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a b s t r a c t

Methionine (Met) is an essential and first limiting amino acid in the poultry diet that plays a significant
role in chicken embryonic development and growth. The present study examined the effect of in ovo
injection of DL-Met and L-Met sources and genotypes on chicken embryonic-intestinal development and
health. Fertilized eggs of the two genotypes, TETRA-SL layer hybrid (TSL) d commercial layer hybrid and
Hungarian Partridge colored hen breed (HPC) d a native genotype, were randomly distributed into four
treatments for each genotype. The treatment groups include the following: 1) control non-injected eggs
(NoIn); 2) saline-injected (SaIn); 3) DL-Met injected (DLM); and 4) L-Met injected (LM). The in ovo in-
jection was carried out on 17.5 d of embryonic development; after hatching, eight chicks per group were
sacrificed, and the jejunumwas extracted for analysis. The results showed that both DLM and LM groups
had enhanced intestinal development as evidenced by increased villus width, villus height, and villus
area (P < 0.05) compared to the control. The DLM group had significantly reduced crypt depth, gluta-
thione (GSH) content, glutathione S-transferase 3 alpha (GST3), occludin (OCLN) gene expression and
increased villus height to crypt depth ratio in the TSL genotype than the LM group (P < 0.05). The HPC
genotype has overexpressed insulin-like growth factor 1 (IGF1) gene, tricellulin (MD2), occludin (OCLN),
superoxide dismutase 1 (SOD1), and GST3 genes than the TSL genotype (P < 0.05). In conclusion, these
findings showed that in ovo injection of Met enhanced intestinal development, and function, with ge-
notypes responding differently under normal conditions. Genotypes also influenced the expression of
intestinal antioxidants, tight junction, and growth-related genes.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

The development of birds' embryos is limited by the availability
of nutrients in the eggs, unlike mammals, where nutrients are
continuously supplied through the placenta (Givisiez et al., 2020).
Embryonic development and gastrointestinal tract (GIT) growth
plays a critical role in post-hatch poultry growth performance. The
GIT undergoes extensive physiological andmorphological changes to
enhance its function after the intake of amniotic fluids, initiated at
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about 17 d of embryonic development (Uni et al., 2003; Givisiez
et al., 2020). In ovo nutrition intervention during incubation has
been studied to facilitate embryonic development and rapid post-
hatch growth of chicks (Kadam et al., 2013). The in ovo injection of
exogenous materials stimulates digestive tract development,
affecting weight and nutrition status in the first days of life (post-
hatch). Studies have shown that injecting various materials into
chicken eggs, such as amino acids and vitamins, can improve in-
testinal development, gut health, and immune systems (Uni et al.,
2005; Bhanja et al., 2012, 2014; Chen et al., 2020; Kpodo and
Proszkowiec-Weglarz, 2023). Some nutrient materials have an
antioxidant capacity function, which helps to reduce the effect of
oxidative stress, enhance growth performance and maintain the
overall health of the chicks. Methionine (Met) is an essential amino
acid that can improve intestinal morphology and has several func-
tions, including protein synthesis and participation in the antioxi-
dant system (Ohta and Kidd, 2001; Chen et al., 2020). Met exists in
different forms, and in practice, DL-methionine (DL-Met) or its cor-
responding hydroxyl analog, DL-2-hydroxy-4-methylthiobutanoic
acid (DL-HMB) and currently L-methionine (L-Met) are available to
supplement poultry diets (Martín-Venegas et al., 2006; Lugata et al.,
2022a). However, DL-Met and DL-HMB must be converted to L-
methionine (L-Met) to be utilized by the cell in the animal (Dilger
and Baker, 2007). Different studies have conflicting information on
whether DL-Met or L-Met is better for animal growth and health.
Some show that L-Met is effective for young pigs' growth and in-
testinal health (Shen et al., 2014), young chicks' gut development
and antioxidant status, and broilers' growth (Esteve-Garcia and
Khan, 2018; Park et al., 2018; Shen et al., 2015). However, other
studies suggest that DL-Met and L-Met have similar bio-efficacy for
young chicks' performance, the nitrogen retention of starter pigs,
and piglet performance and gut health (Chen et al., 2020; Dilger and
Baker, 2007; Rehman et al., 2019). The studiesmentioned above have
evaluated the effect of DL-Met and L-Met on broilers supplemented
via feed, and there is a paucity of information on the comparative
effect of the two sources via in ovo injection.

Studies indicate that Met plays a vital role in promoting the
growth and health of intestinal cells. Injecting Met during the
embryonic stage can improve antioxidant capacity and enhance
digestive tract development in broilers by activating genes related
to growth (Chen et al., 2021; Elwan et al., 2019; Gamboa Gonzales
et al., 2022).

However, the trials mentioned above have been conducted in
broiler genotypes. Therefore, we need to enhance our under-
standing of the effect of Met sources injected in commercial layer
hybrid and indigenous chicken breed embryonated eggs on intes-
tinal development, antioxidant status and function, and integrity.
The current study hypothesized that L-Met injected into the
amnion of the chicken would improve intestinal development and
integrity and enhance intestinal health status. We hypothesized
that the two genotypes respond differently to the injected Met
sources, reflecting their health status and intestinal development.

The current study aims to determine the effect of two Met
sources on jejunum histomorphology, total antioxidants and
glutathione (GSH) content, gene expression related to growth,
immune and antioxidants, and intestinal barrier and integrity
function. The findings from this study may facilitate strategies to
improve intestinal health in chickens.

2. Materials and methods

2.1. Animal ethics statement

The experiment was conducted at the Kismacs experimental
station of animal husbandry of the Institute of Agricultural

Research and Educational farm, the University of Debrecen
(Debrecen, Hungary), in June 2021. The experimental protocol was
approved by the University of Debrecen Committee of Animal
Welfare (no. 6/2021/DEMA’B). The animal experiment complied
with the ARRIVE guidelines.

2.2. Eggs and incubation setup

Fertile Hungarian Partridge colored hen breed (HPC) eggs were
obtained from the Institute of Agricultural Research and Education
farm. TETRA-SL LL layer hybrid (TSL) eggs were procured from a
commercial layer hybrid (TETRA Ltd., B�abolna, Hungary). The eggs
and incubator were disinfected with formalin before the set/incu-
bation. A total of 570 eggs (360 TSL eggs and 210 HPC eggs) were
marked to the genotype-specific marker and transferred to the
incubator with automatic egg turning every 2 h. Eggswere incubated
at standard conditions (37.8 �C and 50% relative humidity) from 1 to
17.5 d of incubation. From 17.5 to 21 d of incubation, the relative
humidity was raised to 65% to 70%. The eggs were candled on the
10th and 17.5th d (before in ovo injection) of incubation, and non-
fertile eggs and dead embryos were removed from the incubator.

2.3. DL- and L-Met in ovo injection

We prepared a 10-mg Met/mL of 0.75% normal saline solution
from DL-Met (No. M9500, purity �99%, SigmaeAldrich, Merck
KGaA, Darmstadt, Germany) and L-Met ( No. 64319, BioUltra, purity
�99.5%, SigmaeAldrich, Merck KGaA, Darmstadt, Germany). On the
17.5th d, we randomly divided the embryonated eggs into eight
treatment groups, with four groups per genotype. Each group
consisted of 30 eggs for the TSL genotype or 20 eggs for the HPC
genotype, depending on the availability of embryonated eggs per
genotype. Each genotype consisted of four treatment groups as
follows: the first group served as a positive control with non-
injected eggs (NoIn), the second group was injected with 0.75%
saline solution (NaCl) only and served as the sham control (SaIn),
the third group was injected with 5 mg of DL-Met (DLM), and the
fourth group was injected with 5 mg of L-Met (LM). The in ovo
injection protocol was carried out according to Chen et al. (2020)
and Tombarkiewicz et al. (2020). In brief, we disinfected the sur-
face of every egg on the broad end with 70% ethanol soaked with a
cotton ball. Then, we created a small hole using an egg drill (0.5 mm
diameter) and injected 0.5 mL from the 10mgMet/mL solution into
the amniotic sac using a 23-gauge needle (Tombarkiewicz et al.,
2020). We immediately sealed the hole with hot paraffin and
transferred the eggs to a hatcher. The concentration of Met was
selected based on the information reported in the literature, where
up to 20 mg/egg of methionine has been used (Chen et al., 2021).

2.4. Sample collection

On day one post-hatch, we randomly sampled eight chicks per
treatment. We sacrificed the chicks by cervical dislocation and
dissected them to extract the intestinal tissue samples. We
snapped-frozen the intestine tissues into liquid nitrogen and stored
them at �80 �C before analysis. About 1 cm of jejunum tissue
samples (before Merkel's diverticulum) from 5 selected chicks per
treatment were collected for histology. The intestine tissue samples
were washed in buffer solution, fixed by immersing them in 4%
paraformaldehyde solution, and kept at 4 �C.

2.5. Histology and morphometric analysis

A routine histological laboratory approach was carried out as
follows: dehydrated in increasing grades of ethanol, cleared in
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xylene, and embedded in paraffin. To overcome bias resulting from
sectioning and further histological procedures, we placed all 5
samples from the same treatment group in one paraffin block,
resulting in 4 paraffin array blocks from the different groups (NoIn,
SaIn, DLM, and LM). Tissue sections (10 mm thick) were cut with a
conventional vibratome (HM 335E, Microm, Germany) and moun-
ted on microscope slides. After de-paraffinized with xylene and
rehydrating in decreasing grades of ethanol, the sections were
stained with hematoxylin and eosin (H&E) staining according to
the supplier's protocol (Vector Laboratories, New York, CA, USA).
For examining the villi of the jejunum, each sample was captured
by a digital camera (DP71, Olympus, Japan) attached to the trans-
mitted light microscope (BX61, Olympus, Japan) using a
20� objective lens after the illumination adjustment. Ten vertical
villi per chick were chosen randomly from the cross-section per
individual for measurement. Furthermore, the villus height (VH)
was determined from the villus tip to the villus-crypt junction; the
crypt depth was also measured as the depth of invagination be-
tween two villi. The villus height, width, and crypt depth were
determined according to Nazem et al. (2017). The villus width was
measured at three points: at the base of the villus, the middle, and
the tip of the villi height (villus apical width). The villus surface area
was calculated using the formula: 2p � VH � (VW/2) (Uni et al.,
2003). Measurements were performed with Olympus CellSens
Entry software.

2.6. Total glutathione content determination

The tissue (intestine) samples were homogenized under liquid
nitrogen in a cooled mortar and pestle, and 20 mg were transferred
into a new tube and then placed in a mini cooler (�20 �C) (Tipple
and Rogers, 2012). Then, 500 mL of 5% sulfosalicylic acid (SSA)
was added and vortexed to mix the sample before incubation for
10 min in ice. The homogenate was centrifuged at 17,000 � g (VWR
Micro-Star 17R) for 10 min at 4 �C to precipitate proteins. The su-
pernatant was transferred into a new tube and frozen at �80 �C
until further analysis.

The concentration of GSH was determined using the Invitrogen
Glutathione Colorimetric Detection Kit (cat. No. EIAGSHC, Thermo
Fisher Scientific, Carlsbad, CA, USA). The standard and diluted
samples (50 mL) were added to 25 mL colorimetric detection re-
agents and 25 mL of the reaction mixture, prepared according to kit
instructions, in duplicate in a 96-well plate, and incubated at room
temperature for 20 min. The absorbance was read at 405 nm on a
microplate reader (Synergy HT Multi-Mode Microplate Reader-SN
1712214, BioTek Instruments, Inc., Winooski, VT, USA). Sample
concentrations were interpolated from a standard curve using
BioTek GEN5 data analysis software (Agilent, CA, USA). The con-
centration of the GSH was expressed as millimoles of GSH per gram
of tissue, and the assay sensitivity was 0.634 mM of GSH.

2.7. Total antioxidant capacity (TAC) determination

The intestine was homogenized by grounding it under liquid
nitrogen in a cooledmortar and pestle. About 100mg of fine ground
tissues were weighed and suspended in 1000 mL of ice-cold phos-
phate buffered saline (PBS) (1:9, wt/vol). The homogenate was
centrifuged at 15,000 � g at 4 �C for 10 min (VWR Micro-Star 17R),
and supernatants were transferred into the new tubes and stored in
the freezer (�20 �C) for further analysis. Based on the manufac-
turer's instructions, the TAC was determined using the total anti-
oxidant capacity assay kit (MAK187, SigmaeAldrich, Merck, KGaA,
Darmstadt, Germany). The absorbance of standards and samples
were measured at 570 nm using a microplate reader (Synergy HT
Multi-Mode Microplate Reader-SN 1712214, BioTek Instruments,

Inc., Winooski, VT, USA) in duplicate. The standard graph was
plotted to determine the TAC concentration. The concentrations of
the TAC were calculated as Trolox equivalents and expressed as
millimolar Trolox equivalents of the tissue.

2.8. Gene expression analysis

2.8.1. Total RNA isolation and cDNA synthesis
The intestine samples were homogenized using an ultraturax

homogenizer (D1000 Handheld homogenizer, Benchmark Scienti-
fic Inc., Sayreville, NJ, USA). The total RNAwas isolated using TRIzol
reagents according to the Direct-zol RNA Miniprep (R2052, Zymo
Research Orange, CA, USA) kit protocol. The quantity and purity of
RNA were determined in the microplate reader (Synergy HT Multi-
Mode Microplate Reader-SN 1712214, BioTek Instruments, Inc.,
Winooski, VT, USA). The absorbance was read with the help of a
Gen5 microplate and software (BioTek version 3.03). The quality
and integrity of RNA were checked by Qubit RNA IQ assay kit
(#Q33222, Thermo Fisher Scientific) using a Qubit 4 fluorometer
(Invitrogen by Thermo Fisher Scientific). The RNA IQ number
(which indicates the RNA sample integrity and quality) ranged from
8.7 to 10. The total RNA was used directly to synthesize cDNA. The
cDNA synthesis was done using LunaScript RT Super Mix Kit (Cat.
No. E3010L, New England Biolabs, Inc., USA). In brief, the cDNA
synthesis was made using 200 ng of total RNA through the reaction
process of 2 min at 25 �C, 10 min at 55 �C and lastly, 1 min at 95 �C
by PCRmax Alpha Thermal Cycler (ColeeParmer Ltd., UK). The cDNA
was stored at �80 �C until RT-PCR assay.

2.8.2. Real-time PCR
The cDNA samples were amplified according to the manufac-

turer's instructions using the 5� HOT FIREPol EvaGreen qPCR
master Mix Plus (Solid BioDyne, Tartu, Estonia). In brief, a PCR re-
action with a total volume of 10 mL consisting of 2 ng cDNA tem-
plate, 5� HOT FIREPol EvaGreen qPCR Mix Plus, 200 nM of each
primer, and distilled water. An AriaMx Real-Time PCR system per-
formed real-time polymerase chain reaction (PCR) (Agilent
Technologies-Applied Biosystems, Carlsbad, CA, USA). The samples
were run in duplicate using a 96-well, and no template control for
each genewas used. The PCR procedure included a pre-run at 95 �C
for 12 min, 40 cycles of denaturation at 95 �C for 15 s, an annealing
step at 60 �C for 20 s, and an elongation step of 72 �C for 20 s. The
18S rRNA was selected as the reference gene among the three
reference genes tested (ACTB and GAPDH), and its stability was
tested with the following algorithms (NormFinder, delta Ct, and
Best Keeper). The target gene mRNA expression was normalized
with the selected reference gene, and the relative mRNA expression
was calculated using the 2⁻DDCt models (Livak and Schmittgen,
2001). The mRNA expression of insulin-like growth factor 1
(IGF1), insulin-like growth factor 1 receptor (IGF1R), growth hor-
mone receptor (GHR), toll-like receptor 4 (TLR4), superoxide dis-
mutase 1 (SOD1), tricellulin (MD2), glutathione S-transferase alpha
3 (GST3), glutathione peroxidase 1 (GPX1), nuclear factor, erythroid
2 like 2 (NRF2), occludin (OCLN) and tight junction protein 2 (TJP2)
were analyzed. Melting curves revealed no nonspecific product or
primer dimers, suggesting the accuracy of mRNA transcript iden-
tification by displaying IGF1, IGF1R, GHR, TLR4, SOD1, MD2, GST3,
GPX1, NRF2, OCLN, and TJP2-specific primers suitable for RT-PCR
(Table 1).

2.9. Statistical analysis

All statistical analyses were performed using R Statistical Soft-
ware (v4.2.2; R Core Team, 2022). The individual bird (chick) was
considered an experimental unit for all parameters except for the
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histology data. Data were analyzed using a Two-factor analysis of
variance (ANOVA), and a general linear model was appropriate for
evaluating the fixed effects (the genotypes and Met sources) and
their interactions. When the interaction effect was significant, the
treatment effect was analyzed in genotypes separately. Tukey post
hoc test was performed to compare the mean difference between
the treatments. The significance level for differences was set at
P < 0.05.

3. Results

3.1. Hatchability

The in ovo injection procedure decreased the hatching rate
(Table 2). In TSL, the hatchability was decreased by 24% and 10% in
LM and DLM, respectively, compared to NoIn. In HPC, 17% less
hatching rate compared to the NoIn treatment was recorded on
both DLM and LM (Table 2).

3.2. Jejunum histomorphometry, development, and integrity

The in ovo Met injection significantly increased (except for
crypt depth) the villus width at the basal and apical positions,
villus height, villus height to crypt depth ratio, and the villus area

(P ¼ 0.001) (Table 3). The genotype influenced the villus width at
the basal and middle positions and the villus area (P < 0.05). The
interaction of the in ovo injection and genotype was observed to
be significant in all analyzed parameters (P¼ 0.001) except for the
villus height to crypt depth ratio (P ¼ 0.145). The in ovo Met in-
jection significantly increased all the measured parameters in the
HPC genotype (P < 0.05) when compared with the non-injected
group (Table 3). In the TSL genotype, the effect of in ovo injec-
tion of Met has a significant increase in the jejunum measured
parameters (P < 0.05) except for the villus height (P > 0.05).
Regarding the two sources, DLM increased the villus basal and
middle width, and villus height to crypt depth ratio, and
decreased crypt depth more than LM (P < 0.05) in the TSL geno-
type. DLM and LM have similar effects on jejunum villus surface
area (P ¼ 0.35), villus basal width (P ¼ 0.44), and middle width
(P ¼ 0.99) in the HPC genotype. However, DLM significantly
increased the villus height and villus height to crypt depth ratio
and decreased the crypt depth compared to the LM group in the
HPC genotype (P < 0.05) (Table 3). Upon examination with H&E
staining, it was revealed that the jejunum villus height was
increased in the DLM treatment group compared to both the LM
and NoIn treatment groups (Fig. 1).

3.3. Total glutathione content and total antioxidant capacity of the
intestine

The genotype (P < 0.001), treatment (P ¼ 0.026), and their
interaction (P ¼ 0.015) significantly influenced total GSH content.
The TSL genotype had a higher concentration of GSH content
than its counterpart genotype. The LM group resulted in a rela-
tively increased GSH value compared to the NoIn treatment in
the TSL genotype (P < 0.001, Fig. 2A) but not in the counterpart
genotype (P > 0.05, Fig. 2B). The in ovo injection of Met did not
influence the TAC significantly in both genotypes (P > 0.05,
Fig. 2C and D). However, in the HPC, the SaIn treatment slightly
increased the TAC compared to NoIn treatment group (P < 0.05,
Fig. 2D).

Table 1
Primer details utilized in our study.

Genes1 Primer sequence (50 e 30) GenBank accession no. Product length, bp

GST3 F: GCCGAATGGAATCAGTACGCTGG NM_001001777.2 114
GST3 R: ACAGCAGGGATCCATCTGACTT
GPX1 F: CGGCTTCCCCTGCAACCAATTCG NM_001277853.3 55
GPX1 R: GATCTCCTCGTTGGTGGCGTTCT
SOD1 F: AGCGCAGGTGCTCACTTCAATCC NM_205064.2 87
SOD1 R: CACATTGCCGAGGTCACCCAC
OCLN F: AAGCCAACATCTACTGGGACCG XM_025144247.2 87
OCLN R: TAGCCCCATCCGCCACGTT
TJP2 F: ACAGCTATACGTCACGCCCAAAG XM_025144668.3 120
TJP2 R: CCCATATCAGCTCTTCCATGCCT
MD2 F: AGGCACAGGGAGCAGATGGAAC XM_424965.8 110
MD2 R: AGCTGCCTGTAAGTGACCTCT
NRF2 F: CCCCGCACCATGGAGATCGAG XM_046943472.1 72
NRF2 R: TGGCGCTGCGAAAAAGCACCT
IGF1 F: CAC TAT GCG GTG CTG AGC TGG TT XM_015867574.2 118
IGF1 R: ATC CCC TTG TGG TGT AAG CGT CT
IGF1R F: TAC AAC TAC CGC TGC TGG ACC AC XM_015873184.2 107
IGF1R R: AGG CAC TCA GGA TGG CAA CAC
GHR F: GGC ACT GGT CTG TGT GAA TGA CT XM_032441512.1 89
GHR R: CCA GCT CAG GTG ATC TGC ACT T
TLR4 F: ACCCGAACTGCAGTTTCTGGAT NM_001030693.1 120
TLR4 R: AGGTGCTGGAGTGAATTGGC
18S rRNA F: CTC TTT CTC GAT TCC GTG GGT AF173612.1 96
18S rRNA R: CAT GCC AGA GTC TCG TTC GT

1 GST3 ¼ glutathione S-transferase alpha 3; GPX1 ¼ glutathione peroxidase 1; SOD1 ¼ superoxide dismutase 1; NRF2 ¼ nuclear factor, erythroid 2 like 2; MD2 ¼ tricellulin
(also referred as MARVEL domain containing 2); TJP2 ¼ tight junction protein 2; OCLN ¼ occludin; IGF1 ¼ insulin-like growth factor 1; IGF1R ¼ insulin-like growth factor 1
receptor; GHR ¼ growth hormone receptor; TLR4 ¼ toll-like receptor 4; 18S rRNA ¼ 18S ribosomal RNA.

Table 2
Effect of in ovo injection of Met at 17.5th d of embryo development on hatchability of
the TSL and HPC genotypes (%).1

Genotype Treatments

NoIn SaIn DLM LM

TSL 100 89 90 76
HPC 89 84 72 72

TSL ¼ TETRA-SL layer hybrid; HPC ¼ Hungarian Partridge colored hen breed;
NoIn ¼ non-injected group; SaIn ¼ saline-injected group; DLM ¼ DL-Met injected
group; LM ¼ L-Met injected group.

1 Hatchability (%) is calculated as the percentage of eggs hatched over the number
of fertile eggs subjected to the respective treatment.
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3.4. Gene expression

3.4.1. Growth-related genes
Generally, in ovo injection of Met significantly affected the

expression of IGF1 (P ¼ 0.01), and a tendency effect on IGF1R
mRNA expression was observed (P ¼ 0.05, not shown in graph).
Regarding the two sources, the LM tends to decrease the expres-
sion of the IGF1 gene compared to the NoIn treatment in the HPC
genotype (P ¼ 0.13, Fig. 3A). The same patternwas observed in the

TSL genotype. On the other hand, LM tended to increase expres-
sion of the IGF1R and GHR mRNA compared to DLM in both ge-
notypes (Fig. 3B and C, respectively, P > 0.05). The effect of the
genotype was significantly evident in the GHR, IGF1, and IGF1R
mRNA expression, with the TSL genotype having highly expressed
IGF1R (P < 0.01, Fig. 4B) and GHR (P < 0.01, Fig. 4C) than their
counterpart genotype. Interestingly, the HPC genotype increases
the expression of IGF1 when compared to the TSL genotype
(P < 0.01, Fig. 4A).

Table 3
Effect of in ovo injection of methionine on the intestine histology analysis of TSL and HPC genotypes newly hatched chicks.

Parameter Villus basal
width, mm

Villus apical
width, mm

Villus middle
width, mm

Villus height,
mm

Crypt depth,
mm

Villus height to crypt
depth ratio

Villus
area,
� 103 mm2

Pooled effects
Genotype TSL 74.72b 61.63 72.75b 349.9 61.89 5.89 80.09b

HPC 82.47a 61.06 79.79a 345.2 61.45 5.73 87.05a

Treatment NoIn 72.79b 54.72c 73.35 321.9c 60.43b 5.60b 74.69b

SaIn 77.25ab 63.76ab 75.26 378.9a 69.25a 5.59b 89.92a

DLM 80.85a 61.52b 80.62 349.3b 53.64c 6.62a 89.10a

LM 77.50ab 66.68a 73.52 339.3bc 64.96a 5.31b 77.89b

P-value Genotype 0.001 0.861 0.001 0.577 0.522 0.714 0.013
Treatment 0.001 0.001 0.065 0.001 0.001 0.001 0.001
Interaction 0.001 0.001 0.001 0.001 0.001 0.145 0.001
RMSE 15.48 10.66 13.66 48.4 9.30 1.32 21.27

Treatment effects by genotypes
TSL Treatment

NoIn 80.14a 57.07b 79.65a 332.0 62.38a 5.59b 83.05a

SaIn 71.23ab 58.04ab 71.71a 359.8 67.43a 5.46b 81.35a

DLM 80.82a 64.50a 76.75a 347.9 52.59b 6.71a 84.31a

LM 66.10b 66.40a 63.26b 354.0 66.94a 5.43b 70.52b

P-value 0.001 0.002 0.001 0.078 0.001 0.004 0.045
RMSE 14.51 10.62 12.73 42.6 9.61 1.43 20.90

HPC Treatment
NoIn 65.03b 52.33b 64.04b 303.5c 59.70bc 5.14b 61.22c

SaIn 85.10a 66.15a 81.25a 411.1a 72.34a 5.81ab 104.38a

DLM 84.99a 58.35b 84.49a 350.7b 54.68c 6.54a 93.89ab

LM 88.65a 68.21a 83.39a 325.1c 63.06ab 5.20b 84.98b

P-value 0.001 0.001 0.001 0.001 0.001 0.002 0.001
RMSE 14.62 10.71 14.62 54.1 8.94 1.17 21.69

TSL ¼ TETRA-SL layer hybrid; HPC¼ Hungarian Partridge colored hen breed; NoIn¼ non-injected group; SaIn¼ saline injected group; DLM¼ DL-Met injected group; LM¼ L-
Met injected group; RMSE ¼ the root of the mean square error.
a-cMeans that do not have similar superscript letters are significantly different within the treatment column (P < 0.05).

Fig. 1. Cross sections of the jejunum from newly hatched HPC and TSL chicks as responses to in ovo injection with methionine sources (scale bar ¼ 100 mm, 200� magnification).
Images of jejunum villi of HPC chicks hatched from: (A) non-injected group, (B) saline-injected group, (C) DL-Met injected group, and (D) L-Met injected group. Images of jejunum
villi of TSL chicks hatched from: (E) non-injected group, (F) saline-injected group, (G) DL-Met-injected group, and (H) L-Met injected group. TSL ¼ TETRA SL layer hybrid; HPC¼
Hungarian Partridge colored hen breed.
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3.4.2. Antioxidants-related genes
No treatment effect was noted on the antioxidants-related

genes (Fig. 5A, B, C, D, F, G, I and J) except for the GST3 on the
TSL genotype (P¼ 0.04, Fig. 5E) and the NRF2 for the HPC genotype
(P¼ 0.01, Fig. 5H) where DLM significantly reduced the expression
of the respective genes. The genotype influenced the expression of
studied antioxidant genes, except for GPX1 and NRF2 (Fig. 6A and
D, respectively). The HPC genotype had increased mRNA expres-
sion of the SOD1 and GST3 genes than the TSL genotype (P < 0.01,
Fig. 6B and C, respectively). In addition, the mRNA expression of
the TLR4 was downregulated in the HPC genotype compared to
the TSL genotype (P < 0.05, Fig. 6E). Moreover, the interaction
effect was noted on the expression of the NRF2 mRNA (P ¼ 0.04,
not shown in the graph), with LM significantly increased the
expression on the HPC genotype and decreased its expression on
the TSL as compared to the NoIn and DLM treatments (P ¼ 0.02,
Fig. 5H).

3.4.3. Tight junction-related genes
No significant treatment effects were found on tight junction

genes in both genotypes (P > 0.0.5, Fig. 7B, C, D, E and F) except for
the OCLN, where a significant effect and a tendency of reduction
was noted in the TSL genotype by DLM treatment (P ¼ 0.02), SaIn
treatment (P ¼ 0.07) and LM treatment (P ¼ 0.12) when compared
to NoIn treatment (Fig. 7A). The study revealed significant effects of
genotype on the expression of OCLN, TJP2, andMD2 (P < 0.01, Fig. 8).
OCLN and MD2 mRNA expression were higher in the HPC genotype
compared to the TSL genotype (P < 0.01, Fig. 8A and B, respectively).
In contrast, the TSL genotype exhibited increased expression of TJP2
(P < 0.01, Fig. 8C).

4. Discussion

The current study showed that the in ovo injection with Met
enhanced embryonic jejunum development and integrity. Mainly,

Fig. 2. Effect of in ovo Met injection and genotype on total glutathione (GSH) and total antioxidant capacity (TAC) in the jejunum of chicks. (A) Total GSH content in the jejunum of
TSL chicks. (B) Total GSH content in the jejunum in HPC chicks. (C) TAC concentration in the jejunum of TSL chicks. (D) TAC content in the jejunum in HPC chicks. TSL ¼ TETRA-SL
layer hybrid; HPC ¼ Hungarian Partridge colored hen breed; NoIn ¼ non-injected group, SaIn ¼ saline injected group, DLM ¼ DL-Met injected group, LM ¼ L-Met injected group.
a,bMeans that having similar superscript letters is not significantly different (P > 0.05). Data are presented as the mean and standard error of the mean (n ¼ 8).
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DLM improves intestinal morphological integrity and increases the
absorptive surface area in the chicken embryo. Studies have shown
that chicken embryo enterocytes react to the nutrient environment
(Met) by proliferating and differentiating, encouraging intestinal
epithelium renewal (Nazem et al., 2017; Coskun et al., 2018; Chen
et al., 2021). Based on the results, LM increased the villus crypt
depthmore than DLM compared to the NoIn, indicating rapid tissue
expansion. The same results were reported when sulfur amino
acids were inoculated on the first day of incubation, increasing the
ileal crypt depth on hatching (Gamboa Gonzales et al., 2022). Few
studies have investigated the effects of the in ovo injection on the
jejunum, the primary site for nutrient absorption. Most of the
findings corroborate our experiments; in ovo injection of Met en-
hances the jejunum villus height and width, improving the pro-
duction performance post-hatch (Nazem et al., 2017; Chen et al.,
2021). However, there are limited studies on the effect of injec-
tion of different Met sources on intestinal development. Our results
indicate that the DLM group increased villus height, facilitating the
villus's tissue differentiation and absorption capacity. Unlike DLM,
LM increased the cellular turn-over of the tissue, as shown by

deeper crypt depth (Chen et al., 2021; Elwan et al., 2021). Wang
et al. (2022) found that Met deficiency suppressed intestinal
organoid formation and size, whereas Met hydroxyl analogue
promoted intestinal stem cell regeneration but decreased cell dif-
ferentiation compared to LM. Embryonic intestinal development is
affected not only by nutrients but also by intrinsic factors such as
genotypes. In this experiment, the commercial layer genotype has a
small absorptive surface due to decreased villus width compared to
the native genotype.

Chicken growth hormone (GH) regulates the growth and
development of chickens, primarily through insulin-like growth
factor-I (IGF1) hormone. IGF-1 hormone is synthesized in the liver
under GH control and secreted into the circulation. The gene
expression of the GH, IGFI, and IGFIR was influenced by the geno-
type, while the treatment affected only the expression of IGFI in the
jejunum tissues. The TSL genotype has higher expressed IGF1R and
GHR mRNA levels than the HPC. These results imply that the dif-
ference in growth and performance production may be attributed
to genotype responses to the Met treatment. In contrast, the
expression of IGF1 mRNA was significantly higher in the HPC than

Fig. 3. Effects of in ovo injection of methionine on jejunum relative mRNA expression levels of growth-related genes in TSL and HPC chicks at one day of age. (A) Insulin-like growth
factor 1 (IGF1) gene expression. (B) Insulin-like growth factor 1 receptor (IGF1R) gene expression. (C) Growth hormone receptor (GHR) gene expression. TSL ¼ TETRA-SL layer hybrid;
HPC ¼ Hungarian Partridge colored hen breed; NoIn ¼ non-injected group; SaIn ¼ saline injected group; DLM ¼ DL-Met injected group; LM ¼ L-Met injected group. Data are
presented as estimated marginal means and SEM (n ¼ 8).
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in the TSL genotype. This finding contradicts previous results that
reported significant differences in IGF1 mRNA expression between
the fast-growing and slow-growing chickens in breast muscles
during embryonic development (Lu et al., 2009). The amino acids,
particularly sulfur amino acid, significantly increase broilers'
growth by affecting protein synthesis and changing the growth-
related gene expression (Elwan et al., 2021). In the current trial,
the LM group had increased the expression of GHR and IGF1R genes
in the small intestine tissue compared to the NoIn and DLM groups.
This might be due to the readily availability of L-Met for protein
synthesis. Dietary Met supplementation has been shown to in-
crease the target of rapamycin and IGF1mRNA expression in chicks
(Zhang, 2018). In addition, the dietary supplementation of Met
demonstrated increased expression of IGF1 and GHR in heat-
stressed broilers (Del Vesco et al., 2015), indicating that Met
enhanced protein deposition as shown by increased protein
synthesis-related genes and low gene expression for protein
breakdown. This indicates an efficient way to improve chick em-
bryonic intestinal development and growth and how genotypes
respond to the diet differently. The better intestinal development
indicated by highly expressed growth-related genes may be asso-
ciated with the chicks' intestinal health and antioxidant status.

The antioxidant status of chicks during late embryonic
development and newly hatched chicks are affected by a range of
factors, including temperature, humidity, carbon dioxide fluctu-
ations, and delay in collecting them from the hatcher and
hatching window, to mention a few (Surai and Kochish, 2019).
The late embryonic development and hatching period are critical
stages in poultry, and the chicks are subjected to stressful con-
ditions that could lead to excessive production of reactive oxygen
species (ROS). The developing embryo's antioxidant capacity/
defense system depends on the egg's nutrients. The relationship

between nutrient and antioxidant capacity, especially in chicken
embryos, is that some of the nutrients act as antioxidants and or
modulate the gene expression of the antioxidant enzymes. Met is
an essential nutrient that enhances the gene expression of
oxidative stress-related responses, including NRF2, GPX, and SOD
(Yigit et al., 2014). The nuclear factor, erythroid 2 like 2 (NRF2),
modulates the expression of several genes that code for vital
aspects of the GSH- and thioredoxin-based antioxidant systems
at homeostasis and in stressful conditions. The results indicated
the interaction effect of the treatment and genotype on the NRF2
mRNA expression in the jejunum of one-day-old chicks. The gene
expression of NRF2 was increased by LM but not by DLM in HPC
than in the TSL genotype. In developing rats, LM has been shown
to activate the NRF2-ARE pathway to stimulate endogenous
antioxidant activity (SOD, GSH, and GPx) and mitigate the effect
caused by ROS (Wang et al., 2019). In addition, the gene
expression of SOD1, GST3, and GPX1 was also highly expressed in
the HPC genotype; this means that the old genotype is well
protected and enhanced for survival in a harsh environment than
the improved genotype (Lugata et al., 2022b; Tang et al., 2019).
The development of the intestinal antioxidant system is crucial
for intestinal development and chicks' growth due to the diet
change from yolk to plant-based protein. SOD and GSH play a
critical role in protecting the intestine and facilitating the high-
rate proliferation of intestinal tissue (Chen et al., 2021; Tang
et al., 2019).

The GSH content (antioxidants), which is synthesized and stored
in the liver, is mainly used in the intestine. In this study, the
treatment only influenced the total GSH content but not the TAC in
the small intestine. TAC highlights the cell's ability to combat
reactive oxygen species and free radicals. The previous experiment
reported that in ovo injection of Met-Cys improved both the GSH

Fig. 4. Influence of genotype on jejunum relative mRNA expression levels of growth-related genes in TSL and HPC chicks at one day of age. (A) Insulin-like growth factor 1 (IGF1)
gene expression. (B) Insulin-like growth factor 1 receptor (IGF1R) gene expression. (C) Growth hormone receptor (GHR) expression. TSL ¼ TETRA-SL layer hybrid; HPC ¼ Hungarian
Partridge colored hen breed. Data are presented as estimated marginal means and SEM (n ¼ 32). a,b Means that having similar superscript letters is not significantly different
(P > 0.05).
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and TAC in newly hatched broiler different tissues, including the
small intestine (Elwan et al., 2021). LM improved the total GSH
contents in the small intestine compared to DLM. This result cor-
roborates with Shen et al. (2015), who reported that LM increased
the GSH concentrations in the duodenal tissue of chicks. These
findings illustrate that LM is readily available and more utilized by
the gastrointestinal tract to produce GSH than DLM. Our findings
demonstrate that LM plays an important role in both enhancing the
total GSH content and promoting the GPX1 and GST3 mRNA
expression; this indicates its role in antioxidant capacity. Met plays
a critical role in antioxidant capacity through direct Met residues
participation as an antioxidant to alleviate the damage from excess

ROS (Lugata et al., 2022a). Furthermore, Met can indirectly enhance
the antioxidant capacity of the animal through the synthesis of
GSH, the major intracellular antioxidant. Lastly, Met can be con-
verted to S-adenosylmethionine (SAM) during its metabolism.
Then, the SAM is used as the methyl donor in various biological
processes, including DNA methylation, which influences the anti-
oxidant gene expression (Zhang, 2018). The genotype significantly
influenced the contents. Interestingly, the TSL genotype showed a
significantly higher level of GSH content than the HPC genotype,
while the TAC level was not significantly affected. This means the
LM enhanced the antioxidant defense in the TSL chick more than
DLM.

Fig. 5. Effects of in ovo injection of methionine on jejunum relative mRNA expression levels of antioxidants-related genes in TETRA-SL layer hybrid (TSL) and Hungarian partridge
colored breed (HPC) chicks at one day of age. (A) GPX1 expression in TSL chicks, (B) GPX1 expression in HPC chicks, (C) SOD1 expression in TSL chicks, (D) SOD1 expression in HPC
chicks, (E) GST3 expression in TSL chicks, (F) GST3 in HPC chicks, (G) NRF2 gene expression in TSL chicks, (H) NRF2 in HPC chicks, (I) TLR4 gene expression in TSL chicks, (J) TLR4 gene
expression in HPC chicks. GPX1 ¼ glutathione peroxidase 1; SOD1 ¼ superoxide dismutase 1; GST3 ¼ glutathione S-transferase alpha 3; NRF2 ¼ nuclear factor; erythroid 2 like 2;
TLR4 ¼ toll-like receptor 4; Naln ¼ non-injected group; SaIn ¼ saline injected group; DLM ¼ DL-Met injected group; LM ¼ L-Met injected group. Data are presented as estimated
marginal means and SEM (n ¼ 8). a,b Means that do not have similar superscript letters are significantly different (P < 0.05).
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Fig. 6. Effects of genotype on jejunum relative mRNA expression levels of antioxidants-related genes in TETRA-SL layer hybrid (TSL) and Hungarian partridge colored breed (HPC)
chicks at one day of age. (A) Glutathione peroxidase 1 (GPX1) gene expression. (B) Superoxide dismutase 1 (SOD1) gene expression. (C) Glutathione S-transferase alpha 3 (GST3) gene
expression. (D) Nuclear factor, erythroid 2 like 2 (NRF2) gene expression. (E) Toll-like receptor 4 (TLR4) gene expression. Data are presented as estimated marginal means and SEM
(n ¼ 32). a,b Means that do not have similar superscript letters are significantly different (P < 0.05).

Fig. 7. Effects of in ovo injection of methionine on jejunum relative mRNA expression levels of tight junction-related genes in TETR-SL layer hybrid (TSL) and Hungarian partridge
colored breed (HPC) chicks at one day of age. (A) OCLN expression in the TSL chicks. (B) OCLN expression in HPC chicks. (C) MD2 gene expression in TSL chicks. (D) MD2 gene
expression in HPC chicks. (E) TJP2 gene expression in the TSL chicks. (F) TJP2 gene expression in the HPC chicks. OCLN ¼ occludin; MD2 ¼ tricellulin; TJP2 ¼ tight junction protein 2;
NoIn ¼ non-injected group; SaIn ¼ saline injected group; DLM ¼ DL-Met injected group; LM ¼ L-Met injected group. Data are presented as estimated marginal means and SEM
(n ¼ 8). a,b Means that do not have similar superscript letters are significantly different (P < 0.05).
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Met has been shown to modulate the immune response in
poultry, including activating the Toll-like receptors (TLRs). How-
ever, limited information is available on its effect on embryonic
chicks (Elwan et al., 2019). TLRs are critical in recognizing and
responding to pathogen-associated molecular patterns on the
surface of bacteria and other pathogens (Paul et al., 2013; Kannaki
et al., 2015). In our experiment, the results indicate that in ovo
injection of Met slightly upregulated the expression of TLR4 mRNA
relative to the NoIn group in both genotypes. Unlike the previous
finding that reported overexpression of TLR4 on newly hatched
chicks, it was clear that it was triggered by heat stress during the
incubation (Elwan et al., 2019). TLR4, together with lysozyme, plays
a critical role in binding and detoxifying lipopolysaccharide (Takada
et al., 1994) and, therefore, participates in protecting against major
Gram-negative bacteria in case of in ovo contamination (Kannaki
et al., 2015). The upregulation of TLR4 mRNA expression by in ovo
injection ofMet at normal conditions indicates the protection of the
developing embryo in ovo and newly hatched chick against path-
ogens (Kannaki et al., 2015).

Tight junctions (TJ) are specialized protein structures essential
to maintaining the integrity and barrier function of epithelium
and epithelium layers in various organs, including intestinal
epithelium (Gonz�alez-Mariscal et al., 2003). TJ plays a critical role
in regulating paracellular permeability by blocking the passage of
pathogens, toxins, and luminal antigens while permitting the
transit of ions and solutes. These proteins are dynamic, compli-
cated, and strictly regulated (Barekatain et al., 2023). Occludin
(OCLN) is among the TJ proteins that prevent paracellular
permeability (von Buchholz et al., 2021). The TJ protein tricellulin
(MD2) function in chicken has not yet clearly known; however, it
is believed to play a critical role in preventing microbes passages
by sealing the tricellular junction between three neighboring cells

(Krug et al., 2009; von Buchholz et al., 2021). Our results indicate
that treatment did not influence the expression of TJ-related
genes. This means that the integrity of the epithelium of the
jejunum was maintained by injection of Met, as there were no
changes in the mRNA expression of OCLN. However, the genotype
influenced the tight junction mRNA expression; the HPC overex-
pressed the OCLN and MD2 mRNA compared with the TSL geno-
type. This suggests that the HPC genotype might have a better TJ
strand network and enhanced barrier function than the TSL ge-
notype. The study has reported that MD2 and OCLN regulate the
development and or maintenance of TJ-strand branching points
that support the integrity of the epithelial barrier (Saito et al.,
2021). Unlike the OCLN and MD2 genes, the TJP2 gene was over-
expressed in the jejunum of the TSL than in the HPC genotype. The
TJP2 has strongly been suggested to contribute to paracellular
calcium uptake in the intestine of layers (Gloux et al., 2019).
Improving the TSL genotype for high egg production may explain
the overexpression of the TJP2, a pore-forming cytosolic protein
responsible for ions and water permeability.

5. Conclusions

Injecting DL-Met and L-Met into chick embryos during late-term
embryonic development improves intestinal development. DL-Met
injection is more effective than L-Met injection in promoting in-
testinal development. Both Met sources are similarly effective on
gene expression related to tight junctions, antioxidant defence,
immune response, and growth. The HPC genotype has better
antioxidant defence and tight junction function, while the TSL ge-
notype has better growth, development, immune response, and
nutrient absorption. These findings significantly affect breeding
strategies and enhance poultry productivity and health.

Fig. 8. Effect of genotype on the tight junction-related gene expression of one-day-old chicks. (A) Occludin (OCLN) gene expression. (B) Tricellulin (MD2) gene expression. (C) Tight
junction protein 2 (TJP2) gene expression. HPC ¼ Hungarian Partridge colored hen breed; TSL ¼ TETRA-SL layer hybrid. Data are presented as means and SEM (n ¼ 32). a,b Means that
do not have similar superscript letters are significantly different (P < 0.05).
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