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Abstract Embryonic loss and intrauterine growth

restriction (IUGR) are significant problems in humans and

other animals. Results from studies involving pigs and

sheep have indicated that limited uterine capacity and pla-

cental insufficiency are major factors contributing to sub-

optimal reproduction in mammals. Our discovery of the

unusual abundance of the arginine family of amino acids in

porcine and ovine allantoic fluids during early gestation led

to the novel hypothesis that arginine plays an important role

in conceptus (embryo and extra-embryonic membranes)

development. Arginine is metabolized to ornithine, proline,

and nitric oxide, with each having important physiological

functions. Nitric oxide is a vasodilator and angiogenic

factor, whereas ornithine and proline are substrates for

uterine and placental synthesis of polyamines that are key

regulators of gene expression, protein synthesis, and angi-

ogenesis. Additionally, arginine activates the mechanistic

(mammalian) target of rapamycin cell signaling pathway to

stimulate protein synthesis in the placenta, uterus, and fetus.

Thus, dietary supplementation with 0.83 % L-arginine to

gilts consuming 2 kg of a typical gestation diet between

either days 14 and 28 or between days 30 and 114 of

pregnancy increases the number of live-born piglets and

litter birth weight. Similar results have been reported for

gestating rats and ewes. In sheep, arginine also stimulates

development of fetal brown adipose tissue. Furthermore,

oral administration of arginine to women with IUGR has

been reported to enhance fetal growth. Collectively,

enhancement of uterine as well as placental growth and

function through dietary arginine supplementation provides

an effective solution to improving embryonic and fetal

survival and growth.
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Abbreviations

ADC Arginine decarboxylase

AGAT Arginine:glycine amidinotransferase

CAT Cationic amino acid transporter

a-DFMO DL-a-Difluoromethylornithine

GE Glandular epithelium

IUGR Intrauterine growth restriction

LE Luminal epithelium

MTOR Mammalian target of rapamycin

NO Nitric oxide

NOS NO synthase

ODC Ornithine decarboxylase

P5C Pyrroline-5-carboxylate

SAM S-adenosylmethionine

Introduction

Embryonic death losses in humans and livestock species

are estimated to range from 20 to 50 %, with two-thirds of

the losses occurring during the peri-implantation period

of pregnancy (Bazer et al. 2010, 2011). Additionally,
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impaired implantation, which occurs between days 20 and

24 of the menstrual cycle, is a major factor limiting the

success of assisted reproductive technologies in humans

that accounts for 50–75 % of failures to establish preg-

nancy (Fazleabas 2007). Furthermore, intrauterine growth

restriction (IUGR), which increases the risk for neonatal

mortality and morbidity, as well as compromising postnatal

growth and health, is a significant problem in humans and

other mammals (Wu et al. 2012a). New knowledge about

nutritional support of embryonic and fetal development is

essential for clinicians and producers of food animals to

enhance female fertility by reducing early pregnancy losses

and improving fetal growth. Because of ethical concerns

with studies involving human embryos and fetuses, animal

models (e.g., mice, rats, pigs, and sheep) are essential to

research that addresses important questions related to

uterine biology and pregnancy (Bazer et al. 2012a, b).

Work with farm animals (e.g., pigs and sheep) also has

important implications for increasing animal production to

provide high-quality animal proteins for human consump-

tion (Wu et al. 2006). For example, profitability of the

swine industry critically depends on reproductive effi-

ciency of sows. However, prenatal mortality (up to 50 %)

is a significant challenge that must be overcome to improve

the reproductive performance of modern high-prolificacy

sows. As a result, gilts produce an average of 9.62 piglets

born per litter in the USA, which is much lower than the

potential of 14 or more piglets per litter based on the total

number of oocytes ovulated (USDA 2009). More than

75 % of prenatal losses occur during the first 25 days of

gestation (term = 114 days), and there is another period of

fetal death between days 40 and 60 of gestation, especially

in sows with large litters (Pope 1994). Many factors con-

tribute to embryonic and fetal losses, including ovulation

rate, fertilization rate, disease (e.g., virus infection), chro-

mosomal abnormalities, non-uniform development of

conceptuses, and intrauterine crowding or uterine capacity

(Wu et al. 2006). Of those causes, failure of development

of conceptuses (embryo and extra-embryonic membranes)

during the peri-implantation period is primarily responsible

for embryonic losses before day 30 of gestation and inad-

equate uterine capacity is the major reason for fetal deaths

and suboptimal growth after day 30 (Bazer et al. 2009a, b).

Much effort has been made to improve embryonic/fetal

survival in pigs and other mammalian species. Animal

breeding can improve litter size, but the efficiency is very

low. Litter size in the US swine industry increased at a rate

of only 0.052 pigs/year between 1980 and 2000 (Johnson

2000). The reason for low efficiency of genetic selection is

low heritability for litter size. Heritability estimates for

litter size born is 0.1 and even less for live-born pigs in a

litter (*0.07) (Rothschild 1996). An alternative is to

increase ovulation rate through superovulation. However,

an increase in litter size is seldom realized because high

ovulation rates in sows have the potential to cause exces-

sive intrauterine crowding of conceptuses which increases

fetal mortality during mid- and late-gestation (Town et al.

2005).

Arginine is a nutritionally essential amino acid for gestat-

ing mammals (Wu et al. 2009). In addition to being a building

block for proteins, arginine is the precursor for synthesis of

many biologically active molecules, including nitric oxide

(NO), ornithine, polyamines (putrescine, spermidine, and

spermine), creatine, and agmatine (Wu and Morris 1998). Of

those, NO and polyamines stimulate cell proliferation and

migration, cellular remodeling, angiogenesis, and dilation of

blood vessels to increase blood flow, whereas creatine is

essential to neurological and skeletal muscle development

(Wu et al. 2009). Because much work has been done regarding

impacts of arginine nutrition on porcine embryonic and fetal

development, findings from these studies are highlighted in

the present review. In particular, dietary supplementation with

0.8 % arginine (16 g/sow per day) between days 14 and 25 of

gestation (Li et al. 2011) or with 0.83 % arginine (16.6 g/sow

per day) between days 30 and 114 of gestation (Mateo et al.

2007) enhances litter size in gilts. A number of studies con-

ducted in different countries, including Australia (De Blasio

et al. 2009), China (Gao et al. 2012; Wu et al. 2012b), the

Netherlands (Ramaekers et al. 2006), New Zealand (Campbell

2009), and Sweden (Bérard and Bee 2010), have provided

additional evidence to support a beneficial role for arginine

supplementation in reducing embryonic deaths in gestating

sows. Similar results have been demonstrated for pregnant rats

(Zeng et al. 2008, 2012). In contrast, two research groups

recently reported that dietary supplementation with 1.23 %

arginine or 28 g/sow per day during either early (days 18–34)

or late (days 75–115) pregnancy had no effect on litter size and

could even impair reproductive performance in gilts and sows

(Greiner et al. 2012; Zier-Rush et al. 2012). It should be kept in

mind that more arginine in the diet is not necessarily better for

embryonic or fetal survival in swine. Rather, proper ratios

and amounts of amino acids (particularly arginine and lysine)

as well as dietary intake of total nitrogen should be taken into

consideration in dietary formulations to prevent antagonism

among amino acids and the toxicity of ammonia to dams and

their embryos/fetuses (Wu 2010a, b). These results underscore

the importance of understanding basic knowledge about

reproductive biology, as well as amino acid biochemistry and

nutrition to improve mammalian reproduction.

Embryogenesis, implantation of blastocysts,

and placentation

Uterine receptivity to implantation varies among species

and involves (1) attachment of trophectoderm to uterine
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lumenal (LE) and superficial glandular (sGE) epithelia; (2)

modification of phenotype of uterine stromal cells; (3)

silencing of receptors for progesterone and estrogen in

uterine epithelia; (4) suppression of genes for immune

recognition in uterine LE/sGE; (5) alterations in membrane

permeability to enhance conceptus–maternal exchange of

physiological and nutritional factors; (6) angiogenesis and

vasculogenesis, increased vascularity of the endometrium;

(7) activation of genes for transport of nutrients into the

uterine lumen; and (8) enhanced signaling for pregnancy

recognition (Bazer et al. 2010, 2012a, b; Johnson et al.

2009). The conceptus (embryo/fetus and associated mem-

branes) requires amino acids and other nutrients for growth

and development (Gao et al. 2009a).

In humans, the blastocyst stage of development is

reached on about day 5 after fertilization of the oocyte and

then enters the uterus where the embryo differentiates into

the inner cell mass (which will develop into the fetus) and

the outer layer of cells or trophoblast which will develop

into the placenta and associated membranes (Bazer et al.

2010). During this period, the conceptus receives all

nutrients from uterine secretions and oxygen from its

surrounding environment. Embryogenesis is followed by

implantation (days 7–9 post-fertilization in humans),

which is the first stage in a sequence of events leading to

placentation (the formation and growth of the placenta

within the uterus). By week 4 after fertilization, the basic

structure of the mature placenta will have been

established.

In swine, following fertilization, zygotes develop and

cleave into 2- and 4-cell stage embryos in the oviduct

(Bazer et al. 2010). After entering the uterus around day 3

of gestation, embryos continue to cleave, develop to blas-

tocysts by days 7–8 of gestation and then hatch from the

zona pellucida. Thereafter, blastocysts migrate within the

uterine lumen to achieve equal spacing among themselves

and then undergo dramatic changes in morphology from an

expanded spherical shape to tubular and filamentous forms

between days 10 and 15 of pregnancy. The diameter of

spherical blastocysts is only 5–10 mm by day 10 of ges-

tation. However, when reaching a spherical diameter of

10 mm on about day 11 of gestation, it takes only 3 or 4 h

for blastocysts to elongate to tubular and then filamentous

conceptuses that are 150–200 mm in length; by day 15,

they approach approximately 1,000 mm in length (Geisert

and Yelich 1997). This dramatic morphological change

occurs initially through cellular remodeling rather than

cellular hyperplasia, but the final phase of elongation

between days 12 and 15 involves both cellular hyperplasia

and cellular remodeling (Geisert et al. 1982).

Maternal recognition of pregnancy starts at day 11 of

gestation when the blastocyst begins its dramatic mor-

phological changes and also initiates secretion of estrogen

as the pregnancy recognition signal in pigs (Bazer et al.

2009a, b). Porcine conceptuses initiate attachment of

trophectoderm to uterine LE on day 13 of pregnancy and

implantation is accomplished by about day 18 of gestation

in advance of placentation and formation of a true epi-

theliochorial placenta. Unique characteristics of pigs and

other domestic animals (including sheep) are the prolonged

pre-implantation periods for elongation of conceptus

trophectoderm, followed by orientation of the blastocyst,

apposition between trophectoderm and uterine LE, and

then adhesion of trophectoderm to uterine LE (Bazer et al.

2008). This prolonged pre-implantation period for blasto-

cyst/conceptus elongation allows for establishment of a

maximum surface area of contact between trophectoderm

and uterine LE for absorption of molecules secreted or

transported by maternal uterine epithelia into the uterine

lumen (histotroph). These substances are essential for

survival and growth of the conceptus which has superficial

and noninvasive attachment between trophectoderm and

uterine LE in pigs (Kim et al. 2013).

Elongation of the porcine trophectoderm depends

mainly on histotrophic nutrition from uterine LE, sGE, and

mid- to deep uterine glandular epithelium (GE) (Spencer

and Bazer 2004). However, rapid growth of blood vessels

in the yolk sac (day 16–21) and allantois (day 21 to term)

of the placenta prepares the conceptus for hematotropic

exchange of nutrients and gases between maternal and fetal

placental blood (Bazer et al. 2012a, b). Additionally,

nutrients are supplied by histotroph via areolae of the

chorioallantoic membranes from the post-implantation

period of pregnancy on about day 25 to the end of gestation

to support growth and development of the conceptus

(Johnson et al. 2009). To sustain these dramatic events in

conceptus development, many genes for nutrient transport,

cellular remodeling, angiogenesis, relaxation of vascular

tissues, as well as cell proliferation and migration are

expressed (Bazer et al. 2012a, b). Early embryonic losses

result from a failure of conceptus development and

implantation during the peri-implantation period of preg-

nancy (Bazer et al. 1988). This essential knowledge about

implantation and placentation provides a physiological

basis for nutritional management of gestating sows.

In sheep, embryos enter the uterus on day 3 after breeding,

develop to spherical blastocysts and then transform to

spherical (day 10, 0.4 mm), tubular and filamentous forms

between days 12 (1 9 33 mm), 14 (1 9 68 mm) and 15

(1 9 150–190 mm) (Bazer et al. 2012a, b). Meanwhile,

extra-embryonic membranes extend into the contralateral

uterine horn between days 16 and 20 of pregnancy. Elonga-

tion of ovine conceptuses is a prerequisite for central

implantation involving apposition and adhesion between

trophectoderm of the conceptus (oTr) and uterine LE/sGE

before loss of LE occurs to allow intimate contact between
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oTr and uterine basal lamina proximal to uterine stromal cells

between days 18 and 50–60 of gestation (Bazer et al. 2008).

In all species, a functional placenta transports nutrients,

respiratory gases, and the products of their metabolism

between the maternal and fetal circulations, and this is

crucial for fetal survival, growth, and development (Wang

et al. 2012). Rates of utero-placental blood flows depend on

placental vascular growth (a result of angiogenesis) and

placental vascularization that are greatly influenced by the

availability of NO and polyamines (Reynolds et al. 2006).

To support increased uterine and placental blood flows,

placental angiogenesis increases markedly from the first to

the second and third trimesters of gestation (term = 147

days) and continues to increase during the last days of

gestation. Uptake of nutrients by the uterus or the fetus is

determined by both rate of blood flow and concentrations of

nutrients in the arterial and venous blood. Thus, uptake of

both macro- and micro-nutrients by the uterus is greater in

pregnant women than in nonpregnant women (Reynolds

et al. 2006). Conversely, impaired placental blood flow

contributes to IUGR in mammalian pregnancies (Wu et al.

2004a, b, 2006).

Arginine metabolism in mammals

Arginine synthesis

In most mammals (including humans and pigs), arginine

in circulating blood is derived from diets and endogenous

sources (including both de novo synthesis and protein

degradation) (Wu et al. 2013). While women can choose

what they would like to eat, a restricted feeding program

(e.g., 2 kg of a typical corn- and soybean meal-based diet)

is normally adapted for gestating gilts to prevent both

excessive maternal weight gain during pregnancy and low

appetite during lactation (Kim et al. 2009). Thus, dietary

provision of arginine in the gestation diet is insufficient to

meet arginine requirements by pregnant swine. This

necessitates endogenous synthesis of arginine to support

embryonic, placental, and fetal growth. Because gestating

pigs maintain a positive nitrogen balance (meaning no net

protein degradation), de novo synthesis makes the sole

contribution to endogenous provision of arginine for both

the mothers and their fetuses. When gestating pigs are fed

a restricted amount of the diet daily, de novo synthesis of

arginine from glutamine, glutamate and proline by the

mother plus her fetus(es) can be estimated on the basis of

arginine composition in the fetus and placenta (Table 1)

as well as creatine synthesis. All of these metabolic needs

for arginine, except for placental protein accretion after

the first half of gestation, increase substantially with

advancing stages of gestation (Table 2). In support of this

view, the fetal small intestine can synthesize citrulline

(the immediate precursor of arginine) from glutamine,

glutamate and proline beginning at day 30 of gestation

and the capacity of this synthetic pathway increases pro-

gressively between days 30 and 114 (term) of pregnancy

(Dekaney et al. 2003).

Studies with porcine enterocytes established the enzy-

mological basis for arginine synthesis from glutamine,

glutamate and proline (Wu et al. 1994, 2004a, b). Gluta-

mine is converted into glutamate by phosphate-activated

glutaminase. Pyrroline-5-carboxylate (P5C) is formed from

glutamate by P5C synthase. P5C can also be synthesized

from proline by proline oxidase (Wu 1997). P5C is ami-

dated by ornithine aminotransferase to form ornithine,

which reacts with carbamoylphosphate to yield citrulline

by carbamoylphosphate synthase I. All of the enzymes

involved in citrulline and arginine synthesis exist in the

small intestine of fetal pigs (Dekaney et al. 2003). Arginase

activity is nearly absent in fetal enterocytes, thereby

maximizing the release of arginine from the gut (Wu and

Morris 1998).

Arginine catabolism

Overall picture

Due to extensive catabolism of arginine by arginase in the

small intestine (Dai et al. 2011; Wu 2010a, b), only 60 %

of dietary arginine enters the portal circulation of pregnant

gilts (Wu et al. 2007a, b). The quantitatively major prod-

ucts of intestinal arginine degradation include ornithine and

proline, which are released into the portal circulation.

Approximately 8 % of arginine in the portal vein is

extracted by the liver where it is used for synthesis of

protein and urea (Wu et al. 2007a, b). Thus, considering the

true ileal digestibility (85 %) of arginine in a corn- and

soybean meal-based diet, only 47 % of protein-bound

arginine in the diet is available for utilization by extra-

intestinal and extra-hepatic tissues in gestating swine

(Fig. 1).

Arginine transport

Transport of arginine is the first step in its utilization by

cells since this nutrient cannot be taken up in a significant

quantity from extracellular fluid by simple diffusion. Spe-

cific transporters are needed for transporting arginine

across the cell membrane (Morris 2009). As a cationic

amino acid, arginine shares the same transporters with

lysine, ornithine, and histidine. System y?, which was the

first transport system identified as a cationic amino acid

transporter (CAT), is selective for cationic amino acids and

is Na?-independent (Devés and Boyd 1998). Three

244 G. Wu et al.

123



different CAT genes (SLC7A1, SLC7A2, and SLC7A3)

have been cloned, which encode for four homologous

proteins CAT-1, CAT-2A, CAT-2B, and CAT-3, respec-

tively (Gao et al. 2009b). In addition, systems bo,? and

Bo,?, which are expressed in mouse blastocysts (Van

Winkle et al. 1985), can transport neutral amino acids as

well as cationic amino acids (Van Winkle et al. 1988).

These two systems are distinguished by their dependence

on Na? in that System Bo,? is Na?-dependent, while sys-

tem bo,? is Na?-independent. The fourth transport system

named y?L has high affinity for both neutral and cationic

amino acids (Devés and Boyd 1998). Transport of cationic

amino acids through this system is Na?-independent and its

apparent affinity for neutral amino acids decreases dra-

matically when Na? in the medium is replaced with K?. To

avoid an imbalance among basic amino acids, the level of

dietary arginine supplementation for mammals (e.g., pigs)

should not be greater than 2.0 % on an as-fed basis (90 %

dry matter; Go et al. 2012).

Multiple pathways for arginine utilization

There are multiple pathways in cells for arginine utilization.

Arginine serves as the precursor for synthesis of many bio-

logical molecules, including ornithine, polyamines (putres-

cine, spermine and spermidine), proline, glutamine, creatine,

Table 1 Protein and amino acid (AA) content in porcine placentae during gestation

Protein or AA content Day of gestation Pooled SEM

25 30 40 60 90 114

Protein content (g protein/100 g wet tissue weight)1

Protein 9.6b 12.0a 12.6a 12.8a 12.9a 12.9a 0.32

AA content (mg AA/100 g wet tissue weight)2

Ala 685b 876a 912a 919a 934a 929a 27

Arg 770b 947a 953a 936a 991a 983a 20

Asn 308b 395a 417a 440a 425a 415a 7.2

Asp 423b 526a 567a 579a 548a 551a 8.4

Asp ? Asn 731b 921a 984a 1019a 973a 966a 16

Cys 99b 143a 141a 137a 146a 142a 2.4

Gln 450b 578a 629a 617a 614a 601a 13

Glu 674b 929a 1016a 1034a 988a 975a 17

Glu ? Gln 1124b 1507a 1645a 1651a 1602a 1576a 26

Gly 657e 854d 970c 1093b 1218a 1226a 15

His 191b 231a 249a 264a 270a 266a 6.0

Ile 410b 476a 488a 492a 472a 468a 11

Leu 743b 913a 922a 934a 916a 909a 23

Lys 627b 802a 824a 855a 813a 807a 31

Met 201b 232a 256a 259a 263a 251a 4.8

Phe 490b 611a 623a 618a 604a 609a 9.6

Pro 572e 725d 843c 1005b 1190a 1216a 14

OH-Pro 66e 88d 170c 248b 306a 320a 5.5

Pro ? OH-Pro 638e 813d 1013c 1253b 1496a 1536a 16

Ser 454b 572a 590a 608a 594a 582a 13

Thr 388b 501a 514a 536a 522a 519a 10

Trp 107b 132a 130a 135a 138a 141a 3.6

Tyr 324b 393a 401a 422a 406a 413a 9.4

Val 539b 664a 683a 688a 671a 679a 15

Values are mean ± SEM, n = 6 gilts. Two placentae were obtained from each of 6 gilts at days 25, 30, 40, 60, 90, and 114 of gestation (Wu

et al. 1996a, b). Amino acids in placental protein were analyzed by enzymatic (Glu, Gln, Asn, and Asp), base hydrolysis (Trp), and acid

hydrolysis (other amino acids) as described by Li et al. (2011)

Data were analyzed by one-way analysis of variance and differences between means were determined using the Student–Newman–Keuls

multiple comparison test (Wei et al. 2012). Means sharing different superscript letters (a–e) within a row differ (P \ 0.05)
1 Protein content in placental tissues was determined using the Lowry method (Wu et al. 1994)
2 Values include peptide-bound plus free AA. Molecular weights of intact AA were used to calculate the amounts of AA in the placental tissue
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agmatine, NO, and protein (Wu and Morris 1998; Wu et al.

2011a, b). The classic pathway of arginine catabolism is

initiated by arginase to produce ornithine. Ornithine is sub-

sequently converted to polyamines, proline, glutamate, and

glutamine. Arginase exists as two distinct isoenzymes in

mammals (Morris 2009). Type I arginase is a cytosolic

enzyme mainly expressed in the liver. Type II arginase is

expressed in mitochondria of extra-hepatic tissues including

kidney, brain, small intestine, mammary gland and macro-

phages, as well as human and ovine placentae (Wu et al.

2009). All enzymes of the urea cycle are expressed in the

small intestine of gestating swine (Wu 2010b). This may

serve as a first line of defense against the toxicity of ammonia

which is generated from amino acid metabolism in the small

intestine (Wu 1995). Arginine-derived ornithine is an

important precursor for synthesis of polyamines and proline

in maternal and conceptus tissues (Fig. 2). Proline plays an

important role in polyamine synthesis in both the porcine

placenta and the fetal small intestine, which do not contain

arginase I or II activity (Wu et al. 2008).

Arginine is the precursor of NO, which is catalyzed by

NO synthase (NOS) (Bredt and Snyder 1994). There are

three isoforms of NOS: neuronal NOS (nNOS; also known

as NOS1), inducible NOS (iNOS; also known as NOS2),

and endothelial NOS (eNOS; also known as NOS3). NOS1

and NOS3 are expressed constitutively in a cell-specific

manner and produce low levels of NO (Gao et al. 2009c).

However, NOS2 is induced by certain immunological

stimuli (including endotoxin and inflammatory cytokines)

to generate large amounts of NO which is a major endo-

thelial cell-dependent relaxing factor. Nicotinamide ade-

nine dinucleotide phosphate hydrogen (NADPH),

calmodulin, flavin adenine dinucleotide, flavin mononu-

cleotide, and tetrahydrobiopterin (BH4) are essential

cofactors for enzymatic activities of all isoforms of NOS

(Wu and Meininger 2009). In addition, NOS1 and NOS3,

Table 2 Requirements of arginine and its endogenous synthesis in gestating gilts

Amounts of arginine (g/day)

Days 0–30 Days 30–60 Days 60–90 Days 90–114

Body weight of sows (kg) 155–160 160–170 170–185 185–200

Arginine requirements for maternal tissues and fetal growth C8.62 C9.61 C10.5 C13.0

Uptake of portal vein arginine by maternal livera 0.40 0.40 0.40 0.40

Placental growth 0.13b 0.57c 0.11d 0.12e

Embryonic/fetal growth 0.005f 0.17g 0.85h 2.60i

Allantoic fluid 0.005j 0.005k 0.000 0.000

Amniotic fluid 0.000l 0.001m 0.000 0.000

Arginine utilization for creatine synthesisn 8.08 8.46 9.11 9.88

Arginine provision from the diet to extra-intestinal tissues 5.04 5.04 5.04 5.04

2 kg diet (0.7 % arginine) 14.0 14.0 14.0 14.0

Undigestible arginine in 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 (% of daily requirement) C3.58 C4.57 C5.46 C7.96

(41 %) (48 %) (52 %) (61 %)

Gilts gestating 12 fetuses are fed daily 2 kg of a typical corn- and soybean meal-based diet (Li et al. 2010)
a 8 % of arginine in the portal vein is taken up by the liver (Wu et al. 2007b)
b Placental growth at 13.2 g/day. Arginine content (peptide-bound plus free) in the placental tissue was 9.47 mg/g wet tissue weight
c Placental growth at 59.6 g/day. Arginine content (peptide-bound plus free) in the placental tissue is 9.36 mg/g wet tissue weight
d Placental growth at 10.4 g/day. Arginine content (peptide-bound plus free) in the placental tissue is 9.91 mg/g wet tissue weight
e Placental growth at 11.6 g/day. Arginine content in (peptide-bound plus free) in the placental tissue is 9.83 mg/g wet tissue weight
f Fetal body weight gain 1.28 g/day (3.6 mg arginine/g fetal weight) (Wu et al. 1999)
g Fetal body weight gain 51.3 g/day (3.24 mg arginine/g fetal weight) (Wu et al. 1999)
h Fetal body weight gain 186.4 g/day (4.58 mg arginine/g fetal weight) (Wu et al. 1999)
i Fetal body weight gain 402 g/day (6.47 mg arginine/g fetal weight) (Wu et al. 1999)
j 170 ml/day allantoic fluid (30 mg arginine/L) (Wu et al. 1995)
k 48 ml/day allantoic fluid (112 mg arginine/L) (Wu et al. 1995)
l 1.7 ml/day amniotic fluid (26 mg arginine/L) (Wu et al. 1995)
m 46.7 ml/day amniotic fluid (19 mg arginine/L) (Wu et al. 1995)
n Calculated on the basis of urinary excretion of creatinine (1.39 mg/h/kg body weight) by pregnant sows (Erb et al. 1970)
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but not NOS2, require calcium for generation of NO.

Nearly all cell types can recycle citrulline into arginine via

argininosuccinate synthase and lyase, and this intracellular

arginine–citrulline cycle helps sustain sufficient concen-

trations of arginine to support NO production (Wu et al.

2009). Elevating extracellular concentrations of arginine

from 0.0 to 10 mM increases NO synthesis in cells and

tissues, including endothelial cells, macrophages, and the

placenta, in a dose-dependent manner (Wu and Meininger

2002). Arginine increases NOS activity and NO production

in the porcine placenta by increasing BH4 synthesis and

bioavailability (Wu and Meininger 2009).

Another pathway for arginine catabolism in animals is

agmatine synthesis. In rats, arginine decarboxylase

(ADC) decarboxylates arginine to produce agmatine in a

cell-specific manner (Wu et al. 2009). Degradation of

agmatine by agmatinase (a mitochondrial enzyme) yields

putrescine. Catabolism of arginine via ADC has long been

recognized in plants and bacteria, and this pathway was

previously thought to be absent in animals until ADC was

discovered in the rodent brain (Li et al. 1994). Expression

of the ADC gene in mammalian cells was confirmed by

cloning and characterization of human ADC (Zhu et al.

2004). ADC has 48 % amino acid sequence homology with

ODC1, but has no ODC1 activity. ADC is also present in

liver, kidney, adrenal gland, and macrophages (Morris

2009) but absent in porcine enterocytes (Wu et al. 1996b).

At present, it is unknown whether ADC is expressed in the

conceptuses of farm animals.

Arginine is required for creatine synthesis (Wu and

Morris 1998). The guanidino group from arginine is

transferred to the amino group of glycine by arginine:gly-

cine amidinotransferase (AGAT), yielding guanidinoace-

tate. Guanidinoacetate is methylated to creatine by

guanidinoacetate N-methyltransferase in the presence of

S-adenosylmethionine (SAM, a metabolite of methionine;

Arginine-containing protein in diet

Large peptides

Arginine-containing small peptides
(2 or 3 AA residues)

Free Arg Enterocytes and   
luminal bacteria 

Portal vein

AA, PA, and
other NM

(Orn, Pro, Cit, Urea)

Proteases (e.g., Trypsin)

Peptidases

Stomach and SI

SI

Dipeptidases or
tripeptidases

Transport
(y+, y+L, 
b0,+, B0,+)

Transport
(PepT1) Oxidation

Free Arg and possibly
small peptides

Protein
40%

60%
Systemic
circulation

Liver
4.8% 55.2%

Fig. 1 Digestion of dietary protein-bound arginine (Arg) in the

gastrointestinal tract of nonruminant mammals, including humans and

swine. Proteases and peptidases in the lumen of the small intestine

hydrolyze proteins and large peptides, respectively, to eventually

form Arg-containing tripeptides and dipeptides. A proportion of these

dipeptides are hydrolyzed by peptidases to yield free Arg. The Arg-

containing dipeptides or tripeptides in the lumen of the small intestine

can be directly transported into the enterocytes through their apical

membrane by H? gradient-driven peptide transporter 1 (PepT1). This

peptide transporter does not transport free Arg or peptides containing

four or more AA residues. Arg-containing small peptides are rapidly

hydrolyzed by intracellular peptidases to form free Arg in enterocytes

and bacteria. A small proportion of Arg peptides may exit the

enterocytes via their basolateral membrane into the blood stream, but

the identity of basolateral peptide transporters remains unknown. Free

Arg in the lumen of the small intestine is taken up by enterocytes

primarily via the Na?-independent cationic amino acid transporters

(CAT1, CAT2 and CAT3), as well as other transporters (y?, y?L,

b0,?, and B0,?). In sheep, dietary protein is fermented in the rumen for

synthesis of microbial protein, whose digestion in the abomasum and

the small intestine is similar to that in nonruminants (Wu 2013a).

Approximately 40 % of luminal Arg is catabolized by the small

intestine, with the responsible cell types including enterocytes, other

mucosal cells, and bacteria (Wu et al. 2009; Dai et al. 2012a, b). AA

amino acids, NM nitrogenous metabolites, PA polyamines, PepT1 H?

gradient-driven peptide transporter 1, SI small intestine

½ O2 H2O

Glu

-KG

L-OrnithineArginine
Arginase II

H2O Urea

L-Proline 1-Pyrroline-5-carboxylate
Proline Oxidase

Ornithine
aminotransferase

L-OrnithineArginine
Arginase I

H2O Urea

Putrescine
CO2

ODC

Agmatine

ADC
CO2

Putrescine

H2OUrea

Agmatinase

Spermidine

DCAM

MTA
Spermidine
synthase

Spermine

DCAM

MTA

S-Adenosylmethionine

CO2

SAMD
Mg-PPi + Pi

Mg-ATP

L-Methionine

SAM
synthase Spermine

synthase

Antizyme
(-)

MITOCHONDRION

CYTOPLASM

Fig. 2 Synthesis of polyamines from arginine, proline, and methi-

onine mammals, including humans, swine, and sheep. Arginine is

hydrolyzed to ornithine plus urea by arginase I and arginase II in

many cell types (possibly except for porcine placentae and neonatal

small intestine). Synthesis of putrescine from ornithine is catalyzed by

ornithine decarboxylase (a cytosolic enzyme) in all cell types. In

placental mitochondria, arginine may be decarboxylated to form

agmatine by arginine decarboxylase (ADC) and agmatine is then

converted into putrescine by agmatinase. DCAM decarboxylated

5-adenosylmethionine, a-KG a-ketoglutarate, MTA methylthioadeno-

sine, SAMD S-adenosyl-methionine decarboxylase, SAM S-adenosyl-

methionine
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Wu et al. 2009). AGAT is the first rate-limiting enzyme for

creatine synthesis. Although hepatocytes can readily con-

vert guanidinoacetate to creatine, creatine cannot be pro-

duced directly from its precursors (arginine, glycine, or

methionine) in the liver (da Silva et al. 2009). In rats and

pigs, AGAT is predominantly expressed in the kidney,

whereas high guanidinoacetate N-methyltransferase activ-

ity occurs in the liver (Wu and Morris 1998). This suggests

inter-organ cooperation for creatine synthesis. Our results

indicate that de novo synthesis of creatine is a major

pathway for arginine utilization in gestating swine

(Table 2).

Physiological functions of arginine and its metabolites

in gestating mammals

Multiple catabolic fates and unique chemical features

enable arginine to have versatile functions in cardiovas-

cular, neurological, endocrine, and immunological systems

(Wu et al. 2009). Moreover, physiological levels of argi-

nine activate the MTOR cell signaling pathway, which

plays crucial roles in protein synthesis, cell proliferation,

and modulation of the intracellular cytoskeletal structure

(Bazer et al. 2010; Kong et al. 2012; Lei et al. 2011). As an

endothelium-derived relaxing factor, NO regulates blood

flow across tissues (including the uterus and placenta) and,

therefore, the transfer of nutrients from gestating sows to

their fetuses (Reynolds et al. 2006). NO also stimulates

placental angiogenesis and, thus, placental vascular

growth. NO acts by binding to the heme group of soluble

guanylate cyclase, thereby increasing generation of cyclic

guanosine monophosphate (cGMP) from guanosine-50-tri-
phosphate (GTP). The cGMP activates cGMP-dependent

protein kinases and the phosphorylation of target proteins

that elicit a series of physiological responses (e.g., relax-

ation of vascular smooth muscle cells and mitochondrial

biogenesis). In addition, NO inhibits the release of endo-

thelin-1 (a vasoconstrictor) by endothelial cells and pre-

vents leukocyte adhesion to the endothelium and platelet

aggregation (Wu et al. 2009).

NOS gene knockout mice have proved to be an excellent

model system to evaluate the functions of NO on repro-

ductive process in females (Maul et al. 2003; Pallares et al.

2008). Results indicate that NO is essential for ovulation,

embryonic development, and implantation (Jablonka-Sha-

riff et al. 1999). There is no significant influence of NOS2

deficiency on length of the estrous cycle or ovulation rate.

However, cycle length was increased and ovulation rate

was markedly decreased in NOS3 knockout mice (Jab-

lonka-Shariff et al. 1999). The number of implanted blas-

tocysts was also lower in NOS3 knockout than wild-type

mice (Pallares et al. 2008). Remodeling of the uterine

vascular wall is essential for increasing uterine blood flow

which is required for successful pregnancy outcomes

(Pallares et al. 2008). Thus, knockout of the NOS3 gene

decreased the remodeling capacity of the uterine arteries

during pregnancy in mice (van der Heijden et al. 2005).

This may be a major cause for the decline in fetal and

neonatal survival in NOS3 knockout mice. Viable embryos

at mid-gestation and litter size at term were reduced

without changes in implantation rates or early development

of implantation sites in NOS3 knockout mice (van der

Heijden et al. 2005). This impairment was associated with

reduced cellularity and abnormally thickened walls of

arteries in the uterine decidual tissue in the absence of

NOS3 gene expression. Results of all of these studies

suggest that physiological levels of NO are essential for a

successful outcome of pregnancy (Burnett et al. 2002).

Arginine may regulate the synthesis of carbon monoxide

(CO) and hydrogen sulfide (H2S) from glycine and cys-

teine, respectively (Li et al. 2009). These gases have

important biological functions in the cardiovascular sys-

tem. NO stimulates H2S production in vascular tissues,

whereas H2S inhibits the arginine–NO pathway in aorta

and endothelial cells (Li et al. 2009). Additionally, endo-

thelial NO has a permissive role in CO- and perhaps H2S-

induced vascular dilation. Furthermore, arginine increases

brown adipose tissue development in the fetus (Satterfield

et al. 2012, 2013) as reported for postnatal rats (Wu et al.

2012c) via multiple cell signaling pathways. Thus, there

may be cross-talk between various gaseous signaling

pathways, and physiological levels of NO regulate vascular

tone and hemodynamics in synergy with other gaseous

vasoactive factors (Dai et al. 2013).

Polyamines are essential for a healthy pregnancy. ODC1

activity increases sharply between days 6 and 8 of gestation

which is just after implantation (days 4–5 of gestation) in

mice (Fozard et al. 1980). Similar changes occur for uterine

levels of putrescine and spermidine. Compared with the

control group, adding 2 % DL-a-difluoromethylornithine

(a-DFMO, an irreversible inhibitor of ODC1) to the

drinking water from days 5 to 8 of gestation prevented

embryonic development and caused pregnancy loss by day

18. Polyamines are also essential for blastocyst implanta-

tion as implantation of blastocysts is inhibited by a-DFMO

(Zhao et al. 2008). The benefit of polyamines in pregnancy

may relate to its regulation of synthesis of steroid hor-

mones as well as embryonic, placental and fetal growth and

development. The activity of ovarian ODC1 increases

immediately after ovulation and is required to enhance

secretion of progesterone by the corpora lutea (Bastida

et al. 2002). Ovarian growth and the formation of Graafian

follicles were also inhibited by blocking ODC1 activity in

immature female mice (Bastida et al. 2005). The decrease

in concentrations of progesterone and estradiol at diestrus
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caused by a-DFMO treatment was associated with its

inhibitory effects on expression of genes for steroidogenic

factor 1, cytochrome cholesterol side chain cleavage

enzyme, and steroidogenic acute regulatory protein in the

ovary (Bastida et al. 2005). Furthermore, depletion of

polyamines has been implicated in embryonic diapause,

which is a poorly understood phenomenon of reversible

arrest of blastocyst development prior to implantation

(Lefèvre et al. 2011). These results indicate a crucial role

for polyamines in embryogenesis and implantation of

blastocysts.

Beneficial effects of dietary arginine supplementation

on embryonic/fetal survival and growth in mammals

Studies involving pregnant swine

Studies involving pregnant swine were guided by the

notion that the unusual abundance of arginine in porcine

allantoic fluid during early pregnancy has important

physiological functions in survival and growth of the

conceptus (Wu et al. 1995, 1996a, 1998). Mateo et al.

(2007) determined that dietary supplementation of arginine

for gestating gilts increased litter size at birth. These

authors found that dietary supplementation with 0.83 %

arginine (as 1.0 % arginine–HCl; 16.6 g arginine/sow per

day) between days 30 and 114 of gestation increased the

number of live-born piglets by 2 per litter and litter birth

weight by 24 % (Mateo et al. 2007). This novel finding

indicates that arginine is a nutritionally essential amino

acid to maximize reproductive performance in swine.

The rationale for supplementing 0.83 % arginine (as

1 % arginine–HCl) to the basal diet (12 % crude protein,

0.70 % arginine, and 0.57 % lysine; a digestibility value of

85 %) for pregnant gilts is as follows. First, because of a

potential nutritional imbalance among basic amino acids,

the total content of arginine in the diet should be\2 % (on

an as-fed basis; 90 % dry matter) so that the ratio of

digestible arginine to digestible lysine in the diet is \3.0.

Second, because of the short half-life (1.7 h) of orally

administered arginine in pregnant gilts due to (1) extensive

catabolism of arginine (40 % of its dietary intake) by the

small intestine and (2) rapid utilization of arginine by

multiple pathways in tissues (Wu et al. 2007a, b), a suffi-

cient dosage of supplemental arginine is required to sustain

elevated levels of arginine (at least 25 % greater than

plasma arginine concentrations in non-supplemented gilts)

for 4 h. Third, arginine concentrations in the plasma of

non-supplemented gilts are 240 lM at 1 h after feeding.

On the basis of the pharmacokinetics of arginine in preg-

nant gilts, achieving a concentration of arginine in the

plasma of supplemented gilts that is 25 % greater than the

value in non-supplemented gilts at 4 h after feeding would

require a peak value of *500 lM at 1 h after feeding in

supplemented gilts (Wu et al. 2007a). This would require a

*130 % increase in dietary content of digestible arginine,

namely the supplementation of 0.78 % arginine to the basal

diet. For convenience, we decided to supplement 1 %

arginine–HCl (0.83 % arginine) to the diet for pregnant

gilts.

Several lines of experimental evidence further support the

conclusion that arginine supplementation is effective in

enhancing embryonic/fetal survival in pigs (Table 3). 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 for live-born piglets

(?1.7 kg) for gilts and multiparous sows that received die-

tary supplementation with 0.83 % arginine between days 22

and 114 of gestation (Gao et al. 2012). Second, under prac-

tical production conditions, dietary supplementation with

1 % arginine 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; Campbell

2009). Third, compared with control gilts, dietary supple-

mentation with 0.4 or 0.8 % L-arginine between days 14 and

25 of gestation increased placental growth by 21–34 % and

the number of viable fetuses per litter by approximately 2 (Li

2011). Fourth, dietary supplementation with 1 % arginine

between days 14 and 28 of gestation increased the number of

fetuses per litter by 3.7 on day 70 of gestation in superovu-

lated gilts (Bérard and Bee 2010). Fifth, supplementing 1 %

arginine to the diet for gilts beginning on day 17 of gestation

for 16 days increased the number of live-born piglets per

litter by 1.2 (De Blasio et al. 2009). Finally, dietary supple-

mentation with 0.83 % arginine between days 90 and 114 of

gestation increased average birth weight of live-born piglets

by 16 % (Wu et al. 2012b). An increase in the number of live-

born pigs will markedly increase the profit margin associated

with reproduction and lactation in dams. Additionally, a

reduction in the number of low birth weight piglets will

greatly improve the management of neonatal pigs and

maximize pre-weaning survival and growth (Rezaei et al.

2013; Wu et al. 2011a, b).

The timing and dose of arginine supplementation are

critical to its beneficial effects in improving pregnancy

outcomes in swine (Wu et al. 2010). This is demonstrated

by adverse effects of arginine supplementation immedi-

ately after mating on porcine embryonic survival and

growth. Specifically, as compared with the control group of

gilts, dietary supplementation with 0.8 % L-arginine

between days 0 and 25 of gestation decreased uterine

weight (-20 %), total number of fetuses (-24 %), number

of corpora lutea (CL; -17 %), total fetal weight (-34 %),

total volume of allantoic and amniotic fluids (-34 to

42 %), concentrations of progesterone in maternal plasma
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(-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, follicular

development and discharge of mature oocytes with the

formation of CL depend on cell signaling via mitogen

activated protein kinases 3 and 1 [also known as extra-

cellular-regulated protein kinases 1 and 2 (ERK1/2)]

(Duggavathi and Murphy 2009) and liver receptor homolog

1 (Lrh1) (Duggavathi et al. 2008). There is evidence that

Lrh1 is essential for ovulation in mice through a mecha-

nism involving expression of NOS3 (Johnson et al. 2009).

Based on available data, we suggest that increased pro-

duction of NO through arginine supplementation between

days 0 and 14 of gestation may impair ERK1/2 signaling

and Lrh1 function in the porcine ovary, thereby reducing

the number of follicles that ovulate and, therefore, the

number of CL and concentrations of progesterone in

maternal plasma. Regression of CL rarely occurs in preg-

nant pigs under normal feeding conditions (e.g., 2 kg daily

of a typical corn- and soybean meal-based diet) because CL

are the main source for progesterone required for estab-

lishment and maintenance of pregnancy (Bazer et al.

2009a, b). Prostaglandin F2a (PGF2a) is a luteolytic agent

for CL regression when it is secreted from the uterine

epithelia into the uterine circulation (endocrine secretion)

rather than into the uterine lumen (exocrine secretion)

(Bazer and Thatcher 1977; Henderson and McNatty 1975).

Thus, PGF2a production is known to be modulated by

estrogen secreted by the conceptus (Bazer and Thatcher

1977). NO can also stimulate this biochemical event by up-

regulating expression of cyclooxygenase II, a key enzyme

for prostaglandin synthesis (Roberto da Costa et al. 2008;

Salvemini et al. 1993). Thus, dietary L-arginine supple-

mentation, which promotes systemic NO synthesis in ani-

mals (Wu et al. 2010), may lead to CL regression through a

PGF2a-dependent pathway. Additionally, because ovula-

tion in swine usually takes place at about 44 h after the

onset of estrus (Bazer et al. 2012a, b), initiation of

L-arginine supplementation within 24 h after onset of estrus

may inhibit or interfere with follicular development and

ovulation, thereby decreasing the number of CL in gilts.

Dietary arginine supplementation at dosages [1 % or

25 g arginine/day has been reported by Greiner et al.

(2012) and Zier-Rush et al. (2012) to have little beneficial

effect on reproductive performance of swine. For example,

dietary supplementation with 28 g arginine/sow per day

between days 18 and 34 or between days 75 and 115 did

not increase litter size (Greiner et al. 2012; Zier-Rush et al.

2012) with either reducing (Greiner et al. 2012) or having

no effect on (Zier-Rush et al. 2012) birth weights of piglets.

Interpretation of these results is complicated by the lack of

data on the content of protein, arginine, and other amino

acids in the basal diet. The lack of beneficial effects of

arginine on gestating swine in both studies is likely due to

(1) an imbalance among amino acids and particularly,

antagonism between arginine and lysine, in the supple-

mented diet; (2) increased intake of dietary nitrogen,

resulting in increased production of ammonia that may

reduce utero-placental blood flow, impair the Krebs cycle,

and cause a metabolic burden to the mother and her con-

ceptuses; and (3) missing of the early period of implanta-

tion of conceptuses when short-term arginine

supplementation is initiated on day 18 after breeding.

These results should not be considered as a lack of a

beneficial role for arginine in swine reproduction. Rather,

they underscore the importance of understanding basic

knowledge about reproductive biology, as well as amino

acid biochemistry and nutrition in designing balanced diets

to benefit the pork industry worldwide.

Studies involving pregnant sheep

Arginine and its precursor (citrulline) are abundant in ovine

uterine fluid (Gao et al. 2009a) and allantoic fluid (Kwon

et al. 2003) during early to mid-gestation. Intravenous

administration of arginine can improve embryonic survival

in pregnant sheep (Luther et al. 2008). To test the

hypothesis that increasing utero-placental blood flow

enhances fetal growth in ewes, 0, 75, or 150 mg/day sil-

denafil citrate (Viagra) was administered from days 28 to

115 of gestation to underfed [50 % of National Research

Council (NRC) requirements] or adequately fed ewes

(100 % of NRC requirements) (Satterfield et al. 2010). On

day 115, concentrations of amino acids and polyamines in

maternal plasma and conceptuses were lower in underfed

ewes than in adequately fed ewes. Viagra treatment

increased: (1) amino acids and polyamines in amniotic and

allantoic fluids and fetal serum; and (2) fetal weights in

underfed ewes without affecting maternal body weights

(Satterfield et al. 2010). Likewise, intravenous adminis-

tration of arginine prevents IUGR in underfed ewes (Las-

sala et al. 2010). Specifically, beginning on day 28 of

gestation, Suffolk ewes were fed a diet providing 100 or

50 % (underfed) of NRC nutrient requirements and,

between day 60 of gestation and parturition, underfed ewes

received intravenous infusions of saline or 155 lmol

L-arginine per kg body weight three times daily, whereas

control ewes received saline. The birth weights of lambs

from saline-infused underfed ewes were 23 % lower than

those of lambs from control-fed dams (Lassala et al. 2010).

The administration of arginine to underfed ewes increased

concentrations of arginine in maternal plasma (69 %), fetal

BAT mass (48 %), and birth weights of lambs by 21 %, as

compared to saline-infused underfed ewes (Satterfield et al.

2013). Similar results were observed for diet-induced obese

ewes (Satterfield et al. 2012). Furthermore, intravenous
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administration of arginine (345 lmol arginine–HCl per kg

BW three times daily) between days 100 and 121 of ges-

tation reduced the percentage of lambs born dead by 23 %,

increased the percentage of lambs born alive by 59 %, and

enhanced birth weights of quadruplets by 23 %, without

affecting maternal body weight (Lassala et al. 2011).

Studies involving pregnant rats and mice

Compared to the isonitrogenous control (2.2 % L-alanine),

dietary supplementation with 1.3 % L-arginine–HCl either

throughout pregnancy or during the first 7 days of preg-

nancy increases the numbers of implantation sites and litter

size by approximately 3 per dam (Zeng et al. 2008, 2012).

A series of experiments were conducted to elucidate the

underlying mechanisms (Zeng et al. 2013). Specifically,

rats were fed the basal diets supplemented with 1.3 %

L-arginine–HCl or 2.2 % L-alanine (isonitrogenous control)

on day 1 of pregnancy. On day 4 of pregnancy, rats

received intrauterine administration of L-NG-nitroarginine

methyl ester (an NOS inhibitor), wortmannin (a PI3K

inhibitor), or rapamycin (a MTOR inhibitor). Arginine

supplementation increased, but administration of L-NG-

nitroarginine methyl ester decreased, the numbers of

implantation sites and embryos. Treatment with rapamycin

or wortmannin increased embryonic mortality, and dietary

arginine supplementation could not reverse this adverse

effect. Western blot analysis revealed that levels of uterine

p-PKB and p-S6K1 proteins were greater in pregnant rats

fed the arginine-supplemented diet, and that wortmannin or

rapamycin decreased expression of uterine iNOS and

eNOS. Collectively, these results suggest that the PI3K/

PKB/mTOR/NO signaling pathway mediates the beneficial

role for dietary arginine supplementation to enhance

implantation of blastocysts in rats.

Recently, Ren et al. (2012) determined whether dietary

supplementation with arginine could ameliorate reproduc-

tive failure in pregnant mice with viral infection. After

female adult mice were fed for 14 days a standard rodent

diet supplemented with either 0.6 % arginine or 1.22 %

alanine (isonitrogenous control), they were mated with

fertile male mice. On day 7 of gestation, mice were chal-

lenged with a dose of porcine circovirus type 2 that caused

embryonic losses. Arginine supplementation decreased the

high rate of abortion in porcine circovirus type 2-infected

pregnant mice and the high rate of mortality of their off-

spring during the neonatal period. Moreover, the postnatal

weight gain of offspring were greater in the arginine group

as compared to the control group. These exciting findings

have important implications for the use of arginine to

improve embryonic and fetal survival in virus-infected

farm animals (e.g., pigs and sheep).

Studies involving pregnant women

Arginine is an essential nutrient for survival and growth of

human embryos. Oral administration of L-arginine (16 g/

day for 8 days) can improve uterine blood flow, ovarian

response to gonadotrophin, endometrial receptivity, and

pregnancy rate in women who responded very poorly to

in vitro fertilization (Battaglia et al. 1999). Based on results

of animal studies, clinical trials were conducted to evaluate

effects of arginine supplementation on improving fertility

and preventing IUGR in pregnant women. For example,

during late (week 33) gestation, daily intravenous infusion

of arginine (20 g/day) for 7 days to women with unknown

causes of IUGR increased birth weight at term (week 39) by

6.4 % (Xiao and Li 2005). Moreover, results of a more

recent study indicated that L-arginine administration to

women with an IUGR fetus was effective in reducing pla-

cental apoptosis and improving fetal growth and develop-

ment (Shen and Hua 2011). Specifically, after the diagnosis

of fetal growth restriction, pregnant women received either a

conventional treatment or the conventional treatment plus

intravenous administration of L-arginine (15 g in 500 ml of

5 % glucose, once daily). (Information on the period or

duration of arginine supplementation was not provided by

the authors of the published results.) There were 30 subjects

in each group. The prescribed conventional treatment

included: left-lateral position, oxygen inhalation for 30 min

two times daily, intravenous administration of magnesium

sulfate, oral salbutamol sulfate (2.4 mg every 8 h), oral

multi-vitamin B (3 9 1 tablets; i.e., three tablets/day),

intravenous fat emulsion (250 ml/day), and intravenous

infusion of 5 % glucose (500 ml). Compared with the con-

trol, arginine administration reduced the level of Bax (an

apoptotic protein) in the placenta, increased average birth

weight by approximately 53 g, and decreased the incidence

of small-for-gestational-age newborns (25 vs 50 %)

(Table 4). Finally, a recent meta-analysis of data collected

from seven registered clinical trials involving 916 patients

has shown that L-arginine supplementation can beneficially

reduce diastolic pressure and prolong pregnancy in patients

with gestational hypertension with or without proteinuria

(Gui et al. 2013). Thus, arginine holds great promise to

ameliorate preeclampsia in human pregnancy.

Conclusion and perspectives

Embryonic and fetal losses are substantial in both women

and livestock species. However, effective solutions to this

reproductive problem are limited. Failure of conceptus

development and implantation during the peri-implantation

period of pregnancy is regarded as the major cause for
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embryonic losses in mammals. Arginine is a physiologi-

cally versatile amino acid. It is a nitrogenous precursor for

synthesis of ornithine, polyamines (putrescine, spermidine,

and spermine), proline, glutamine, creatine, agmatine, and

NO. In addition, arginine activates the MTOR cell signal-

ing pathway, as well as enhances antioxidative defense,

placental growth (including vascular growth), and utero-

placental blood flow (Fig. 3). These biochemical events

contribute to cell proliferation and migration, cellular

remodeling, angiogenesis, dilation of blood vessels, and

various cell signaling pathways (Wu 2009; Wu et al.

2011a, b), leading to improved embryonic/fetal survival

and growth in mammals (Fig. 3).

We have acquired a great deal of knowledge about

important roles of arginine nutrition in gestating swine and

sheep as animal models for human pregnancy. Such work

is expected to lead to improved efficiencies in animal

production systems. For example, in the past two decades,

there has been only slow progress to enhance litter size in

pigs using genetic and animal breeding approaches. How-

ever, dietary arginine supplementation provides an effec-

tive approach to solve this problem. Besides increasing

litter size, an additional benefit of dietary arginine sup-

plementation is to improve immune function in gestating

sows (Li et al. 2007), thereby preventing infectious dis-

eases as well as associated losses of conceptuses. Thus, the

National Research Council recently classified arginine as a

conditionally essential amino acid for gestating swine

(NRC 2012).

Arginine is truly a functional amino acid for mammalian

pregnancy (Wu 2013b; Wu et al. 2013). Thus, numerous

well-designed studies have demonstrated beneficial effects

of arginine supplementation on reproductive performance in

pigs and sheep, as well as rats and mice. However, many

issues remain to be addressed. For example, are the effects of

arginine mediated directly by this nutrient or by its metab-

olites, such as NO, polyamines, creatine, or agmatine?

Moreover, how does arginine regulate gene expression in the

uterus and placenta to enhance nutrient transport and pla-

cental growth? What is the optimum window of opportunity

for arginine supplementation to improve embryonic

survival? What is the ideal pattern of amino acids in diets for

gestating (including swine, sheep, and women) during early

mid, and late pregnancy? Do different breeds of gestating

pigs and sheep have different responses to arginine supple-

mentation? Adequate answers to these questions are required

to effectively improve embryonic survival and fetal growth

through optimizing dietary arginine supplementation.

Caution should be taken when arginine is supplemented

to humans and other animals during gestation. For exam-

ple, we have reported that dietary supplementation with

0.83 % arginine between days 0 and 14 of pregnancy

reduces litter size in gilts (Li et al. 2010). Likewise, there

are reports that supplementing 1.2 % arginine to the diet

for gilts and multiparous sows on either days 18–34 or days

75–115 of gestation had no effect on litter size and even

reduced litter birth weight. These undesirable outcomes

Table 4 Oral administration of arginine reduced expression of Bax in the placenta and enhanced fetal growth in pregnant women who exhibited

IUGR

Group Percentage of SGA fetuses (%) Percentage of the placenta with strong expression of Bax (%) Birth weight of newborn infants (g)

Control 50 47 2,402.6

Arginine 17* 10* 2,455.2*

Mean values for 30 subjects per group. After IUGR was diagnosed, pregnant women receive either a conventional treatment or the conventional

treatment plus intravenous administration of L-arginine (15 g in 500 ml of 5 % glucose, once daily). Adapted from Shen and Hua (2011)

Bax, an apoptotic protein whose abundance was determined using the western blotting technique

SGA small-for gestational-age

* P \ 0.05 vs. the control group

Arginine Ornithine
Proline

Maternal
Tissues

NO Polyamines

NOSBH4GTP
GTP-CH

(+)

Placenta

Embryogenesis      Implantation      Placental growth

MTOR
(+)

Utero-placental blood flow

Transport of nutrients and O2 from mother to fetuses

Embryonic and fetal survival, growth, and development

(+)
Antioxidative

defenses

(+)

(+)

ODC
Cit

Fig. 3 Roles of arginine in improving embryonic and fetal survival

and growth in mammals, including humans, swine, and sheep. Dietary

supplementation with arginine enhances placental synthesis of NO

and polyamines within physiological ranges and, therefore, placental

development and utero-placental blood flow. This results in increased

transfer of nutrients and oxygen from mother to conceptuses, thereby

supporting their survival, growth and development. The ornithine

used for polyamine synthesis is derived from proline catabolism via

proline oxidase in porcine placental and other tissues as well as from

arginine hydrolysis via arginase in a variety of porcine tissues,

including the small intestine, liver and kidneys. BH4 tetrahydrobiop-

terin, Cit citrulline, MTOR mechanistic target of rapamycin, GTP-CH

GTP cyclohydrolase-I, ODC ornithine decarboxylase, NO nitric

oxide, NOS nitric oxide synthase
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should not be considered as a lack of a beneficial role for

arginine in survival and growth of the conceptus, particu-

larly the fetus. Rather, the results underscore the impor-

tance of understanding basic knowledge about reproductive

biology, as well as amino acid biochemistry and nutrition

in designing balanced diets to enhance the efficiency of

reproduction in mammals. We expect the findings from

research with large farm animals (e.g., pigs and sheep) to

provide a strong scientific basis for supplementing arginine

to pregnant women to improve embryonic and fetal sur-

vival and development.
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