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development and growth performance in broiler chickens
JiguangWang,y Jing Lin,z JingWang,z ShugengWu,z Guanghai Qi,z Haijun Zhang,z,1 and Zhigang Songy,1

yDepartment of Animal Science, Shandong Agricultural University, Taian, Shandong 271018, P. R. China; and zRisk
Assessment Laboratory of Feed Derived Factors to Animal Product Quality Safety of Ministry of Agriculture & Rural
Affairs, and National Engineering Research Center of Biological Feed, Feed Research Institute of Chinese Academy of

Agricultural Sciences, Beijing, 100081 P. R. China
ABSTRACT The present study determined the ef-
fects of in ovo feeding (IOF) of N-acetyl-L-glutamate
(NAG) on early intestinal development and growth
performance of broilers. A total of 702 fertile broiler
eggs were randomly divided into 3 treatments: 1) non-
punctured control group, 2) saline-injected control
group, and 3) NAG solution–injected group (1.5 mg/
egg). At 17.5 D of incubation, 300 mL of each solution
was injected into each egg of injected groups. Results
indicated that the hatchability and healthy chicken rate
were not affected by NAG injection (P . 0.05). Chicks
from NAG solution–injected group had significantly
decreased average daily feed intake and feed conversion
ratio during 1–14 D than those in the non-punctured
control group (P , 0.05). Compared with the non-
punctured control group, IOF of NAG significantly
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increased the density of goblet cells in jejunum at hatch,
duodenum at 7 D, and ileum at 14 D; decreased crypt
depth in jejunum at hatch; and increased villus height
in duodenum and jejunum and villus height:crypt depth
ratio in duodenum at 7 D (P , 0.05). The intestinal
mRNA expression of Na1-dependent neutral amino
acid transporter, peptide transporter, and excitatory
amino acid transporter 3 did not differ between groups
at 7 or 14 D. However, the mRNA expression level of
rBAT in jejunum significantly increased in the NAG
solution–injected group than in the non-punctured
control group at 7 D (P , 0.05). In conclusion, IOF
of NAG (1.5 mg/egg) accelerated the early intestinal
development by enhancing intestinal immune and ab-
sorption function, thereby positively affecting the feed
efficiency for the first 2 wk post-hatch.
Key words: N-acetyl-L-glutamate, intestinal developme
nt, growth performance, intestinal morphology, nutrient
transporter
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INTRODUCTION

The gastrointestinal tract is an essential system of
organs for animal growth because it performs vital func-
tions in nutrient digestion and absorption (Huycke and
Tabin, 2018). Although the development of the intes-
tine, a precise and ordered process, occurs through incu-
bation, the functional abilities do not begin to develop
until amniotic fluid is orally consumed by the chick em-
bryo during the late incubation period. Avian embryo
development is determined by the nutrients within the
egg (Ohta et al., 1999). However, in the late period of
incubation, dramatic physiological change and huge en-
ergy expenditure occur in the chick embryo, which de-
creases the content of nutrients, such as amino acid
(AA) (De Oliveira et al., 2008). Moreover, nutrient
deficit at the late phase of incubation may limit the
development of embryo and post-hatch growth perfor-
mance of chickens (Ohta et al., 1999). After hatching,
modern broilers may fast within 36 to 72 h (Zhang
et al., 2018a). Delayed feeding increases malnutrition
(Kadam et al., 2013) and hinders the maturation of
the intestine of chicks (Gao et al., 2017a), which nega-
tively affects the development of the small intestine,
such as decrease in the villus area, crypt size, crypt pro-
liferation, number of crypt per villus, and rate of enter-
ocyte migration (Geyra et al., 2001a). Accumulating
studies show that in ovo supplementation with nutrients
at the late phase of incubation could provide nutrients
for the intestine and improve the nutritional status be-
tween late incubation and first feeding (Gao et al.,
2017b).
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Relative to fat and water, the amount of AAs is only
enough to satisfy the needs of hatch and development
of the embryo (Al-Murrani, 1978; Ohta et al., 1999). In
addition, the extra nutrients injected into the amnion
at the late phase of incubation may be delivered to the
intestine for improving its development (Willemsen
et al., 2010). In ovo feeding (IOF) of AAs at the late
phase of incubation has been shown to stimulate intes-
tine development and improve growth performance of
broiler chicks (Gao et al., 2017b; Nazem et al., 2017).
In ovo feeding of arginine (Arg) increases the villus
height (VH) and decreases the crypt depth (CD) in
duodenum of broiler embryos and post-hatch hatchlings
(Gao et al., 2017c), and IOF of methionine increases VH,
width, area, enterocyte height, and goblet cell density of
embryos (Nazem et al., 2017). In addition, in ovo supple-
mentation with threonine improves growth performance
of chickens by accelerating the morphological and func-
tional development of the intestinal mucosa (Filho et al.,
2019). Thus, IOF of AAs may be an effective way to
improve intestinal development of broiler embryos and
hatchlings (Al-Murrani, 1982).

N-Acetyl-L-glutamate (NAG) is a catalyst of carba-
moyl phosphate synthase-I (CPS-I), and the carbamoyl
phosphate synthesized by CPS-I plays an important
role in Arg synthesis. An early study showed that the
addition of 0.1 mmol/L NAG to incubation medium
increased pyrroline-5-carboxylate (P5C) synthase activ-
ity in enterocytes of suckling pigs; thus, NAG is an acti-
vator of P5C synthase in enterocytes (Wu et al., 2004).
N-Acetyl-L-glutamate concentration in enterocytes
decreased progressively with increased growth of the
suckling pigs, as was used to synthesize citrulline and
Arg in the intestine (Wu et al., 2004), which showed
that low NAG levels are responsible for the limited in-
testinal synthesis of citrulline and Arg (Wu et al.,
2007). N-Acetyl-L-glutamate was believed to play an
important role in regulating intestinal synthesis of
citrulline and Arg by modulating P5C synthase and
CPS-I activities (Wu et al., 2004). Thus, it is reasonable
to assume that in ovo administration of NAG may
improve early intestinal development and growth per-
formance of broilers after hatching. N-Carbamylgluta-
mate (NCG), a synthetic metabolically stable
analogue of NAG, had been observed to stimulate Arg
synthesis with NAG (Zhang et al., 2018b). Several
studies have investigated the effects of NCG on intes-
tine and growth performance of animals. For example,
dietary supplementation with NCG increases the
expression of intestinal AA transporters in weaned
Huanjiang mini-pig piglets (Yang et al., 2013), en-
hances piglet growth (Wu et al., 2004), and improves
the intestinal function of Hu sucking lambs with intra-
uterine growth restriction (Zhang et al., 2018b). How-
ever, little information is available on the practical
application of NAG in broiler production. Therefore,
the present study investigated the effects of IOF of
NAG at 17.5 D of incubation (DOI) on hatchability,
growth performance, and early morphological and
functional development of the intestine of broilers in
the first 2 wk post-hatch.
MATERIALS AND METHODS

Incubation

Fertile eggs from Ross 308 breeder hens aged 35 wk
were obtained from a commercial source. The eggs had
an average weight of 59.28 6 0.07 g and were stored in
an egg storage facility under commercial conditions.
The eggs were warmed to room temperature (25�C)
before being set (Zhang et al., 2018a) and incubated in
a micro-computer automatic incubator (Model: BLF-
J3520, Chengdu Beili Agricultural Technology Co.,
Ltd., Chengdu, China) at Nankou Experimental Base
of Chinese Academy of Agricultural Sciences (Beijing,
China). After setting the eggs, the incubator tempera-
ture was raised from 25�C to 37.8�C at a rate of 3�C
per hour. The eggs were incubated under standard con-
ditions (37.8�C and 60% relative humidity) according to
constant temperature incubation program and turned
through 90� per 1.5 h until 17.5 DOI. At 10 and 17
DOI, unfertilized and dysplastic eggs were eliminated af-
ter candling, and all eggs were transferred to the hatch-
ing basket with the injection site remained open after
injection at 17.5 DOI.
Treatment Solutions and Injection
Procedure

A total of 702 alive embryo eggs were weighed and
randomly allocated to 3 treatment groups, consisting
of 6 replicates of 39 eggs each at 17.5 DOI. The 3 treat-
ment groups included the non-punctured control group
(NC group); 8.5 g/L saline-injected control group (SC
group), 8.5 g of NaCl was dissolved in 1 L sterile distilled
water (the concentration of physiological saline of the
poultry); and 5.0 g/L NAG solution–injected group
(NAG group), 5.0 g of NAG (855642; Sigma-Aldrich
Inc., St. Louis, MO) was dissolved in 1 L of 8.5 g/L
NaCl diluent solution. The dose of NAG was selected
on the basis of previous experiment result (J. Wang, un-
published data) in our laboratory, and NAG has been re-
ported to be safe (Wu et al., 2004). The solutions were
freshly prepared and warmed in the incubator for
30 min before in ovo injection. At 17.5 DOI, except
eggs in the NC group, eggs taken from setter trays
were punctured at their blunt end after cleaning with
75% ethanol, and then 0.3 mL of injectant was injected
into the amnion of each egg in SC and NAG groups
through a pinhole with a 25 mm needle, which contains
saline solution or NAG solution, respectively.
Treatments and Management

On the day of hatch, hatchlings were weighed and
gender of hatchling was identified by feather sexing.
Twelve healthy males from each replicate whose body
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weight was close to the average body weight (BW) of the
replicate (62 g) were selected. Then, a total of two hun-
dred sixteen healthy male birds were distributed with 3
treatment groups and 6 replicates with 12 chicks per
treatment group and transferred to the chicken house.
Chicks were allowed free access to feed and water in a
temperature-controlled room. All birds were fed with
the same diet and managed according to the routine pro-
cedure. A corn-soybean meal diet was formulated based
on the National Research Council (1994), with 23%
crude protein, 3,000 kcal/kgME, 1.25% digestible lysine,
0.92% digestible methionine 1 cystine, and 0.82%
digestible Thr. Broilers are raised in accordance with
Ross 308 broiler management guide (Aviagen 2015).
Average daily food intake (ADFI), average daily weight
gain (ADG), and feed conversion ratio (FCR) were
recorded during the experimental phase. The feeding
trial lasted for 14 D.
Data and Sample Collection

At 19.5 DOI, 6 live embryonated eggs chosen from
each treatment were terminated. Egg weight (EW), em-
bryo bodyweight (EBW, included yolk), and yolk sac
weight (YSW) of each selected egg were determined,
and their weight relative to set egg weight (SEW)
(EW/SEW ! 100, YSW/SEW ! 100) was calculated
as percentages. At day of hatch, the number of hatched
birds and healthy chicks were recorded. Hatched chicks
as a percentage of total fertile eggs (hatchability),
healthy chicks as a percentage of total hatched chicks
(rate of healthy chicks), and the ratio of BW to SEW
were computed.
At the day of hatch, 7 D of age, and 14 D of age (d), 6

chicks from each treatment were weighted and eutha-
nized by cervical dislocation. The duodenum, jejunum,
and ileum were separated. The length of each bowel seg-
ments was measured with a soft ruler, the length of the
intestine was recorded, and intestinal relative length
was calculated relative to BW, intestinal relative
length 5 intestinal length (cm)/body weight (Kg)
(Shirkey et al., 2006). Approximately 1 cm and 1 g sam-
ples of the middle part of each intestinal segment were
collected for histology and mRNA expression assay,
respectively.
Histology Analyses

Samples of the intestine were fixed in 4% (vol/vol)
buffered formaldehyde, dehydrated in ethanol and xylol
alcohol, cleaned, and embedded in paraffin. Four-
micrometer sections were stained with hematoxylin–
eosin. Stained samples were observed under an Olympus
BX43 microscope with a magnification of 400!. The
VH, CD, and density of goblet cells were measured
with medical image analysis software Image-Pro Plus
7.0. The VH was measured from the crypt mouth to
the villus tip. The CD was measured from the base to
the border between the villi and the crypt. The area of
goblet cells in different intestines was determined from
the length and width of the goblet cell “cup” in cross-
sections of the villi, and the number of goblet cells per
100 villous mucosal columnar cells was measured.

Quantification of Nutrient Transporter
mRNA With Real-Time PCR

Total RNA was extracted from duodenum and
jejunum tissues with the TransZol Up Plus RNA Kit
(ER501, Biohuafu Co., Ltd.) and transcribed to cDNA
with TransScript II All-in-One First-Strand cDNA Syn-
thesis SuperMix for qPCR (AH341, Biohuafu Co., Ltd.).
Real-time PCR was carried out by using a LightCycler
96Roche Real-time PCR Instrument with TransStart
Top Green qPCR SuperMix (AQ131, TransGen Biotech
Co., Ltd.). The program used was as follows: 95�C for
10 min; 0 cycles of 94�C for 10 s, 60�C for 10 s, and
72�C for 10 s. The primers used for the real-time PCR
were synthesized by Tianyi Huiyuan (Tianyi Huiyuan
Biotechnology Co., Ltd., Beijing, China). Gene expres-
sion was measured by relative expression with GAPDH
serving as an endogenous control. The average value of
3 replicates of each sample were used for PCR analysis.
The relative mRNA expression levels were calculated
with the 22DDCt method (Livak and Schmittgen,
2001). Primer sequences are shown in Table 1.

Statistical Analyses

Data were analyzed by one-way ANOVA using SAS,
version 9.4 (SAS Institute, 2013), and differences were
considered statistically significant at P� 0.05. Duncan’s
multiple range test was used to detect significant differ-
ences between individual means when the treatment ef-
fect (in ovo injection) was significant. The results were
expressed as mean and SEM.
RESULTS

Embryonic Characteristics at 19.5 DOI and
Hatching Characteristics

The data of the incubation performance and the
various embryonic characteristics are shown in
Table 2. The SEWdid not differ within the 3 treatments.
In ovo feeding of NAG had no effects on EW, EBW,
YSW, YSW/EBW, hatchability, and rate of healthy
chicks at hatch (P . 0.05).

Growth Performance

Table 3 shows the initial weight (IW), final weight
(FW), ADG, ADFI, and FCR of broilers during 1–
14 D post-hatch. Between the treatment groups, no sig-
nificant treatment effects were observed on the IW, FW,
and ADG of broilers in the phase of 1–14 D. The ADFI in
the NC group was significantly higher (P , 0.05) than
that of the NAG group. Compared with the NC group,
in ovo supplementation with NAG significantly
improved the FCR of broilers (P , 0.05).



Table 1. Primer sequence of target and reference genes.

Gene Function Forward primer (50-30) Reverse primer (30-50) GenBank number Length (bp)

B0AT Na1-dependent neutral amino
acid transporter

TGCGTAGGGTTTTGTGTTGG AACTCCAGACT
CCCACACTG

XM_419056 184

Pept1 Dipeptide and tripeptide transporter ACACGTTTGTTGCTCTGTGC GACTGCCTGCC
CAATTGTAT

NM_204365 122

EAAT3 Neutral amino acid transporter ACCCTTTTGCCTTGGAAACT TTGAGATGTTT
GCGTGAAG

XM_424930 122

rBAT Cationic and zwitterionic amino
acid transporter

CTACCAGGTCTACCCTCGTTC TTCCCATAGACA
CTCACCCA

XM_426125 414

GAPDH Housekeeping gene ATCCGGACCCTCCATTGTC AGCCATGCCAA
TCTCGTCTT

NM_205518 120

Abbreviations: B0AT, solute carrier family 6, member 19 (SLC6A19); GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Pept1, peptide
transporter-1 (SLC15A1); EAAT3, excitatory amino acid transporter 3 (SLC1A1); rBAT, solute carrier family 3, member1 (SLC3A1).
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Intestinal Length

The intestinal length and relative length of the intes-
tine of 14-day-age broilers are shown in Table 4. No sta-
tistical differences were observed on the intestinal length
and relative length of the intestine between the treat-
ment groups. The length of the intestine increased
from the duodenum to the ileum and then the jejunum
in our experiment.
Intestinal Morphology

The VH, CD, and VH/CD in the small intestine of
broilers at hatch, 7 D, and 14 D are presented in
Tables 5–7. At hatch, a significantly smaller CD was
observed in the jejunum of birds supplemented with
NAG compared with the NC group (P , 0.05). No
significant difference was observed in other items
(Table 4).

At 7 D of age, greater VH in the duodenum and
jejunum was observed in chicks hatched from the
Table 2. Effects of in ovo feeding of N-acetyl-L-glutamate (NAG)
on embryonic characteristics at 19.5 D of incubation and hatch-
ability of broilers.1

Variables

Treatment groups

SEM5 P-valueNC2 SC3 NAG4

SEW6(g) 59.46 59.22 59.15 0.07 0.132
17.5 DOI EW7(g) 53.87 55.96 53.67 0.53 0.149
19.5 DOI EW8 (g) 53.21 55.57 53.03 0.59 0.150
EBW9 (g) 43.68 45.93 43.91 0.55 0.194
YSW10 (g) 9.09 10.73 9.29 0.31 0.056
YSW/EBW (%) 20.85 23.38 21.14 0.57 0.148
Hatchability (%) 84.62 84.62 80.34 1.65 0.502
Rate of healthy chicks (%) 97.64 94.34 92.62 1.19 0.225
BW11/SEW (%) 71.20 69.83 70.17 0.28 0.162

1N 5 6, one embryo from per replicate (39 eggs).
2NC: non-punctured control group.
3SC: saline-injected control group (eggs injected with 300 mL of saline

water at 17.5 D of incubation).
4NAG: NAG solution–injected group (eggs injected with 300 mL of sa-

line water containing NAG 1.5 mg/egg at 17.5 D of incubation).
5SEM: standard error of the mean.
6SEW: set egg weight.
717.5 DOI WE: egg weight at 17.5 DOI.
819.5 DOI EW: egg weight at 19.5 DOI.
9EBW: embryo body weight at 19.5 DOI.
10YSW: yolk sac weight at 19.5 DOI.
11BW: average body weight of hatchlings.
NAG injection group compared with the NC or SC
group (P , 0.05). In ovo feeding of NAG significantly
increased VH/CD in the duodenum of broilers at 7 D
compared with other groups (P , 0.05). In the NAG
group, VH/CD in the jejunum of chickens was higher
than that in the SC group (P , 0.05), which was
similar to the NC group (P . 0.05). No effect was
observed on other variables between the treatment
groups (Table 6). N-acetyl-L-glutamate supplementa-
tion in ovo had no effect on intestinal morphology of
14-day-age broilers (Table 7).
Goblet Cell Density

The effects of IOF of NAG on goblet cell density in the
intestine are listed in Table 8. At hatch, the density of
goblet cells in the jejunum significantly increased
(P , 0.05) in broiler chickens from NAG group when
compared with the NC group although no significant dif-
ference was observed on the density of goblet cells be-
tween the NAG group and the SC group. At 7 D, IOF
of NAG increased goblet cell density in the duodenum
compared with the NC group (P , 0.05). At 14 D, the
density of goblet cells in the ileum was higher
Table 3. Effects of in ovo feeding of N-acetyl-L-glutamate (NAG)
on growth performance of 14-day-old broilers.1

Variables

Treatment groups

SEM5 P-valueNC2 SC3 NAG4

IW (g)6 42.15 40.87 41.47 0.34 0.299
FW (g)7 408.01 412.77 390.57 8.09 0.564
ADG (g) 24.98 24.35 23.03 0.52 0.352
ADFI (g) 31.28a 29.44a,b 27.18b 0.70 0.048
FCR (g/g)8 1.253a 1.210a,b 1.181b 0.011 0.013

a–bMeans within a row without common superscript differ significantly
(P , 0.05).

1N 5 6, 12 birds in one replicate.
2NC: non-punctured control group.
3SC: saline-injected control group (eggs injected with 300 mL of saline

water at 17.5 D of incubation).
4NAG: NAG solution–injected group (eggs injected with 300 mL of sa-

line water containing NAG 1.5 mg/egg at 17.5 D of incubation).
5SEM: standard error of the mean.
6IW: the initial weight of hatchlings at hatch.
7FW: the weight of 14-day-age broilers.
8FCR: feed conversion ratio.



Table 4. Effects of in ovo feeding ofN-acetyl-L-glutamate (NAG) on intestinal length and relative
length of the intestine of broilers at 14 D post-hatch.1

Item Variables

Treatment groups

SEM5 P-valueNC2 SC3 NAG4

Intestinal length (cm) Duodenum 18.60 18.70 17.50 0.36 0.382
Jejunum 41.25 38.00 37.25 0.85 0.163
Ileum 39.00 35.00 34.50 0.92 0.154

Relative length of the
intestine6 (cm/kg)

Duodenum 45.12 46.04 44.19 1.28 0.856
Jejunum 99.93 93.38 93.45 1.87 0.314
Ileum 91.73 85.93 86.65 2.12 0.584

1N 5 6, one chick from each replicate (11 chicks).
2NC: non-punctured control group.
3SC: saline-injected control group (eggs injected with 300 mL of saline water at 17.5 D of incubation).
4NAG:NAG solution–injected group (eggs injected with 300 mL of saline water containing NAG1.5mg/egg

at 17.5 D of incubation).
5SEM: standard error of the mean.
6Relative length of the intestine 5 intestinal length (cm)/the body weight (kg).
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significantly in the NAG group than in the NC group
(P , 0.05).
mRNA Expression of Nutrient Transporters
in the Jejunum and Duodenum

The mRNA expression levels of nutrient trans-
porters in the jejunum and duodenum at 7 and 14 D
are shown in Figure 1 and Table 9. The results showed
that compared with other groups, IOF of NAG signif-
icantly increased (P , 0.05) the mRNA expression
level of rBAT in the jejunum only at 7 D but not at
14 D. No significant differences were observed in the
relative mRNA expression level of Na1-dependent
neutral amino acid transporter (B0AT), di- and tri-
peptide transporters 1 (Pept1), and excitatory amino
acid transporter 3 (EAAT3) in the jejunum and duo-
denum (P . 0.05).
Table 5. Effects of in ovo feeding of N
intestinal morphology of broilers at ha

Item Variables

Treatm

NC2

Duodenum VH6 (mm) 568.72 55
CD7 (mm) 95.17 9
VH/CD8 6.00

Jejunum VH6 (mm) 409.58 42
CD7 (mm) 88.17a 7
VH/CD8 4.61

Ileum VH6 (mm) 250.48 24
CD7 (mm) 58.35 5
VH/CD8 4.38

a–bMeans within a row without common s
among the groups.

1N 5 6, one chickling from each replicat
2NC: non-punctured control group.
3SC: saline-injected control group (eggs

17.5 D of incubation).
4NAG: NAG solution–injected group (eg

containing NAG 1.5 mg/egg at 17.5 D of in
5SEM: standard error of the mean.
6VH: villus height.
7CD: crypt depth.
8VH/CD 5 villus height (mm)/crypt dep
DISCUSSION

Embryonic Growth and Growth
Performance

The nutrition in eggs is the only nutrient source for the
development of chicken embryos. Nutrition deficiency
eventually occurs at the last phase of incubation (Filho
et al., 2019), which may restrict embryonic growth and
reduce the hatchability of chicken eggs (Shafey et al.,
2012). During the development of avian embryos, the
yolk is the first primary nutrition source and the sole en-
ergy supply (Romanoff, 1960). Thus, embryo develop-
ment is dependent on the utilization of yolk nutrition
(Ohta et al., 1999). In our study, the similar yolk sac
weight among groups suggested that IOF of solution
containing NAG or saline did not affect the absorption
or utilization of yolk during the late phase of incubation.
The results of embryonic characteristics examined at
-acetyl-L-glutamate (NAG) on the
tch.1

ent groups

SEM5 P-valueSC3 NAG4

5.40 552.55 19.09 0.941
7.38 101.12 2.63 0.673
5.73 5.49 0.19 0.580
3.25 388.20 21.56 0.828
6.27b 74.96b 2.34 0.025
5.54 5.18 0.24 0.270
6.68 234.30 4.31 0.364
8.68 58.40 1.88 0.998
4.23 4.01 0.15 0.650

uperscript differ significantly (P, 0.05)

e (38 fertile eggs).

injected with 300 mL of saline water at

gs injected with 300 mL of saline water
cubation).

th (mm).



Table 6.Effects of in ovo feeding ofN-acetyl-L-glutamate (NAG) on intestinal
morphology of broilers at 7 D post-hatch.1

Item Variables

Treatment groups

SEM5 P-valueNC2 SC3 NAG4

Duodenum VH6 (mm) 873.14b 985.54b 1,031.58a 26.54 0.029
CD7 (mm) 169.70 184.20 165.88 4.82 0.283
VH/CD8 5.18b 5.37b 6.25a 0.17 0.008

Jejunum VH6 (mm) 569.67b 563.02b 631.98a 12.40 0.021
CD7 (mm) 147.75 165.32 145.73 3.97 0.060
VH/CD8 3.90a,b 3.43b 4.35a 0.15 0.023

Ileum VH6 (mm) 578.66a 489.62b 595.92a 17.19 0.012
CD7 (mm) 142.50 136.38 153.34 3.11 0.067
VH/CD8 4.07 3.90 3.73 0.09 0.309

a–bMeans within a row without common superscript differ significantly (P , 0.05)
among the groups.

1N 5 6, one chick was selected from each replicate.
2NC: non-punctured control group.
3SC: saline-injected control group (eggs injected with 300 mL of saline water at 17.5 D

of incubation).
4NAG: NAG solution–injected group (eggs injected with 300 mL of saline water

containing NAG 1.5 mg/egg at 17.5 D of incubation).
5SEM: standard error of the mean.
6VH: villus height.
7CD: crypt depth.
8VH/CD 5 villus height (mm)/crypt depth (mm).
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19.5 DOI indicated that all embryos, including those
injected with solution, grew normally. Similar results
were observed in a previous study with L-ascorbic acid
injection (Zhang et al., 2018a). Greater synthesis and
lower degradation of proteins were observed in embryos
injected with nutrition (Ohta and Kidd, 2001). Thus,
nutritional supplementation by in ovo administration
is beneficial to increase the BW of fowls during hatching
(Al-Murrani, 1982; Tangara et al., 2010; Gaafar et al.,
2013). Chicks with greater BW during hatching are
believed to have an innate advantage in growth. This
theory has been supported by the fact that IOF of
carbohydrates and b-hydroxy-b-methyl-butyrate
increased the BW of chicks during hatching, and the
Table 7. Effects of in ovo feeding of N-a
tinal morphology of broilers at 14 D pos

Item Variables

Treatm

NC2 S

Duodenum VH6 (mm) 1,411.08 1,3
CD7 (mm) 242.25 2
VH/CD8 5.83

Jejunum VH6 (mm) 900.15 1,0
CD7 (mm) 207.87 1
VH/CD8 4.37

Ileum VH6 (mm) 617.30 6
CD7 (mm) 193.75 1
VH/CD8 3.34

a–bMeans within a row without common s
among the groups.

1N 5 6, one chick was selected from each r
2NC: non-punctured control group.
3SC: saline-injected control group (eggs i

17.5 D of incubation).
4NAG: NAG solution–injected group (eg

containing NAG 1.5 mg/egg at 17.5 D of incu
5SEM: standard error of the mean.
6VH: villus height.
7CD: crypt depth.
8VH/CD 5 villus height (mm)/crypt dept
weight of chickens in the treatment group was always
higher than that in the control group (Uni et al.,
2005). Supplementation with Arg in ovo affected post-
hatch growth of broilers in the pattern described previ-
ously, and the superior BW lasted until the fourth
week (Nayak et al., 2016).
In our study, although no differences of BW at hatch

were noticed, IOF of NAG improved feed efficiency at
1–14 D by decreasing feed intake compared with the
NC group. Accumulating studies show that in ovo sup-
plementation with nutrients not only increases BW of
birds but also improves feed efficiency of chicks. The
chicks that consumed the amniotic fluid with the
feeding solution during incubation may have
cetyl-L-glutamate (NAG) on intes-
t-hatch.1

ent groups

SEM5 P-valueC3 NAG4

30.58 1,392.30 37.68 0.706
38.56 257.80 3.74 0.052
5.61 5.41 0.19 0.698
16.82 909.27 28.08 0.172
93.48 195.32 4.70 0.421
5.28 4.68 0.18 0.106
86.90 706.18 22.66 0.254
67.37 167.30 7.57 0.273
4.11 4.25 0.19 0.095

uperscript differ significantly (P , 0.05)

eplicate.

njected with 300 mL of saline water at

gs injected with 300 mL of saline water
bation).

h (mm).



Table 8. Effects of in ovo feeding of N-acetyl-L-glutamate (NAG)
on goblet cell density (%) in the intestine of broilers at hatch, 7 D,
and 14 D.1

Variables

Treatment groups

SEM5 P-valueNC2 SC3 NAG4

At hatch
Duodenum 20.6 22.1 21.4 0.009 0.801
Jejunum 12.0b 12.1a,b 15.6a 0.007 0.027

Ileum 13.3 13.3 12.3 0.005 0.623
At 7 D

Duodenum 21.6b 26a,b 29.2a 0.012 0.028
Jejunum 20.8a 15.6b 21.8a 0.009 0.001

Ileum 16.2 14 14.6 0.005 0.173
At 14 D

Duodenum 32 27.8 29.6 0.012 0.373
Jejunum 20.9 23.9 24.1 0.008 0.154
Ileum 14.6b 18a,b 22.4a 0.011 0.005

a–bMeans within a row without common superscript differ significantly
(P , 0.05) among the groups.

1N 5 6, one chick was selected from each replicate.
2NC: non-punctured control group.
3SC: saline-injected control group (eggs injected with 300 mL of saline

water at 17.5 D of incubation).
4NAG: NAG solution–injected group (eggs injected with 300 mL of sa-

line water containing NAG 1.5 mg/egg at 17.5 D of incubation).
5SEM: standard error of the mean.
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advantage in terms of nutrient utilization post-hatch
(Uni and Ferket, 2004). The results in the present
study are consistent with an early study on Arg, which
showed that IOF of Arg significantly improved the
feed efficiency of chickens at days 1–7 without
affecting the hatching weight of broilers (Gao et al.,
2017b). Feed efficiency improvement was also
observed in intrauterine growth restriction suckling
lamb fed diet containing NCG, a functional analogue
of NAG (Zhang et al., 2018b). In addition, IOF of
Arg (Saki et al., 2013) and other critical AAs
(Bhanja and Mandal, 2005) had been reported to
ameliorate the feed efficiency. These observations
demonstrated that IOF of functional AAs has the po-
tential to beneficially affect the post-hatch growth
performance.
Figure 1. Effects of in ovo feeding of N-acetyl-L-glutamate (NAG) on rel
duodenum (B) of broilers at 7 D post-hatch. The mRNA expression levels w
the GAPDH gene. Data are presented with means6 SEM (standard error) o
control group (eggs injected with 300 mL of saline water at 17.5 D of incubat
saline water containing NAG 1.5 mg/egg at 17.5 D of incubation); B0AT
transporter-1 (SLC15A1); EAAT3 5 excitatory amino acid transporter 3 (
within the same gene without common superscript (a-b) differed significant
Intestinal Morphology, Goblet Cell Density,
and Nutrient Transporters

The small intestine plays an important role in nutri-
tion absorption, digestion, and assimilation because
the greatest digestion and absorption occur in this organ
(Nazem et al., 2017). Early intestinal development is vi-
tal to maximize the growth potential of chicks (Cheled-
Shoval et al., 2011). Therefore, any improvement of
early intestinal morphology and functional capacity is
beneficial for broiler growth performance (Cheled-
Shoval et al., 2011). For example, IOF of Arg increased
the weight of jejunum and lipase activity in the jejunum
of 7-day-age broilers, and the ADG of chickens from Arg
in ovo group was significantly increased during days 1–
21 (Gao et al., 2017b). In ovo supplementation with
Thr positively affects VH, CD, and VH/CD in the
jejunum of broilers at hatch and improves the growth
performance of chickens during days 1–7, 7–14, and 1–
21 (Filho et al., 2019). In the present study, although
IOF of NAG did not affect the length of the intestine,
it positively affected intestinal morphology, the density
of goblet cells, and mRNA expression level of the
nutrient transporters.

The first response in the small intestine to NAG sup-
plementation was the increased density of goblet cells
in the jejunum at hatch. The long-term effect of in ovo
NAG supplementation on goblet cell density in the small
intestine lasted for 14 D. Increased goblet cell density
was beneficial for intestinal immunity and nutrient ab-
sorption function because goblet cells can secrete
chicken-lactose-lectin and produce many neutral and
acidic mucin proteins. Chicken-lactose-lectin, which is
present in the embryo muscle and adult intestine
(Beyer and Barondes, 1982), regulates lymphocyte pro-
liferation (Lipsick et al., 1980). In addition, neutral
and acidic mucin proteins secreted by goblet cells are
an important component of the intestinal mucus layer
(Smirnov et al., 2006). As a part of the innate host
response system, the mucus layer protects the epithelial
ative mRNA expression of nutrient transporters in the jejunum (A) and
ere determined by quantitative real-time PCR and calculated relative to
f 6 replicates. NC5 non-punctured control group; SC5 saline-injected
ion); NAG5 NAG solution–injected group (eggs injected with 300 mL of
5 solute carrier family 6, member 19 (SLC6A19); Pept1 5 peptide

SLC1A1); rBAT 5 solute carrier family 3, member1 (SLC3A1).Values
ly (P , 0.05).



Table 9. Effects of in ovo feeding of N-acetyl-L-glutamate (NAG)
on the mRNA expression of nutrient transporters of broilers at
14 D post-hatch.1

Item Variables

Treatment groups

SEM5 P-valueNC2 SC3 NAG4

Jejunum B0AT 1.00 2.39 3.66 0.55 0.191
Pept1 1.00 2.69 2.09 0.34 0.577
EAAT3 1.00 3.50 2.09 0.97 0.082
rBAT 1.00 2.06 1.42 0.37 0.482

Duodenum B0AT 1.00 0.93 0.60 0.14 0.554
Pept1 1.00 0.82 0.97 0.13 0.254
EAAT3 1.00 0.80 0.65 0.08 0.835
rBAT 1.00 0.27 0.47 0.16 0.154

Abbreviations: B0AT, solute carrier family 6, member 19 (SLC6A19);
Pept1, peptide transporter-1 (SLC15A1); EAAT3, excitatory amino acid
transporter 3 (SLC1A1); rBAT, solute carrier family 3, member1
(SLC3A1).

1N 5 6, one chick was selected from each replicate.
2NC: non-punctured control group.
3SC: saline-injected control group (eggs injected with 300 mL of saline

water at 17.5 D of incubation).
4NAG: NAG solution–injected group (eggs injected with 300 mL of sa-

line water containing NAG 1.5 mg/egg at 17.5 D of incubation).
5SEM: standard error of the mean.
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cells from harmful constituents in the enterocoel, plays a
role in nutrient absorption, and prevents gastrointes-
tinal pathologies (Forstner et al., 1995). Functional
development of chicken goblet cells occurs in the late
period of incubation and immediate post-hatch period
(Smirnov et al., 2006), and any events that occur at an
early age have a significant impact on intestine function
later (Van Zijderveld et al., 1992). Because the amniotic
fluid is swallowed by the embryo in the vital period of in-
testinal development, intraamniotic nutrient supply in-
creases goblet cell density (Cheled-Shoval et al., 2011;
Nazem et al., 2017). In agreement with our results,
increased intestinal density of goblet cells had been
observed in pigs fed with NCG-supplemented diet (Wu
et al., 2010). In addition, the results showed that the
goblet cell density in the duodenum increased most
rapidly from hatch to 14 D in our study.

The second response of the intestine to IOF of NAG
was the improvement of intestinal morphology charac-
terized by the lower CD in the jejunum at hatch and
higher VH in the duodenum and jejunum at 7 D post-
hatch. Normal morphology of the intestine is vital for
nutrient digestion and absorption (Yao et al., 2012).
Therefore, increased VH is indicative of better growth
in broilers. The increase in VH indicates an increase in
the number of epithelial cells, which is beneficial to the
growth of broilers (Geyra et al., 2001a,b).
Furthermore, increased VH, a sign of accelerated
protein synthesis, indicates the accelerated
proliferation rate of intestinal epithelial cells, which is
beneficial for intestinal development. Unquestionably,
the increase in VH increases the area of the intestinal
tract for digesting nutrition, and a study showed that
structures with higher villus and lower crypt are more
suitable for digestion and absorption (Pluske et al.,
1996). The VH increases at 17 DOI during incubation.
During the last period of incubation, energy
consumption is large, and the nutrient content drops
significantly (De Oliveira et al., 2008), which may limit
the development of the intestinal tract of embryos.
Moreover, during this period, in ovo supplementation
with nutrients contributes to intestinal development.
The increased VH induced by in ovo NAG supplementa-
tion may be associated with Arg metabolism. Dietary
supplementation of NCG, a metabolic analogue of
NAG, can increase VH in pigs (Wu et al., 2010), which
could be explained by the theory that NCG promotes
the synthesis of Arg via stimulating the conversion of
glutamine and proline into citrulline in the small intes-
tine (Wu et al., 2008). In addition, improved VH was
also reported by the in ovo administration of Arg in
broilers (Gao et al., 2017b,c). Therefore, in ovo NAG
supplementation may stimulate intestinal development
through Arg. However, more investigations are needed
to support this theory. In the present study, in ovo
NAG administration did not induce changes of
intestinal length of broilers. The intestinal length of
broilers increased from the duodenum to the ileum and
then jejunum in our study, which is consistent with a
previous study (Saki et al., 2011).
Nutrient transporters in the intestinal mucosa play a

major role in nutrient absorption (Smirnov et al.,
2006). In the breeding of broiler chickens, the cost of
daily food is the highest, especially protein (Miska and
Fetterer, 2016). Protein is broken down to small peptides
and AAs in the small intestine. Then, dipeptide and tri-
peptide are transported by enterocytes via Pept1 or are
catabolized to AA by aminopeptidase N. Free AA is
transported into enterocytes via several AA transporters
located in the brush border membrane with varying
specificities for different AAs (Miska et al., 2014).
B0AT transports neutral AA into the enterocyte, and
EAAT3 is an important anionic AA transporter with af-
finity for glutamate (Hundal and Taylor, 2009), which is
the main fuel source of intestinal epithelial cells (Wu,
1998). rBAT, the heavy chain of dibasic and neutral
AA transporters (Li et al., 2008), composes heterodimer
with b0,1AT to transfer cationic and zwitterionic AAs
into the enterocyte (Broer, 2008). To investigate the ef-
fects of IOF of NAG on the ability of broilers to absorb
protein in the small intestine, we determined the
mRNA expression level of transporters.
During the incubation, chicken embryos consume nu-

trients from a lipid-rich yolk; thus, the expression levels
of intestinal brush border membrane-bound nutrient
transporters are low (Li et al., 2008). In the late phase
of incubation, the expression of intestinal nutrient trans-
porters enables chick embryos to extract nutrients from
amniotic fluid (Uni and Ferket, 2004). After hatch,
broilers absorb nutrients from a carbohydrate- and
protein-rich diet. To accommodate the shift in food
types, chickens adjust their metabolic machinery to ac-
cess nutrition better. The mRNA expression of Pept1,
EAAT3, and rBAT increases from 18 DOI to 14 D of
age (Gilbert et al., 2007), which indicates that these
transporters are important for chickens to adjust to
diet. Our results showed that in ovo supplementation
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with NAG significantly increased the mRNA expression
level of rBAT in the jejunum at 7 D post-hatch, which
indicates that in ovo NAG supplementation helped
broilers to be prepared to adjust to the change of
nutrient supply. In our study, the mRNA expression
level of transporters associated with nutrient absorption
in the NAG group was upregulated, which may
contribute to the accelerating maturation of intestinal
mucosa (Li et al., 2008). In addition, the increased
expression of nutrient transporter protein seems to be
accompanied by changes in intestinal morphology,
which is more conducive to the absorption of nutrients.
Elevated expression of nutrient transporters, better
nutrition-absorbing intestinal structures, and increased
goblet cell density were helpful for broilers to improve
nutrient absorption efficiency, adjust to feed earlier, in-
crease the area to absorb enough nutrients, and boost
immunity to protect individuals from pathogens,
enabling broilers to absorb nutrients from feed more effi-
ciently. The aforementioned effects of IOF of NAG
contributed to the improvement of feed efficiency during
day 1 to 14.
Nutritional modulation-induced improvement of the

growth performance is often accompanied by the
improvement of intestinal function in broilers
(Boroojeni et al., 2019; Kazemi et al., 2019). However,
whether nutrition regulation first improves intestinal
function and then affects the growth performance of
broilers remains to be elucidated. In the present study,
the effects of IOF of NAG on broilers were first reflected
in the improvement of intestinal morphology and
function and then in the growth performance. The
influence model of NAG on broilers was similar to that
of plant extracts observed in an early study, in which
dietary plant extracts did not affect the growth
performance in the first 2 wk but increased the BW at
28 D and the feed efficiency at 15 to 42 D by increasing
the abundance of firmicutes in intestinal microbiota
from 14 D, as evidenced by the decomposition of
polysaccharides and the production of butyrate (Zhu
et al., 2019). These results demonstrated that the
morphological or functional changes induced by dietary
exposure usually occur before the alteration of growth,
which would need a period of time to manifest. However,
NAG administration in ovo improved the feed efficiency
by increasing nutrient transporter expression and amelio-
rating the intestinal morphology. In addition, another
reason for the improvement of feed efficiency may be
related to the embryonic metabolism or chick quality.
Chick quality and post-hatch performance may be
affected by the embryo eggshell temperature (Joseph
et al., 2006; Hulet et al., 2007; Zhai et al., 2011;
Pulikanti et al., 2012; Ipek et al., 2014). It is possible
that NAG can modulate the embryo metabolism and
heat production, which may positively affect growth.
The effects of IOF of NAG on embryo shell temperature
change deserve further investigation.
In conclusion, the amniotic injection of NAG at 17.5

DOI (1.5 mg/egg) increased the density of goblet cells,
promoted intestinal development, and improved
intestinal immune and absorption function, therefore
improving the feed efficiency in the first 2 wk post-
hatch. The optimal time, site, and dosage of IOF of
NAG warrant further study.
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