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Abstract

The frequency of multiple fetuses has increased in human pregnancies due to assisted reproductive technologies. This

translates into a greater proportion of premature and low-birth weight infants in the United States and worldwide. In

addition, improvements in sheep breeding have resulted in new breeds with increased litter size but reduced fetal survival

and birth weight. Currently, there are no treatments for preventing fetal growth restriction in humans or sheep (an

establishedmodel for studying human fetal physiology) carryingmultiple fetuses. In this work, Booroola Rambouillet ewes

(FecB+/2) with 2–4 fetuses were fed a diet providing 100% of NRC-recommended nutrient requirements. Between d 100

and 121 of gestation, ewes received an i.v. bolus injection of either saline solution or 345 mmol arginine-HCl/kg body

weight 3 times daily. The arginine treatment reduced (P , 0.05) the percentage of lambs born dead by 23% while

increasing (P = 0.05) the percentage of lambs born alive by 59%. The i.v. administration of arginine enhanced (P , 0.05)

the birth weights of quadruplets by 23% without affecting maternal body weight. The improved pregnancy outcome was

associated with an increase in maternal plasma concentrations of arginine, ornithine, cysteine, and proline, as well as a

decrease in circulating levels of ammonia and b-hydroxybutyrate. These novel results indicate that parenteral

administration of arginine to prolific ewes ameliorated fetal mortality and growth retardation. Our findings provide

support for experiments to assess the clinical use of arginine to enhance fetal growth and survival in women gestating

multiple fetuses. J. Nutr. 141: 849–855, 2011.

Introduction

Uterine capacity is a major factor limiting fetal survival and
growth in mammals (1,2). This maternal constraint is particu-
larly evident in women or ewes carrying multiple fetuses, where
demand for nutrients and space to nurture all fetuses cannot be
adequately met (3). Indeed, an inverse relationship between the
number of fetuses and birth weight has been described for
humans (4,5) and other mammals (2,6,7).

With the advancement of assisted reproductive technologies,
the frequency of twins and higher order multiple fetuses has
markedly increased in human pregnancies over the past 2 de-
cades (5). This translates into a greater proportion of premature
and low-birth weight infants in the United States and elsewhere

(8,9). In addition, genetic selection and breeding in sheep has
resulted in new breeds with increased litter size (up to 6 fetuses/
ewe) but greatly reduced birth weights and survival of lambs
(2). However, there are no current treatments for preventing
intrauterine growth restriction (IUGR)8 in humans or sheep
gestating multiple fetuses. We have suggested that IUGR may be
ameliorated by modulation of the placental NO and polyamine
synthetic pathways, thus affecting utero-placental blood flow
and perhaps exerting direct actions on the fetus (10). In support
of this notion, Mateo et al. (11) recently reported that sup-
plementing arginine (a common physiological substrate for the
synthesis of NO and polyamines) to the gestation diet for gilts (a
litter-bearing species) increased the number and litter weight of
live-born piglets by 22 and 24%, respectively. On the basis of
these findings, we hypothesized that parenteral administration
of arginine may enhance fetal survival and growth in pregnan-
cies with multiple fetuses. This hypothesis was tested with
prolific Booroola Rambouillet ewes carrying 2 or more fetuses.
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Materials and Methods

Ewes. Multiparous Booroola Rambouillet ewes (FecB+/2) (n = 41) with

a body weight of 68.4 6 1.4 kg (mean 6 SEM) were bred to fertile

Booroola Rambouillet rams (FecB+/2) fitted with marking harnesses. To
minimize paternal genetic effects on size and weight of the fetuses, the

same 2 rams were used throughout the breeding period. Pregnancy

diagnosis and initial fetal counts were conducted by transabdominal

ultrasonography at d 35 post mating (7.5-MHz probe, Aloka console)
and subsequently reassessed at d 45. During the first two-thirds of

pregnancy, ewes were individually housed in covered pens with cement

floors. In the last one-third of gestation, collective partially covered dirt-

floor pens were used. Throughout pregnancy, ewes had free access to
drinking water and were fed a corn, soybean, rice, and alfalfa-based diet

(Producers Cooperative Association) to meet 100% of the NRC-

recommended maintenance requirements for pregnant ewes gestating
multiple fetuses (12). The dietary composition is shown in Table 1. The

content of amino acids in the diet was analyzed after base or acid

hydrolysis, as described by Li et al. (13). The amounts of feed intake over

the experimental period are summarized in (Supplemental Table 1). This
study was approved by the Texas A&M University Institutional Animal

Care and Use Committee.

Experimental design. At d 100 of pregnancy, ewes were assigned
randomly to receive an i.v. bolus injection of either sterile saline (control

group, n = 14; ~15 mL of 0.9% sodium chloride, Hospira) or the same

volume of sterile L-arginine-HCl-saline (arginine group, n = 20; Sigma-
Aldrich; 345 mmol L-arginine/kg body weight) 3 times/d until d 121 of

pregnancy. The dose of arginine was chosen on the basis of its

pharmacokinetics in pregnant ewes (14) to increase the maternal

circulating levels of arginine by ~200% at 1 h post administration.
The gestational period (d 100–121) was selected for arginine adminis-

tration mainly because of 2 reasons. First, in sheep, placental growth is

completed by d 100 of gestation and most of fetal growth occurs

thereafter (15). Second, the relative growth rate of fetal lambs (based on
body weight gain per day) on d 100–121 of pregnancy is higher than that

at d 121–147 (6.6%/d vs 3.9%/d) (16). The period of arginine

administration was based on fetal growth, because it was the major

end point of measurement in the present study.

The L-arginine-HCl solution was prepared 3 times/wk using sterile

physiologic saline (0.9% sodium chloride, Hospira) with a final

concentration of 1.5 g arginine/5 mL. The pH was adjusted to 7.0 with
1 mol/L NaOH and the solution passed through 0.22-mm cellulose

acetate filters (Corning) into reusable sterile glass containers fitted with

adjustable sealing sterile rubber caps. The prepared L-arginine-HCl

solution was stored at –208C and thawed at 48C the night before being
used. A bacteriological culture of randomly selected saline and arginine

solutions was performed by the Texas Veterinary Medical Diagnostic

Laboratory on 2 occasions to verify sterility. To administer the saline

and L-arginine-HCl solutions, sterile 21 G 3 3/4 inches (0.80 3
19 mm) disposable winged infusion sets (SURFLO, Terumo Medical)

were used.

At d 100, 115, and 140 of pregnancy, blood samples were collected
immediately before the administration of saline or L-arginine-HCl

solutions to measure concentrations of amino acids, other metabolites,

and hormones in maternal serum. On d 121, samples were drawn at 1 h

after the solutions were administered to determine changes in circu-
lating levels of hormones, amino acids, and other metabolites in

response to either injection. Anticoagulant-free, sterile, 10-mL vacuum

tubes (Vacutainer, Becton Dickinson) were used for blood collection.

Blood samples were placed on ice and immediately centrifuged at
3000 3 g for 15 min. Serum was obtained and stored at 2808C until

analysis.

At parturition, a portable scale was used to obtain and record the
weight of each lamb at birth. Care was taken to weigh the lambs

immediately after birth. A live birth was defined as the complete

expulsion of a product of conception that, after separation from its

mother, could breathe or show any other evidence of life, including
pulsation of the umbilical cord, beating of the heart, or any definite

movement of voluntary muscles. Lambs that were not alive at birth

were classified as born dead.

Determination of concentrations of amino acids, other metabo-
lites, and hormones in maternal serum. Deproteinated serum was

used for the analysis of amino acids, ammonia, urea, glucose, lactate,

glycerol, and b-hydroxybutyrate (BHB), whereas whole serum was
assayed for FFA, TG, insulin, and growth hormone (GH). Amino acids

were determined by fluorometric HPLC methods involving precolumn

derivatization with o-phthaldialdehyde, as previously described (11).

BHB was measured enzymatically by a spectrophotometric method
using 3-hydroxybutyrate dehydrogenase (17). FFAwere quantified by an

enzymatic colorimetric method using the NEFA-HR assay kit fromWaco

Chemicals. Glucose was enzymatically determined using a spectropho-
tometric method involving hexokinase and glucose-6-phosphate dehy-

drogenase (18). Glycerol and L-lactate were quantified using enzymatic

fluorometric methods as described (18). TG were enzymatically deter-

mined using the Infinity assay kit from Thermo Electron. Ammonia and
urea were determined by fluorometric methods involving glutamate

dehydrogenase and urease (19,20). Insulin was analyzed using the ovine

insulin ELISA microplate kit from Mercodia, whereas GH was quan-

tified by RIA (21,22) validated for ovine serum.

Statistical analyses. Data on lamb birth weight were statistically

analyzed by 1-way ANOVA, with ewe as the experimental unit and litter

size nested within ewe in treatment (23). Data on concentrations of
amino acids, other metabolites, and hormones in serum on d 100, 121,

and 140 of pregnancy in control ewes were analyzed by 2-way ANOVA

for repeated measures to determine the effects of day, litter size, and their

interaction. Concentrations of amino acids, other metabolites, and
hormones in maternal serum on d 121 of pregnancy in the arginine group

were compared by 2-way ANOVA considering the effects of treatment,

litter size, and their interaction. In ANOVA, differences in treatment
means were determined by the Student-Newman-Keuls multiple com-

parison test. Log transformation of variables was performed when the

variance of data were not homogenous among treatment groups, as

assessed by the Levene’s test. Differences in numbers of live and dead
fetuses between treatment groups were evaluated by chi-square analysis.

All analyses were performed using the statistical package SAS (version

9.1, SAS Institute). P-values # 0.05 were considered significant.

TABLE 1 Composition of the diet1

Ingredients Content

g/100 g (as-fed)
Corn 37.45

Soybean hulls 32.65

Soybean meal 10

Rice bran 5

Dehydrated alfalfa 5

Rice mill feed 4.25

Liquid binder 2.5

Soy oil 1.8

Ground limestone 0.25

Sodium bicarbonate 0.50

Mineral mixture2 0.50

Vitamin mixture3 0.10

1Provided the following (% of diet): dry matter, 90.3; crude protein, 12.5; crude fat, 5.5;

crude fiber, 15; calcium, 0.49; phosphorus, 0.36; chlorine, 0.91; sodium, 0.91; potassium,

1.02; sulfur, 0.17; magnesium, 0.22. The composition of amino acids in the diet (%; as-

fed basis) is as follows: alanine, 0.88; arginine, 0.74; asparagine, 0.60; aspartate, 0.72;

cysteine, 0.24; glutamate, 0.97; glutamine 1.19; glycine, 0.61; histidine, 0.34; isoleucine,

0.53; leucine, 1.12; lysine, 0.67; methionine, 0.21; phenylalanine, 0.61; proline, 1.05;

serine, 0.60; threonine, 0.49; tryptophan, 0.15; tyrosine, 0.53; and valine, 0.63.
2 Provided the following (mg/kg of the complete diet): manganese, 140; iron, 118;

copper, 12.4; cobalt, 0.28; zinc, 137; iodine, 1.01; selenium, 0.16; and molybdenum, 1.00.
3 Provided the following (mg/kg of the complete diet): retinyl acetate, 1.72; D-a-tocopherol

acetate, 11.1; thiamin, 1.76; menadione sodium bisulfate, 0.27; cholecalciferol, 11.4.
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Results

Feed intake and body weight of ewes. Feed intake did not
differ between control and arginine-treated ewes throughout the
entire gestation (Supplemental Table 2). There were no interac-
tions between amino acid treatment and feed intake. Maternal
body weight increased (P , 0.05) progressively between wk 10
and 19 of gestation but did not differ between saline- and
arginine-treated ewes during the experimental period (Supple-
mental Table 2). There were no interactions between amino acid
treatment and maternal body weight. Body weights of saline-
and arginine-treated ewes were also similar immediately after
parturition (70.1 6 3.3 and 69.2 6 2.4 kg, respectively).

Percentages of lambs born alive. Gestational age did not
differ between the control and arginine-treated ewes, and was
143.6 6 1.2 d for the 34 ewes that gave birth. There were twin,
triplet, and quadruplet pregnancies in both control and arginine-
treated ewes. The control ewes had 3 twin, 7 triplet, and 4
quadruplet pregnancies, and the arginine ewes had 7 twin, 5
triplet, and 8 quadruplet pregnancies. A number of ewes in this
study presented clinical signs of ketosis and delivered stillborn
lambs. The percentages of lambs born alive were 50, 38, and
6%, respectively, in control ewes carrying 2, 3, and 4 fetuses,
whereas the values were 100, 40, and 22%, respectively, in
arginine-treated ewes carrying 2, 3, and 4 fetuses (Table 2).
Compared with the control group, i.v. administration of arginine
enhanced (P , 0.05) fetal survival in twin and quadruplet
pregnancies. The overall percentages of lambs born alive were
27.9 and 44.3%, respectively, for control and arginine-treated
ewes with different litter sizes (Table 2). Administration of
arginine did not affect the total number of lambs born per ewe.
However, the arginine treatment reduced (P , 0.05) the overall
percentage of lambs born dead by 23%, while enhancing (P =
0.05) the overall percentage of lambs born alive by 59% (Table 2).

After birth, all live-born lambs were nursed by their mothers.
We did not determine postnatal growth of lambs or postpartum
changes in maternal body weight. However, we observed that 50
and 26% of live-born lambs from control and arginine-treated
ewes, respectively, died within 1 mo after birth. Triplets and
quadruplets contributed to ~80% of neonatal deaths in lambs
from the ewes.

Birth weights of lambs. The birth weights of twins were
greater (P , 0.02) than those of triplets and quadruplets within

each treatment group (Table 3). In addition, newborn triplets
were heavier than quadruplets in saline-infused ewes (P = 0.038)
but not in arginine-treated dams (P = 0.175). There were no
differences in birth weights of twin or triplet lambs between
control and arginine-treated ewes (Table 3). However, arginine
administration increased (P , 0.05) the birth weights of
quadruplet lambs by 23% (P , 0.05) compared with their
counterparts born to control ewes (Table 3). There were no
interactions between amino acid treatment and litter size.

Concentrations of amino acids in maternal serum. Con-
centrations of amino acids in maternal serum at 1 h after
arginine or saline administration on d 121 of pregnancy are
summarized in Table 4. Circulating levels of arginine, ornithine,
cysteine, and proline increased (P , 0.01) by 183, 286, 32, and
44%, respectively, in arginine-treated ewes compared with
saline-infused dams. In contrast, concentrations of asparagine,
b-alanine, alanine, tyrosine, methionine, valine, phenylalanine,
and isoleucine were lower (P , 0.05) in arginine-treated than
in saline-infused ewes. Litter size affected concentrations of
glycine, threonine, and citrulline in maternal serum on d 121 of
pregnancy. Serum levels of glycine and citrulline decreased (P ,
0.05) in triplet and quadruplet pregnancies, whereas threonine
was lower in triplets but did not differ between twin and
quadruplet pregnancies (Table 4).

When data from control ewes were analyzed (Supplemental
Table 3), concentrations of cysteine and proline in serum de-
creased (P , 0.001) with increasing litter size, whereas levels of
tyrosine and isoleucine were greater (P , 0.05) in the serum of
ewes carrying triplets than in ewes carrying twins or quadruplets.
In addition, concentrations of alanine were lower (P , 0.05) in
ewes carrying quadruplets compared with triplet pregnancies.
Litter size did not affect concentrations of other amino acids in the
control group of ewes (Supplemental Table 3).

Concentrations of several amino acids in serum from control
ewes changed throughout gestation. Circulating levels of gluta-
mate increased between d 100 and 121 of pregnancy but then fell
abruptly at d 140 (P, 0.01; Supplemental Table 3). Conversely,
concentrations of asparagine decreased (P , 0.05) between d
100 and 121, whereas no differences were found between d 121
and 140 (Supplemental Table 3). Glutamine also decreased (P,
0.05) between d 100 and 121 of gestation but increased (P ,
0.05) at d 140 to values similar to those found at d 100. Serum
levels of leucine and b-alanine were greater (P, 0.01), but those
of taurine and cysteine were lower (P, 0.01), on d 121 and 140

TABLE 2 Numbers of lambs born alive and dead from control
and arginine-treated ewes carrying multiple fetuses1

Treatment
Status
at birth

Litter size % of total
lambs bornTwins Triplets Quadruplets Total

Arginine

Ewes, n 7 5 8 20

Alive 14 6 7 27 44.3*

Dead 0 9 25 34 55.7**

Total 14 15 32 61

Control

Ewes, n 3 7 4 14

Alive 3 8 1 12 27.9

Dead 3 13 15 31 72.1

Total 6 21 16 43

1 Values are the number of lambs or ewes. Asterisks indicate different from control:

*P = 0.05, **P , 0.05.

TABLE 3 Birth weights of lambs from twin, triplet, and
quadruplet pregnancies in 14 control ewes
and 20 arginine-treated ewes1

Group

Litter size

Twins Triplets Quadruplets

Control

Ewes, n 3 7 4

Lambs, n 6 21 16

Birthweight, kg 4.30 6 0.38a 3.06 6 0.17b 2.47 6 0.22c

Arginine

Ewes, n 7 5 8

Lambs, n 14 15 32

Birthweight, kg 4.11 6 0.21a 3.39 6 0.22b 3.03 6 0.14b*

1 Data are means 6 SEM. Means in a row with superscripts without a common letter

differ, P , 0.05. *Different from corresponding control group, P , 0.05.
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of gestation compared with d 100 (Supplemental Table 3). In
contrast, concentrations of threonine and ornithine were lower
(P , 0.05) at d 140 compared with d 100 or 121 of pregnancy.
Serum levels of lysine and proline decreased (P , 0.05) with the
advancement of pregnancy (Supplemental Table 3). There were
no interactions between amino acid treatment and litter size on
concentrations of all measured amino acids in maternal serum.

Concentrations of other metabolites and hormones in
maternal serum. Concentrations of insulin and GH as well as
metabolites other than amino acids in maternal serum differed
(P , 0.05) between control and arginine-treated ewes at d 121
of pregnancy (Table 5). The i.v. administration of arginine to
prolific ewes reduced (P # 0.05) the concentrations of BHB and
ammonia but had no effect on FFA, glycerol, TG, glucose,
lactate, urea, insulin, or GH. Concentrations of BHB were
greater (P, 0.05) in mothers carrying quadruplets than in those
with triplets (P , 0.05), whereas concentrations of FFA and
ammonia increased (P , 0.05) with increasing litter size.
Similarly, concentrations of lactate increased (P , 0.01) by
207% as the number of fetuses increased from 2 to 4/ewe. Litter
size had no effect on concentrations of glucose, glycerol, TG,
urea, insulin, or GH in prolific ewes (Table 5).

Circulating levels of metabolites in control ewes differed (P,
0.05) between d 100 and 140 of gestation (Table 6). Concen-
trations of BHB (P = 0.05), FFA (P , 0.01), and glycerol (P ,
0.01) were greater (P , 0.01) at d 140 than d 100 of pregnancy,
whereas lactate was lower (P , 0.01) at d 121. There was no
effect of day of pregnancy on concentrations of glucose in serum
of the control ewes (Table 6). Interestingly, concentrations of

GH increased (P , 0.05) gradually, whereas those of insulin
decreased (P , 0.01) progressively between d 100 and 140 of
gestation. Levels of TG, urea, and ammonia did not differ during
this 40-d period of late pregnancy. Between d 100 and 140 of
gestation, litter size did not affect concentrations of glycerol,
lactate, TG, urea, insulin, or GH in serum of control ewes.
However, concentrations of BHB (P = 0.05) and FFA (P , 0.01)
increased, but concentrations of glucose decreased (P , 0.01),
in ewes carrying quadruplets compared with ewes with twins
or triplets. In addition, serum levels of ammonia increased pro-
gressively (P , 0.01) with increasing litter size (Table 6). There
were no interactions between amino acid treatment and litter
size on concentrations of BHB, FFA, glycerol, TG, glucose,
lactate, urea, insulin, or GH.

Discussion

An increase in the number of gestating fetuses has an adverse
effect on intrauterine growth and survival in mammals, includ-
ing humans and sheep (2,5). Surprisingly, there are currently no
effective methods to prevent or treat IUGR in human medicine
or animal agriculture. To our knowledge, the present study is the
first to determine the impact of litter size on concentrations of
amino acids and other metabolites in maternal serum and the
effect of i.v. arginine infusion during late gestation (a period of
rapid fetal growth) on pregnancy outcomes in prolific ewes.
Parenteral administration of arginine was adopted to avoid
extensive catabolism of arginine in the small intestine (24) and
effectively increase circulating levels of arginine. Such an
intervention is also applicable to pregnant women with persis-

TABLE 4 Concentrations of amino acids in the serum of control and arginine-treated ewes at 1 h after administration on d
121 of pregnancy1

Amino acid

Treatment group Litter size

Arginine, n = 20 Control, n = 14 P-value Twins, n = 10 Triplets, n = 12 Quadruplets, n = 12 P-value

mmol/L mmol/L

Aspartate 5.1 6 0.4 4.3 6 0.5 0.18 5.3 6 0.6 4.3 6 0.5 4.4 6 0.5 0.34

Glutamate 108 6 4 108 6 5 0.96 112 6 6 108 6 5 104 6 6 0.64

Asparagine 22 6 2 29 6 2 0.03 26 6 3 25 6 2 26 6 2 0.98

Serine 67 6 3 66 6 4 0.87 71 6 5 68 6 4 62 6 4 0.39

Glutamine 135 6 5 136 6 7 0.96 140 6 8 136 6 7 130 6 7 0.64

Histidine 31 6 2 37 6 3 0.13 38 6 4 28 6 3 37 6 3 0.06

Glycine 339 6 21 342 6 26 0.93 408 6 31a 320 6 26b 294 6 28b 0.03

Threonine 54 6 7 71 6 9 0.13 85 6 11a 42 6 9b 60 6 9ab 0.02

Citrulline 103 6 10 114 6 13 0.52 142 6 15a 93 6 13b 90 6 14b 0.03

Arginine 422 6 24 149 6 30 ,0.01 273 6 37 279 6 31 304 6 33 0.79

b-Alanine 8.3 6 0.7 12 6 0.9 ,0.01 9.9 6 1 9.5 6 0.9 12 6 1 0.29

Taurine 110 6 9 99 6 11 0.41 102 6 13 100 6 11 112 6 12 0.73

Alanine 122 6 10 157 6 12 0.03 133 6 14 162 6 12 124 6 13 0.10

Tyrosine 41 6 5 70 6 6 ,0.01 48 6 8 68 6 7 50 6 7 0.08

Tryptophan 24 6 2 28 6 3 0.23 28 6 3 26 6 3 24 6 3 0.61

Methionine 10 6 1 15 6 1 ,0.01 12 6 2 12 6 1 13 6 1 0.84

Valine 71 6 8 97 6 10 0.04 90 6 12 75 6 10 87 6 11 0.61

Phenylalanine 27 6 2 37 6 3 ,0.01 33 6 3 28 6 3 34 6 3 0.29

Isoleucine 46 6 4 68 6 5 ,0.01 51 6 6 58 6 5 61 6 6 0.52

Leucine 74 6 7 92 6 9 0.10 82 6 10 73 6 9 95 6 9 0.23

Ornithine 165 6 12 43 6 15 ,0.01 130 6 19 84 6 16 98 6 16 0.18

Lysine 88 6 7 89 6 9 0.91 88 6 10 80 6 9 98 6 9 0.38

Cysteine 115 6 4 87 6 5 ,0.01 109 6 6 99 6 5 96 6 5 0.24

Proline 143 6 3 99 6 3 ,0.01 142 6 4a 117 6 4b 105 6 4b ,0.01

1 Data are means 6 SEM. Means in a row with superscripts without a common letter differ, P , 0.05.
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tent severe nausea and vomiting. There are 3 major findings
from the current study. First, concentrations of BHB, FFA,
ammonia, cysteine, and proline in maternal serum were mark-
edly altered by the number of fetuses in the litter. Second, i.v.
infusion of arginine between d 100 and 121 of gestation reduced
fetal death and improved fetal survival in ewes carrying 2 and
4 fetuses. Third, arginine intervention greatly enhanced fetal
growth of quadruplets without affecting maternal body weight.
These novel findings not only provide a new approach to en-
hance sheep production but also have important implications for
human medicine.

Concentrations of ammonia, fatty acids, and BHB in mater-
nal serum increased substantially with litter size in control ewes
(Table 6), suggesting that ewes carrying multiple fetuses adapted
to increasing fetal demands for nutrients by mobilizing maternal
protein and fat stores. Interestingly, homeostasis of most amino
acids (Supplemental Table 3) in maternal serumwas maintained,
independent of the number of fetuses, indicating that rates of di-
etary provision and endogenous synthesis were closely matched
by rates of utilization. These results are important, because they
suggest that any alterations in uterine and placental uptakes of
amino acids in prolific ewes are not likely attributable to changes
in their concentrations in maternal serum but rather result from
changes in utero-placental blood flow and nutrient delivery.
Similarly, there is evidence that reduced activities of placental
transport, rather than changes in circulating concentrations, are

primarily responsible for reduced transfer of amino acids from
mother to fetus (25). Notably, in the control ewes, cysteine and
proline were the only amino acids that exhibited a progressive
decrease in maternal plasma independent of litter size (Supple-
mental Table 3). As a substrate for the synthesis of pyrroline-5-
carboxylate (a regulator of cellular redox state) and polyamines,
proline is now known to play an important role in conceptus
growth and development (26). Additionally, because cysteine is
the most limiting amino acid for the synthesis of glutathione (an
antioxidant) (10), our findings raised the question of whether
increased oxidative stress in ewes with multiple fetuses is a
significant factor contributing to impaired uteroplacental blood
flow and fetal growth. The ewe will provide a useful model to
examine placental vasculature and quantify uteroplacental
blood flow in dams carrying multiple fetuses.

Arginine serves as a common precursor for the synthesis of
NO (a vasodilator and a signaling molecule) and polyamines
(key regulators of DNA and protein synthesis) that are crucial
for placental angiogenesis and growth in mammals (24,27–29).
Thus, alterations in the arginine-NO and polyamine pathways
could contribute to impaired uteroplacental blood flow and
IUGR both in animal models and humans (1,30,31). Using the
prolific sheep as an animal model, we observed that i.v.
administration of arginine enhanced fetal growth in ewes
carrying quadruplets, which corresponded with the most severe
IUGR under the present experimental conditions (Table 3).

TABLE 5 Concentrations of metabolites and hormones in the serum of control and arginine-treated ewes at 1 h after administration
on d 121 of pregnancy1

Variables

Treatment group Litter size

Arginine, n = 20 Control, n = 14 P-values Twins, n = 10 Triplets, n = 12 Quadruplets, n = 12 P-value

BHB, mmol/L 0.57 6 0.11 0.96 6 0.15 0.05 0.68 6 0.19ab 0.50 6 0.13b 1.09 6 0.16a 0.03

FFA, mmol/L 369 6 47 433 6 61 0.42 224 6 71c 430 6 61b 549 6 68a 0.01

Glucose, mmol/L 2.60 6 0.12 2.32 6 0.16 0.17 2.59 6 0.19 2.55 6 0.16 2.23 6 0.17 0.28

Glycerol, mmol/L 34.1 6 3.4 36.7 6 4.2 0.63 26.4 6 5.2 36.6 6 4.3 43.2 6 4.5 0.07

Lactate, mmol/L 1.47 6 0.18 1.09 6 0.23 0.20 0.71 6 0.28b 0.93 6 0.23b 2.18 6 0.24a ,0.01

TG, mmol/L 330 6 32 292 6 39 0.45 370 6 48 262 6 41 302 6 42 0.24

Urea, mmol/L 6.57 6 0.30 6.53 6 0.37 0.93 6.72 6 0.45 7.02 6 0.38 5.90 6 0.40 0.14

Ammonia, mmol/L 97.3 6 2.6 108 6 3.2 0.01 82.9 6 3.9c 99.9 6 3.3b 126 6 3.5a ,0.01

Insulin, pmol/L 116 6 18 97.4 6 23 0.53 136 6 28 110 6 24 75.5 6 25 0.28

GH, mg/L 2.97 6 0.21 3.13 6 0.23 0.60 3.11 6 0.28 3.02 6 0.29 3.03 6 0.26 0.97

1 Data are means 6 SEM. Means in a row with superscripts without a common letter differ, P , 0.05.

TABLE 6 Concentrations of metabolites and hormones in serum on d 100, 121, and 140 of pregnancy in control ewes with different
litter sizes1

Variables

Day of pregnancy Litter size

100, n = 14 121, n = 14 140, n = 14 P-value Twins, n = 4 Triplets, n = 7 Quadruplets, n = 3 P-value

BHB, mmol/L 0.49 6 0.15b 0.94 6 0.16ab 1.16 6 0.17a 0.05 0.54 6 0.06b 0.53 6 0.03b 1.52 6 0.05a 0.05

FFA, mmol/L 350 6 50b 434 6 53b 774 6 74a ,0.01 342 6 76b 468 6 52b 749 6 81a ,0.01

Glucose, mmol/L 2.33 6 0.14 2.32 6 0.14 1.77 6 0.21 0.07 2.39 6 0.21a 2.44 6 0.14a 1.58 6 0.22b ,0.01

Glycerol, mmol/L 35.6 6 7.0b 36.7 6 7.0b 87.6 6 11a ,0.01 43.3 6 10 46.2 6 6.6 70.4 6 11 0.14

Lactate, mmol/L 2.07 6 0.23a 1.09 6 0.22b 1.37 6 0.34b ,0.01 1.67 6 0.34 1.34 6 0.23 1.55 6 0.36 0.74

TG, mmol/L 301 6 28 292 6 28 254 6 43 0.63 342 6 40 265 6 27 240 6 43 0.21

Urea, mmol/L 6.99 6 0.41 6.53 6 1.41 6.38 6 0.61 0.69 6.84 6 0.37 6.67 6 0.29 6.40 6 0.47 0.78

Ammonia, mmol/L 109 6 2.3 108 6 2.3 109 6 3.4 0.96 83.6 6 2.2c 114 6 1.6b 129 6 2.7a ,0.01

Insulin, pmol/L 110 6 19a 122 6 21a 60.9 6 24b 0.03 107 6 37 97.1 6 24 89.0 6 35 0.94

GH, mg/L 2.65 6 0.17c 3.14 6 0.17b 3.89 6 0.26a ,0.01 3.02 6 0.23 3.27 6 0.16 3.38 6 0.26 0.57

1 Data are means 6 SEM. Means in a row with superscripts without a common letter differ, P , 0.05.
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Interestingly, i.v. administration of arginine to underfed ewes
with singletons also stimulated fetal growth (32). These results
further support the notion that metabolic regulation can be
an effective means to ameliorate or prevent IUGR (1,33). In
multiple fetuses, a 23% increase in birth weight would translate
into a significant benefit in terms of growth and survival of
neonates (5). In contrast to ewes with quadruplets, arginine
treatment did not affect fetal growth in ewes carrying twins or
triplets (Table 3). Thus, it is likely that the effect of arginine on
fetal growth and development depends on factors (e.g. the
relative severity of uterine crowding, IUGR, and ketosis) other
than circulating levels of arginine.

Multiple pregnancies increase risk for fetal and neonatal
death in both humans (8,9) and ewes (1,2). Thus, in the control
group of ewes carrying multiple pregnancies, only 28% of lambs
were born alive (Table 2) and 50% of live-born lambs died
within 1 mo after birth. This is comparable to our observations
in the past decade that in the breed of ewes used in the present
study, the survival rates of singletons, twins, triplets, and qua-
druplets within 1 mo after birth in Texas are ~95, 85, 50, and
30%, respectively. Notably, i.v. administration of arginine for
only 21 d in the 3rd trimester enhanced the percentage of live-
born lambs to 44% (an ~60% increase over the control group),
perhaps by improving the intrauterine environment, including
metabolic status and oxygen supply, for fetal development.
Although this enhanced rate of live birth in multiple pregnancies
remains suboptimal, our study represents the first step toward
improving fetal survival and growth under such a compromised
condition. Another benefit of arginine administration during
gestation is a substantial reduction in neonatal deaths of lambs
from arginine-treated prolific ewes compared with the control
group (26 vs. 50%).

At present, it is unknown how arginine promotes fetal
growth in ewes carrying quadruplets. However, the improved
pregnancy outcome was associated with an increase in con-
centrations of arginine, cysteine, ornithine, and proline in
maternal serum on d 121 of pregnancy (Table 4) as well as a
decrease in circulating levels of ammonia and BHB (Table 5).
As noted above, cysteine may enhance antioxidant capacity
through the synthesis of glutathione (34). Additionally, orni-
thine would facilitate the detoxification of ammonia, a highly
toxic substance at elevated levels, via the urea cycle (27). Also,
proline regulates intracellular redox state and placental func-
tion (26). Further, hepatic ketogenesis, which contributes to
metabolic acidosis, is under the control of insulin (35).
Although serum levels of insulin did not differ between saline-
and arginine-treated ewes in this study (Table 5), a nearly
3-fold increase in maternal concentrations of arginine in
arginine-infused ewes can markedly augment systemic NO
synthesis (36). Because physiological levels of NO increase
tissue sensitivity to insulin (37), parenteral administration of
arginine may be capable of reducing hepatic ketogenesis, which
was reflected by a 41% decrease in concentrations of BHB in
maternal serum (Table 5). This may be an important factor
contributing to the enhanced survival of fetal lambs born to
ewes carrying multiple fetuses (Table 2).

In sheep, the vascular density of the fetal placental tissue
(cotyledons) remains relatively constant between d 40 and 80 of
gestation and increases exponentially thereafter (15). In contrast,
the vascular density of the maternal placental tissue (caruncules)
increases substantially from d 40 until mid-gestation and then
more slowly thereafter (38). Through NO signaling, dietary
supplementation with arginine stimulates porcine placental angi-
ogenesis (39). Thus, on the basis of our current knowledge about

the regulation of NO synthesis in endothelial cells (36), increasing
concentrations of arginine in maternal plasma of prolific ewes are
expected to increase placental angiogenesis (15) and uteroplacen-
tal blood flow (40). This, in turn, would enhance the transfer of
oxygen and nutrients from maternal to fetal circulations. Eleva-
tion of uteroplacental blood flow through i.m. administration of
sildenafil citrate to underfed ewes between d 28 and 112 of
gestation has been reported to enhance concentrations of nutri-
ents in fetal plasma and fluids as well as fetal growth (41).
Sildenafil citrate, which acts to enhance intracellular cGMP
availability by inhibiting phosphodiesterase-5 (an enzyme that
hydrolyzes cGMP to GMP), increased uteroplacental blood flow
via the protein kinase G-signaling pathway (42). Because cathe-
terization of fetal vessels for blood sampling could affect fetal
growth, we chose not to perform this invasive procedure or
determine the rate of uteroplacental blood flow in the present
study. Therefore, precise changes in concentrations of nutrients in
fetal circulation, as well as amniotic and allantoic fluids, due to i.v.
infusion of arginine into prolific ewes were not determined.
Additional studies are warranted to test the hypothesis that
parenteral administration of arginine increases uteroplacental
blood flow and, thus, the supply of nutrients transferred across the
placenta from mother to fetus. Furthermore, the experimental
design of the current study did not allow us to measure systemic
NO synthesis or placental growth in ewes. We hope that findings
from this work will guide our future research.

In conclusion, parenteral administration of arginine between
d 100 and 121 of pregnancy improved the survival rate of lambs
born to ewes gestating multiple fetuses and increased the birth
weights of quadruplets. These results have important implica-
tions for both human medicine and sheep production. Particu-
larly, the findings provide a basis for the use of arginine as a
therapeutic intervention to improve pregnancy outcomes, under
conditions of a severely stressed uterine environment, in women
and ewes gestating multiple fetuses.
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