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mate and L-arginine
supplementation improve hepatic antioxidant
status in intrauterine growth-retarded suckling
lambs

Hao Zhang, ab Yaqian Jin,ab Mengzhi Wang,ab Juan J. Loor c

and Hongrong Wang*ab

The influence of dietary supplementation of L-arginine (Arg) or N-carbamylglutamate (NCG) on the hepatic

antioxidant status in intrauterine-growth-retarded (IUGR) suckling lambs remains unclear. The current work

aimed to investigate the regulatorymechanisms whereby dietary Arg or NCG alter hepatic antioxidant status

in suckling lambs suffering from IUGR. Forty-eight newborn Hu lambs of normal birth weight (CON) and

IUGR were allocated randomly into four groups of 12 animals each: CON (4.25 � 0.14 kg), IUGR (3.01 �
0.12 kg), IUGR + 1% Arg (2.99 � 0.13 kg), or IUGR + 0.1% NCG (3.03 � 0.11 kg). All lambs were raised for

a period of 21 days from 7 to 28 days after birth. Compared with the IUGR suckling animals, glutathione

peroxidase (GSH-Px), superoxide dismutase (SOD), and reduced glutathione (GSH) content were greater

(P < 0.05), and protein carbonyl and malondialdehyde (MDA) levels were reduced (P < 0.05) in the livers

of both IUGR + 1% Arg and 0.1% NCG suckling animals. Relative to IUGR suckling lambs, supplementing

with Arg or NCG markedly reduced (P < 0.05) reactive oxygen species (ROS) levels, apoptosis, and

necrosis in liver. Relative to IUGR suckling lambs, protein and mRNA expression of GSH-Px1, SOD2,

catalase (CAT), heme oxygenase-1 (HO-1), inducible nitric oxide (NO) synthase (iNOS), and epithelial NO

synthase (eNOS) increased in IUGR animals receiving Arg or NCG (P < 0.05). Both Arg and NCG can

protect neonates from IUGR-induced hepatic oxidative damage through promoting the expression of

antioxidative enzymes (including SOD, CAT, and GSH-Px), phase II metabolizing enzymes, and activation

of the NO pathway.
1. Introduction

Intrauterine growth restriction (IUGR) can markedly reduce
embryo and fetal development during pregnancy.1 Hu lambs are
precocious and prolic, but an inadequate supply of nutrients
during pregnancy leads to IUGR.2 Animals experiencing IUGR have
greater rates of neonatal morbidity and lower metabolic efficiency,
postnatal growth rate, and reproductive performance.2 Although
infant lambs survive, IUGR leads to greater susceptibility to disor-
ders in the nerve, respiration, intestine and circulatory systems.3

Oxidative injury due to oxygen toxicity is a leading parameter
during the pathogenesis of newborn disorders.4 High concen-
trations of reactive oxygen species (ROS) as well as oxidative
injury reported in a growing number of studies suggest that
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IUGR leads to oxidative stress (OS) in the neonates.5 Such
phenomenon can be ascribed to the dysfunction of mitochon-
dria and the impairment of the antioxidant defense system6

both of which are related to restricted growth and development
during gestation.7 Neonates experiencing IUGR demonstrate
oxidative injury within the intestine,8 lung9 and liver.10 Thus,
previous prior research underscores that OS is a crucial
component of the phenotypes that arise from IUGR.11 Along
with OS, the lower antioxidant enzyme levels and reduced
scavenging capacity12,13 underscore the potential for supple-
mentation of antioxidants to IUGR newborns as a way to relieve
oxidative injury during the neonatal period.

The supply of L-arginine (Arg), a substrate for synthesizing
various molecules (such as nitric oxide NO, polyamines, and
proteins), is restricted under OS status.14 Thus, Arg may help
relieve the health- and developmental-related issues that IUGR
causes.15,16 For instance, Arg can regulate synthesis of proteins
and control the transduction of signals;17 enhance production
performance in livestock breeding;18 suppress inammatory
cytokines such as IL-6 and TNF-a;19 and attenuate hepatic and
plasma OS responses.20
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N-Carbamylglutamate (NCG), the analogue of N-acetylgluta-
mate synthase (NAG), ismetabolically stable and can help increase
both plasma Arg concentrations and endogenous synthesis via
activating the carbamoylphosphate synthase-1 and pyrroline-5
carboxylate synthase.2,3,21 Whether supplementing Arg or NCG in
the diet alters hepatic antioxidant status in IUGR suckling lambs
remains unclear. In particular, the molecular mechanism and
related signaling pathways inuencing endogenous antioxidant
ability of these compounds remains largely unknown.

This study aimed to test the hypothesis that Arg or NCG
activate the endogenous antioxidant defense systems in liver of
IUGR suckling lambs. We sought to address the following key
issues: (1) whether antioxidant activity is related to Arg or NCG
consumption; and (2) the way by which Arg or NCG induce the
antioxidant response during IUGR-induced OS.
2. Materials and methods

All animal experiments, which had gained approval from the
Animal Care and Use Committee of the Yangzhou University,
were carried out in accordance with the practical animal
protection law and the Guide for the Care and Use of Laboratory
Animals formulated by the National Research Council (China).
2.1 Diets with milk replacer (MR)

Nutritional composition of MR diets is presented in Table 1. All
ingredients were provided by Tianke and Hejia Co. (Nanjing,
Table 1 Ingredient and nutrient composition of milk replacer (dry
matter basis, %)a

Component Milk replacer

Ingredients (%)
Whey protein concentrate (34% CP) 30.00
Milk fat powder (11% CP) 35.00
Whole milk powder 20.00
a-Casein 5.00
Glucose 6.00
Pre-mixed mixtureb 4.00

Nutrient content (analyzed)c

GE (MJ kg�1) 19.36
CP (%) 23.77
EE (%) 15.65
Ash (%) 7.64
Lysine (%) 1.53
Methionine (%) 0.41
Threonine (%) 0.87
L-Arginine (%) 0.63
Ca (%) 0.99
TP (%) 0.73

a DM, dry matter; GE, gross energy; CP, crude protein; EE, ether extract;
Ca, calcium; TP, total phosphorus. b Main contents of the pre-mixed
mixture (per kg of the pre-mixed mixture): Cu (as CuSO4$5H2O)
600 mg; Mn (MnSO4$H2O) 315 mg; Fe (FeSO4$7H2O) 8400 mg; Zn
(ZnSO4$7H2O) 12 500 mg; Se (as Na2SeO3) 17 mg; vitamin A 55 000 IU;
vitamin E 400 IU; vitamin D 5500 IU; vitamin K 12.5 mg; biotin 2 mg;
folacin 7.5 mg; choline 15 mg; riboavin 100 mg; vitamin B6 175 mg;
thiamin 317.5 mg; and vitamin B12 500 mg. c Nutrient levels are all
measured values.

11174 | RSC Adv., 2020, 10, 11173–11181
Jiangsu, China). All suckling lambs were raised for 21 days in
one of the following iso-nitrogenous dietary groups: basal diet,
basal diet + 1% Arg, or basal diet + 0.1% NCG. The chosen doses
of Arg (1%) and NCG (0.1%) were based on prior research with
ewes and lambs.3,8,18 Diets were prepared to meet dietary
requirements for suckling lambs according to the NRC (2007),22

and had similar amounts of nitrogen (equilibrated by alanine)
and energy. The NCG (at 97% purity) was purchased from
Sigma-Aldrich Corporate (St. Louis). Arg and L-alanine were
purchased from Ajinomoto (Beijing, China) Co.

2.2 Animals and treatments

As proposed by Che et al.,23 suckling lambs with birth weight
(BW) close to mean litter BW (standard deviation, SD 0.5) were
deemed to be normal (NBW), while animals whose BW was$1.5
SD lower were deemed to be IUGR. On day 7 aer birth, 48
newborn Hu lambs weighing 4.25� 0.14 kg (NBW) or 3.01� 0.13
kg (IUGR) were selected from a cohort of 432 twin lambs at the
Jiangyan Experimental Station. (Taizhou, Jiangsu, China).
Animals were weaned at 7 days of age, and based on initial BW
were then randomly assigned to one of 4 groups: CON, IUGR,
IUGR + 1% Arg, or IUGR + 0.1% NCG with 12 (6 males and 6
females) in each group. Each treatment was replicated three
times, and 4 lambs were in each replication. All animals were on
experiment from 7 to 28 days of age, and were housed within a 4
� 1 m2 indoor pen during each replication.

For each lamb on each day, the feeding level of the MR on
a dry matter basis was adjusted to 2% of the live weight of the
lamb every 10 days and fed 3 times daily via nipple bottle (0700,
1300, and 1900). Prior to feeding, MR was dissolved in hot water
to prepare the 40 �C solution (containing 16.67%DM), which was
then given to all animals. All animals had free access to clean
water during the experiment. Oral administration of MR was
done by skilled workers to exclude stressful events interfering
with the data. MR intake for each lamb was recorded daily and
calculated as the difference between the amount offered and
refused. Average daily drymatter intake (ADMI) was calculated via
multiplying the average daily MR intake by its DM content (%).

2.3 Collection of samples

Body weights were measured at 7 and 28 days of age. Sodium
pentobarbital (15 mg kg�1) was given intravenously at the 28th
day prior to sacrice. Blood samples were collected into tubes
containing EDTA as anticoagulant. Plasma was harvested
through centrifugation at 3000 � g for 15 min at 4 �C, and then
preserved at �80 �C to analyze NO content and NOS activity. A
portion of liver tissue harvested aer slaughter was extracted
and weighed prior to preserving at �80 �C.

2.4 Determination of OS status

Protein carbonyls, oxidized glutathione (GSSG), malondialde-
hyde (MDA), and reduced glutathione (GSH) concentrations
together with glutathione peroxidase (GSH-Px), glutathione
reductase (GR), and superoxide dismutase (SOD) activities were
determined using commercial kits (Jiancheng Bioengineering
Institute, Nanjing, Jiangsu, China). Results were standardized
This journal is © The Royal Society of Chemistry 2020
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based on total protein content. Protein content was quantied
by the bicinchoninic acid protein assay kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, Jiangsu, China).14

2.5 Content of NO and activity of NOS

Concentration of NO and nitric oxide synthase (NOS) activity
were analyzed in plasma and liver tissue using assay kits
following manufacturer's instructions.24

2.6 Hepatocyte isolation

A fraction of fresh liver samples was rapidly processed to isolate
hepatocytes to determine concentrations of ROS and rate of
apoptosis and necrosis. During hepatocyte isolation, the hae-
matopoietic cell population was eliminated. More than 90% of
the cells are typical hepatocytes, and the remaining 10% are
broblast-like cells.25 Upon harvesting, livers were placed in ice-
cold Hanks' balanced salt solution (HBSS). Approximately 3 g of
liver was minced and then shaken for 5 min at 37 �C in 25 mL of
HBSS containing 5 mM-EDTA. Minced samples were shaken for
another 10 min in 25 mL of HBSS containing 0.25% (w/v)
collagenase I (Sigma-Aldrich), 0.01% (w/v) DNase (Sigma-
Aldrich) and 5 mM-CaCl2 at 37 �C. The supernatant was
removed, and the digestion process was repeated. The cell
suspension was ltered through a 70 mm nylon mesh and
centrifuged at 20g for 1 min. The pellet was resuspended in PBS
and centrifuged at 20 � g for 1 min. Cell viability was deter-
mined by trypan blue exclusion.26

2.7 Determination of ROS concentrations

The 20,70-dichlorodihydrouorescein diacetate method (DCFH-
DA; Sigma-Aldrich) was used as described previously.27 Intracel-
lular DCFH-DA was cleaved through non-specic esterases, which
led to DCFH formation; while DCFH, in the non-uorescent form
can be oxidized by ROS into the uorescent compound 20,70-
dichlorouorescein. Approximately 1 � 106 hepatocytes were
rinsed with PBS followed by 20 min of incubation with DCFH-DA
(10 mm) at 37 �C in the dark. Following rinsing with ice-cold PBS
for twice, the liver cells were collected, followed by immediate
detection by the FACScan ow cytometer (Beckman Coulter).

2.8 Measurement of apoptosis and necrosis

Degree of apoptosis as well as necrosis was measured through
differential staining using Annexin V (which stained the
apoptotic as well as necrotic cells) combined with propidium
iodide (PI, which stained the necrotic cells alone), and the Alexa
Fluor® 488-Annexin V/Dead Cell Apoptosis Kit (V13241; Invi-
trogen Life Technologies) was used according to previous
description.28 Such method was performed on the basis of the
Annexin V property to bind phosphatidylserine and the propi-
dium iodide ability to intercalate DNA. In brief, hepatocyte
density was measured, and approximately 1 � 106 cells were
resuspended in 1� binding buffer. Aerwards, the solution
supplemented with PI as well as Alexa Fluor® 488-Annexin V
was added into the cell suspension, followed by gentle vortexing
and 15 min of incubation in dark under ambient temperature.
This journal is © The Royal Society of Chemistry 2020
Subsequently, 1� binding buffer (at 4-fold volume) was added
into every tube, followed by analysis by the FACScan ow
cytometer (Beckman Coulter).

2.9 mRNA abundance by real-time PCR

Total RNA was extracted from frozen liver samples using TRIzol
reagent (Invitrogen Life Technologies, Gaithersburg, MD, U.S.A.),
and the purity and quality of the extracted RNA were assessed by
electrophoresis (A260/A280, Beckman DU-800, Beckman Coulter,
Inc., Fullerton, CA, U.S.A.). Then, 100 ng of RNA was used to
synthesize cDNA within the 20 mL reaction system. The RT-qPCR
was performed using the ABI-7900HT instrument (Applied Bio-
systems, Foster City, CA, USA). The reaction was carried out in 10
mL reactionmixture containing 0.2 mL ROX Reference Dye II, 5 mL
SYBR Premix Ex Taq II (Tli RNaseH Plus; TaKaRa Biotechnology
Co., Ltd., Dalian, China), 1 mL cDNA, 0.4 mL of each primer
(forward and reverse), and 3 mL diethylpyrocarbonate-treated
water. The RT-qPCR was performed as follows: 30 s at 95 �C, 40
cycles of 5 s at 95 �C and 31 s at 60 �C, 15 s at 95 �C, 1min at 60 �C,
and 15 s at 95 �C. All samples weremeasured in triplicate, and the
real-time PCR assay had similar efficiency (90–110%). The gene b-
actin (ACTB) was used as the internal control to normalize target
gene expression data. Relative gene expression was analyzed
according to the 2�DDCt method. The primer sequences are listed
in Table 2 (Sangon Biotech, Shanghai, China).29 The mRNA level
of each target gene was expressed relative to the CON group.
Although ACTB has been found to have a high degree of stability
in similar samples and has been previously used as an internal
control gene,8 we acknowledge that using more than one internal
control gene is the most appropriate approach to normalize gene
expression data.30,31 Therefore, we consider that using ACTB as
the only internal control gene is a limitation to this study.

2.10 Western blotting

Total protein from hepatic tissue was extracted with
a commercial kit (Beyotime Biotechnology, Jiangsu, China) and
homogenized according to the manufacturer's protocol. Protein
content was measured using the bicinchoninic acid protein
assay kit (Pierce, Rockford, IL, U.S.A.). The antibodies used in
this study were as follows: anti-GSH-Px1 (1 : 2000, Abcam), anti-
CAT (1 : 2000, Protein Tech), anti-Nrf2 (1 : 2000, Protein Tech),
anti-SOD2 (1 : 5000, Novus), anti-NQO1 (1 : 1000, Abcam), anti-
HO-1 (1 : 1000, Abcam), anti-eNOS (1 : 1000, CELL SIGNALING),
anti-iNOS (1 : 1000, Cell Signaling), and anti-b-actin (1 : 1500,
Santa Cruz). Following 1 h of incubation by the HRP-conjugated
goat anti-rabbit IgG secondary antibody, signals were detected
using the enhanced chemiluminescence kits (ECL-Plus,
Thermo, Waltham, MA, USA); aerwards, they were screened
to detect the uorescence using the BioRad gel detection
system. The densitometric values were standardized based on b-
actin, and expressed relative to control.32

2.11 Statistical analysis

Results are expressed as means with pooled SEMs. The xed
effect of sex was included in the original statistical model and
was not signicant (P > 0.05); thus, it was eliminated from the
RSC Adv., 2020, 10, 11173–11181 | 11175
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Table 2 The primer sequences used in the real-time PCR

Genesa Sequencesb (50–30) Gene bank no.

CAT F: CACTCAGGTGCGGGATTTCT GQ204786.1
R: ATGCGGGAGCCATATTCAGG

GSH-Px1 F: GCAACCAGTTTGGGCATCAG JF728302.1
R: GCCATTCACCTCGCACTTTT

SOD2 F: GTGAACAACCTCAACGTCGC XM_013966636.1
R: GCGTCCCTGCTCCTTATTGA

Nrf2 F: ATCCAGATGCTCACCATGCG XM_005674733.2
R: CCCAATGCAGGACTTGGTCT

HO-1 F: GAACGCAACAAGGAGAAC 001014912.1
R: CTGGAGTCGCTGAACATAG

NQO1 F: CAACAGACCAGCCAATCA 001034535.1
R: ACCTCCCATCCTTTCCTC

iNOS F: TGAGAATGGCAGCTACTGGGTCAA AF223942.1
R: GGTGATGTCCAGGAAATGGGTGA

eNOS F: AGCATCACCTACGACACTCTG NM_001129901.1
R: ACTGGTTGATGAAGTCCCTGG

Bcl-2 F: CGAGTGGCGGCTGAAAT HM630309.1
R: GGTCTGCCATGTGGGTGTC

Bax F: ATGGGCTGGACATTGGACTT AF163774.1
R: ACTGTCTGCCATGTGGGTGT

b-Actin F: GCTCTTCCAGCCGTCCTT NM_001009784.1
R: TGAAGGTGGTCTCGTGAATGC

a CAT, catalase; GSH-Px1, glutathione peroxidase 1; SOD2, superoxide
dismutase 2; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1,
heme oxygenase-1; NQO1, quinone oxidoreductase 1; eNOS, epithelial
NO synthase; iNOS, inducible NO synthase. Bax, Bcl-2-associated X
protein; Bcl-2, B-cell lymphoma/leukaemia 2. b F, forward; R, reverse.
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nal model, in which only treatment was the xed effect. Lamb
within treatment was the random effect. Statistical analysis was
performed using a one-way ANOVA according to the PROC GLM
procedure of SAS (version 9.2). Duncan's multiple range test was
used to determine differences among treatments. A probability
value of #0.05 was used to represent signicance.
3. Results
3.1 Growth performance

Compared with CON, IUGR animals had lower average daily
gain (ADG) and ADMI (P < 0.05), while higher feed conversion
Table 3 Effects of dietary Arg and NCG supplementation on growth perf

Itemb CON IUGR I

Initial weight (kg) 4.25a 3.01b

Final weight (kg) 7.66a 5.41c

Net weight gain (kg) 3.41a 2.40c

ADG (g per day) for days 7–28 162.38a 114.29c 1
ADMI (g per day) for days 7–28 263.06a 238.87b 2
FCR for days 7–28 1.62c 2.09a

Liver weight (g) 172.65a 115.65c 1
Liver weight/BW (%) 2.25 2.15

a Mean values with their SEM (n ¼ 12/group). Within a row, means witho
averaged dry matter intake; FCR, feed conversion ratio; CON, normal
retardation group given a control diet; IUGR + Arg, intrauterine growth
intrauterine growth retardation group given a N-carbamylglutamate-supp

11176 | RSC Adv., 2020, 10, 11173–11181
ratio (FCR) (P < 0.05) (Table 3). Compared with IUGR animals,
IUGR animals under Arg or NCG had higher ADG (P < 0.05) and
reduced FCR (P < 0.05). In comparison to the IUGR lambs, the
weight of the liver was greater (P < 0.05) in the Arg- or NCG-
treated IUGR lambs. The liver weight/BW was not signicantly
different (P > 0.05) in the Arg- or NCG-treated IUGR compared to
the IUGR lambs.
3.2 Hepatic OS status

Compared with CON, protein carbonyl as well as MDA level in
livers of IUGR animals was higher (P < 0.05), whereas GSH-Px,
SOD, GSH/GSSG ratio as well as GSH level were lower (P <
0.05) (Table 4). Compared with IUGR lambs, GSH-Px, SOD, GSH/
GSSG ratio as well as GSH level in the livers of IUGR lambs
under 1% Arg or 0.1% NCG treatment were higher (P < 0.05),
whereas protein carbonyl as well as MDA level were lower (P <
0.05).
3.3 NO content and NOS activity

Relative to CON, IUGR reduced markedly NO content and
activity of NOS in the serum and liver of suckling lambs (P <
0.05) (Fig. 1). Relative to the IUGR group, IUGR animals under
Arg or NCG treatment had (P < 0.05) a higher content of NO and
activity of NOS in the serum and liver (P < 0.05).
3.4 Hepatic ROS and apoptosis

Compared with CON, the IUGR lambs had higher (P < 0.05) ROS
levels, apoptotic as well as necrotic cell proportion in hepato-
cytes (Table 5). Relative to IUGR animals, supplementation with
Arg or NCG reduced (P < 0.05) ROS, apoptosis, and necrosis level
in the liver.
3.5 mRNA abundance in liver

Compared with CON, mRNA expression of GSH-Px1, CAT,
SOD2, Nrf2, HO-1, NQO1, Bcl-2, iNOS and eNOS was down-
regulated (P < 0.05) in livers of IUGR animals. In contrast,
those genes were up-regulated (P < 0.05) in livers of IUGR
animals under Arg or NCG treatment compared with IUGR
ormance and liver organ indices in IUGR suckling lambs for days 7–28a

UGR + 1% Arg IUGR + 0.1% NCG SEM P value

2.99b 3.03b 0.13 0.014
6.01b 6.04b 0.28 0.008
3.02b 3.01b 0.09 0.011

43.81b 143.33b 8.99 0.007
50.23ab 246.53ab 12.04 0.021
1.74b 1.72b 0.05 0.006

35.78b 137.26b 12.35 0.008
2.26 2.27 0.07 0.109

ut a common letter differ (p < 0.05). b ADG, averaged daily gain; ADMI,
birth weight group given a control diet; IUGR, intrauterine growth
retardation group given an arginine-supplemented diet; IUGR + NCG,
lemented diet.

This journal is © The Royal Society of Chemistry 2020
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Table 4 Effects of dietary Arg and NCG supplementation on OS status in the liver of IUGR suckling lambsa

Itemb CON IUGR IUGR + 1% Arg IUGR + 0.1% NCG SEM P value

MDA (nmol per mg protein) 0.65b 0.98a 0.61b 0.67b 0.07 0.008
Protein carbonyl (nmol per mg protein) 1.63b 2.38a 1.72b 1.69b 0.15 0.021
SOD (U per mg protein) 101.23a 62.46c 80.24b 86.13b 4.26 0.009
GSH-px (U per mg protein) 23.78a 14.01c 19.12b 18.93b 1.56 0.019
GR (U per g protein) 12.89 12.06 13.21 13.05 0.88 0.209
GSH (nmol per mg protein) 6.72a 3.68b 6.08a 6.13a 0.34 0.006
GSSG (nmol per mg protein) 0.67 0.71 0.69 0.72 0.07 0.103
GSH/GSSG 10.05a 5.18c 8.81b 8.51b 1.13 0.024

a Mean values with their SEM (n ¼ 12/group). Within a row, means without a common letter differ (p < 0.05). b OS, oxidative stress; MDA,
malondialdehyde; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; GR, glutathione reductase; GSH, reduced glutathione; GSSG,
oxidized glutathione. CON, normal birth weight group given a control diet; IUGR, intrauterine-growth-retarded group given a control diet; IUGR
+ Arg, intrauterine growth-retarded group given a L-arginine-supplemented diet; and IUGR + NCG, intrauterine-growth-retarded group given a N-
carbamylglutamate supplemented diet.
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animals (Table 6). Relative to the IUGR group, Bax mRNA level
was reduced (P < 0.05) in IUGR animals fed Arg or NCG.
3.6 Protein abundance in liver

Relative to CON, IUGR decreased GSH-Px1, CAT, Nrf2, SOD2,
NQO1, HO-1, iNOS as well as eNOS protein levels in the liver of
suckling lambs (P < 0.05) (Fig. 2). Relative to IUGR, IUGR animals
under Arg or NCG treatment had higher (P < 0.05) protein levels
of GSH-Px1, Nrf2, CAT, HO-1, SOD2, NQO1, iNOS and eNOS.
4. Discussion

In addition to the previously described effect on relieving
intestinal injury,8,18 the capacity of Arg or NCG for mitigating
Fig. 1 Effects of dietary Arg and NCG supplementation on the NO
content and activity of NOS in the serum (A and B) and liver (C and D) of
IUGR suckling lambs. NO, nitric oxide; NOS, nitric oxide synthase; CON,
normal birth weight group given a control diet; IUGR, intrauterine
growth retardation group given a control diet; IUGR + Arg, intrauterine
growth retardation group given an arginine-supplemented diet; IUGR +
NCG, intrauterine growth retardation group given a N-carbamylgluta-
mate-supplemented diet. n ¼ 12/group. Mean values in columns with
unlike superscript letters were significantly different (P < 0.05).

This journal is © The Royal Society of Chemistry 2020
hepatic injury can also help enhance IUGR lamb growth as well
as overall health status. According to our results, Arg or NCG
restored the GSH pool, promoted activity of SOD as well as gene
and protein expression involved in the antioxidant system.
These changes likely contributed to the potential protective
mechanisms of Arg or NCG in preventing hepatic disease at an
early age.

Oxidative stress (OS) is caused by the oxidant-antioxidant
imbalance, which is one key characteristic of the IUGR pheno-
type.33 Overproduction of ROS can result in lipid peroxidation,
which is a vital cause of cell damage.34 The MDA molecule is
a major lipid peroxidation product, while protein carbonyl
content is recognized as a liver-protein oxidation marker.35

Suckling animals that underwent IUGR in the present study had
higher protein carbonyl and MDA levels in the liver, which
underscores the high degree of protein oxidation and lipid
peroxidation in the tissue. Similar results were obtained in
piglets13 and rats suffering from IUGR.36 The GSH is one of the
most important intracellular antioxidants that could eliminate
lipid peroxides and repair oxidative proteins through a reaction
catalysed by GSH-Px.37 During these reactions, GSH is trans-
formed into GSSG, the disulphide form, which is then reduced
into GSH by GR under normal conditions. GR, a critical anti-
oxidant enzyme, is able to protect cells from OS.38 The fact that
IUGR decreased markedly GSH content, GSH-Px activity, as well
as GSH/GSSG ratio in the liver suggested a greater susceptibility
of lipid, protein as well as DNA to OS. In cases of severe OS, GSH
content is reduced, while GSSG levels increase resulting in
higher GSSG/GSH ratio.39 The present results were in agreement
with those described by Zhang et al.,26 which revealed a lower
metabolic efficiency in the liver GSH redox cycle of piglets
suffering IUGR. According to previous research, IUGR newborns
have weak protection against OS.40 Oxidative stress shis the
ratio of GSH/GSSG toward a higher GSSG content and a lower
GSH content.41 Arg, which can stimulate NO production in liver,
exerts a vital function in the regulation of antioxidant defense
systems.15,20 Therefore, supplementing Arg or NCG in the diet
would elicit protective effects on hepatic GSH as well as GSH/
GSSG. As such, the latter compounds might help alleviate the
IUGR-induced elevated ROS concentrations in the liver.
RSC Adv., 2020, 10, 11173–11181 | 11177
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Table 5 Effects of dietary Arg and NCG supplementation on ROS and
apoptosis levels in the liver of IUGR suckling lambsa

Itemb CON IUGR
IUGR +
1% Arg

IUGR +
0.1% NCG SEM P value

ROS 1.00c 2.78a 1.58b 1.61b 0.13 0.006
Apoptotic cells (%) 5.02c 11.35a 7.99b 8.13b 0.38 0.014
Necrotic cells (%) 0.19c 0.63a 0.42b 0.38b 0.04 0.005

a Mean values with their SEM (n¼ 12/group). Within a row, means without
a common letter differ (p < 0.05). b ROS, reactive oxygen species; ROS was
expressed in arbitrary units. The ROS levels of each lamb in the CON group
were assigned a value of 1. CON, normal birth weight group given a control
diet; IUGR, intrauterine-growth-retarded group given a control diet; IUGR +
Arg, intrauterine growth-retarded group given a L-arginine-supplemented
diet; and IUGR + NCG, intrauterine-growth-retarded group given a N-
carbamylglutamate supplemented diet.

Table 6 Effects of dietary Arg and NCG supplementation on the
mRNA abundance of genes in the liver of IUGR suckling lambsa

Itemb CON IUGR
IUGR +
1% Arg

IUGR +
0.1% NCG SEM P value

CAT 1.00a 0.41c 0.71b 0.69b 0.04 0.005
GSH-Px1 1.00a 0.52c 0.78b 0.77b 0.05 0.009
SOD2 1.00a 0.51c 0.74b 0.75b 0.08 0.012
Nrf2 1.00a 0.49b 0.93a 0.97a 0.08 0.025
HO-1 1.00a 0.46c 0.73b 0.79b 0.15 0.006
NQO1 1.00a 0.41c 0.69b 0.71b 0.11 0.011
iNOS 1.00a 0.51b 0.89a 0.90a 0.15 0.007
eNOS 1.00a 0.53b 0.96a 0.98a 0.15 0.006
Bcl-2 1.00a 0.48c 0.73b 0.71b 0.09 0.008
Bax 1.00c 2.56a 1.79b 1.71b 0.13 0.006

a Mean values with their SEM (n ¼ 12/group). Within a row, means
without a common letter differ (p < 0.05). b CAT, catalase; GSH-Px1,
glutathione peroxidase 1; SOD2, superoxide dismutase 2; Nrf2, nuclear
factor erythroid 2-related factor 2; HO-1, heme oxygenase-1; NQO1,
quinone oxidoreductase 1; NO, nitric oxide; eNOS, epithelial NO
synthase; iNOS, inducible NO synthase. Bax, Bcl-2-associated X protein;
Bcl-2, B-cell lymphoma/leukaemia 2; CON, normal birth weight group
given a control diet; IUGR, intrauterine-growth-retarded group given
a control diet; IUGR + Arg, intrauterine growth-retarded group given a L-
arginine-supplemented diet; and IUGR + NCG, intrauterine-growth-
retarded group given a N-carbamylglutamate supplemented diet.
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Increasing evidence suggests that ROS exerts a strong
apoptotic effect. In our study, ROS accumulation in liver cells
was markedly higher in lambs suffering from IUGR, which
might have surpassed the scavenging capacity of the antioxi-
dant defense systems. As such, numerous oxidative reactions
would have begun and eventually led to oxidative injury. In the
present study, the IUGR-induced increased hepatocyte
apoptosis as well as necrosis level detected by Annexin V-FITC
staining agreed with prior research in brain,42 kidney,43 small
intestine8 and placenta.44 Such nding suggested that IUGR
inuenced liver development as well as metabolism through
increasing apoptotic activity. Notably, this process appeared to
be largely mediated by the direct or indirect action of ROS.
According to prior research, mitochondrial pore oxidation
induced by ROS destroyed the membrane potential of mito-
chondria thereby contributing to the release of cytochrome c.45

Cytochrome c oxidation plays a vital role in apoptosis,46 and
availability of GSH can inactivate cytochrome c through main-
taining it in a reduced state.47 Therefore, we speculate that the
high proportion of apoptotic cells among IUGR lambs was
mainly due to increased liver ROS content because of the lower
GSH content; furthermore, the lower hepatic cell apoptosis level
among animals fed with Arg or NCG supplementation diet was
due partly to the higher GSH redox status of the liver.

In the present study, IUGR resulted in down-regulation of
Bcl-2 mRNA expression in liver, which likely contributed to the
pro-apoptotic effect of Bax.13 Bax is one of the pro-apoptotic Bcl-
2 family members and can promote the release of cytochrome c
by mitochondria through the formation of ion channels as well
as opening of pores within the outer membrane of mitochon-
dria.48 Thus, these results support the greater state of apoptosis
and necrosis that IUGR suckling lambs experienced.

Arg has been recognized as the substrate for endothelial
nitric oxide synthase (eNOS) to produce the vasoprotective
molecule nitric oxide (NO).49 The NO molecule exerts vital parts
in regulating Arg during intestinal epithelial cell growth as well
as proliferation. Arg can promote the migration of cells through
a mechanism that requires NO together with p70 S6 kinase
phosphorylation.50 In the present study, supplementing Arg or
NCG led to a positive effect by enhancing liver antioxidant
11178 | RSC Adv., 2020, 10, 11173–11181
ability in IUGR lambs potentially through its role as a precursor
of NO.51 This idea is supported by the fact that supplementing
Arg or NCG increased the mRNA as well as protein levels of
eNOS and iNOS in liver along with NOS activity and NO content
in serum and liver in animals suffering from IUG. Overall, the
data suggest that Arg or NCG supplementation elicited bene-
cial effects on hepatic health of IUGR lambs through improving
liver antioxidant ability via its effect on the NO pathway.

The antioxidant transcription factor Nrf2 can serve as an OS
sensor and tightly regulate endogenous antioxidant defense
systems in part by enhancing synthesis of GSH52 as conrmed by
our ndings. Antioxidant ability is synergistically regulated by
a variety of antioxidant enzymes.20,53 Upon OS, Nrf2 disassociates
from Keap1 and translocates into the nucleus, where Nrf2 can
bind to the antioxidant response element (AREs) in target genes,
including antioxidant enzymes such as GSH-Px, CAT and SOD
together with the phase II metabolizing enzymes quinone
oxidoreductase (NQO1) and heme oxygenase (HO-1).54 HO-1 is
a rate-limiting enzyme and allows for the catalysis of heme into
free iron, carbon monoxide (CO) and biliverdin.55 HO-1, together
with metabolic products (such as bilirubin as well as CO),
possesses anti-inammatory and antioxidant properties.56 HO-1,
a well-known Nrf2 target gene, can be induced in an Nrf2-
dependent way.57 NQO1 is an Nrf2-mediated phase II metabo-
lizing enzyme, which can alleviate oxidative damage through
decreasing the activity of NADPH oxidase as well as the produc-
tion of ROS.58 In addition, antioxidant enzymes, such as SOD,
GSH-Px, CAT, andGSH exert crucial effects inmaintaining overall
redox homeostasis in cells.59 In the present study, Arg or NCG
activated Nrf2 as well as antioxidant enzymes (such as SOD, GSH-
Px1, and CAT) together with the phase II metabolizing enzymes
(such as NQO1 and HO-1) in livers of IUGR animals. Arg or NCG
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Effects of dietary Arg and NCG supplementation on the antioxidant defense related protein expression (A–C), Nrf2-signaling-pathway-
related protein expression (D–F), and L-arginine/NO pathway related protein expression (G and H) in the liver of IUGR suckling lambs. CAT,
catalase; GSH-Px1, glutathione peroxidase 1; SOD2, superoxide dismutase 2; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme
oxygenase-1; NQO1, quinone oxidoreductase 1; NO, nitric oxide; eNOS, epithelial NO synthase; iNOS, inducible NO synthase; CON, normal birth
weight group given a control diet; IUGR, intrauterine growth retardation group given a control diet; IUGR + Arg, intrauterine growth retardation
group given an arginine-supplemented diet; IUGR + NCG, intrauterine growth retardation group given a N-carbamylglutamate-supplemented
diet. n ¼ 12/group. Mean values in columns with unlike superscript letters were significantly different (P < 0.05).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
/1

3/
20

26
 1

0:
39

:3
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
enhanced Nrf2 protein level and up-regulate levels of antioxidant
enzymes (such as SOD, GSH-Px, and CAT) together with phase II
metabolizing enzymes (like NQO1 as well as HO-1) all of which
contributed to reduced oxidative damage in liver of IUGR lambs.
5. Conclusions

In summary, our ndings indicate that Arg or NCG can potentially
protect the liver from IUGR-induced oxidative injury through
a process that is achieved by enhancing levels of anti-oxidative
enzymes (such as SOD, GSH-Px, and CAT), Nrf2-mediated phase
II metabolizing enzymes (such as NQO1 as well as HO-1), and
activating the NO pathway to alleviate oxidative damage. As such,
these effects prevent excessive apoptosis and necrosis of liver
tissue. Thus, Arg or NCG potentially serve as dietary supplements
to help alleviate the negative effects of IUGR in newborn livestock.
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