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A B S T R A C T

Background: Early life events play significant roles in tissue development and animal health in their later life. Early nutrition, through in-
ovo delivery, has shown beneficial effects on improving intestinal health in broiler chickens. However, the underlying mechanism is not
fully investigated. A recently developed enteroid culture technique allows investigations on intestinal epithelial functions that are close to
physiologic conditions.
Objectives: In this study, we evaluated the short- and long-term effects of in-ovo administration of glutamine (Gln) on intestinal epithelial
development and functions by using intestinal enteroid culture and tissue electrophysiologic analysis.
Methods: A hundred eggs of commercial Cobb500 broilers were in-ovo injected with 0.2 mL of either phosphate-buffered saline (PBS) or
3% Gln at embryonic day 18 (E18). Chicks were killed on the day of hatch, and at 3- and 14-d posthatch. Enteroids were generated from the
small intestine. After 4 d of culture, enteroids were harvested for 5-ethynyl-20-deoxyuridine proliferation, fluorescein isothiocyanate-4 kDa
dextran permeability, and glucose absorption assays. At day 3 (d3) and day 14 (d14), intestinal barrier and nutrient transport functions were
measured by the Ussing chamber. The gene expression of epithelial cell markers, nutrient transporters, and tight-junction proteins were
analyzed in both intestinal tissues and enteroids.
Results: In comparison with the PBS control group, in-ovo Gln increased intestinal villus morphology, epithelial cell proliferation, and
differentiation, and altered epithelial cell population toward increased number of enteroendocrine and goblet cells while decreasing Paneth
cells. Enteroids gene expression of nutrient transporters (B0AT1, SGLT1, and EAAT3), tight junction (ZO2), glucose absorption, and barrier
functions were enhanced on the day of hatch. Long-term increases of intestinal di-peptide and alanine transport were observed at day 14
posthatch.
Conclusions: Together our results suggested that the in-ovo injection of Gln stimulated intestinal epithelium proliferation and programmed
the epithelial cell differentiation toward absorptive cells.
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Introduction

Early life nutrition during the peri-hatching period plays
significant roles in intestinal development in modern broiler
chickens. The embryonic development period is responsible for
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>30% of the whole lifespan of commercial broiler chickens [1].
During the last 3 d prehatch and first 3 d posthatch, the weight of
the intestine increased 3.5-fold [2,3]. Unlike mammals that
receive nutrients via the placenta, the nutrient supply for a
chicken embryo could be limited by the size of the egg, which is
the sole source supporting organ development. Therefore, early
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nutrition programming has been suggested as a strategy to
improve intestinal development [4]. In-ovo administration of
carbohydrates or amino acids has shown beneficial effects on
intestinal development in poultry, including improved jejunum
morphology in pigeons and broilers [5–7], as well as increased
intestinal weight and digestive enzymes in geese [8], chickens
[9], and ducks [10]. However, less is known regarding how the
in-ovo nutrition influences intestinal epithelial functions, such as
nutrient transport, barrier, and enteroendocrine.

Optimal intestinal functions rely on the maturation of
epithelial cell populations, such as enterocytes, goblet cells,
Paneth cells, enteroendocrine cells (EECs), and the activity of
their progenitor cells and epithelial stem cells (IESC) [11,12].
Intestinal epithelial cell-specific gene markers, such as delta-like
canonical Notch ligand 1 (Dll1) (secretory progenitor cells), hes
family bHLH transcription factor 1 (Hes1) (absorptive progenitor
cells), mucin 2 (Muc2) (goblet cells), chromogranin A (ChgA)
(EECs), lysozyme (LYZ) (Paneth cells), olfactomedin 4 (Olfm4),
and leucine-rich repeat containing G protein-coupled receptor 5
(Lgr5) (IESC) have been widely used to estimate epithelial turn-
over andmaturation directions [13–15].However, the evaluation
of these cell functions in avian species, especially during the
peri-hatch period, has been understudied because of the lack of
appropriate cell models. A recently developed enteroid model,
derived from the chicken embryonic small intestine, has shown
promising properties representing intestinal cell populations
[16]. These 3D apical-out enteroids recapitulate the structure of
the intestinal epithelium and allow convenient analysis of the
intestinal barrier and nutrient transport functions.

Glutamine (Gln) serves as one of the major fuels for the in-
testinal epithelium and regulates epithelial cell proliferation,
barrier function, apoptosis, and inflammation [17]. In-ovo Gln
administration stimulated intestinal cell proliferation and dif-
ferentiation in chickens [18]. However, how early life Gln im-
pacts immediate gut function at hatch and at later posthatch life
has not been fully evaluated.

In this study, we conducted in-ovo Gln injection to E18 broiler
chicken embryos and monitored intestinal epithelial cell popu-
lation changes by cell-specific marker gene expression and
immunofluorescent staining. We further evaluated intestinal
functions on the day of hatch by using apical-out enteroid analysis
and evaluated later posthatch intestinal functions by using Ussing
chamber electrophysiologic analysis. Our data indicated that the
early life Gln in-ovo nutrition accelerated the development and
maturation of the intestinal epithelium in both the short- and
long-term posthatch.

Methods

Animal procedure and in-ovo Gln administration
All animal care procedures were approved by the University of

Delaware Institutional Animal Care andUse Committee. A total of
100 Cobb 500 fertile eggs were obtained from the same laying
flock in a local hatchery to minimize maternal variations. The
eggs were incubated at 37.5�C and 60% humidity for 21 d. On
embryonic day 18 (E18), the eggs were randomly assigned into 2
groups of in-ovo injections: phosphate-buffered saline (PBS)
control and Gln supplementation. Starting from E18, the shift of
yolk nutrient absorption pathway (fromyolk sacmembrane to the
yolk stalk) allows specific delivery of exogenous nutrients directly
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into gut lumen of the middle intestine [19]. Therefore, the in-ovo
Gln injection sitewas targeted on the yolk sac in this study. Before
injection, the eggshell was sterilized with 70% ethanol. One dose
of 200 μL sterile PBS (1X) or Gln (200-mM, G3126, Sigma) was
gently injected into the yolk via a 23-G 1.5-inch needle. The in-
jection hole was subsequently sealedwith glue. Eggs were further
incubated till day E21. Immediately after hatch, the chicks were
transferred to environmentally controlled isolators. Birds were
fed with a commercial broiler starter diet and were raised
following industrial standards (24 h light) till 14 d of age. Indi-
vidual body weight (BW) and group feed intake were recorded at
d3, d7, and d14 of age.
Sample collection
On the day of hatch, in addition to d3 andd14 posthatch, birds

were killed by decapitation or cervical dislocation. The entire
intestine from duodenum to cloaca was collected and linearized
by removing the mesentery. The total length of the intestine was
measured. The distal ileum was fixed in 4% paraformaldehyde
(PFA) for later histology and immunohistochemistry staining.
The proximal ileum was snap frozen in liquid nitrogen (LN2) for
later gene expression analysis. On the day of hatch, the middle
ileum from 3 embryos was harvested and pooled together for the
isolation of villus units and enteroids development. At d3 and
d14 posthatch, the middle ileum was harvested for Ussing
chamber analysis.
Histology analysis
PFA-fixed-ileum tissues were washed 3 times by PBS, and

then dehydrated overnight in 30% sucrose. After dehydration,
the tissues were embedded in optimal cutting temperature
compound and cryosectioned into 10 μm-thick sections mounted
on slides. The slides were stained with hematoxylin and eosin.
Tissue histologic images were obtained under a bright field mi-
croscope. The villus height, crypt depth, and crypt fission were
measured via ImageJ software (NIH). The identifications of crypt
fission and villus–crypt measurements were based on previous
research [20,21]. The crypt fission rate was calculated by
counting the number of bifid crypts and dividing by the total
number of crypts, which was expressed as a percentage of bifid
crypts.
Alcian-Blue staining
Fixed-ileum tissue slides were stained with a commercial

Alcian-Blue periodic acid-Schiff (PAS) Stain Kit (ab245876,
Abcam). Images were obtained under a bright field microscope
and villus height, crypt depth, and positive-stained cells numbers
were measured via ImageJ software (NIH,). The goblet cell
number was normalized to the total length of a villus–crypt axis.
Immunofluorescence staining
Tissue slides were washed with PBS and permeabilized via

0.1% Triton-X (T8787, Sigma). After blocking with 0.5% bovine
serum albumin, the tissue slides were incubated with anti-LYZ
(PA5-16668, Invitrogen) or anti-ChgA (MA513096, Invitrogen)
primary antibodies. Followed by washing off primary antibodies,
the slides were incubated with secondary anti-rabbit IgG anti-
body (G21234, Invitrogen) or anti-mouse IgG antibody (A32723,
Invitrogen) respectively. 40,6-diamidino-2-phenylindole (DAPI)
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(P36931, Invitrogen) was used to label the nuclei of cells. Images
were obtained under a fluorescent microscope. The number of
positively stained (LYZ for Paneth cell, ChgA for EEC) cells was
counted by ImageJ software (NIH). The region-specific LYZ and
ChgA positive cell numbers were normalized on the basis of crypt
depth, upper and lower half of the villus height, and the total
length of the villus–crypt axis.

Intestinal villus units isolation and apical-out
enteroid culture

The intestinal villus unit isolation procedure was modified
from previous research [16,22]. Briefly, the chick embryos were
killed via decapitation on embryonic day 21. The middle ileum
segments (3–4 cm length) were collected and washed with
ice-cold Dulbecco’s phosphate buffered saline (DPBS,
21-031-CV, CORNING). The ileum segments were minced into
0.5-cm pieces and digested in Dulbecco's Modified Eagle Me-
dium (DMEM/F12, 12634010, Gibco) with 0.2 mg/mL collage-
nase (C9891, Sigma) and 6-μM Y27632 (1254, TOCRIS) at 37�C
for 30 min. The villus units were released after vigorous shaking.
The desired size of villus units (40–100 μm) was collected and
uniformed through cell strainers. A portion of isolated villus
units were immediately cultured in the floating organoid me-
dium (FOM), which contained 10-mM HEPES (15630106,
Gibco), 2-mM L-glutamine (G-3126, Sigma), 50 U/mL P/S
(15140122, Gibco), and 2% B27 (12587010, Gibco) in
DMEM/F12 media. Other villus units were cryopreserved in a
freezing media consisting of 10% Dimethyl sulfoxide (DMSO,
D2650, Sigma) and 90% FOM and stored in LN2 for later use.

The enteroid culture procedure was conducted according to
previous publications with modifications [16,22]. Briefly,
sphere-shape enteroids were formed after 24-h culture of the
isolated villus units in the FOM media. To avoid contamination
of adherent cells, after 48-h in culture, the floating enteroids
were collected, and centrifuged at 300 � g for 5 min at 4�C.
Enteroid pellets were resuspended in FOM and cultured in
standard cell culture-treated plates at a density of 800 enteroids
per mL. Half of the media was replaced in each well every 2 d.
After 4 d of culture, the enteroids were harvested for further
analysis. The individual chicken embryo was used as an experi-
mental unit. A total of 6–12 replicates were included.

qRT-PCR analysis
The mRNA expression levels of DII1, Hes1, proliferating cell

nuclear antigen (PCNA), ChgA, MUC2, LYZ, Lgr5, Olfm4, zonula
occludens (ZO2), occludin (OCLN), TJP1, sodium-glucose linked
transporter (SGLT1), glucose transporter 2 (GLUT2), excitatory
amino acid transporter (EAAT3), B0 amino acid transporter 1
(B0AT1), TATA-box binding protein (TBP), ribosomal protein
lateral stalk subunit P1 (RPL1), and ribosomal protein L4 (RPL4)
were determined by qRT-PCR. The detailed primer information
is shown in Table 1. The total RNA of frozen ileum samples was
isolated by Trizol reagent (T9424, Sigma), according to the
manufacturer's instructions. After isolation, total RNA concen-
tration was measured through nanodrop (13400525, Thermo
Fisher Scientific). The cDNAwas synthesized by a commercial kit
(K1672, Thermo Fisher Scientific). qRT-PCR was performed in a
QuantStudio 3 Real-Time PCR Detection System (Applied Bio-
systems) with 2� SYBR qPCR Mix (A25742, Applied Bio-
systems). The comparative Ct method (2-ΔΔCT method) was used
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to quantify gene expression with the genes TBP, RPL1, and RPL4
served as internal controls [23].

Enteroids EdU proliferation analysis
The proliferation of enteroids was measured via a commercial

5-ethynyl-20-deoxyuridine (EdU) HTS kit (BCK-HTS488-2, base
click). Briefly, the EdU molecule was incubated with enteroids
for 2 h at 37�C with 5% CO2. The enteroids were washed and
fixed with 4% PFA, followed by 0.1% Triton-X permeabilization.
The EdU was labeled via kit reagents. Cell nuclei were stained
with DAPI (10236276001, Sigma). The fluorescent intensity of
EdU and DAPI were quantified under Excitation/Emission
wavelengths 496/516 nm and 340/488 nm, respectively. The
proliferation was indicated as the ratio of EdU to DAPI intensity.

Enteroid fluorescein isothiocyanate-4 kDa dextran
(FD4) permeability analysis

FD4 (46944, Sigma) was used for FD4 permeability assay as
described previously [22]. Briefly, enteroids were treated with 2
mg/mL FD4 at 37�C for 2 h. After treatment, the residual FD4 in
the medium was removed via ice-cold PBS wash, followed by
300� g centrifugation at 4�C for 5 min. After 3 times of washing,
an aliquot of the final supernatant was saved for the background
reading, before the resuspension of enteroid pellet. The fluo-
rescent intensity of the final enteroid suspension was measured
by a fluorescent plate reader under Excitation/Emission wave-
length 485/528 nm. The intact enteroids number of each well
was counted to normalize the FD4 fluorescence, as shown in the
formula below.

FD4 fluorescence¼ FD4 fluorescence intensity� Background
Enteroid number

Enteroid glucose (2-NBDG) absorption analysis
2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxy-

glucose (2-NBDG) (N13195, Invitrogen) was used for absorption
analysis. Phlorizin (11576, Cayman), a sodium-glucose linked
transporter (SGLT1) specific inhibitor, was used as a blockade for
glucose active absorption. Briefly, enteroids were treated with or
without 300 nM phlorizin at 37�C for an hour followed by
treatment with 100 μM 2-NBDG at 37�C for 2 h. After treatment,
the 2-NBDG residual in the medium was removed via ice-cold
PBS wash, followed by 300 � g centrifugation at 4�C for 5
min. After 3 times of washing, an aliquot of the final supernatant
was saved for the background reading, before the resuspension
of enteroid pellet. The fluorescent intensity of the final enteroid
suspension was measured by a fluorescent plate reader under
Excitation/Emission wavelength 465/540 nm. The intact enter-
oid number of each well was counted to normalize the 2-NBDG
fluorescence, as shown in the formula below.

2NBDG fluorescence¼ 2NBDG fluorescence intensity� Background
Enteroid number

Ussing chamber analysis
Intestinal physiologic functions were evaluated by the

Ussing chamber system. The Ussing chamber procedure was
modified from previous studies [23]. Briefly, the middle ileum
was cut open along the mesentery. The muscle layers of the
intestine were stripped off in ice-cold and oxygenated Ringer’s



TABLE 1
Primer sequence list for qRT-PCR

Gene Forward Reverse Target Gene name Accession
number

ChgA AAGCCAACACTGATGAAGAAGG CTGAGGTGAGTACTGGGAGC Enteroendocrine
cells

Chromogranin A XM_015287755.2

MUC2 ATTGAAGCCAGCAATGGTGT TTGTTGGCCTTGTCATCAAA Goblet cells Mucin 2 XM_046942297.1
LYZ GACGATGTGAGCTGGCAG GGATGTTGCACAGGTTCC Paneth cells Lysozyme NM_205281
PCNA GGCTTCGACACCTACCGCT GAGCCAACGTATCCGCATTGT Proliferation cells Proliferating cell

nuclear antigen
NM_204170.2

Lgr5 ACGTCTTGCAGGAAATGGCT TTGGCATCCAGGCGTAGAG IESC Leucine-rich repeat
containing G
protein-coupled
receptor 5

XM_425441.5

Olfm4 TGACAACGACAGACGTGACTC AGAACTTTGGGGAGGTGTGC Olfactomedin 4 NM_001040463.1
Dll1 GCTTCAATGGAGGGCGATGC GAGTTCCCCAGGTCAACGCA Secretory

progenitors
Delta-like canonical
Notch ligand 1

NM_204973.2

Hes1 TAGTTCGCGGCACTCCAAGC ACTTGCCCAGCACCGTAGG Absorptive
progenitors

Hes family bHLH
transcription factor 1

XM_015291592.2

ZO1 TGAAGGACCCCAGTGACACG CACTCATGGCTGGGAGCGTA Tight-junction
proteins

Tight-junction
protein 1

XM_015278981.2

ZO2 GCCCCAGCCAAAAGCAGTTA CCAGCAAGTCGCAGACCAAC Tight-junction
protein 2

NM_204918.1

CLDN1 GCGGGGGACAACATCGTGAC AGACCCAGGAGTATGGCGGC Claudin 1 NM_001013611.2
CLDN2 GACGTGAACCATTCGCAGTCC GTTTTGTGAGGGCACAGGCA Claudin 2 NM_001277622.1
OCLN CGCTACGGCAAAGCCAACAT CCATCCGCCACGTTCTTCAC Occludin NM_205128.1
SGLT1 GCCATGGCCAGGGCTTA CAATAACCTGATCTGTGCACCAGTA Nutrient

transporters
Solute carrier family
5 member 1

NM_001293240.2

GLUT2 ATGACGGTTGGACTTGTGCT CAATGAAGTTGCAGGCCCAG Solute carrier family
2 member 2

NM_207178.1

B0AT1 AGGTGGGAGGAGCGGAATTT TGCGGGTGCTCTCATGTATT Solute carrier family
6 member 19

XM_419056.6

EAAT3 TGCTGCTTTGGATTCCAGTGT AGCATGACTGTAGTGCAGAAGTAATATAT Solute carrier family
1

XM_424930.5

PepT1 AGACTGGGCAAGCGAGAAGT TGCCCAGAACATCGGGAGAG Solute carrier family
15 member 1

NM_204365.2

TBP CTTCGTGCCCGAAATGCT GCGCAGTAGTACGTGGTTCTCTT Internal controls TATA-box binding
protein

NM_205103

RPL1 TCTCCACGACGACGAAGTCA CCGCCGCCTTGATGAG Ribosomal protein
lateral stalk subunit
P1

NM_205322.1

RPL4 TCAAGGCGCCCATTCG TGCGCAGGTTGGTGTGAA Ribosomal protein
L4

NM_001007479.1
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solution. A piece of 0.3–0.5-cm2 mucosa was mounted on the
Ussing chamber filled with Ringer’s solution. A total of 10-mM
glucose was added to the serosal side as tissue energy source,
and 10 mM mannitol was added to the mucosal side for
balancing osmotic pressure. A protease inhibitor cocktail
(78425, Thermo Fisher Scientific) was added in the serosal
side to prevent dipeptidyl peptidase IV degradation of enter-
oendocrine product. After mounting, tissues were allowed for
a 20-min equilibration period, then the tissue was
short-circuited by clamping the voltage to zero. The
short-circuit current (Isc, μA/cm2) and transepithelial resis-
tance (TER, Ω � cm2) were continuously recorded by the
chamber software (Acquire and Analyze 2.3, Physiologic In-
struments Inc.). For electrogenic nutrient transport measure-
ment, a dose of 10-mM nutrients (glucose, di-peptide
glycylsarcosine [G3127, Sigma], alanine, Gln, lysine) was
added to the luminal side (osmotically balanced with 10-mM
mannitol in serosal side), and changes in response to nutri-
ents addition (delta Isc) was recorded and calculated. For
permeability measurement, one dose of FD4 (1 mg/mL) was
added to the luminal side, and FD4 leakage in the serosal
chamber was quantified.
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Statistical analysis
Data are expressed as the mean � SEM from the indicated

sample number. Statistical significance between 2 groups was
analyzed by Student’s t-test. Statistical significance between
multiple groups was analyzed via one-way ANOVA followed by
Tukey post hoc test. Analysis was performed using the SigmaPlot
version 12 software. P values of �0.05 were considered statis-
tically significant. P values of �0.01 were considered a trend of
significance.

Results

Intestinal length and ileal morphology
Early life Gln supplementation significantly stimulated in-

testinal growth during the peri-hatch period. The in-ovo Gln
injection at E18 significantly increased intestinal length
(Figure 1A) on the day of hatch, in comparison with PBS injec-
tion control. In the ileum, the villus height and villus height:
crypt depth ratio were significantly increased, whereas the crypt
depth and crypt fission were not significantly changed in Gln-
treated birds (Figure 1B).



FIGURE 1. Effects of in-ovo glutamine (Gln) on small intestinal length and ileal morphology on the day of hatch. (A) Small intestinal length
measurement after linearization. (B) Ileal tissue histologic measurements. Data are presented as the mean � SEM from �6 embryos. *P � 0.05; **P
� 0.01.
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FIGURE 2. Effects of in-ovo (Gln) on the proliferation and differentiation of intestinal epithelial stem cells (IESC) in ileal tissue and enteroids on
the day of hatch. (A) The number and size of apical-out enteroids isolated from the small intestine and cultured for 4 d. (B) The mRNA expression
of differentiation and proliferation markers in ileum tissue and enteroids. (C) 5-ethynyl-20-deoxyuridine (EdU)cell proliferation assay in the
enteroids; Blue fluorescent: 40,6-diamidino-2-phenylindole (DAPI) (nuclei); Green fluorescent: EdU (proliferate cells). Data are presented as the
mean � SEM from �6 embryos. *P � 0.05; **P � 0.01.
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FIGURE 3. Effects of in-ovo Gln on ileum epithelial cell population on the day of hatch. (A) The marker genes mRNA expression of epithelial cells
in the ileum tissue and enteroids. (B) Immunofluorescent staining [ChgA for Enteroendocrine cells (EEC), LYZ for Paneth cells] and Alcian-Blue
periodic acid-Schiff (PAS) staining (goblet cells) in the ileum. In EECs images (left), blue fluorescent: 40,6-diamidino-2-phenylindole (DAPI)
(nuclei); Green fluorescent: Chromogranin A (ChgA). In Paneth cells images (right), blue fluorescent: DAPI (nuclei); Green fluorescent: Lysozyme
(LYZ). Data are presented as the mean � SEM from �6 embryos. #0.05 < P � 0.1; *P � 0.05; **P � 0.01.
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Intestinal epithelial proliferation and
differentiation potential

To evaluate whether in-ovo Gln influenced epithelial cell
activities, the ileal tissue and the apical-out enteroids isolated
from ileal villus units at hatch time were analyzed. After 2 d of
culture, enteroids were formed from epithelial villus units
(Supplemental Figure 1). In-ovo Gln feeding significantly
increased enteroid number and size, as well as the EdU positive-
stained cell numbers (Figure 2A and C), as indications of accel-
erated epithelial proliferation. Furthermore, PCNA (proliferating
cell marker) mRNA expressions were significantly increased in
both ileum tissue and apical-out enteroids. Interestingly, the
mRNA expressions of both Dll1 (secretory cell precursor marker)
and Hes1 (absorptive cell precursor marker) were significantly
increased in the ileal tissue and enteroids (Figure 2B).
FIGURE 4. Effects of in-ovo Gln on epithelial tight-junction’s gene expressi
(A) The mRNA expressions of intestinal tight-junction proteins in the ile
enteroids after 4 d in culture. Green fluorescent: FD4. Data are presented
fluorescein isothiocyanate-4 kDa dextran.
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Intestinal epithelial cell composition
We further evaluated how in-ovo Gln affected IESC and

secretory cell populations. mRNA expressions of Olfm4 (active
stem cell marker) but not Lgr5 tended to be increased in ileum on
the day of hatch (Figure 3A). In the ileal tissue, the number and
density of ChgA positive-stained cells (EEC) and Alcian-Blue–PAS
positive cells (goblet cells) were significantly increased, whereas
the number and density of LYZ positive-stained cells were
significantly decreased (Figure 3B). At themolecular level,mRNA
expression of ChgA was significantly increased, whereas LYZ
(Paneth cell marker) was decreased (Figure 3A). In the apical-out
enteroids, gene expressions of ChgA (EEC marker) and MUC2
(goblet cell marker) were both increased significantly. These data
suggest that all epithelial secretory cell differentiations were
enhanced by Gln, except for the Paneth cell population.
on and barrier function in the ileum and enteroids on the day of hatch.
um tissue and enteroids. (B) FD4 permeability analysis in apical-out
as the mean � SEM from �6 embryos. *P � 0.05; **P � 0.01. FD4,



FIGURE 5. Effects of in-ovo Gln on intestinal nutrient transporters gene expression and glucose absorptive function in the ileum and enteroids on
the day of hatch. (A) 2-NBDG absorption analysis in the enteroids after 4 d in culture. Green fluorescent: 2-NBDG. (B) The mRNA expressions of
intestinal nutrient transporters in the ileum tissue and enteroids. Data are presented as the mean � SEM from �6 embryos. *P � 0.05; **P � 0.01
compared between Gln and PBS groups. Different letters indicate P � 0.05 among treatments. 2-NBDG, 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)
Amino)-2-Deoxyglucose.
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Intestinal epithelial cell barrier and absorptive
functions on the day of hatch

To examine the immediate effects of in-ovo Gln on intestinal
functions at hatch, gene expression and functional assays in
apical-out enteroids were used. In the enteroids that were iso-
lated from Gln-treated embryos, the gene expression of tight-
junction protein (ZO2) was increased in both enteroids and in-
testinal tissue (Figure 4A). The paracellular permeable FD4 was
significantly reduced (Figure 4B). The total absorption of NBD-
labeled glucose increased in enteroids from in-ovo Gln birds
compared with in-ovo PBS birds (Figure 5A).

To further specify this increase in glucose transport originating
from SGLT1 functions, enteroids were pretreated with phlorizin
(an SGLT1-specific blocker) before glucose addition. The total
glucose transport was significantly blocked in both the PBS-
phlorizin group and the Gln-phlorizin group. After the phlorizin
treatment, the paracellular and passive (GLUT2 mediated)
glucose transport were significantly lower in enteroids from in-
ovo Gln birds compared with in-ovo PBS birds (Figure 5A).
Given the reduced paracellular FD4 permeability result observed
above, this enhanced 2-NBDG transport was more likely via
SGLT1 activities than paracellular glucose diffusion. In enteroids,
the mRNA expressions of SGLT1 (glucose transporter), EAAT3
(anion AA transporter), and B0AT1 (neutral AA transporter) were
upregulated in the in-ovo Gln bird. In the ileal tissue, only B0AT1
mRNA expression was increased (Figure 5B). The data from both
enteroids and intestinal tissues on the day of hatch suggested an
1183
increased nutrient transport functions immediately following Gln
in-ovo nutrition.
BW and intestinal barrier and absorptive functions
at posthatch period

The BW of birds treated with in-ovo Gln tended to increase at
d3 but showed no difference at d7 and d14 (Figure 6A). To eval-
uate whether early in-ovo Gln introduced long-term changes in
intestinal functions in later life, Ussing chamber electrophysio-
logic analyses were used on the ileal tissue at d3 and d14 post-
hatch. At d3, the basal Isc (ion secretion indicator), TER (epithelial
integrity indicator), and FD4 permeability were not changed in
treated birds (Figure 6B). Alanine transport tended (P < 0.1) to
increase in the in-ovo Gln group at d3 (Figure 6C). At d14 post-
hatch, in-ovoGln significantly increased electrogenic transports of
di-peptide and alanine in the ileum (Figure 6C). Interestingly, FD4
permeability tended to increase in the Gln group. These results
indicated a long-term beneficial effect of in-ovo Gln injection on
later posthatch gut nutrient transport functions.

Discussion

In this study, the short- and long-term effects of early life
nutrition via in-ovo Gln supplementation at E18 were evaluated
in broiler chickens. The embryos were allowed for 3 d of nutri-
tional stimulation. On the day of hatch, significant improvement



FIGURE 6. The effects of in-ovo Gln on growth performance, intestinal barrier, and nutrient absorption functions in the ileum at day 3 and day 14
posthatch. (A) Body weight of chickens posthatch. (B) Ileum barrier functions are indicated by the Ussing chamber measurements of the basal Isc,
TER, and FD4. (C) Ileum electrogenic nutrient absorptive functions are indicated by Ussing chamber measurements of the dIsc for glucose, di-
peptide (Gly-Sar), glutamine, alanine, and lysine. Data are presented as the mean � SEM from �4 chickens. #0.05 < P � 0.1; *P � 0.05; **P
� 0.01 comparing between Gln and PBS. Basal Isc, basal short-circuit current; TER, transepithelial electrical resistance; FD4, fluorescein
isothiocyanate-4 kDa dextran; dIsc, delta short-circuit current change in response to the nutrient addition.
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in small intestinal growth and maturation were indicated by
intestinal length and mucosa morphologic measurements.
Similar results have been observed in other groups. S€ozcü and Ak
[24] reported that in-ovo injection of Gln increased small in-
testinal length by ~45% at hatch. In addition, the villus height
and villus to crypt ratio were increased on the day of hatch by
in-ovo injection of Gln [18], threonine (Thr) [25], or arginine
[26]. In fact, early life nutrition programming (including in-ovo
nutrition and posthatch feeding) has been suggested as a strategy
to modulate intestinal development in poultry (reviewed, [4]).

As a complicated and dynamically regulated organ, the in-
testinal functions are tightly associated with epithelial cell
1184
composition and homeostasis but are not always in line with
structural or histologic features of the mucosa [27,28]. However,
few studies evaluated the intestinal functions of in-ovo Gln. In
this repeatable model of early-nutrition-stimulated intestinal
maturation, we further investigated intestinal epithelial cell
composition and their basic intestinal functions posthatch.

Intestinal epithelial cells go through dramatic proliferation
and maturation during peri-hatch periods [29]. Such rapid
growth and expansion rely on IESCs activities, including active
self-proliferation and generation of absorptive and secretory
precursor cells, which eventually differentiate into functional
mature cells [30]. It is not convenient to analyze epithelial
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proliferation and differentiation activities in vivo. Therefore, a
recently established technique for generating chicken enteroids
was utilized in this study. These 3D enteroids consist of all types
of epithelial cells, encapsulating the core lamina propria cells
and immune cells which closely recapitulate intestinal villus
properties [16]. Their apical-out feature allows easy access to
their luminal side for evaluating epithelial functions; these pri-
mary cultures also reflect any host-specific tissue programming
effects.

Our enteroid culture results showed that the enteroids iso-
lated from in-ovo Gln-treated intestines were not only more in
number but also greater in size (Figure 2A). Given the fact that
these enteroids were formed by epithelial cell encapsulation
(epithelial wound healing), our data suggested that in-ovo Gln
treatment might enhance epithelial regeneration capability and
proliferation rate. The programming effect of enhanced prolif-
eration was further confirmed in the in vitro EdU proliferating
assay when intestinal cells were cultured in days out of the em-
bryo (Figure 2C). Other groups also reported enhanced cell
proliferation effects by in-ovo Gln (Sox9 stained cells [18]). In
our study, at the molecular level, Gln treatment simultaneously
upregulated cell proliferation gene marker (PCNA),
epithelial-specific gene marker for absorptive precursor cells
(Hes1) and secretory precursor cells (Dll1) [14,31]. Interest-
ingly, these findings showed similar trends both in ileal gut tis-
sues and in the isolated enteroids. However, discrepancies
between tissue and enteroids were observed in terms of MUC2,
SGLT1, and EAAT3 mRNA expression. This might be because
apical-out enteroids were derived from the upper villus area of
the epithelium and were less representative of the crypt regions.
Therefore, the Gln effects on the intestinal villus could be more
readily observed in the enteroids than in the tissue samples.
Overall, our data supported that the apical-out enteroid model
closely recapitulated in vivo intestinal villus features [16,32].

Considering the potentially underrepresented crypt cell pop-
ulation in enteroids, we further evaluated the downstream
secretory cell lineage allocations to EECs, Paneth cells, and
goblet cells mostly in the intestinal tissues. Surprisingly, we
found significant repression of Paneth cell number, but a sig-
nificant increase in EEC and goblet cell number (Figure 3). In
mammalian animals, Paneth cells are located in the crypt region
and support the stem cell niche environment [33,34]. It is worth
noting that Paneth cells in chickens might be located throughout
the whole crypt/villus axis [35,36]. Although an unknown
mechanism, such decreasing of Paneth cells had been previously
found in early life intestinal development in chicken, including
duodenum, jejunum, and ileum segments [37,38]. Few re-
searchers studied early life nutrition and EEC development and
functions. It is known that glucagon-like peptide 2 secreted by
EECs increased IESC proliferation [39] and intestinal develop-
ment [40–43]. A recent publication studying in-ovo Gln reported
significant increases in intestinal GLP-2R, insulin-like growth
factor 1, and insulin-like growth factor 1 receptor gene expres-
sion before and after hatch, which is in line with our findings
[44]. Therefore, instead of Paneth cells, the upregulated EEC in
our study might be the underlying mechanism by which
one-time in-ovo Gln supplement enhanced proliferation and
differentiation of the intestine posthatch. There are contradic-
tory reports about in-ovo nutritional stimulation influencing
goblet cell numbers. Previous studies showed that in-ovo Gln did
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not change goblet cell number at hatch [18], but that in-ovo Thr
increased ileal MUC2 at hatch [25]. Further investigations are
needed to resolve these controversies.

We finally evaluated the function of intestinal absorptive cells
(enterocytes), in terms of nutrient transport and barrier perme-
ability with or without in-ovo Gln stimulation. With the afore-
mentioned similarity between intestinal tissue and enteroids, we
were able to use enteroids to mimic intestinal tissue functions on
the day of hatch. In terms of glucose absorption, the transporter
SGLT1 is located at the apical membrane, whereas GLUT2 is
mainly present at the basolateral membrane, but can be recruited
to the apical membrane when sugar level in the intestine is
elevated. We found that both paracellular barrier functions and
SGLT1-mediated active glucose transport functions were upre-
gulated on the day of hatch. The reduced FD4 permeability could
have originated fromupregulation in tight-junction protein (ZO2,
Figure 4), whereas the increased glucose transport could be
contributed by a higher number of SGLT1 transporter (Figure 5).
Such increases in apical transporter SGLT1 would result in the
transport of sugars from the lumen into the enterocytes. Although
we did not measure amino acid transport functions in enteroids,
the upregulated EAAT3 and B0AT1 transporter gene expressions
might be an estimation of increased absorptive function. Our data
also suggested that the apical-out primary enteroids culture
would be an ideal alternative method to evaluate the embryonic
intestinal functions in vitro.

At d3 and d14 posthatch, we evaluated the long-term effects of
in-ovo Gln on intestinal absorptive and barrier functions by using
Ussing chambers. For glucose transport, the gene expression of
SGLT1 and electrogenic glucose transport (mediated by SGLT1)
were not significantly changed. This differs from the above-
mentioned enteroid results on the day of hatch. It is possible
that other nonepithelial regulatory mechanisms, such as the
enteric nervous system and immune cells, may have interfered
with the tissue measurements but not in enteroids. In addition, it
remains unclear whether the enhanced SGLT1 glucose transport
induced by in-ovo Gln can be compensated for through posthatch
feeding. Future research is needed to fully understand this aspect.
Interestingly, the expression of GLUT2 was upregulated at d14
posthatch (Supplemental Figure 2B). As discussed above, such
upregulation in basolateral GLUT2 would facilitate apical glucose
transport via GLUT2 apical translocation, and also contribute to
the basolateral transport of sugars out of the enterocytes. For
amino acids transport, no difference was observed in lysine
(cationic amino acid) or Gln (neutral amino acid) transport.
However, the transport of another neutral amino acid (alanine)
was consistently upregulated at d3 (trend) and d14 posthatch.
Little is known about the mechanism specifically regulating
transport of individual neutral amino acids. In the rabbit gut
inflammation model, previous research discussed unique inhibi-
tion patterns of Na-Gln co-transporter (B0AT1) andNa-alanine co-
transporter [amino acid transporter B0 (ATB0)] via regulating
numbers of transporter or substrate affinity of transporter,
respectively [45]. Because multiple transporters (such as B0AT1,
alanine serine cysteine transporter1, ATB0, etc.) control intestinal
neutral amino acids transport, and the tissue demand for each
amino acid may be dynamically altered during the growing of
chickens [46], future studies are needed to fully understand the
effects of in-ovo Gln on these aspects. In addition, the electrogenic
transport of di-peptide [mediated by peptide transporter 1
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(PepT1)] was significantly increased at d14 posthatch, which was
in line with a tendency of upregulated PepT1 gene expression
(Supplemental Figure 2B). Although the increases of electrogenic
transport and gene expression may not reflect the total nutrient
absorption, this consistent increase in nutrient transporter func-
tion and gene expression suggested that in-ovo Gln feeding was
sufficient to increase the intestinal absorption in the long term.
Indeed, recent studies showed that in-ovo nutrients (amino acid or
carbohydrate) feeding increased disaccharidase activities, SGLT1
and GLUT2 gene expression in geese [8,47,48], and SGLT1 and
PepT1 in broilers [44]. On the other hand, no significant differ-
ence was observed in the ileal barrier function at d3. Surprisingly,
the paracellular FD4 permeability tended to increase at d14 in the
in-ovo Gln birds. Furthermore, the gene expression of
tight-junction proteins, claudin 1 (CLDN1) and OCLN, were
downregulated (Supplemental Figure 2C). It has been well docu-
mented by other groups that in-ovo Gln enhanced intestinal
morphology and cell proliferation peri-hatch and posthatch [18,
47,49]. However, few papers measured the gut permeability at
later life following early life in-ovo stimulation. It is possible that
intestinal barrier functions are not tightly associatedwithmucosal
structure and histology [27,28]. Considering the remodeling of
tight-junction protein during epithelial cell anoikis, the rapid
proliferation and turnover rate may induce persorption and
dynamically increased permeability [18,50]. In a recent paper of
in-ovo Gln in chickens, enhanced tight-junction expressions
(TJP-2 and Occludin) were fading at d7 compared with d3 post-
hatch; however, the beneficial effects on nutrient transporter
expression (SGLT1 and PepT1) were sustained during growth
[44]. This decline of posthatch barrier function of in-ovo Gln and
the underlying mechanism require further studies’ confirmation.
The overall enhanced nutrient transport function was consistent
among studies. In addition, the increased intestinal permeability
may lead to increased nutrient absorption via paracellular ab-
sorption [51,52]. Such compromised barrier and enhanced
nutrient transport may be beneficial in the health conditions but
could be detrimental to intestinal health under challenging envi-
ronments. Future studies are needed to fully understand long-term
functional changes after early life in-ovoGln supplementation and
combinationwith disease circumstances, especially on the aspects
of intestinal absorption and permeability.

In summary, this study demonstrated a combination of in-ovo
nutrient administration, apical-out enteroids, and novel intesti-
nal functional analysis methods. Furthermore, this study indi-
cated in-ovo Gln feeding on day 18 chicken embryo increased
intestinal development in day 21 embryos, including increased
intestinal morphogenesis, cell proliferation, differentiation, and
intestinal functional maturation. The in-ovo Gln feeding showed
a high potential to be utilized to increase intestinal development
before hatching for preparing rapid growth after hatching. The
novel analysis methods for chicken intestinal function are suffi-
cient tools for different quantification of treatments.
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