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ABSTRACT: The objective of  the study was to 
examine how l-citrulline supplementation to 
ewes during mid-gestation influences placental 
activity, placental blood flow, lamb body weight, 
and carcass characteristics. Two studies were 
completed. A pharmacokinetic study to compare 
circulating plasma amino acid concentrations 
after a single intravenous injection of  155 µmol/
kg BW l-citrulline or after an isonitrogenous 
amount of  l-alanine (control; 465 µmol/kg BW). 
Increases (P < 0.05) in circulating citrulline con-
centrations were detected for 8 h after l-citrulline 
injection versus the control. Similarly, increases 
(P < 0.05) in circulating arginine concentrations 
were detected for 24  h after l-citrulline treat-
ment. The second study used 12 ewes with twin 
pregnancies. Daily intravenous injections of  ei-
ther l-citrulline or l-alanine were administered 
for 39 d from d 42–45 to 81–84 of  gestation. 
Ewes were limit-fed at 85% daily energy require-
ments during the injection period. A  decrease 
(P < 0.0001) in body weight was observed in both 
treatment groups during this period. No treat-
ment differences were observed in circulating 

pregnancy-specific protein B concentrations or 
placental blood flow during the treatment and 
post-treatment gestational period. No treatment 
differences were observed in lamb survival nor 
in lamb birth, weaning and slaughter weights. 
Treatment did not influence lamb carcass com-
position or organ weights. However, there was a 
tendency (P = 0.10) for an increase in antral fol-
licle numbers in ovaries from ewe lambs derived 
from ewes treated with l-citrulline. In summary, 
a daily l-citrulline injection increased both cir-
culating citrulline and arginine concentrations 
in ewes, but daily l-citrulline injections during 
mid-gestation did not produce any detectable 
changes in placental activity and blood flow, neo-
natal and postnatal lamb development, and lamb 
carcass composition at slaughter. In conclusion, 
no benefits in placental function and lamb devel-
opment were observed after providing l-citrul-
line during mid-gestation in ewes exposed to a 
mild energy restriction, but there was an indica-
tion that follicle numbers in ewe lambs were posi-
tively influenced by l-citrulline treatment during 
fetal development.
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INTRODUCTION

The maternal environment a fetus encoun-
ters during gestation can impact postnatal 
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physiological function, growth potential, and life-
time productivity. This phenomenon is often re-
ferred to as developmental origins of health and 
disease or fetal programming (reviewed by Caton 
et  al., 2020; Sartori et  al., 2020). Gestational in-
sults can influence fetal and postnatal development 
directly by affecting fetal organ and tissue devel-
opment and indirectly by altering the epigenetic 
composition of chromatin (Reynolds and Caton, 
2012). Various detrimental effects of these pro-
gramming changes have been observed. For ex-
ample, undernutrition during gestation in cattle 
and sheep compromises postnatal carcass com-
position, organ size, and onset of puberty in calves 
and lambs (Ford and Long, 2011; Long et al., 2012; 
Mwangi et al., 2019; Knight et al., 2020). However, 
there are circumstances where fetal programming 
events may be beneficial. For instance, increasing 
the plane of nutrition in beef cows during late ges-
tation can improve daughter fertility (Martin et al., 
2007; Cushman et al., 2014).

This work explored l-citrulline supplementa-
tion as a means for programming fetuses for im-
proved postnatal lamb development and meat 
production. The non-essential amino acid, citrul-
line, is a precursor for arginine production, and 
both amino acids are metabolized to nitric oxide 
throughout the body, including in the placenta and 
uterus (Wu et  al., 2013). Nitric oxide-dependent 
vasodilation and angiogenesis have been impli-
cated in mediating early embryonic development, 
implantation, and placental perfusion rate in mam-
mals presumably by providing more nutrients and 
oxygen to the uterus during pregnancy (Maul et al., 
2003). Citrulline and arginine are also metabolized 
into ornithine and proline, which are substrates for 
polyamine synthesis (Wu et al., 2013). Polyamines 
are key players in embryonic and fetal gene expres-
sion, protein synthesis, and angiogenesis (Lenis 
et al., 2017). The reproductive benefits of supple-
menting these amino acids are best described in 
pigs, where dietary l-arginine supplementation to 
gestating sows and gilts improves placental growth, 
piglet birth weight, and embryonic survival (Mateo 
et  al., 2007; Gao et  al., 2012; Li et  al., 2014). 
Increases in lamb birth weights have also been ob-
served following l-arginine supplementation in 
ewes experiencing intrauterine growth restriction 
or in ewes that carried quadruplets (Lassala et al., 
2010, 2011; Zhang et al., 2016a, 2016b; Peine et al., 
2018). Moreover, increasing uterine blood flow with 
a vasodilator (Sildenafil citrate; Viagra) increases 
fetal size in sheep (Satterfield et al., 2010). For this 
study, l-citrulline was used in place of l-arginine 

because of citrulline’s greater half-life in circula-
tion and its ability to sustain elevated circulating 
concentrations of arginine for longer periods of 
time than treating with l-arginine (Wu et al., 2007; 
Lassala et al., 2009).

The objective of the study was to examine the 
ability of l-citrulline administration during mid 
gestation to circumvent the negative effects of twin 
pregnancies and moderate energy restriction on 
placental activity, placental blood flow, lamb body 
weight (BW), and lamb carcass characteristics.

MATERIALS AND METHODS

Animal Use

All animal work was completed in compliance 
with and with the approval of the Virginia Tech 
Institutional Animal Care and Use Committee 
(Protocol #18–102). Suffolk  ×  Dorset crossbred 
sheep used in this work were provided by the 
Virginia Tech Sheep Center (Blacksburg, VA).

Treatment Preparation and Administration

l-citrulline (Bulk Supplements; Henderson, 
NV) was injected into the jugular vein at a concen-
tration of 155  µmol/kg BW as this dosage gener-
ated a sustained increase in circulating citrulline 
concentrations in work by another laboratory 
(Lassala et al., 2009). l-alanine (Research Products 
International; Mount Prospect, IL) served as the 
control. Isonitrogenous administration required 
that 465  µmol/kg BW l-alanine be administered 
each day. Treatments were prepared within 2 h of 
their use in warmed USP grade sterile saline (0.9% 
[w/v] sodium chloride, Vet One, Boise, ID) to a final 
concentration of 0.13 g/mL l-citrulline and 0.11 g/
mL l-alanine. Treatments were administered into 
the jugular vein after cleaning the neck with 70 % 
[v/v] ethanol. A topical analgesic and anti-inflam-
matory agent (Surpass®, Boehringer Ingelheim 
Vetmedica, Inc., St Joseph, MO) was applied as 
needed to limit hematoma formation. The loca-
tion of injection sites varied each day, and different 
sides of the neck were used each week.

Experimental Design

The first study was a pharmacokinetic pilot 
study. Mature, non-pregnant ewes (n  =  3/treat-
ment) received l-citrulline or l-alanine on a single 
day. Blood samples were taken immediately before 
and 0.5, 1, 2, 4, 8, and 24 h after treatment. Blood 
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samples were maintained on ice until plasma was 
isolated via centrifugation (1500  ×  g for 15  min). 
Plasma was stored at −20  °C. Free amino acid 
concentrations were measured by using cation-ex-
change chromatography coupled with post-column 
ninhydrin derivatization and quantitation at the 
University of Missouri Agricultural Experiment 
Station Chemical Laboratories (Columbia, MO).

The second study utilized mature, twin-bearing 
ewes (n = 6 ewes/treatment). Ewes were selected from 
a larger group of ewes (n = 60 ewes) maintained on 
pasture at the Virginia Tech Sheep Center. Ewes re-
ceived an Eazi-Breed CIDR sheep insert (0.3 g pro-
gesterone; Zoetis Inc., Kalamazoo, MI) for 14 d, 
and then were exposed to 2 Dorset × Suffolk and 
2 Dorset rams for 4 d beginning 24 h after CIDR 
removal. Pregnancies were diagnosed by transab-
dominal b-mode ultrasonography on d 36–39 of 
gestation (d 0 = estimated day of breeding) using an 
ExaPad Mini ultrasound equipped with a 5-mHz 
sector probe (IMV Imaging, Rochester, MN). Twin-
bearing ewes were assigned randomly to treatments 
after blocking based on age and BW. Beginning 
at d 38–41 of gestation (i.e., 2 d after ultrasonog-
raphy), all 12 ewes were comingled in one dry-lot 
pen. Intravenous injections of l-citrulline or l-ala-
nine occurred once daily at 0900 h for a 39 d period 
that spanned from d 42–45 to 81–84 of gestation. 
Ewe BW was recorded each week during the experi-
mental period and approximately monthly there-
after until birth. One l-citrulline treatment ewe lost 
her pregnancy. None of the data collected from this 
ewe was included in the analyses.

Ewes were returned to normal farm manage-
ment at the completion of the injection period. 
Ewes lambed indoors and transitioned to shelters 
containing pasture access after 7 d.  Ram lambs 
were castrated within 1 wk of birth by castration 
banding, where an elastrator band was placed 
around the neck of scrotum ensuring that both test-
icles were below the band.

Lamb BW were taken at birth (d 0), d 7, 63–67 
(weaning), 124–128 and 176–180 (1–5 d before 
slaughter). At weaning, 1 wether and 7 ewe lambs 
were derived from l-citrulline-treated ewes and 5 
wethers and 4 ewe lambs were derived from l-ala-
nine-treated ewes.

Animal Diets and Feed Analyses

During the injection period, ewes were limit-fed 
to an estimated 85% of the NRC requirements for 
ME for gestating ewes (NRC, 2007)  by providing 
0.9 kg tall fescue hay/head/day provided over two 

feedings/day. All hay was consumed each day. 
Ewes had free access to water and trace mineral 
salts (Sweetlix Mineral with Bovatech, Sweetlix, 
Mankato, MN). Dietary intake of protein, vita-
mins, and minerals met or exceeded dietary require-
ments for mature, pregnant ewes. The amino acid 
composition of the diet during the treatment period 
is provided in Table 1. At the end of the treatment 
period, ewes were provided unobstructed access to 
Tall fescue pasture and were supplemented with 
1 kg/head/day cracked corn in one group pen. The 
lamb pre-weaning diet consisted ad libitum access to 
creep feed. Post-weaned lambs were maintained on 
pasture. Biweekly samples were collected from hay, 
pasture, and grains. All feed samples were frozen, 
then thawed and dried in a forced-air oven for 72 h 
at 55 °C to determine DM. Samples were ground in 
a hammer-mill and passed through a 1-mm sieve, 
then a composite sample was produced for each 
time period and feed type and analyzed (Dairy One 
Forage Laboratory, Ithaca, NY). Nutrient analyses 
of all diets are provided in Table 2.

Doppler Ultrasonography

Transrectal color doppler ultrasonography was 
performed by a single technician 1  wk before the 

Table 1.  Amino acid quantification in feed ingre-
dients offered to ewes during the treatment period

Amino acid g/100 g (as fed)

  Hydroxyproline 0.03

  Aspartic acid/asparagine 0.54

  Threonine 0.27

  Serine 0.23

  Glutamic acid/glutamine 0.63

  Proline 0.32

  Lanthionine 0.00

  Glycine 0.34

  Alanine 0.38

  Cysteine 0.08

  Valine 0.36

  Methionine 0.10

  Isoleucine 0.27

  Leucine 0.50

  Tyrosine 0.16

  Phenylalanine 0.33

  Hydroxylysine 0.05

  Ornithine 0.01

  Lysine 0.25

  Histidine 0.08

  Arginine 0.26

  Tryptophan  
  Citrulline

0.04  
ND

ND = not detected.
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end of the treatment period (d 71–73) and 2  wk 
prior to expected lambing (d 134–137). Ewes were 
maintained upright and blood flow assessment was 
performed using an ExaPad Mini equipped with a 
5-mHz sector probe. Pulsatility index (PI), resist-
ance index (RI), and systolic/diastolic ratio (S/D) 
were recorded in the umbilical artery and in one 
placentome.

Blood Sampling

Jugular venipuncture was completed weekly 
throughout the treatment period in pregnant 
ewes prior to treatment administration. Samples 
were maintained on ice until plasma was isolated 
via centrifugation (1500  ×  g  ×  15  min) and then 
stored at −20  °C. Plasma pregnancy-specific pro-
tein B (PSPB) concentrations were completed by 
BioTracking Inc. (Moscow, ID) (Thompson et al., 
2013). The intra-assay CV was 4.8%.

Lamb Carcass Data

Lambs were slaughtered at the Virginia Tech 
Meat Laboratory (Blacksburg, VA) at d 179–183. 
Carcasses were weighed prior to chilling and after 
24 h at 2 °C. Backfat thickness was measured per-
pendicular to the longissimus dorsi, and body wall 
thickness was measured 12.5 cm from the midline 
between the 12th and 13th ribs. Quality grade, yield 
and leg conformation score were assigned according 
to USDA standards (USDA, 1992). Dressing per-
centage (DP) was calculated as a ratio of hot car-
cass weight (HCW) to live weight.

Visceral organs were harvested after removal 
from the carcass. Wet weights for each organ was 
recorded. Reproductive tracts were collected from 
the ewe lambs. Connective tissue was trimmed 
away, vagina was trimmed off  just after the cervix, 
and the remaining tract including the ovaries was 
weighed. Two individuals who were blinded to 

treatment determined antral follicle count (AFC) 
by counting all visible follicles on each ovary.

Statistical Analyses

All statistical analyses were performed using 
the SAS software package (version 9.4, SAS 
Institute Inc., Cary, NC). Ewe served as the ex-
perimental unit for the analysis of  ewe BW, 
amino acid pharmacokinetic data, PSPB concen-
trations, and Doppler data using least-squares 
ANOVA with the general linear model (GLM) 
procedure. Lamb served as the experimental 
unit for carcass traits and organ weights using 
least-squares ANOVA with the GLM procedure. 
Organ weights were expressed relative to BW. The 
model used for these analyses included treatment 
and lamb sex, when appropriate. Lambs were 
considered independent of  their twin.

Repeated measurement analysis was completed 
in the pilot study by using the Mixed procedure in 
SAS. Main effects included treatment, time and 
their interaction. Ewe(treatment) served as the 
error term for treatment. The mixed procedure 
also was used to complete repeated measurement 
analyses in the second study to examine ewe BW, 
lamb BW, and ewe PSPB concentrations. Main ef-
fects included treatment, day, lamb sex (when ap-
propriate), and interactions. Either ewe(treatment) 
or lamb(treatment) served as the error term for 
treatment effects. Differences between individual 
means within day were examined by completing 
least squares ANOVA. Lamb survival analysis 
was performed with chi-squared analysis using the 
Genmod procedure. The statistical model used for 
this analysis included the main effect of treatment 
and sex.

All data is presented as least square 
means ± SEM. A P ≤ 0.05 was considered statistic-
ally significant and 0.05 > P-value ≤ 0.10 was con-
sidered a tendency.

Table 2. Nutrient composition of diets offered to ewes and lambs throughout the study

Ewe Lamb

Treatment  
period

Post-treatment  
Pre-lambing Pre-weaning Post-weaning

Chemical composition Hay Hay Cracked corn Creep feed Pasture

Dry matter, % 88.3 70.4 90.4 91.0 26.4

Crude protein, % 8.3 11.6 8.3 19.7 17.8

Neutral detergent fiber, % 73.9 68.9 7.0 11.4 57.1

Acid detergent fiber, % 47.6 43.7 2.5 5.6 32.6

Non-fiber carbohydrates, % 7.8 9.6 79.1 57.7 14.3

Metabolizable energy, Mcal/kg 1.92 2.02 3.44 3.39 2.38
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RESULTS

Pharmacokinetic Pilot Study

Changes in circulating concentrations of citrul-
line, arginine, ornithine, and alanine after a single 
intravenous injection of l-citrulline or l-alanine 
(control) are presented in Figure 1. Ewes receiving 
an intravenous injection of l-citrulline exhibited 
an overall increase (P = 0.008) in circulating citrul-
line concentrations over a 24  h period. Increased 
(P  <  0.05) citrulline concentrations were detected 
from 0.5  h to 8  h post-injection before returning 
back to control values at 24 h post-injection (Figure 
1A). The intravenous l-citrulline injection also pro-
duced an overall increase (P = 0.003) in circulating 
arginine concentrations, where greater (P  <  0.05) 
arginine concentrations were detected at each time-
point throughout the 24 h period (Figure 1B). The 
l-citrulline injection also caused an overall increase 
in circulating ornithine concentrations (P = 0.05), 
with greater (P  <  0.05) ornithine concentrations 
detected at each timepoint during the 24 h period 
(Figure 1C). No changes in circulating concentra-
tions of other free amino acids and urea were de-
tected after l-citrulline injection (data not shown).

Injection of l-alanine did not influence citrul-
line or arginine concentrations but had an overall 
increase in circulating alanine concentrations 
(P  =  0.02), with elevated alanine concentrations 
evident between 0.5 and 4  h but not thereafter 
(P < 0.05) (Figure 1D).

Effects of Repeated l-Citrulline Injections on Ewe 
Parameters

At the beginning of the second study, initial 
ewe BW were 71.80 ± 2.20 and 71.62 ± 2.00 kg for 
l-citrulline and l-alanine injected ewes, respectively. 
Treatment did not affect BW but there was a reduc-
tion in BW in both groups over time (P < 0.0001). 
At the end of the 39 d injection period, BW had 
decreased by an average of 12.3% and 8.3% in the 
citrulline and alanine injection groups, respectively 
(Figure 2A). Circulating PSPB concentrations were 
unaffected by daily l-citrulline injections (Figure 
2B). There was an overall effect of time on PSPB 
concentrations (P  =  0.001). A  time by treatment 
interaction was detected (P = 0.02) but PSPB con-
centrations were not different between treatments 
within each timepoint.

The final examination evaluated whether daily 
l-citrulline injections affected uterine and placental 
blood flow (Table 3). No effects of l-citrulline 

Figure 1. Circulating concentrations of selected AAs after a single 
intravenous bolus injection of l-citrulline or l-alanine to non-pregnant 
ewes. Blood samples were collected immediately before and 0.5, 1, 2, 4, 
8, and 24 h after treatment (n = 3 ewes/group). l-citrulline supplemented 
ewes are indicated with a circle and solid line and l-alanine supplemented 
ewes are indicated with a rectangle and dashed line. Overall effects of 
l-citrulline were observed for circulating citrulline (A), arginine (B), and 
ornithine (C) concentrations (P < 0.05) whereas l-alanine injection only 
increased circulating alanine concentrations (D) (P = 0.02). Data repre-
sent least squares means and SEM. The asterisks (*) indicate differences 
between supplementation groups within each time point (P < 0.05).
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treatment were detected for RI, PI, and S/D ratio at 
d 71–73 and d 134–137 of gestation.

Effects of Gestational l-Citrulline Treatment on 
Lamb Outcomes

No differences in lamb survival were detected 
at birth and at weaning due to treatment, sex nor 
their interaction (Table 4). There was an effect of 
time (P < 0.0001) on lamb BW but neither treat-
ment, treatment  ×  time, nor sex influenced lamb 
BW (Figure 3). Within day analyses failed to iden-
tify any effects of treatment on lamb BW.

The effects of l-citrulline supplementation on 
lamb carcass traits are presented in Table 4. No 

treatment and treatment by sex interactions were 
detected for any of the carcass traits. There was an 
effect of sex detected for dressing percentage, with 
wethers being heavier (P  =  0.02) than ewe lambs 
(52.77 ± 1.72 % vs. 47.01 ± 1.19 %, respectively).

l-citrulline supplementation during gesta-
tion did not affect lamb heart, kidney, liver, lung, 
or pancreas weights at slaughter (Table 5). No 
treatment by sex interactions were observed, but 
main effects of sex were detected. Wethers had 
heavier (P = 0.04) pancreases and tended to have 
heavier (P  =  0.09) lungs than ewe lambs (pan-
creas: 0.98 ± 0.10 vs. 0.68 ± 0.08 g/kg BW; lungs: 
23.23 ± 2.53 vs. 17.29 ± 1.76 g/kg BW, for wethers 
and ewe lambs, respectively).

In ewe lambs, overall reproductive tract weight 
was not influenced by l-citrulline supplementation, 
but there was a tendency (P = 0.10) for ewe lambs 
from citrulline-treated ewes to have greater AFC 
(Table 5).

DISCUSSION

There are several reports in sheep indicating 
that supplementing l-arginine either intravenously 
or by feeding rumen-protected arginine can alle-
viate the severity of fetal growth restriction caused 
by underfeeding (Lassala et  al., 2010, 2011; van 
der Linden et al., 2015; Zhang et al., 2016a, 2016b; 
Peine et al., 2018). This work utilized l-citrulline in 
place of l-arginine because of its greater half-life 
in circulation and its ability to sustain elevated cir-
culating concentrations of arginine for longer peri-
ods of time than treating with l-arginine (Wu et al., 
2007; Lassala et al., 2009). There is evidence that 
citrulline may escape rumen digestion after feeding 
(Gilbreath et  al., 2020), and encapsulated, rumen 
protection schemes are available to deliver amino 
acids (de Chavez et al., 2015; Zhang et al., 2016b; 

Table 3.  Doppler ultrasonography results in pregnancies from ewes treated with l-citrulline during 
mid-gestation

Umbilical vessel Placentome

 l-Alanine l-Citrulline P-value l-Alanine l-Citrulline P-value

Day 71–73

  RI 0.59 ± 0.08 0.74 ± 0.09 0.22 0.43 ± 0.13 0.54 ± 0.15 0.61

  PI 1.08 ± 0.15 1.39 ± 0.16 0.19 1.01 ± 0.45 0.97 ± 0.51 0.95

  S/D ratio 4.04 ± 1.56 5.18 ± 1.71 0.64 2.07 ± 1.10 5.24 ± 1.42 0.13

Day 134–137

  RI 0.54 ± 0.06 0.64 ± 0.07 0.33 0.54 ± 0.08 0.53 ± 0.09 0.96

  PI 0.87 ± 0.16 1.06 ± 0.18 0.44 0.90 ± 0.24 1.03 ± 0.29 0.74

  S/D ratio 2.53 ± 0.48 3.15 ± 0.52 0.40 2.23 ± 0.85 3.52 ± 1.05 0.36

Values represent means in individual SEM.

RI = Resistance index, PI = pulsatile index, S/D ratio = systolic/diastolic ratio.

Figure 2. Ewe BW and circulating PSPB concentrations throughout 
and after the l-citrulline supplementation period. l-citrulline supple-
mented ewes are indicated with a circle and solid line and l-alanine 
supplemented ewes are indicated with a rectangle and dashed line. 
The greyed area indicates the treatment period. (A) BW data. (B) 
Circulating PSPB concentrations. Data represent least squares means 
and SEM.
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Table 4. Lambing outcomes from ewes treated with 
l-citrulline during mid-gestation

Parameter l-Alanine l-Citrulline P-value

Sex distribution @ birth

  Ram lambs 7 2 -

  Ewe lambs 5 8 -

Sex distribution @ weaning1

  Ram lambs 5 1 -

  Ewe lambs 4 7 -

Carcass characteristics

  Live weight, kg* 47.11 ± 1.24 46.88 ± 1.53 0.91

  Hot carcass weight, kg 23.07 ± 1.03 23.75 ± 1.27 0.69

  Dressing percentage, %* 48.84 ± 1.29 50.95 ± 1.59 0.33

  Backfat thickness, mm 3.48 ± 0.43 4.20 ± 0.53 0.32

  Body wall thickness, mm 14.15 ± 1.51 17.54 ± 1.86 0.19

  Adjusted fat thickness, mm 3.50 ± 0.54 4.71 ± 0.67 0.19

  Loin muscle area, mm2 16.12 ± 0.51 16.40 ± 0.63 0.73

  Leg score2 11.98 ± 0.23 12.23 ± 0.28 0.52

  Quality grade2 10.76 ± 0.24 11.13 ± 0.30 0.35

  Yield grade 1.78 ± 0.21 2.25 ± 0.26 0.19

  (%BCTRC), %3 49.19 ± 0.36 48.58 ± 0.44 0.31

1Indicates lambs born alive that survived to weaning. Losses include 
stillbirths and postnatal losses.

2Scores/grade based on a numeric score of 10  =  low choice, 
11 = average choice, 12 = high choice.

3Percantage boneless closely trimmed retail cuts.

*Indicates sex-dependent differences (P ≤ 0.05).

Sun et  al., 2017; Peine et  al., 2018). However, we 
chose to provide l-citrulline directly into the circu-
lation to ensure that sufficient amounts of citrulline 
were provided. Moreover, work by others suggested 
that intravenous l-citrulline supplementation is ef-
fective at sustaining elevated maternal plasma con-
centrations of both citrulline and arginine in sheep 
(Lassala et al., 2009). Our work also detected sus-
tained increases in circulating arginine, citrulline, 

and ornithine concentrations, although the dur-
ation of elevated citrulline and ornithine concentra-
tions differed from previous work, where citrulline 
was elevated for a longer period and ornithine for 
a shorter duration (Lassala et al., 2009). The same 
bolus administration scheme was followed in both 
in our study and the previous study, but ewes were 
not pregnant in this study whereas pregnant ewes 
were studied in the previous work. This potentially 
contributed to the slight alterations in circulating 
AA concentrations between these studies (Wu 
et  al., 2007). Even so, the present pharmacokin-
etic study verified that the intravenous bolus treat-
ment scheme increased arginine concentrations for 
the entire 24 h period and citrulline for at least 8 h. 
This allowed us to test the hypothesis that sustained 
increases in circulating arginine and citrulline con-
centrations benefit pregnancy in ways that will im-
prove postnatal lamb development.

The gestational period when l-citrulline was 
supplemented (day 38–41 until day 81–84 of 
gestation) was chosen for two specific reasons. 
First, we wanted to wait until the first month 
of  gestation was completed to avoid substantial 
early pregnancy losses and also to accurately de-
tect twin pregnancies. Second, the termination 
of  the study coincided with the stage of  gesta-
tion when ewes normally would begin an energy 
supplementation regimen to ensure ewes pos-
sessed the body condition needed for late gesta-
tion and the post-partum periods. This interim 
window represented a time when pregnant ewes 
were normally maintained on stock-piled for-
ages. This study focused on examining the con-
sequences of  limit-feeding a hay with low ME 
during this period of  gestation. We were able to 

Figure 3. Body weights of lambs derived from ewes supplemented 
with l-citrulline during mid-gestation. Lamb BW were taken at birth, 
d 7, and approximately d 65, 126, and 178. l-citrulline supplemented 
ewes are indicated with a circle and solid line and l-alanine supple-
mented ewes are indicated with a rectangle and dashed line.

Table 5. Organ weights and other measurements in 
lambs derived from ewes treated with l-citrulline 
during mid-gestation

Parameter l-Alanine l-Citrulline P-value

Organ wt. (g/kg BW)

  Heart 3.26 ± 0.15 3.30 ± 0.19 0.88

  Kidney1 2.79 ± 0.10 2.76 ± 0.12 0.83

  Liver 17.54 ± 0.65 18.64 ± 0.80 0.31

  Lungs 20.96 ± 1.90 19.55 ± 2.34 0.65

  Pancreas 0.79 ± 0.08 0.87 ± 0.10 0.55

  Reproductive tract2 0.51 ± 0.06 0.52 ± 0.04 0.85

Ovaries

  Antral follicle count 30.00 ± 7.18 46.43 ± 5.42 0.10

  Ewe lambs (n) 4 7 -

1Kidney weights were taken after perirenal fat was removed.
2Reproductive tract weights include the cervix, uterine horns, ovi-

ducts, and ovaries after connective tissue was trimmed.
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achieve body weight losses during the experi-
mental period. This BW loss likely occurred be-
cause of  the dietary restrictions, but we cannot 
rule out the possibility that low-level contamin-
ants present in the amino acids contributed to 
this BW loss. Both amino acids met USP certifi-
cation standards, but no purity testing was com-
pleted, so we can only speculate that there was 
little to no influence of  contaminants on ewe 
BW and other outcomes.

Providing daily intravenous injections of l-cit-
rulline did not alter any of the maternal parameters 
tested in this study. Reductions in BW were noted 
during the treatment period and l-citrulline did not 
alter the magnitude of BW loss, nor did it alter cir-
culating PSPB concentrations, placental blood flow, 
and lamb birth weight. The lack of changes in PSPB 
concentrations suggest that l-citrulline did not alter 
placental function. Pregnancy specific protein B is a 
member of the pregnancy-associated glycoprotein 
(PAG) family (Telugu et al., 2009). These proteins 
are expressed solely by the placenta, and a subset of 
these PAGs, including PSPB, are released into the 
maternal circulation throughout pregnancy where 
they provide a useful blood-borne marker for preg-
nancy (Piechotta et al., 2011) and as an indicator of 
placental function in ruminants (Thompson et al., 
2010; Wallace et al., 2015; Mercadante et al., 2016). 
One report detected improvements in overall coty-
ledon weight after l-arginine supplementation was 
observed at term, but this effect was not observed 
when pregnancies were terminated before term (van 
der Linden et al., 2015). Therefore, it remains un-
clear how influential l-arginine and l-citrulline are 
at mediating placenta development and function 
in ewes.

The umbilical cord and placentome are two 
of the more popular locations to examine blood 
flow (Morel et  al., 2010; Vasquez-Hidalgo et  al., 
2020). There is one report describing benefits of 
rumen-protected l-arginine feeding on peripheral 
tissue blood perfusion rates (Peine et al., 2020), but 
we are not aware of any studies that directly quan-
tified uterine or placental blood flow during l-ar-
ginine or l-citrulline supplementation in pregnant 
ewes. In fact, only a single report could be found 
that describes how cattle respond to intravenous 
l-arginine injections, and that study did not detect 
changes in uterine blood flow with l-arginine sup-
plementation in pregnant dairy heifers (Yunta et al., 
2015). Therefore, evidence from this work and oth-
ers suggests that uterine and placental blood flow is 
unaffected by l-arginine or l-citrulline supplemen-
tation in ruminants.

This study also failed to detect changes in 
lamb birth weights after l-citrulline adminis-
tration. This is consistent with what has been 
observed in non-restricted-fed ewes provided l-ar-
ginine through intravenous injection or feeding 
rumen-protected arginine (van der Linden et  al., 
2015; Crane et  al., 2016; Gootwine et  al., 2020). 
The work describing improvements in lamb birth 
weights following l-arginine supplementation have 
only been observed in ewes that underwent sub-
stantial feed restriction (50–60% of NRC recom-
mendations for ME) (Lassala et  al., 2010; Zhang 
et al., 2016a, 2016b; Peine et al., 2018) or in well-
fed Booroola Rambouillet ewes heterozygous for 
the fecundity gene (FecB+/−) that were carrying 
quadruplets (Lassala et  al., 2011). Thus, the ap-
parent lack of improvements in placental function, 
placental blood flow, and lamb birth weight in this 
study likely occurred because the feed restriction 
was too mild (85% NRC requirements for energy) 
and ewes only carried twins. Additional nutritional 
and metabolic restrictions seem necessary before 
the benefits of l-arginine and potentially l-citrul-
line supplementation can be observed.

The final component of this study explored 
how gestational exposure to l-citrulline supplemen-
tation influenced postnatal lamb performance. This 
gestational treatment did not affect lamb BW. Most 
l-arginine studies did not evaluate lambs after birth, 
but interestingly, one recent report found that intra-
venous l-arginine injections for the first 2 weeks of 
pregnancy increased lamb weaning weight (Crane 
et al., 2016). More work is needed to explore how 
the timing of l-arginine or l-citrulline supplemen-
tation can impact lamb performance between birth 
and weaning.

Treatment with l-citrulline also failed to alter 
lamb carcass characteristics and organ weights. 
Primary myofibers emerge during embryonic de-
velopment, and secondary myofibers develop and 
proliferate during mid and late gestation (Du 
et al., 2010). All muscle fiber hyperplasia ceases 
before birth, and postnatal muscle growth occurs 
through hypertrophy, not hyperplasia. Nutrient 
restriction of  pregnant ewes during early em-
bryogenesis causes a reduction in secondary fiber 
formation and a lower secondary:primary fiber 
ratio at mid-gestation in the fetuses that trans-
lates to a smaller muscle at birth with an altered 
metabolic profile (Zhu et al., 2004, 2006; Quigley 
et al., 2005). Manipulation of  maternal diet also 
may be used to positively affect muscle fiber dy-
namics in the offspring. Nutrient restriction of 
beef  cows during early gestation followed by 
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realimentation of  the dam to NRC recommenda-
tions causes compensatory growth of  secondary 
fibers within the fetus (Gonzalez et  al., 2013). 
Increased protein intake during gestation in cows 
also results in greater weaning weights and car-
cass weights at slaughter suggesting the macro-
nutrient may be used to program efficient muscle 
deposition postnatally (Funston et  al., 2010). 
Thus, there is a solid basis for proposing that ma-
ternal diet strategies are an effective means of 
altering offspring muscle content and compos-
ition. However, l-citrulline supplementation did 
not affect muscle content. We propose that the 
low energy deficiency of  ewes in this study was 
not severe enough to cause muscle development 
problems.

Likewise, organ development was not affected 
by l-citrulline supplementation in this study. 
Supplementation with l-arginine can alleviate the 
adverse effects of severe energy restriction on or-
ganogenesis (Peine et al., 2018). Again, the low-level 
energy restriction in this study likely was not suf-
ficient to detect any adverse effects on organs. 
Interestingly, there was a tendency for increased 
AFC was detected in ewe lambs derived from ewes 
given l-citrulline. This measurement was included 
in this study because AFC is linked with lifetime 
fertility in cattle (Ireland et al., 2008; Torres-Rovira 
et  al., 2014; McNeel and Cushman, 2015; Pinto 
et al., 2018; Santa Cruz et al., 2018). Ovarian fol-
licle reserves are established before birth. Therefore, 
it is exciting to speculate that exposing fetuses to 
l-arginine or l-citrulline will improve fertility in 
adulthood. However, more work is needed before 
any firm conclusions can be made about the linkage 
between fetal arginine and citrulline exposures and 
lifetime fertility potential.

To conclude, the injection scheme was effective 
at increasing circulating arginine and citrulline con-
centrations. Daily l-citrulline injections are not per-
missive for industry application, but this treatment 
scheme permitted us to ensure that we could detect 
any potential effects of l-citrulline treatment on 
fetal, placental and postnatal lamb development. 
There was no evidence supporting the hypothesis 
that mid-gestational l-citrulline supplementation to 
pregnant ewes fed will influence placental activity, 
placental blood flow, lamb birth weights, postnatal 
BW, carcass characteristics, and organ weights. We 
speculate that a more severe dietary restriction is 
needed to detect positive effects of l-arginine and 
l-citrulline on pregnancy and lamb performance 
parameters. Furthermore, greater animal num-
bers may be needed to adequately assess treatment 

effects for some parameters. Based on the variation 
noted in this work, increasing lamb numbers by 
25–30% would be needed to provide adequate num-
bers for detecting l-citrulline effects on yield grade 
and doubling ewe lamb numbers would be needed 
to adequately assess how treatment influences an-
tral follicle count. Increases Uncovering a poten-
tial benefit of l-citrulline supplementation on AFC 
offers new avenues of study aimed at describing 
how gestational exposure to arginine or citrulline 
could affect subsequent fertility of the offspring.

ACKNOWLEDGMENTS

This work is supported by the Virginia 
Agricultural Council Grant #709 and by the John 
L.  Pratt Animal Nutrition Graduate Fellowship 
Program in the College of Agriculture and Life 
Sciences at Virginia Tech. The authors thank Dr. 
Josh Branen at BioTracking Inc. for performing the 
quantitative PSPB assay. Authors also thank Chace 
Wilson, Kayla Blatman, Brooke Sauder, Alana Tay, 
Amanda Lang, and other Virginia Tech under-
graduates for assisting with the daily care and use 
of the ewes.

Conflict of interest statement. Authors do not 
have any potential or actual conflicts of interest re-
lated to the research presented in this manuscript.

LITERATURE CITED

Caton,  J.  S., M.  S.  Crouse, K.  J.  McLean, C.  R.  Dahlen, 
A.  K.  Ward, R.  A.  Cushman, A.  T.  Grazul-Bilska, 
B. W. Neville, P. P. Borowicz, and L. P. Reynolds. 2020. 
Maternal periconceptual nutrition, early pregnancy, and 
developmental outcomes in beef cattle. J. Anim. Sci. 
98(12). doi: 10.1093/jas/skaa358

Crane, A. R., R. R. Redden, M. L. Van Emon, T. L. Neville, 
L.  P.  Reynolds, J.  S.  Caton, and C.  S.  Schauer. 2016. 
Impacts of supplemental arginine on the reproductive 
performance of fall lambing ewes. J. Anim. Sci. 94:3540–
3549. doi:10.2527/jas.2016-0379.

Cushman, R. A., A. K. McNeel, and H. C. Freetly. 2014. The 
impact of cow nutrient status during the second and 
third trimesters on age at puberty, antral follicle count, 
and fertility of daughters. Livestock Sci. 162:252–258. 
doi:10.1016/j.livsci.2014.01.033

de  Chávez,  J.  A., A.  Guzmán, D.  Zamora-Gutiérrez, 
G.  D.  Mendoza, L.  M.  Melgoza, S.  Montes, and 
A.  M.  Rosales-Torres. 2015. Supplementation with 
rumen-protected L-arginine-HCl increased fertility in 
sheep with synchronized estrus. Trop. Anim. Health Prod. 
47:1067–1073. doi:10.1007/s11250-015-0833-4.

Du, M., J. Tong, J. Zhao, K. R. Underwood, M. Zhu, S. P. Ford, 
and P. W. Nathanielsz. 2010. Fetal programming of skel-
etal muscle development in ruminant animals. J. Anim. 
Sci. 88(13 Suppl):E51–60. doi:10.2527/jas.2009-2311

Ford,  S.  P., and N.  M.  Long. 2011. Evidence for similar 
changes in offspring phenotype following either maternal 

https://doi.org/10.1093/jas/skaa358
https://doi.org/10.2527/jas.2016-0379
https://doi.org/10.1016/j.livsci.2014.01.033
https://doi.org/10.1007/s11250-015-0833-4
https://doi.org/10.2527/jas.2009-2311


10 Kott et al.

Translate basic science to industry innovation

undernutrition or overnutrition: potential impact on fetal 
epigenetic mechanisms. Reprod. Fertil. Dev. 24:105–111. 
doi:10.1071/RD11911.

Funston, R. N., D. M. Larson, and K. A. Vonnahme. 2010. 
Effects of maternal nutrition on conceptus growth and off-
spring performance: implications for beef cattle produc-
tion. J. Anim. Sci. 88(13 Suppl):E205–215. doi:10.2527/
jas.2009-2351 

Gao, K., Z. Jiang, Y. Lin, C. Zheng, G. Zhou, F. Chen, L. Yang, 
and G.  Wu. 2012. Dietary L-arginine supplementation 
enhances placental growth and reproductive perform-
ance in sows. Amino Acids 42:2207–2214. doi:10.1007/
s00726-011-0960-9.

Gilbreath,  K.  R., F.  W.  Bazer, M.  C.  Satterfield, J.  J.  Cleere, 
and G.  Wu. 2020. Ruminal microbes of adult sheep do 
not degrade extracellular l-citrulline. J. Anim. Sci. 98(6). 
doi:10.1093/jas/skaa164

Gonzalez, J. M., L. E. Camacho, S. M. Ebarb, K. C. Swanson, 
K. A. Vonnahme, A. M. Stelzleni, and S. E. Johnson. 2013. 
Realimentation of nutrient restricted pregnant beef cows 
supports compensatory fetal muscle growth. J. Anim. Sci. 
91:4797–4806. doi:10.2527/jas.2013-6704.

Gootwine, E., A. Rosov, T. Alon, C. Stenhouse, K. M. Halloran, 
G. Wu, and F. W. Bazer. 2020. Effect of supplementation 
of unprotected or protected arginine to prolific ewes on 
maternal amino acids profile, lamb survival at birth, and 
pre- and post-weaning lamb growth. J. Anim. Sci. 98(11). 
doi: 10.1093/jas/skaa284

Ireland, J. L., D. Scheetz, F. Jimenez-Krassel, A. P. Themmen, 
F.  Ward, P.  Lonergan, G.  W.  Smith, G.  I.  Perez, 
A. C. Evans, and J. J. Ireland. 2008. Antral follicle count 
reliably predicts number of morphologically healthy oo-
cytes and follicles in ovaries of young adult cattle. Biol.  
Reprod. 79:1219–1225. doi:10.1095/biolreprod.108.071670.

Knight,  M.  I., K.  L.  Butler, L.  L.  Slocombe, N.  P.  Linden, 
M. C. Raeside, V. F. Burnett, A. J. Ball, M. B. McDonagh, 
and R. Behrendt. 2020. Reducing the level of nutrition of 
twin-bearing ewes during mid to late pregnancy produces 
leaner prime lambs at slaughter. Animal. 14:864–872. 
doi:10.1017/S1751731119002271.

Lassala, A., F. W. Bazer, T. A. Cudd, S. Datta, D. H. Keisler, 
M.  C.  Satterfield, T.  E.  Spencer, and G.  Wu. 2010. 
Parenteral administration of L-arginine prevents fetal 
growth restriction in undernourished ewes. J. Nutr. 
140:1242–1248. doi:10.3945/jn.110.125658.

Lassala, A., F. W. Bazer, T. A. Cudd, S. Datta, D. H. Keisler, 
M.  C.  Satterfield, T.  E.  Spencer, and G.  Wu. 2011. 
Parenteral administration of L-arginine enhances fetal 
survival and growth in sheep carrying multiple fetuses. J. 
Nutr. 141:849–855. doi:10.3945/jn.111.138172.

Lassala, A., F. W. Bazer, T. A. Cudd, P. Li, X. Li, M. C. Satterfield, 
T. E. Spencer, and G. Wu. 2009. Intravenous administra-
tion of L-citrulline to pregnant ewes is more effective than 
L-arginine for increasing arginine availability in the fetus. 
J. Nutr. 139:660–665. doi:10.3945/jn.108.102020.

Lenis, Y. Y., M. A. Elmetwally, J. G. Maldonado-Estrada, and 
F. W. Bazer. 2017. Physiological importance of polyamines. 
Zygote. 25:244–255. doi:10.1017/S0967199417000120.

Li, X., F. W. Bazer, G. A. Johnson, R. C. Burghardt, J. W. Frank, 
Z.  Dai, J.  Wang, Z.  Wu, I.  Shinzato, and G.  Wu. 2014. 
Dietary supplementation with L-arginine between days 14 
and 25 of gestation enhances embryonic development and 
survival in gilts. Amino Acids. 46:375–384. doi:10.1007/

s00726-013-1626-6.
Long, N. M., C. B. Tousley, K. R. Underwood, S. I. Paisley, 

W.  J.  Means, B.  W.  Hess, M.  Du, and S.  P.  Ford. 2012. 
Effects of early- to mid-gestational undernutrition with 
or without protein supplementation on offspring growth, 
carcass characteristics, and adipocyte size in beef cattle. J. 
Anim. Sci. 90(1):197–206. doi:10.2527/jas.2011-4237.

Martin, J. L., K. A. Vonnahme, D. C. Adams, G. P. Lardy, and 
R. N. Funston. 2007. Effects of dam nutrition on growth 
and reproductive performance of heifer calves. J. Anim. 
Sci. 85(3):841–847. doi:10.2527/jas.2006-337. 

Mateo, R. D., G. Wu, F. W. Bazer, J. C. Park, I. Shinzato, and 
S.  W.  Kim. 2007. Dietary L-arginine supplementation 
enhances the reproductive performance of gilts. J. Nutr. 
137:652–656. doi:10.1093/jn/137.3.652.

Maul,  H., M.  Longo, G.  R.  Saade, and R.  E.  Garfield. 
2003. Nitric oxide and its role during pregnancy: from 
ovulation to delivery. Curr. Pharm. Des. 9:359–380. 
doi:10.2174/1381612033391784.

McNeel, A. K., and R. A. Cushman. 2015. Influence of pu-
berty and antral follicle count on calving day in crossbred 
beef heifers. Theriogenology. 84:1061–1066. doi:10.1016/j.
theriogenology.2015.06.010.

Mercadante,  P.  M., E.  S.  Ribeiro, C.  Risco, and A.  D.  Ealy. 
2016. Associations between pregnancy-associated glyco-
proteins and pregnancy outcomes, milk yield, parity, and 
clinical diseases in high-producing dairy cows. J. Dairy 
Sci. 99:3031–3040. doi:10.3168/jds.2015-10595.

Morel,  O., F.  Pachy, P.  Chavatte-Palmer, M.  Bonneau, 
E.  Gayat, P.  Laigre, D.  Evain-Brion, and V.  Tsatsaris. 
2010. Correlation between uteroplacental three-dimen-
sional power Doppler indices and true uterine blood flow: 
evaluation in a pregnant sheep model. Ultrasound Obstet. 
Gynecol. 36:635–640. doi:10.1002/uog.7741.

Mwangi,  F.  W., E.  Charmley, C.  P.  Gardiner, B.  S.  Malau-
Aduli, R.  T.  Kinobe, and A.  E.  O.  Malau-Aduli. 2019. 
Diet and genetics influence beef cattle performance and 
meat quality characteristics. Foods. 8(12). doi:10.3390/
foods8120648

National Research Council (NRC). 2007. Nutrient require-
ments of small ruminants: sheep, goats, cervids, and 
New World Camelids. Washington (DC): The National 
Academies Press. doi:10.17226/11654.

Peine, J. L., G. Jia, M. L. Van Emon, T. L. Neville, J. D. Kirsch, 
C.  J.  Hammer, S.  T.  O’Rourke, L.  P.  Reynolds, and 
J.  S.  Caton. 2018. Effects of maternal nutrition and 
rumen-protected arginine supplementation on ewe per-
formance and postnatal lamb growth and internal organ 
mass. J. Anim. Sci. 96:3471–3481. doi:10.1093/jas/sky221.

Peine,  J.  L., T.  L.  Neville, E.  E.  Klinkner, K.  E.  Egeland, 
P.  P.  Borowicz, A.  M.  Meyer, L.  P.  Reynolds, and 
J. S. Caton. 2020. Rumen-protected arginine in ewe lambs: 
effects on circulating serum amino acids and carotid ar-
tery hemodynamics. J. Anim. Sci. 98(7). doi:10.1093/jas/
skaa196

Piechotta,  M., J.  Bollwein, M.  Friedrich, T.  Heilkenbrinker, 
C. Passavant, J. Branen, G. Sasser, M. Hoedemaker, and 
H.  Bollwein. 2011. Comparison of commercial ELISA 
blood tests for early pregnancy detection in dairy cows. J. 
Reprod. Dev. 57:72–75. doi:10.1262/jrd.10-022t.

Pinto,  P.  H.  N., M.  F.  A.  Balaro, J.  M.  G.  Souza-Fabjan, 
L.  D.  S.  Ribeiro, G.  M.  Bragança, C.  R.  Leite, 
E. K. N. Arashiro, K. de Moraes Silva, J. F. Da Fonseca, 

https://doi.org/10.1071/RD11911
https://doi.org/10.2527/jas.2009-2351
https://doi.org/10.2527/jas.2009-2351
https://doi.org/10.1007/s00726-011-0960-9
https://doi.org/10.1007/s00726-011-0960-9
https://doi.org/10.1093/jas/skaa164
https://doi.org/10.2527/jas.2013-6704
https://doi.org/10.1093/jas/skaa284
https://doi.org/10.1095/biolreprod.108.071670
https://doi.org/10.1017/S1751731119002271
https://doi.org/10.3945/jn.110.125658
https://doi.org/10.3945/jn.111.138172
https://doi.org/10.3945/jn.108.102020
https://doi.org/10.1017/S0967199417000120
https://doi.org/10.1007/s00726-013-1626-6
https://doi.org/10.1007/s00726-013-1626-6
https://doi.org/10.2527/jas.2011-4237
https://doi.org/10.2527/jas.2006-337
https://doi.org/10.1093/jn/137.3.652
https://doi.org/10.2174/1381612033391784
https://doi.org/10.1016/j.theriogenology.2015.06.010
https://doi.org/10.1016/j.theriogenology.2015.06.010
https://doi.org/10.3168/jds.2015-10595
https://doi.org/10.1002/uog.7741
https://doi.org/10.3390/foods8120648
https://doi.org/10.3390/foods8120648
https://doi.org/10.17226/11654
https://doi.org/10.1093/jas/sky221
https://doi.org/10.1093/jas/skaa196
https://doi.org/10.1093/jas/skaa196
https://doi.org/10.1262/jrd.10-022t


11l-Citrulline supplementation in pregnant ewes

Translate basic science to industry innovation

and F.  Z.  Brandão. 2018. Anti-Müllerian hormone 
and antral follicle count are more effective for selecting 
ewes with good potential for in vivo embryo production 
than the presence of FecGE mutation or eCG pre-selec-
tion tests. Theriogenology. 113:146–152. doi:10.1016/j.
theriogenology.2018.02.018.

Quigley,  S.  P., D.  O.  Kleemann, M.  A.  Kakar, J.  A.  Owens, 
G.  S.  Nattrass, S.  Maddocks, and S.  K.  Walker. 2005. 
Myogenesis in sheep is altered by maternal feed intake 
during the peri-conception period. Anim. Reprod. Sci. 
87:241–251. doi:10.1016/j.anireprosci.2004.11.005.

Reynolds,  L.  P., and J.  S.  Caton. 2012. Role of the pre- and 
post-natal environment in developmental program-
ming of health and productivity. Mol. Cell. Endocrinol. 
354:54–59. doi:10.1016/j.mce.2011.11.013.

Santa Cruz, R., R. A. Cushman, and C. Viñoles. 2018. Antral 
follicular count is a tool that may allow the selection of more 
precocious Bradford heifers at weaning. Theriogenology. 
119:35–42. doi:10.1016/j.theriogenology.2018.06.010.

Sartori,  E.  D., A.  G.  Sessim, D.  D.  Brutti, J.  F.  Lopes, 
C. M. McManus, and J. O. J. Barcellos. 2020. Fetal pro-
gramming in sheep: effects on pre- and postnatal devel-
opment in lambs. J. Anim. Sci. 98(9). doi: 10.1093/jas/
skaa294

Satterfield, M. C., F. W. Bazer, T. E. Spencer, and G. Wu. 2010. 
Sildenafil citrate treatment enhances amino acid avail-
ability in the conceptus and fetal growth in an ovine model 
of intrauterine growth restriction. J. Nutr. 140:251–258. 
doi:10.3945/jn.109.114678.

Sun,  L., H.  Zhang, Y.  Fan, Y.  Guo, G.  Zhang, H.  Nie, and 
F. Wang. 2017. Metabolomic profiling in umbilical venous 
plasma reveals effects of dietary rumen-protected arginine 
or N-carbamylglutamate supplementation in nutrient-re-
stricted Hu sheep during pregnancy. Reprod. Domest. 
Anim. 52:376–388. doi:10.1111/rda.12919.

Telugu,  B.  P., A.  M.  Walker, and J.  A.  Green. 2009. 
Characterization of the bovine pregnancy-associated glyco-
protein gene family–analysis of gene sequences, regulatory 
regions within the promoter and expression of selected genes. 
BMC Genomics. 10:185. doi:10.1186/1471-2164-10-185.

Thompson,  I.  M., R.  L.  Cerri, I.  H.  Kim, J.  A.  Green, 
J. E. Santos, and W. W. Thatcher. 2010. Effects of resyn-
chronization programs on pregnancy per artificial in-
semination, progesterone, and pregnancy-associated 
glycoproteins in plasma of lactating dairy cows. J. Dairy 
Sci. 93:4006–4018. doi:10.3168/jds.2009-2941.

Thompson, I. M., S. Tao, J. Branen, A. D. Ealy, and G. E. 
Dahl. Environmental regulation of  pregnancy-specific 
protein B concentrations during late pregnancy in dairy 
cattle. J Anim Sci. 2013;91(1):168–173. doi:10.2527/
jas.2012-5730.

Torres-Rovira, L., A. Gonzalez-Bulnes, S. Succu, A. Spezzigu, 
M. E. Manca, G. G. Leoni, M. Sanna, S. Pirino, M. Gallus, 
S. Naitana, et al. 2014. Predictive value of antral follicle 
count and anti-Müllerian hormone for follicle and oocyte 

developmental competence during the early prepubertal 
period in a sheep model. Reprod. Fertil. Dev. 26:1094–
1106. doi:10.1071/RD13190.

USDA. 1992. USDA agricultural marketing service, lamb 
grades and standards. Available from https://www.ams.
usda.gov/grades-standards/lamb-grades-and-standards

van  der  Linden,  D.  S., Q.  Sciascia, F.  Sales, N.  J.  Wards, 
M.  H.  Oliver, and S.  A.  McCoard. 2015. Intravenous 
maternal -arginine administration to twin-bearing ewes 
during late pregnancy enhances placental growth and 
development. J. Anim. Sci. 93:4917–4925. doi:10.2527/
jas.2014-8396.

Vasquez-Hidalgo, M. A., G. A. Perry, and K. A. Vonnahme. 
2020. Hemodynamics of the umbilical artery and con-
ceptus-related measurements in singleton and twin preg-
nancies in ewes. Reprod. Biol. 20:132–139. doi:10.1016/j.
repbio.2020.04.002.

Wallace, R. M., K. G. Pohler, M. F. Smith, and J. A. Green. 
2015. Placental PAGs: gene origins, expression pat-
terns, and use as markers of pregnancy. Reproduction. 
149:R115–R126. doi:10.1530/REP-14-0485.

Wu,  G., F.  W.  Bazer, T.  A.  Cudd, W.  S.  Jobgen, S.  W.  Kim, 
A.  Lassala, P.  Li, J.  H.  Matis, C.  J.  Meininger, and 
T. E. Spencer. 2007. Pharmacokinetics and safety of ar-
ginine supplementation in animals. J. Nutr. 137(6 Suppl 
2):1673S–1680S. doi:10.1093/jn/137.6.1673S.

Wu,  G., F.  W.  Bazer, M.  C.  Satterfield, X.  Li, X.  Wang, 
G.  A.  Johnson, R.  C.  Burghardt, Z.  Dai, J.  Wang, and 
Z. Wu. 2013. Impacts of arginine nutrition on embryonic 
and fetal development in mammals. Amino Acids. 45:241–
256. doi:10.1007/s00726-013-1515-z.

Yunta, C., K. A. Vonnahme, B. R. Mordhost, D. M. Hallford, 
C. O. Lemley, C. Parys, and A. Bach. 2015. Arginine sup-
plementation between 41 and 146 days of pregnancy re-
duces uterine blood flow in dairy heifers. Theriogenology. 
84:43–50. doi:10.1016/j.theriogenology.2015.02.007.

Zhang,  H., L.  Sun, Z.  Wang, M.  Deng, H.  Nie, G.  Zhang, 
T.  Ma, and F.  Wang. 2016a. N-carbamylglutamate and 
L-arginine improved maternal and placental develop-
ment in underfed ewes. Reproduction. 151:623–635. 
doi:10.1530/REP-16-0067.

Zhang, H., L. W. Sun, Z. Y. Wang, M. T. Deng, G. M. Zhang, 
R.  H.  Guo, T.  W.  Ma, and F.  Wang. 2016b. Dietary 
-carbamylglutamate and rumen-protected -arginine 
supplementation ameliorate fetal growth restriction in 
undernourished ewes. J. Anim. Sci. 94(5):2072–2085. 
doi:10.2527/jas.2015-9587. 

Zhu, M. J., S. P. Ford, W. J. Means, B. W. Hess, P. W. Nathanielsz, 
and M.  Du. 2006. Maternal nutrient restriction affects 
properties of skeletal muscle in offspring. J. Physiol. 
575(Pt 1):241–250. doi:10.1113/jphysiol.2006.112110.

Zhu, M. J., S. P. Ford, P. W. Nathanielsz, and M. Du. 2004. 
Effect of maternal nutrient restriction in sheep on the de-
velopment of fetal skeletal muscle. Biol. Reprod. 71:1968–
1973. doi:10.1095/biolreprod.104.034561.

https://doi.org/10.1016/j.theriogenology.2018.02.018
https://doi.org/10.1016/j.theriogenology.2018.02.018
https://doi.org/10.1016/j.anireprosci.2004.11.005
https://doi.org/10.1016/j.mce.2011.11.013
https://doi.org/10.1016/j.theriogenology.2018.06.010
https://doi.org/10.1093/jas/skaa294
https://doi.org/10.1093/jas/skaa294
https://doi.org/10.3945/jn.109.114678
https://doi.org/10.1111/rda.12919
https://doi.org/10.1186/1471-2164-10-185
https://doi.org/10.3168/jds.2009-2941
https://doi.org/10.2527/jas.2012-5730
https://doi.org/10.2527/jas.2012-5730
https://doi.org/10.1071/RD13190
https://www.ams.usda.gov/grades-standards/lamb-grades-and-standards
https://www.ams.usda.gov/grades-standards/lamb-grades-and-standards
https://doi.org/10.2527/jas.2014-8396
https://doi.org/10.2527/jas.2014-8396
https://doi.org/10.1016/j.repbio.2020.04.002
https://doi.org/10.1016/j.repbio.2020.04.002
https://doi.org/10.1530/REP-14-0485
https://doi.org/10.1093/jn/137.6.1673S
https://doi.org/10.1007/s00726-013-1515-z
https://doi.org/10.1016/j.theriogenology.2015.02.007
https://doi.org/10.1530/REP-16-0067
https://doi.org/10.2527/jas.2015-9587
https://doi.org/10.1113/jphysiol.2006.112110
https://doi.org/10.1095/biolreprod.104.034561

