems indicate that
the biological potential for neonatal pig growth is
at least 400 g/d (average from birth to 21 d of age)

Blood BCAA
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Prollne
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Figure 1. Interorgan metabolism of citrulline and arginine in pigs.
There is no net synthesis of Arg in the liver via the urea cycle due to
its rapid hydrolysis by arginase. Therefore, the intestinal-renal axis
plays an important role in Arg provision in neonatal and postnatal
pigs. Branched-chain amino acids (BCAA) in arterial blood are taken
up by skeletal muscle for the synthesis of glutamine, which is released
into the circulation. Glutamine in arterial blood, as well as dietary glu-
tamine, glutamate, and proline is utilized by enterocytes of the small
intestine for the production of citrulline, the immediate precursor of
Arg. Virtually all of the intestine-derived citrulline by-pass the liver
and are converted into Arg in the kidneys and extra-renal cells (includ-
ing endothelial cells and macrophages), whereas 7% to 10% of Arg in
the portal vein is extracted by the liver in the first pass. The symbol *
denotes the flux in postweaning pigs. This figure is reused from Wu
et al. (2007b), with permission from Elsevier.
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or more than 74% greater than that for sow-reared
piglets (230 g/d) and that suckling piglets start to
exhibit submaximal growth from day 8 after birth
(Boyd et al., 1995). Interestingly, the submaxi-
mal growth of suckling piglets occurs around the
time when intestinal synthesis of citrulline and
Arg is markedly reduced (Wu and Knabe, 1995)
due to the relative deficiency of mitochondrial
N-acetylglutamate synthase (Wu et al., 2004).
Thus, the intestinal synthesis of citrulline and Arg
from glutamine decreased by 70% to 73% in 7-d-
old suckling pigs in comparison with newborn
pigs and declined further in 14- to 21-d-old pigs
(Wu, 1997). Similarly, the rates of citrulline and
Arg synthesis from proline were 75% to 88% lower
in the enterocytes of 7-d-old pigs, compared with
newborn pigs, and remained at reduced levels in
14- to 21-d-old pigs (Wu, 1997). Consequently, the
endogenous synthesis of Arg in piglets is reduced
remarkably during the suckling period due to the
reduced release of citrulline from the small intes-
tine. Accordingly, the concentrations of Arg and
its immediate precursors (ornithine and citrul-
line) in plasma decreased progressively by 20% to
41% from days 3 to 14 of postnatal development
(Flynn et al., 2000). In addition, concentrations
of ammonia in plasma increased progressively by
18% to 46%, whereas those of nitrite plus nitrate
(stable oxidation products of nitric oxide [NO], a
metabolite of Arg) decreased by 16% to 29% in
7- to 14-d-old suckling pigs, compared with 1- to
3-d-old pigs (Flynn et al., 2000). These metabolic
data showing impaired hepatic ureagenesis and
reduced systemic NO synthesis indicate a previ-
ously unrecognized deficiency of Argin 7-to 21-d-
old sow-reared pigs.

Arginine Catabolism in Pigs

Synthesis of creatine and homoarginine in pigs.
Based on the urinary excretion of creatinine by
7-d-old pigs, Wu et al. (2004) estimated that these
neonates use 70-mg Arg-kg BW™-d™! to synthesize
creatine, which represents 21% of the Arg catabo-
lized in the body or 17% of the Arg provided from
sow’s milk. Similarly, Brosnan et al. (2009) reported
that a piglet uses 110-mg Arg/lkg BW daily to
synthesize creatine between 4 and 11 d of age. In
older pigs (e.g., 4 mo of age), 84-mg Arg/kg BW is
used daily to produce creatine (Hou et al., 2016).
Although homoarginine is formed from Arg and
lysine in pigs, this pathway consumes only 0.036-
mg Arg-kg BW!-d™! and is quantitatively insignifi-
cant (Hou et al., 2016).
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Metabolism of Arg in the mammary tissue of
lactating sows. The mammary glands of lactat-
ing sows take up a large amount of Arg, but its
output in milk is much less than its uptake by the
lactating glands (Trottier et al., 1997). To under-
stand this observation, O’Quinn et al. (2002) used
mammary tissue from lactating sows to conduct
metabolic studies, which revealed that this tissue
actively degrades Arg to form proline, polyamines,
and NO. Two isoforms of arginase (types I and II)
are responsible for Arg hydrolysis to produce urea
and ornithine, which is subsequently converted into
proline via ornithine aminotransferase and P5C
reductase. Interestingly, the catabolism of proline
is undetectable in porcine mammary tissue due
to the absence of proline oxidase (O’Quinn et al.,
2002). These findings help us to explain why Arg
is remarkably deficient, but proline is highly abun-
dant, in sow’s milk. As noted previously, milk-borne
proline is utilized for citrulline and Arg synthesis in
the piglet small intestine.

Catabolism of dietary Arg in pigs. Enterocytes
of preweaning pigs express little arginase activ-
ity and, therefore, do not synthesize proline from
Arg (Wu et al., 1996b). This helps explain why
proline is a nutritionally essential AA for young
pigs (Ball et al., 1986). During weaning, a cortisol
surge induces the expression of intestinal arginase
in young pigs (Flynn and Wu, 1997b). Thereafter,
arginase activity in enterocytes remains elevated in
growing/finishing and adult swine (Wu et al. 2007a;
2016). Enterocytes of postweaning pigs express
type-I and type-II arginases (Flynn et al., 1999) to
actively degrade Arg into ornithine and urea, with
ornithine being further converted into proline by
ornithine aminotransferase and P5C reductase (Wu
et al., 1996b). Bacteria in the lumen of the pig small
intestine also metabolize some dietary Arg to orni-
thine and possibly a small amount of short-chain
fatty acids (Dai et al., 2012). Thus, the gastroin-
testinal microbiota may affect both Arg availabil-
ity and host health. In postweaning pigs, intestinal
catabolism of Arg reduces the amount of dietary
Arg entering the portal vein. Based on the area-
under-the curve of Arg in plasma after its oral or
intravenous administration, Wu et al. (2007b, 2016)
estimated that about 40% of oral Arg is utilized
(through catabolism and protein synthesis) by the
small intestine in growing and adult pigs, with the
remaining portion of Arg entering the portal vein.

In extra-intestinal tissues, the Arg that is not
used for protein synthesis enters catabolic pathways
initiated by arginase, Arg:glycine amidinotrans-
ferase, Arg decarboxylase, and NO synthase
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(Figure 2). These pathways are used to synthesize
ornithine, creatine, agmatine, and NO, respectively.
Based on the work of Hu et al. (2015), the small
intestine and extra-intestinal tissues can catabolize
1) 153- and 365-mg Arg-kg BW™!-d™!, respectively,
in 64-kg pigs fed a basal diet containing 1.35% Arg
without Arg supplementation and 2) 405- and 743-
mg Arg-kg BW™!-d™!, respectively, in 67-kg pigs fed
the basal diet supplemented with 2% Arg. Creatine
synthesis is a major pathway for Arg catabolism
in growing pigs supplemented with 0-, 315-, and
630-mg Arg-kg BW™'-d™! (Wu et al., 2016). Based
on the production of creatine + homoarginine +
agmatine + NO via the nonarginase pathway, the
arginase pathway contributed 76%, 82%, and 85%
of the Arg catabolized in the extra-intestinal tissues
of a 65-kg pig supplemented with 0-, 315-, and 630-
mg Arg-kg BW™!-d™!, respectively (Wu et al., 2016).
These results indicate that dietary Arg undergoes
extensive degradation in postweaning pigs.
Arginine metabolites in the pig conceptus. The
discoveries of citrulline and arg synthesis in entero-
cytes of neonatal pigs (Wu and Knabe, 1995) led to
the question of whether this pathway might occur
in fetal pigs. In analyzing fetal fluids from pigs at
various days of gestation, Wu et al. (1995, 1996a)
noted an unusually high abundance of Arg (4 to 6
mAM) in porcine allantoic fluid on day 40 of gesta-
tion (term = 114 d), when compared with maternal
plasma levels (0.1 to 0.14 mM). In addition, there
were particularly high concentrations of ornithine
(1 to 3 mM) and glutamine (3 to 4 mM) in porcine
allantoic fluid on day 40 of gestation, compared
with maternal plasma levels (0.05 to 0.1 mM for
ornithine and 0.3 to 0.45 mM for glutamine) (Wu
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4 i
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et al., 1995; 1996a). Remarkably, the concentra-
tions of Arg, ornithine, and glutamine in porcine
allantoic fluid increased by 23-, 18-, and 4-fold,
respectively, between days 30 and 40 of gestation,
with their nitrogen accounting for 67% of the total
free a-AA nitrogen (Wu et al., 1996a). The unusual
abundance of members of the Arg family of AA
in fetal fluids is associated with maximal placental
synthesis of NO and polyamines in the first half
of a pregnancy (Wu et al., 2005), when placental
growth is most rapid (Wu et al., 2013a). These novel
findings provided a basis for the recent studies of
the crucial roles for Arg-dependent metabolic path-
ways in conceptus survival, growth, and develop-
ment (Wu et al., 2013b).

ARGININE NUTRITION IN PIGS

Results of recent studies indicate that dietary
supplementation with Arg to conventional diets
may improve the growth, production performance,
and health of modern breeds of pigs during gesta-
tion, lactation, nursery, weaning, and growing-fin-
ishing periods (Wu et al., 2007b; 2010a, 2014). In
2012, the NRC recognized that Arg is a condition-
ally essential AA for pigs in all phases of their pro-
duction. Thus, the NRC (2012) has recommended
the minimal content of Arg in diets for gestating,
lactating, nursing, weanling, and growing-finish-
ing swine (Table 2). Greater values of dietary Arg
requirements were suggested by Wu (2014) to max-
imize the postnatal growth of pigs, milk production
by sows, and embryonic/fetal survival in pregnant
pigs. This is a paradigm shift in swine AA nutri-
tion, as Arg was not previously considered to be

Extra-intestinal tissues

Figure 2. Metabolism of arginine in animals. In the gastrointestinal tract, the hydrolysis of dietary protein by extracellular proteases and
peptidases releases Arg, other amino acids, and small peptides into the lumen. Enterocytes take up these products of digestion, degrade Arg, and
release citrulline. Catabolism of amino acids also occurs by bacteria in the lumen of the gut. In postweaning pigs and rats, approximately 40% of
Arg and 15% (e.g., tryptophan) to 95% (e.g., glutamate) of other AA in the lumen of the small intestine are utilized through catabolism and protein
synthesis, during the first pass into the portal vein. Thus, 5% (e.g., glutamate) to 85% (e.g., tryptophan) of AA in the lumen of the small intestine
enters the portal vein. In extra-intestinal tissues, the Arg that is not used for protein synthesis enters catabolic pathways initiated by arginase,
Arg:glycine amidinotransferase, Arg decarboxylase, and nitric-oxide synthase. This figure is reused from Wu et al. (2016), with permission from

Springer Nature.
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necessary in the diets of gestating or lactating sows
(NRC, 1998). Due to dynamic changes in dietary
requirements of animals for nutrients (including
Arg) depending on physiological and environmen-
tal factors (Wu, 2018), NRC-recommended values
should be regarded only as a guide in livestock
feeding.

Arg Nutrition in Neonatal Pigs

The growth of young pigs is very sensitive to
the provision of dietary Arg (Wu et al., 2004), and
a severe deficiency of Arg (e.g., Arg concentra-
tion in piglet plasma < 26 nM) will rapidly result
in hyperammonia and even death in neonates
(Brunton et al., 1999). Sow’s milk provides a 7-d-
old pig with 0.40-g Arg-kg BW-d™! (Wu et al.,
2004). As noted previously, sow’s milk is relatively
deficient in Arg. Thus, dietary supplementation
with 0.2% and 0.4% Arg to 7- to 21-d-old milk-fed
pigs (artificially reared on a liquid-milk feeding
system) dose-dependently increased the concen-
trations of Arg in plasma (30% and 61%), reduced
those of ammonia (20% and 35%), and increased
the BW gain of piglets (28% and 66%) (Kim et al.,
2004). Most recently, Yang et al. (2016) reported
that supplementing 0.4% or 0.8% Arg to a milk
replacer diet enhanced the weight gain of 4- to
24-d-old piglets by 19% and 22%, respectively,
without affecting feed intake. Of interest, sup-
plementation of the preweaning diet with Arg
has the carry-over effect of enhancing intestinal
growth and development in 25- to 45-d-old pigs
(Yang et al., 2016). These metabolic and growth
data provide further evidence that adequate Argin
diets is necessary for ensuring the maximal growth
of young pigs.

Arg Nutrition in Weanling Pigs

Young pigs can effectively use dietary citrulline
to synthesize Arg (Edmonds et al., 1987a; Urschel
et al., 20006), but dietary ornithine has little effect
on Arg synthesis in the body (Edmonds et al.,
1987a), as reported for pig enterocytes (Wu et al.,
1994b). Thus, in weanling pigs fed a semipurified
diet containing 13.1% CP, 0.89% lysine, and 0.18%
Arg, dietary supplementation with 0.18% Arg or an
equimolar amount of citrulline increased concen-
trations of Arg in plasma and growth performance,
but adding an equimolar amount of ornithine to
the basal diet did not affect either the concentration
of Arg in plasma or BW gain, compared with the
control group (Edmonds et al., 1987a).
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Weanling pigs usually have a reduced rate of
feed intake during the first week postweaning, com-
pared with suckling piglets (Wu et al., 2014). Like
sow’s milk, typical corn- and soybean meal-based
diets (without the addition of fish meal or plasma)
for weanling piglets also contain a relatively low
content of Arg (Wuet al., 2014). Mertz et al. (1952)
demonstrated that the absence of Arg from the diet
of weanling piglets greatly limited their growth.
Similar results were obtained by Roth et al. (1995).
Collectively, these findings indicate insufficient
synthesis of Arg by weanling piglets, which results
from inadequate intake of dietary AA (e.g., glu-
tamine, glutamate, and proline) and a low activity
of mitochondrial N-acetylglutamate synthase (Wu
et al., 2004). A quantitative requirement of Arg by
weanling piglets was not known until Southern and
Baker (1983) reported that the presence of 0.48%
bioavailable Arg in a semipurified diet could yield
a growth rate comparable to that obtained with a
typical corn- and soybean meal-based diet contain-
ing 19.1% CP. However, this reference diet may not
be optimal for maximal growth of weanling pig-
lets (Wu et al., 2014). For example, supplementing
0.6% Arg to a corn- and soybean meal-based diet
enhanced small-intestinal mass and daily weight
gain by 22% and 145%, respectively, in 21- to 28-d-
old weanling piglets (Wu et al., 2010b).

A diet for weanling pigs should stimulate their
feed intake. Balance among AA can be an impor-
tant factor that affects the feed consumption of
animals (Wu, 2014). Southern and Baker (1982)
reported that adding 0%, 0.67%, 1.33%, and 2% Arg
to a corn- and soybean meal-based diet containing
19% CP, 1.08% lysine, 1.27% Arg, and unknown
content of most AA dose-dependently reduced feed
intake and weight gain of 5- to 10-kg weanling pigs.
Similarly, Hagemeier et al. (1983) showed that sup-
plementing 1.63% Arg to a diet containing 1.03%
lysine and an unknown content of protein reduced
food intake and daily BW gain of weanling pigs.
Likewise, supplementing 0.4%, 0.8%, and 1.6% Arg
to a corn- and soybean meal-based diet containing
17.7% CP, 0.89% lysine, and 1.11% Arg dose-de-
pendently reduced feed intake and daily weight gain
without affecting the gain:feed ratio (Anderson
et al., 1984a). When 0.22% Arg was supplemented
to a corn- and soybean meal-based diet containing
14.9% CP, 0.7% lysine, and 0.99% Arg, weanling
pigs had normal feed intake and growth perfor-
mance but exhibited an 11% decrease in the concen-
tration of lysine in plasma, compared with control
pigs (Rosell and Zimmerman, 1984). In all of these
previous studies, the concentrations of ornithine in
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the plasma of control pigs were unusually high (2 to
2.7 times the value of 85 to 98 pM in modern breeds
of pigs [Wu et al., 1996a; Hu et al., 2015]) and were
even much greater than the concentrations of lysine
in plasma (e.g., 270 pM ornithine vs. 219 pM lysine,
Rosell and Zimmerman, 1984; 204 nM ornithine vs.
134 pM lysine, Hagemeier et al., 1983; 238 nM orni-
thine vs. 126 pM lysine, Southern and Baker, 1982;
and 257 pM ornithine vs. 212 pM lysine, Anderson
et al.,, 1984a). These results raised questions of
whether 1) the basal diets contained bacterial argin-
ase to yield ornithine, 2) plasma contained excess
arginase to hydrolyze Arg into ornithine possibly
because of tissue (e.g., liver) injury, 3) AA in the
diets were imbalanced, 4) ornithine metabolism was
impaired in the animals, 5) there were differences in
ornithine metabolism between different breeds of
pigs, or 6) methodological differences in measur-
ing ornithine. Additionally, in all of these previous
studies, control diets were not made isonitrogenous
to Arg-supplemented diets, and the purity of the
crystalline Arg was unknown. Of note, some phar-
maceutical grade tryptophan products manufac-
tured before 1990 contained trace amounts of a
toxic substance that caused an epidemic of eosin-
ophilia-myalgia syndrome in humans (Mayeno
et al., 1990; Trucksess, 1993). It is possible that the
Arg product used for the previous studies in the
1980s had an impurity that could negatively affect
feed intake and growth performance of pigs. In
contrast, recent work could not identify an effect of
dietary supplementation with up to 2% Arg on feed
intake by weanling pigs, compared with isonitroge-
nous controls (Wu, 2010b; Hu et al., 2015).

Arg Nutrition in Growing-Finishing Pigs

Because typical corn- and soybean meal-based
diets contain a relatively low content of Arg,
growing-finishing pigs fed such diets (particularly
low-protein diets) do not have sufficient Arg intake
to support maximum deposition of protein in the
body (Wu et al., 2014). Thus, supplementing Arg to
these diets can improve growth and feed efficiency
for lean tissue gains in growing-finishing barrows
(Tan et al., 2009; Hu et al., 2015). In contrast, a
study with growing pigs (27 to 44 kg BW, 28 d)
showed that increasing dietary Arg content from
0.31% to 0.68% at the constant dietary content
of 0.65% lysine increased feed intake by 4.3% and
backfat thickness by 2.4% without affecting BW
gain (Anderson et al., 1984b). A further increase in
dietary Arg content from 0.68% to 1.01% reduced
both feed intake and weight gain without affecting
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the gain:feed ratio. However, interpretation of these
results is confounded because the increase in diet-
ary Arg content from 0.31% to 0.68% was associ-
ated with an increase in dietary CP from 10.6% to
14.0% that resulted from feedstuff variation, and
because the increase in dietary Arg content from
0.68% to 1.01% was associated with an increase in
dietary CP from 14.0% to 16.7% that also resulted
from feedstuft variation.

In studying finishing pigs (44 to 97 kg BW, 67
d), Anderson et al. (1984b) showed that increasing
dietary Arg content from 0.32% to 0.62% at the
constant dietary content of 0.62% lysine increased
daily BW gain by 7%, gain:feed ratio by 5.3%, and
longissimus muscle area by 10.6%, without affect-
ing feed consumption. A further increase in diet-
ary Arg content from 0.62% to 0.87% reduced BW
gain by 4.9%, but did not affect feed intake of the
pigs. It is unknown whether these effects of the sup-
plemental Arg could be simply attributed to Arg
intake, because the increase in dietary Arg content
was associated with an increase in dietary CP from
11.0% to 14.1% that resulted from feedstuft varia-
tion, and because the increase in dietary Arg con-
tent from 0.62% to 0.87% was associated with an
increase in dietary CP from 14.1% to 16.1% that
also resulted from feedstuft variation. Nonetheless,
this work showed that a diet containing 0.62% to
0.68% Arg and 14.0% to 14.1% CP yielded a bet-
ter growth response in growing-finishing pigs than
a diet containing 0.31% to 0.32% Arg and 10.6% to
11.0% CP. However, because of the differences in
the composition of many AA between the 0.62%
Arg and 0.87% Arg diets, it is not justified to con-
clude that an increase in dietary Arg content from
0.62% to 0.87% results in negative effects on feed
consumption, growth performance, or carcass
quality in growing-finishing pigs.

Easter et al. (1974) reported that nitrogen bal-
ance over a 5-d period did not differ between fin-
ishing female pigs (120-kg BW) fed a purified basal
diet (containing 14.2% glutamic acid plus 4.5%
other AA) that was supplemented with 0.0% or
0.38% Arg. These authors concluded that dietary
Arg was not required for maintenance and post-
pubertal growth in the nongravid gilts. However,
a lack of change in nitrogen balance does not
necessarily mean that maximal lean tissue gain
in pigs could be achieved without the provision
of dietary Arg, as data from finishing female pigs
fed the basal diet containing more than 0.38%
Arg were not available. In addition, the basal diet
contained an exceedingly large amount (14.2%)
of glutamic acid (a precursor for the synthesis
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of citrulline and Arg in pigs [Wu et al., 1994b]),
but the conventional diets of finishing pigs con-
tained less than 1.5% glutamate (Wu et al., 2014).

In growing-finishing pigs, a major concern is
that excessive amounts of subcutaneous white adi-
pose tissue (e.g., backfat) are naturally deposited
in market-weight pigs fed a conventional finishing
diet (NRC, 2012). Notably, supplementing 1% Arg
to a corn- and soybean meal-based diet (containing
0.97% Arg) for 110-d-old barrows for 60 d reduced
serum triacylglyceride concentrations by 20% and
whole-body white fat content by 11%, while increas-
ing whole-body skeletal-muscle content by 5.5%,
without affecting BW gain (Tan et al., 2009). Similar
results for 30- to 121-d-old pigs were obtained by Hu
et al. (2015). This beneficial effect of Argis achieved
through increasing lipolysis and reducing lipogene-
sis in white adipose tissue, as well as stimulating the
oxidation of fatty acids and glucose in skeletal mus-
cle (Wu et al., 2014). Thus, Arg can regulate energy
partitioning in the body to favor white-fat reduction
and lean-tissue gain. Another important conclusion
from the work of Tan et al. (2009) is that a measure-
ment of BW gain alone may not reveal the beneficial
effects of Argsupplementation on lean tissue depos-
ition in pigs, as reported for Arg-supplemented rats
(Jobgen et al., 2009). Findings from swine may have
important implications for treating overweight or
obesity in humans (Peeters et al. 2003) and compan-
ion animals (Burkholder and Toll 2000; Zoran 2010;
Backus and Wara, 2016).

Meat production is the main goal of the
swine industry. Of note, dietary Arg also plays
a role in meat quality. For example, studies with
finishing pigs have shown that dietary Arg sup-
plementation increases glycogen content by 42%
and decreases lactate content by 37% in skeletal
muscle as a result of reductions in glycogenoly-
sis and glycolysis, leading to a beneficial increase
in skeletal muscle pH by a unit of 0.32 at 45-min
postmortem and an improvement in water-hold-
ing capacity (Tan et al., 2009). Likewise, supple-
menting 0.5% and 1% Arg to a corn- and soybean
meal-based diet (containing 0.95% Arg) for pigs
(60- to 110-kg BW) dose-dependently decreased
concentrations of cortisol in serum, attenuated
drip loss of pork muscle at 48 h postmortem, and
enhanced antioxidative capacity in skeletal mus-
cle (Ma et al., 2010).

Arg Nutrition in Gestating Pigs

Easter et al. (1974) investigated whether preg-
nant gilts required dietary Arg to maintain nitrogen
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balance over a 5-d period during late gestation.
On days 90 to 99 of gestation, gilts (n = 5) which
carried 7.2 £ 1.3 live fetuses (mean = SEM) per
gilt were fed an Arg-free purified diet (containing
14.2% glutamic acid plus 4.5% other AA) that was
supplemented with no Arg or 0.38% Arg. The lack
of Arg in the diet did not affect nitrogen balance
in the gestating gilts. Similar results were obtained
for pregnant gilts (n = 2 per treatment group) fed
the Arg-free basal diet supplemented without Arg
or 0.38% Arg between days 30 and 114 of gestation
(Easter and Baker, 1976). The absence of Arg from
the gestation diet did not affect the number or BW
of live-born piglets (a mean value of 8.3 piglets per
gilt). The authors suggested that the gravid swine
could sufficiently synthesize Arg (Easter et al., 1974;
Easter and Baker, 1976). However, no difference in
nitrogen balance over a short period does not nec-
essarily mean that maximal fetal growth during late
gestation could be achieved without the provision
of dietary Arg, as data from gestating gilts fed the
basal diet containing >0.38% Arg were not avail-
able. In addition, the number of gilts used in the
previous study (n = 2/treatment group; Easter and
Baker, 1976) was too small to draw a definite con-
clusion regarding the effects of Arg on pregnancy
outcomes. Furthermore, the basal diet used in the
experiment contained an exceedingly large amount
(14.2%) of glutamic acid (a precursor for the syn-
thesis of citrulline and Arg in the pigs), but the con-
ventional diets for gestating swine contained less
than 1.5% glutamate (Wu et al., 2014).

Modern high-prolific sows ovulate 20 to 30
oocytes and deliver 10 to 15 live-born piglets at term
(Town et al., 2005). There is a positive relationship
between uterine capacity and fetal mortality (Bazer
et al., 2014). The greatest restraint on litter size in
pigs is placental development and function in early
gestation and uterine capacity at all periods of ges-
tation (Bazer et al., 1988). Interestingly, among
domestic animals, pigs exhibit the most severe natu-
rally occurring intrauterine growth restriction, and
76% of these compromised piglets do not survive
to weaning (Wu et al., 2006). The current restricted
feeding program for pregnant swine, which aims at
reducing body fat accretion during pregnancy and
preventing the associated problems of impaired
lactogenesis during lactation (Kim and Wu, 2009),
may not be the most desirable for fetal growth and
development (Wu et al., 2013a), because dietary
provision of Arg alone does not meet requirements
during the entire pregnancy (Table 3).

Because both polyamines and NO (products
of Arg) play a key role in placental angiogenesis
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Table 3. Requirements for arginine and its endogenous synthesis in gestating gilts

Amounts of arginine (g/d)

Days Days Days Days
0 to 30 30 to 60 60 to 90 90to 114
Body weight of sows (kg) 155 to 160 160 to 170 170 to 185 185 to 200
Arginine requirements for maternal metabolism and 15.48 16.47 17.36 19.86
conceptus growth®
Uptake of portal vein arginine by maternal liver 0.40 0.40 0.40 0.40
Placental growth 0.13 0.57 0.11 0.12
Embryonic/fetal growth 0.005 0.17 0.85 2.60
Allantoic fluid 0.005 0.005 0.000 0.000
Amniotic fluid 0.000 0.001 0.000 0.000
Arginine utilization for creatine synthesis 8.08 8.46 9.11 9.88
Dietary arginine for metabolism via non-arginase and 5.04 5.04 5.04 5.04
non-NO synthase pathways in extra-intestinal tissues
2 kg diet (0.7% arginine) 14.0 14.0 14.0 14.0
Indigestible arginine in the diet (15%) 2.10 2.10 2.10 2.10
Intestinal catabolism (40% of arginine in the lumen) 4.76 4.76 4.76 4.76
Arginine provision from synthesis in mother plus fetus >3.58 >4.57 >5.46 >7.96
(% of daily requirement for maternal metabolism and (23) (28) (32) (40)

conceptus growth)

Adapted from Wu et al. (2013b). Gilts gestating 12 fetuses are fed daily 2 kg of a typical corn- and soybean meal-based diet (Li et al., 2010).

2The small intestine of the gestating sow uses 4.76 g of digestible dietary arginine per day. The rates of maternal arginine catabolism via arginase
and NO synthase pathways in tissues other than the liver and gut are 2.0 and 0.10 g/d, respectively.

and growth in mammals (Wu et al., 2006), a semi-
nal study was conducted to test the hypothesis that
increasing Arg provision may enhance the repro-
ductive performance of gilts (Mateo et al., 2007).
The corn- and soybean meal-based diet contained
12% CP, 0.70% Arg, and 0.57% lysine, and the
true ileal digestibility of the dietary protein was
85% (Wu et al., 2010). Dietary supplementation
with 1.0% Arg-HCI between days 30 and 114 of
gestation increased concentrations of Arg, ornith-
ine, and proline in plasma by 77%, 53%, and 30%,
respectively (Mateo et al., 2007). The Arg supple-
mentation did not adversely affect the BW or back-
fat thickness of gilts, but increased the number of
live-born piglets by 2 and litter birth-weight by 24%
(Mateo et al., 2007). Furthermore, Arg supplemen-
tation improved immunity and reduced mortality
in sows (Li et al., 2007), as reported for humans
and other animals (Alexander and Dorothy, 2014).
These novel findings indicate that Arg is a nutri-
tionally essential AA to maximize reproductive
performance in swine.

The important role of Arg in embryonic/fetal
survival was confirmed by reports from several
research groups (Table 4). First, under practical
production conditions, there were increases in
placental weight (+16%), the number of live-born
piglets per litter (+1.1), and litter birth weights
of live-born piglets ( + 1.7 kg) for gilts and mul-
tiparous sows that received dietary supplemen-
tation with 0.83% Arg between days 22 and 114

of gestation (Gao et al., 2012). Second, under
practical production conditions, dietary supple-
mentation with 1% Arg to gilts and sows between
days 14 and 28 of gestation increased the number
of live-born piglets by approximately 1 at birth
(Ramaekers et al., 2006). Third, compared with
control gilts, dietary supplementation with 0.4%
or 0.8% Arg between days 14 and 25 of gestation
increased placental growth by 21% to 34% and
the number of viable fetuses per litter by approxi-
mately 2 (Li et al., 2014). Of note, the rates of
embryonic survival did not differ between the
0.4% and 0.8% Arg groups. Fourth, dietary sup-
plementation with 0.9% Arg-HCI between days
14 and 28 of gestation increased the number of
fetuses per litter by 3.7 on day 70 of gestation
in superovulated gilts (Bérard and Bee, 2010), as
well as birth weight, skeletal muscle and organ
weights, and myofiber hyperplasia in offspring
(Madsen et al. 2017). Fifth, supplementing 1%
Arg to the diet of gilts beginning on day 17 of
gestation for 16 d increased the number of live-
born piglets per litter by 1.2 (De Blasio et al.,
2009). Finally, dietary supplementation with
0.83% Arg between days 90 and 114 of gestation
increased the average birth weight of live-born
piglets by 16% (Wu et al., 2010a). Furthermore,
dietary supplementation with 1% Arg on days 25
to 80 of gestation enhanced piglet birth weight by
10% and reduced the percentage of piglets with
a birth weight of <0.85 and <1.0 kg by 47% and
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Table 4. Effects of maternal dietary arginine supplementation during pregnancy on litter size and birth

weights of piglets in swine

Supple- Energy Litter size Litter weight
mental argin- content in Arginine  Lysine  Placental weight of viable  of viable
ine (% of Period of diet (ME; content contentin  duringearly- fetuses or  fetuses or
Parity  diet or g/sow arginine Feed intake CP content  MJ/ in basal basal diet to mid- gesta- live-born  live-born
Authors of sow per day) supple-mentation per day (kg) in diet (%) kg) diet (%) (%) tion® or at birth®  piglets piglets
Bérard and Bee 1 0.87% d 14-28 3.0 14.3 11.5 1.07 0.88 No effect® Tby3.7 1by32%
(2010) 2.7 per litter  per litter
Campbell 1 and 1% d 14-28 ND ND ND ND ND ND T byl 1 by 6.4%
(2009) MP 25¢g per litter  per litter
De Blasio et al. 1 1% d 17-33 2.5 ND ND ND ND ND tbyl2 ND
(2009) 25
Gao atal. (2012) 1and 0.83% d22-114 2.0 (d 22-90) 13.2 13.0 0.88 0.65 1 by 16%° Thyl.1 1 by 11%
MP 16.6 g 3.0 (d 90-114) per litter  per litter
Li 1 0.40% d 14-25 2.0 12.0 12.9 0.70 0.57 1 by 34%° Tby2.2  Noeffect
(2014) 80¢g per litter
Li 1 0.80% d 14-25 2.0 12.0 12.9 0.70 0.57 1 by 219%° Tbyl.7  No effect
(2014) 160g per litter
Mateo at al. 1 0.83% d30-114 2.0 12.2 13.0 0.70 0.58 ND Tby2.0 1by24%
(2007) 166¢g per litter  per litter
Ramacekers 1 and 1% d 14-28 ND ND ND ND ND ND Tbyl ND
(2006) MP 25¢ per litter
Wau at al. MP 0.83% d90-114 2.0 14.7 13.5 0.80 0.78 ND No effect 1 by 16%
(2012) 166¢g per litter

ME = metabolizable energy; ND = not determined; MP = multiparous; 7 = increase.

33%, respectively, in gilts giving birth to <14 pig-
lets per litter (Dallanora et al., 2017). Likewise,
dietary supplementation with 0.77% arginine to
sows during the last third of pregnancy (days 77
to 114) decreased piglet birth-weight variation
by 19% (Quesnel et al. 2014). In addition, diet-
ary supplementation with 1% Arg between days
25 and 53 of gestation increased the size of fiber
in the semitendinosus muscle of newborn piglets
by 17% (Garbossa et al. 2015). An increase in the
number of live-born pigs will markedly increase
the profit margin associated with enhanced repro-
duction and lactation performance of dams (Wu
et al., 2013a). Additionally, a reduction in the
number of low-birth-weight piglets will greatly
improve the management of neonatal pigs and
maximize preweaning survival and growth.

Some studies did not find a beneficial effect
of dietary Arg supplementation on pregnancy
outcome in swine. For example, Bass et al. (2017)
showed that supplementation with 1% Arg-HCI
to a corn-, soybean meal-, and distiller’s dried
grains with solubles (DDGS)-based diet contain-
ing 18.7% CP for pregnant gilts and multiparous
sows (consuming 2.72 kg feed/d) between days 93
and 110 of gestation had no effect on the number
of pigs born alive, piglet birth weight, or lactation
performance. Similar results were obtained when
1% Arg-HCl was supplemented to a corn-, soybean

meal-, and wheat middlings-based diet containing
12.05% CP for multiparous sows between days 83
and 116 of gestation (consuming 2.2 kg feed/d
on days 0 to 90 and 2.72 kg/d on days 90 to 116;
Bass et al. 2017). In a meeting abstract, Greiner
et al. (2012) reported that 1) supplementing 1.23%
Arg to a corn- and DDGS-based diet (CP con-
tent not reported) for gilts and multiparous sows
between days 18 and 34 of gestation (consuming
2.27-kg feed/d) did not affect conception rate, far-
rowing rate, or the total number of piglets born
and 2) dietary supplementation with 1.23% Arg
to multiparous sows between days 75 and 115 of
gestation (consuming 2.27-kg feed/d on days 75
to 100 and 3.28 kg/d on days 100 to 112) reduced
individual piglet birth weight by 4% and tended
to reduce total litter birth weight. It is possible
that the dietary content of CP or AA, feed intake,
and the period of gestation influence the effects
of dietary Arg supplementation on pregnancy per-
formance in swine.

Arg Nutrition in Lactating Sows

Physiological levels of NO enhance blood flow
and milk production by mammary glands of lactat-
ing mammals, such as sows (Kim and Wu, 2009),
as well as protein synthesis in mammary epithe-
lial cells (Ma et al., 2018). The provision of Arg
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increases the production of both NO and polyam-
ines in mammary tissue, and, therefore, it promotes
milk production (O’Quinn et al., 2002; Kim and
Wu, 2009). Supplementing 0.83% Arg (as 1% Arg-
HCI) to the diets of primiparous sows enhanced lit-
ter weight gain and milk production by 21% in the
first week of lactation and by 11% during a 21-d
suckling period (Mateo et al., 2008). Notably, the
Arg treatment increased the daily BW gain of low-
birth-weight piglets (40%) to a greater extent than
for normal-birth-weight piglets (15%; Table 5), likely
because low-birth-weight piglets have a reduced
ability to synthesize Arg due to both reduced mass
and dysfunction of the small intestine (Wu et al.,
2006). Furthermore, dietary Arg supplementation
to sows enhanced the production of lipids in milk
(Kirchgessner et al., 1991). Likewise, Laspiur and
Trottier (2001) reported that dietary Arg supple-
mentation to lactating sows reduced their BW loss
and enhanced their feed efficiency, particularly in
hot environments, without affecting their heart and
respiration rates or piglet weight gain. These find-
ings have important implications for improving the
health of sows, as well as the growth and survival of
piglets, especially those that have experienced intra-
uterine growth restriction.

SAFETY OF ARGININE
SUPPLEMENTATION IN PIGS

Dietary Arg is extensively catabolized in grow-
ing-finishing (Table 6), as well as gestating and
lactating (Hou et al., 2016) swine. Hu et al. (2015)
assessed the safety of long-term Arg-HCI or Arg
supplementation in pigs between 30 and 121 d of
age, based on general observations (e.g., behavior,
skin health, and hair), feed intake, growth, body
composition, as well as hematological and blood
chemistry tests (Hu et al., 2015). In that study, male
and female pigs were fed a typical corn- and soy-
bean meal-based diet (containing 1.35% Arg) sup-
plemented with either 0%, 1%, 1.5%, or 2% Arg (as
either Arg-HCI or Arg) for 91 d. The supplemental
doses of 0%, 1%, 1.5%, and 2 % Arg provided pigs
with 0-, 315-, 473-, and 630-mg Arg-kg BW'-d!,
respectively, beyond the amount of digestible Argin
the basal diet (382 mg-kg BW~!-d™!) at the constant
feed intake of 31.5 g’kg BW™!-d"!. Hematological
and clinical chemistry tests at 1 and 4 h after feed-
ing were performed as follows: 1) the numbers of
erythrocytes and white blood cells (including mon-
onuclear and polymorphonuclear cells); 2) blood
hemoglobin, pH, and proteins (including enzymes);
and 3) total bilirubin, AA, glucose, urea, ammonia,
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creatinine, lipids, and minerals in plasma. Results
of all the measured variables in pigs fed diets sup-
plemented with 0%, 1%, 1.5%, or 2% Arg were
within physiological ranges and were not adversely
affected by Arg administration (Hu et al., 2015).
For example, dietary supplementation with Arg to
pigs did not affect concentrations of lysine or his-
tidine in plasma (indicating a lack of antagonism
among basic AA), but beneficially increased lean
tissue mass and reduced white fat, as well as concen-
trations of ammonia, free fatty acids, triacylglycer-
ides, and cholesterol in plasma (Go et al., 2012, Hu
et al., 2015). These results indicate that dietary sup-
plementation with 315- to 630-mg Arg-kg BW~!-d™!
is safe in pigs fed corn- and soybean meal-based
diets supplemented with 1% or 2% Arg for at least
91 d (Wu et al., 2016). Like any other nutrient,
excessive intake of Arg may result in adverse effects
on the animals. Of note, supplementing 4% Arg (as
Arg base) to a corn- and soybean meal-based diet
had adverse effects on young pigs, as indicated by
AA imbalance and reduced growth performance
(Edmonds et al., 1987b). Finally, supplementing up
to 1% Arg to the diets for gestating sows (days 14 to
114 of gestation; Mateo et al., 2007, Li et al., 2014)
and lactating sows (days 1 to 21 of lactation; Mateo
et al., 2008) did not result in any adverse effects on
either the mothers or their offspring. Although the
general behavior of pigs is not affected by dietary
Arg supplementation (Wu et al., 2007a; Li et al.,
2010; Hu et al. 2015), animal activity cannot be
adequately determined by in-person observation.
Rather, 24-h measurements are required with sen-
sor equipment appropriately standardized to spe-
cific situations.

An optimal dietary ratio of Arg:lysine likely
varies with the age and health status of pigs. When
a ratio of Arg:lysine in diets is greater than 3:1,
the feed intake and growth performance of post-
weaning pigs are reduced (Anderson et al., 1984a;
Wu et al., 2007b). The underlying mechanisms
may involve their competition for 1) absorption
from the lumen of the small intestine into entero-
cytes, 2) transport from blood plasma into cells,
and 3) reabsorption into blood from renal tubules,
as well as a reduction in intracellular protein syn-
thesis and an acid-base imbalance. Although
Edmonds and Baker (1987) reported the failure
of excess dietary lysine to antagonize Arg in post-
weaning pigs, this conclusion is not consistent with
their evidence that the addition of 2.3% or 3.45%
lysine to the basal diet reduced the daily BW gain
of weanling pigs by 10% and 20%, respectively,
compared with the lysine-adequate group (the basal
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Table 5. Growth performance of low- and normal-birth-weight piglets nursed by primiparous sows fed
diets supplemented with or without arginine between days 0 and 14 of lactation

Control-fed sows

Arginine-supplemented sows

Item NBW piglets LBW piglets NBW piglets LBW piglets
Body weight of piglets, kg

Day 0 1.36 £ 0.05 0.71 £0.03* 1.38 £ 0.04 0.70 £ 0.03*
Day 7 2.31£0.08 1.19 + 0.05% 2.70 £ 0.10%* 1.45 £ 0.06%**
Day 14 3.75%0.14 1.86 + 0.09* 4.16 £ 0.17** 2.31 £ 0.12%**
Daily weight gain of piglets, g/day

Days 0 to 7 136 £5.6 69.0 £ 3.3* 189 £ 8.7** 106 £ 4.5%**
Days 7 to 14 207£9.3 95.8 £ 6.1* 210+£9.0 123 £ 6.3%**
Days 0 to 14 173+£79 82.3 £ 4.6 199 £ 8.4%* 115 £ 5.8%**
Milk intake by piglets, mL/kg body weight

Day 7 302+ 18 294 + 21 326+ 24 312+£20

Day 14 253 £13 241+ 16 267 £ 15 259+ 18

Adapted from Kim and Wu (2009). Gilts (Yorkshire x Landrace dams and Duroc x Hampshire sires) were bred at ~100 kg BW and fed daily
2.0 kg of a sorghum- and soybean meal-based diet containing 14.0% CP and 0.80% Arg. Between Days 0 and 14 of lactation, primiparous sows
had free access to drinking water and the basal diet supplemented with either 1.0% Arg-HCl or 1.7% L-alanine (isonitrogenous control). Arginine
or alanine was added to the basal diet at the expense of cornstarch. There were 10 sows in each treatment group. On the day of farrowing, 2 normal-
birth-weight (1.3 to 1.5 kg) piglets and 2 low-birth-weight (0.60 to 0.80 kg) littermates were chosen from each of the 10 sows in a treatment group
for weekly measurements of body weight and milk consumption. Litter size was equalized to be 9 per sow on day 0. On day 7, milk was obtained
for the analysis of AA, and protein concentration was 40.3 £ 0.6 and 43.8 £ 0.8 g/L (P < 0.05), respectively, for control and Arg-supplemented
sows. Feed intake was 4.93 * 0.17 and 5.04 + 0.19 kg/d during the 14-d period of lactation, respectively, for control and Arg-supplemented sows
(P >0.05). Data are means £ SEM.

*P < 0.01: Different from the corresponding NBW piglets.

**P < 0.01: Different from the corresponding control (alanine-supplemented) group.

LBW = low birth weight; NBW = normal birth weight.

Table 6. Extra-intestinal catabolism of arginine via arginase and nonarginase pathways in pigs supple-
mented with or without L-arginine for 13 wk

Extra-intestinal catabolism of Arg to form its metabolites via nonarginase

Supplemental dose Extra-intestinal catabolism of

of Arg (mg/(kg body pathways' Arg via arginase’
weight-d) Homoarginine Creatine NOx Agmatine

mg Arg-kg BW™!-d™!
0 0.088 % 0.004¢ 83.9 £3.7¢ 2.86+0.17¢ 0.036 = 0.003¢ 278 £ 5.6°
315 0.138 £ 0.005° 96.7 £4.3° 4.35+0.22° 0.047 £ 0.003° 453 £8.1°
630 0.194 £ 0.008* 109 +£4.92 5.67 £0.31° 0.060 % 0.004° 628 £ 11°

“*Within a column for each species, means sharing different superscript letters differ (P < 0.05).
Adapted from Wu et al. (2016). Values are means + SEM, n = 12 pigs (121 d of age; 6 males and 6 females) per dietary group.
"Homoarginine, creatine, NOx (nitrite plus nitrate), and agmatine were produced from Arg via nonarginase pathways.

“These values are calculated as the rates of Arg catabolism via arginase plus nonarginase pathways minus the rates of Arg catabolism via the non-
arginase pathway. The values of extra-intestinal Arg catabolism via the arginase pathway do not include proteins released by extra-intestinal tissues.

diet + 1.15% lysine) (Edmonds and Baker, 1987).
Interestingly, neonatal pigs may be particularly sen-
sitive to high Arg intake, as oral administration of
Arg twice daily (0.29 g'kg BW™!-d™!) between 1 and
16 d of age reduced the BW of low-birth-weight
(0.69 to 0.92 kg) and normal-birth-weight (1.3 to
1.5 kg) piglets by 22% and 13%, respectively, com-
pared with control piglets receiving oral adminis-
tration of the isonitrogenous amount of alanine
(Getty et al., 2015). Caution should be exercised
in interpreting this result because the consumption
of sow’s milk or dietary intake of AA (including
lysine) by all the study piglets was not reported by

the authors (Getty et al., 2015). This means that an
Arg:lysine ratio in the diet is unknown. In another
study, a higher ratio of Arg:lysine (e.g., 1.44:1.00)
in the enteral diet providing 1.80-g Arg and 1.25-g
lysine'kg BW™!-d™! had adverse effects of reducing
the growth of 7-d-old pigs, compared with the diet
providing 0.2-g Arg and 1.25-g lysine-kg BW~!-d™!
(Arg:lysine ratio of 0.16:1.00; Wilkinson et al.,
2004). However, because the incomplete basal diet
of the young pigs lacked glutamine and aspartate
(important AA for intestinal energy supply and
function), this finding may not be applicable to pig-
lets fed a complete diet containing all AA.
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The timing of Arg supplementation is critical
for its safety and beneficial effects in improving
pregnancy outcomes in swine (Wu et al., 2010a).
This is demonstrated by the adverse effects of Arg
supplementation immediately after mating on por-
cine embryonic survival and growth (Liet al., 2010).
Specifically, when compared with the control group
of gilts, dietary supplementation with 0.8% Arg
between days 0 and 25 of gestation decreased uter-
ine weight (—20%), total number of fetuses (—24%),
number of corpora lutea (—17%), total fetal weight
(—34%), total volume of allantoic and amniotic
fluids (—34% to 42%), concentrations of proges-
terone in maternal plasma (—33%), as well as total
amounts of progesterone (—35%), estrone (—40%),
and estrone sulfate (—37%) in allantoic fluid (Li
et al., 2010). In the ovary, the follicular develop-
ment and discharge of mature oocytes with the for-
mation of corpora lutea depend on cell signaling
via mitogen activated protein kinases 3 and 1 (also
known as extracellular-regulated protein kinases
1 and 2 [ERK1/2]) and liver receptor homolog 1
(Duggavathi et al., 2008). Based on available data,
Li et al. (2010) suggest that increased production
of NO by Arg supplementation between days 0
and 14 of gestation may impair ERK1/2 signaling
and liver receptor homolog 1 function in the por-
cine ovary, thereby reducing the number of follicles
that ovulate and, therefore, the number of corpora
lutea, and the concentration of progesterone in the
maternal plasma.

In summary, extensive research over the past
25 yr has identified Arg as one of the most abun-
dant AA in the body of pigs and their fetal fluids
during pregnancy. About 40% of the dietary Arg
is catabolized by the small intestine during the
first pass, and endogenous synthesis via interorgan
metabolism of AA is crucial for maintaining Arg
homeostasis in the whole body. At the cellular level,
Arg is physiologically essential for the synthesis of
proteins and other nitrogenous substances (includ-
ing NO, creatine, polyamines, and homoarginine)
with key metabolic functions in the body. Thus, this
nutrient plays an important role in improving the
health, survival, growth, development, lactation,
and reproduction of swine. Compelling evidence
shows that Arg is a nutritionally-essential AA for
weanling pigs to both maintain normal intestinal
physiology and enhance efficiency in the utilization
of dietary protein for gut maturation and whole-
body growth. Additionally, recent findings indicate
that adequate amounts of dietary Arg are necessary
to support maximum lactation and reproductive
performance in pigs. Arginine is truly a functional

Wau et al.

and conditionally essential AA in swine nutrition.
These results also have important implications
for improving the nutrition of humans and other
animals.
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