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ABSTRACT The current study aimed to investigate
the effect of increasing supplementation of dietary glycine
(Gly) on growth performance, meat quality, liver charac-
teristics, and intestinal health in broiler chickens raised
under heat stress (HS) conditions. A total of one thou-
sand six hundred 25-d-old broiler chickens were randomly
allotted to 1 of 5 dietary treatments with 8 replicates.
Each replicate comprised 20 male and 20 female birds. A
negative control (NC) diet was prepared to meet or
exceed energy and nutrient requirement estimates,
whereas a positive control (PC) diet was formulated to
contain increasing concentrations of AMEn by 50 kcal/kg
as well as those of digestible amino acids, total Ca, and
available P by 10% compared with the respective concen-
trations in the NC diet. Three additional diets were pre-
pared by supplementing the NC diet with 0.4, 0.8, or
1.6% Gly. All chickens were raised under cyclic HS condi-
tions at 29°C § 0.89°C for 10 h/d and 23°C § 1.45°C for
the remaining time over an 18-d feeding trial. Results
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indicated that broiler chickens fed the NC diet had a
greater (P < 0.05) FCR than those fed the PC diet under
HS conditions. Increasing supplementation of up to 1.6%
Gly in diets decreased (linear, P < 0.001) FCR in broiler
chickens. Increasing supplementation of dietary Gly
tended to increase (linear, P = 0.070) water holding capac-
ity in the breast meat. Increasing supplementation of die-
tary Gly decreased (linear, P < 0.05) serum aspartate
aminotransferase concentrations and tended to decrease
blood heterophil:lymphocyte (linear, P = 0.083) and liver
malondialdehyde concentrations (quadratic, P = 0.084). A
tendency for increased villus height (linear, P = 0.086)
and a significant increase in villus height:crypt depth ratio
and goblet cell numbers (linear, P < 0.05) were identified
following increasing Gly supplementation. In conclusion,
increasing supplementation of dietary Gly improved feed
efficiency, meat quality, liver health, and intestinal mor-
phology possibly by mitigating oxidative stress and stress
response in broiler chickens raised under HS conditions.
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INTRODUCTION

As global temperatures rise, heat stress (HS) is
increasingly considered an urgent and emerging threat
in broiler production because HS has been consistently
reported to exert various detrimental effects on growth
performance, product quality, and health in broiler
chickens (Zaboli et al., 2019; Liu et al., 2020). These neg-
ative effects of HS are highly associated with various
physiological and metabolic alterations in broiler chick-
ens (Chowdhury et al., 2014; Ratriyanto and Mosenthin,
2018). One of the important HS-induced metabolic alter-
ations is an increase in energy and nutrient requirements
in broiler chickens (Kim et al., 2022; Onagbesan et al.,
2023). Therefore, feeding diets containing high amounts
of energy and nutrients to broiler chickens under HS
conditions is extensively practiced in the commercial sit-
uation (Attia and Hassan, 2017; Abdel-Moneim et al.,
2021); however, the results are highly variable. There-
fore, poultry nutritionists make increasing efforts to
develop functional diets as an alternative to broiler diets
with high energy and nutrients for hot seasons.
Glycine (Gly) is the simplest amino acid (AA) and

is considered a functional nutrient owing to its involve-
ment in diverse functions; for example, it is a precursor
molecule for the synthesis of collagen, creatine, por-
phyrins, glutathione, bile acids, nucleic acids, and uric
acid (Graber and Baker, 1973; Corzo et al., 2004; Li
et al., 2017). In addition, Gly also acts as a biological
osmolyte and is associated with single-carbon metabo-
lism as a methyl-group donor or acceptor in the body,
which largely shares physiological functions of betaine
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(Eklund et al., 2005). Therefore, dietary Gly supple-
mentation is implicated to have the potential to mod-
ify intestinal development, body protein and lipid
metabolism, oxidative status, and immune responses
(Eklund et al., 2005; Ratriyanto and Mosenthin, 2018;
Won et al., 2023). However, the importance of dietary
Gly has often been disregarded in poultry nutrition
because Gly can be endogenously synthesized in poul-
try, and relatively high amounts of Gly are present in
typical feed ingredients (Mel�endez-Hevia et al., 2009).
Nonetheless, under specific circumstances, such as
feeding low-CP diets and raising poultry under HS con-
ditions, dietary Gly can be regarded as a semi-essential
AA for broiler chickens due to increased Gly require-
ments as well as limited supplies of Gly in broiler diets
(Hejdysz et al., 2022; Deng et al., 2023). Awad et al.
(2017) reported that additional Gly supplementation
in low-CP diets alleviated impaired performance and
abnormal physiological changes in broiler chickens
under HS conditions; however, beneficial effects of die-
tary Gly were limited by decreased concentrations of
other AAs in low-CP diets. Notwithstanding, in our
previous study, dietary supplementation of 0.79% Gly
improved growth performance with decreasing stress
response and oxidative stress in broiler chickens under
HS conditions when dietary CP concentrations were
maintained at the required level (Won et al., 2023).
More interestingly, our recent study demonstrated
that increasing supplementation of dietary Gly from
0.341% and 0.683% decreased stress response and fatty
liver incidence with improving feed efficiency in laying
hens under HS conditions (Nam et al., 2023). Further-
more, these positive outcomes elicited by increasing
supplementation of dietary Gly were comparable to
high-energy commercial diets for laying hens under HS
conditions. However, the effect of varying supplemen-
tal levels of dietary Gly on growth performance, meat
quality, liver characteristics, and intestinal health in
broiler chickens under HS conditions is yet to be eluci-
dated. Moreover, to our knowledge, no studies have
been conducted to compare the effect of increasing sup-
plementation of dietary Gly with feeding hot season
diets containing high energy and nutrients to broiler
chickens under HS conditions.

Therefore, the objective of the current study was to
investigate the effect of increasing supplementation of
dietary Gly on growth performance, meat quality, liver
characteristics, and intestinal health in broiler chickens
raised under HS conditions.
MATERIALS AND METHODS

Animals, Diets, and Experimental Design

The protocol for the present experiment was approved
by the Institutional Animal Care and the Use Commit-
tee (IACUC) at Chung-Ang University. A total of one
thousand six hundred 25-d-old Ross 308 growing broiler
chickens (initial body weight [BW] = 935 § 10.5 g)
were used and raised in conventional floor pens
(200 £ 230 £ 100 cm = width £ length £ height).
Before commencing the experiment, chickens were fed a
commercial-type diet adequate in energy and nutrients
for broiler chickens. At 25 d of age, all chickens were
allotted to 1 of 5 dietary treatments with 8 replicates in
a completely randomized design. Each replicate had 40
birds (20 male and 20 female birds) per floor pen. The
experiment lasted for 18 d.
A negative control (NC) diet was formulated to

meet or exceed the energy and nutrient requirement
estimates of Brazilian manuals for growing broiler
chickens (Table 1; Rostagno et al., 2011). A positive
control (PC) diet was formulated to contain increas-
ing concentrations of AMEn by 50 kcal/kg as well as
those of digestible AA, total Ca, and available P by
10% as compared to the respective concentrations in
the NC diet. The PC diet was prepared to simulate
the conventional diet containing high amounts of
energy and nutrients for broiler chickens during hot
seasons in South Korea (Kim et al., 2017; Nam et al.,
2023). Increased energy and nutrient concentrations
in the PC diet were achieved by adjusting inclusion
levels of feed ingredients, such as corn, soybean meal,
corn gluten meal, and soybean oil. Three additional
treatment diets were prepared by supplementing 0.4,
0.8, or 1.6% purified Gly (99%, Neo-Cremar Co., Ltd.,
Seoul, Republic of Korea) to the NC diet. The supple-
mentation levels of Gly in diets were designed to
increase standardized ileal digestible (SID) Gly+Ser
concentrations by 25%, 50%, and 100% compared
with those in NC diets (i.e., calculated SID Gly + Ser
in NC diets = 1.60%). The calculated concentrations
of AMEn and CP were linearly increased by supple-
menting the NC diet with dietary Gly from 0.0 to
1.6% because AMEn and CP values for supplemental
Gly (Rostagno et al., 2011) were considered in diet
formulations. The analyzed concentrations of total
Gly in NC and PC diets were 0.76 and 0.80%, respec-
tively, whereas those of total Gly in the NC diet sup-
plemented with 0.4, 0.8, and 1.6% Gly were 1.11, 1.49,
and 2.40%, respectively. Experimental diets were pre-
pared in mash form. The diets and water were pro-
vided ad libitum throughout the experiment. All
chickens were exposed to cyclic HS conditions at 29°C
§ 0.89°C for 10 h/d and 23°C § 1.45°C for the
remaining time. The average relative humidity was
61.2 § 5.65% during the experiment. A 24-h lighting
schedule was used throughout the experiment. The
BW, BW gain (BWG), and feed intake (FI) were
recorded at the end of the experiment. The mortality
was recorded daily, and the feed conversion ratio
(FCR) was calculated as FI divided by BWG after
the correction for mortality (Choi et al., 2021).
Sample Collection and Dietary Nutrient
Analysis

At the conclusion of the experiment (42 d of age),
1 male bird per replicate with a BW approximating the



Table 1. Composition and nutrient contents of experimental
diets (as-fed basis).

Dietary treatments1

Item PC NC 0.4% Gly 0.8% Gly 1.6% Gly

Ingredients
Corn 50.18 56.99 56.99 56.99 56.99
Soybean meal, 45%

CP
32.20 28.99 28.99 28.99 28.99

Corn gluten meal 4.48 3.01 3.01 3.01 3.01
Soybean oil 6.82 5.01 5.01 5.01 5.01
Monodicalcium

phosphate
1.28 1.14 1.14 1.14 1.14

Limestone 1.15 1.06 1.06 1.06 1.06
L-Lys HCl, 99% 0.27 0.24 0.24 0.24 0.24
DL-Met, 98.5% 0.28 0.25 0.25 0.25 0.25
L-Thr, 99% 0.09 0.08 0.08 0.08 0.08
L-Arg, 99% 0.08 0.06 0.06 0.06 0.06
L-Ile, 99% 0.02 0.02 0.02 0.02 0.02
Gly, 99%2 0.000 0.000 0.400 0.805 1.610
Celite 2.000 2.000 1.600 1.195 0.390
Salt 0.30 0.30 0.30 0.30 0.30
50% Choline 0.30 0.30 0.30 0.30 0.30
NaHCO3 0.30 0.30 0.30 0.30 0.30
Antioxidant 0.05 0.05 0.05 0.05 0.05
Vitamin premix3 0.10 0.10 0.10 0.10 0.10
Mineral premix4 0.10 0.10 0.10 0.10 0.10

Total sum 100.00 100.00 100.00 100.00 100.00
Calculated energy and
nutrient contents5

AMEn, kcal/kg 3,150 3,100 3,106 3,112 3,124
CP, % 21.17 19.25 19.72 20.19 21.14
Digestible Lys, % 1.14 1.04 1.04 1.04 1.04
Digestible

Met + Cys, %
0.83 0.76 0.6 0.76 0.76

Digestible Met, % 0.55 0.50 0.50 0.50 0.50
Digestible Thr, % 0.74 0.68 0.68 0.68 0.68
Digestible Trp, % 0.21 0.19 0.19 0.19 0.19
Digestible Arg, % 1.23 1.12 1.12 1.12 1.12
Digestible Ile, % 0.78 0.71 0.71 0.71 0.71
Digestible Val, % 0.90 0.82 0.82 0.82 0.82
Digestible Leu, % 1.83 1.67 1.67 1.67 1.67
Digestible Gly + Ser,

%
1.75 1.60 2.00 2.40 3.20

Total calcium, % 0.78 0.71 0.71 0.71 0.71
Available phospho-

rus, %
0.37 0.33 0.33 0.33 0.33

Analyzed nutrient
contents
Analyzed CP, % 20.93 19.61 19.64 20.04 21.93
Analyzed total Gly,

%
0.80 0.76 1.11 1.49 2.40

Analyzed total
Gly+Ser, %

1.81 1.71 2.05 2.37 3.37

1Dietary treatments: PC, positive control diet (NC + 50 kcal/kg
AMEn + 10% higher essential amino acids, calcium, and available phos-
phorus); NC, negative control diet; 0.4% glycine (Gly), NC + 0.4% Gly;
0.8% Gly, NC + 0.8% Gly; 1.6% Gly, NC + 1.6% Gly.

2Supplemental levels of Gly were set to increase Gly supplementation
by 0.4%, 0.8%, and 1.6% with consideration of the purity of supplemental
Gly (99%, Neo Cremar Co., Ltd., Seoul, Republic of Korea).

3Provided per kilogram of the complete diet: vitamin A (from vitamin
A acetate), 13,000 IU; vitamin D3, 5,000 IU; vitamin E (from DL-a-tocoph-
erol acetate), 80 IU; vitamin K3, 4 mg; vitamin B1, 4 mg; vitamin B2, 10
mg; vitamin B6, 6 mg; vitamin B12, 20 mg; calcium pantothenate, 20 mg;
folic acid, 2 mg; biotin, 200 mg; niacin, 60 mg.

4Provided per kilogram of the complete diet: Zn (as ZnO), 100 mg; Mn
(as MnSO2¢H2O), 120 mg; Fe (as FeSO4¢7H2O), 60 mg; Cu (as CuSO4¢
5H2O), 16 mg; Co (as CoCO3), 1,000 mg; I (as Ca(IO3)2¢H2O), 1.25 mg; Se
(as Na2SeO3), 300 mg.

5Calculated values from Brazilian tables for poultry and swine 3rd edi-
tion (2011).
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replicate mean BW was euthanized after 8-h fasting via
CO2 asphyxiation and used to collect tissue samples of
breast, blood, liver, and jejunal segments.
The experimental diets were analyzed for CP (method
984.13; AOAC, 2006) using the Kjeldahl method (Kjel-
tec auto system 2300 Analyzer, FOSS, Hilleroed, Den-
mark). The concentrations of total Gly and Ser in diets
were analyzed using the L8900 Amino Acid Analyzer
(HITACHI, Tokyo, Japan) as described by Won et al.
(2023).
Breast Meat Quality

The breast muscle was collected to assess meat quality
measurements. The right portion of the muscle was used
to analyze pH at 1-h and 24-h postmortem and meat
color, whereas the left portion was subjected to the anal-
ysis of water holding capacity (WHC). The detailed
procedure of meat quality analysis was reported previ-
ously (Choi et al., 2021).
Blood Measurements

Blood samples were obtained from euthanized chick-
ens via heart puncture and collected in 6-mL serum
tubes (BD Vacutainer Serum Tube, BD, Franklin Lakes,
NJ). The concentrations of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), creatinine,
and uric acid in the serum were analyzed using a Hitachi
Automatic Analyzer 7020 (Hitachi Ltd., Tokyo, Japan).
Blood heterophil to lymphocyte ratio (H:L ratio) as a
stress biomarker was measured using the method of
Lentfer et al. (2015) with a minor modification. The
detailed procedure was reported in our previous study
(Nam et al., 2023).
Liver Characteristics and Antioxidant Status

The liver was pictured to determine the subjective
fatty liver score using a scale from 1 to 5 (1 = dark red;
5 = yellowish red; Han et al., 2023). In addition, the
objective CIE color scale for lightness (L*), redness
(a*), and yellowness (b*) was also determined using a
colorimeter (model CR-10, Konica Minolta Optics Inc.,
Tokyo, Japan). Hemorrhagic status in the liver was sub-
jectively scored from 0 to 5, with 0 indicating normal
liver and 5 indicating extensive hemorrhages (Diaz
et al., 1999). A portion of the middle part of the liver
was used to analyze the concentrations of acid-hydro-
lyzed ether extract (AEE) in the liver (method 996.01;
AOAC, 2006). A portion of liver samples was also sub-
jected to the analysis of antioxidant status, such as
malondialdehyde (MDA), total antioxidant capacity
(TAC), and reactive oxygen species (ROS) in the liver.
The MDA, TAC, and ROS levels were determined using
commercially available kits according to the respective
manufacturers’ protocols. Protein concentrations were
also analyzed using a commercial Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA). The detailed
procedures for the analysis of antioxidant status were
described in our previous study (Yu et al., 2021).



Table 2. The sequence of the primers used for quantitative RT-PCR.

Primer name Forward Reverse Product size (bp) GenBank accession number

GAPDH 50- TGCTGCCCAGAACATCATCC-30 50-ACGGCAGGTCAGGTCAACAA -30 142 NM_204305
JAM-2 50-AATTTACAGTTCCTCCCACT-30 50-GTCTTTTCCAGTAAGGCAAC-30 151 NM_001006257
OCLN 50-TCGTGCTGTGCATCGCCATC-30 50-CGCTGGTTCACCCCTCCGTA-30 178 NM_205128
ZO-1 50-CACACTGTGACCCCAAAA-30 50-AAGGTCCATCTCAGTTTCAC-30 151 XM_040680632
MUC2 50-CAGAAGGAACTTCTTCGTACA-30 50-AGAGGATGCTCCTGTAGATT-30 137 XM_040673077

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; JAM-2, Junctional adhesion molecule-B;MUC2, Mucin 2; OCLN, Occludin; ZO-
1, Zonula occludens-1.
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Jejunal Morphology and Gene Expression

Jejunal segments measuring 2 cm in length were col-
lected from the middle of the jejunum for the analysis of
jejunal morphology and goblet cell counts. Jejunal seg-
ments were flushed and fixed with 10% neutral-buffered
formalin solutions. Villus height (VH), villus width
(VW), crypt depth (CD), and VH:CD ratio were ana-
lyzed by the method of Nari et al. (2020) with a minor
modification. The detailed procedure was reported in
our previous study (Won et al., 2023). Goblet cell counts
in the jejunal villus were determined using the method of
Dos Santos et al. (2019) with a minor modification. An
average of 10 villi per sample was calculated by screen-
ing a 200-mm area from the central part of the villi.

Total RNA were obtained from the jejunal mucosa.
Expression levels of genes related to tight junction pro-
teins and mucin were determined via a quantitative real-
time PCR (Won et al., 2023). Target genes included
junctional adhesion molecule-B (JAM-2), occludin
(OCLN), zonula occludens-1 (ZO-1), and mucin 2
(MUC2). The primers of selected genes were designed
using available sequences from public databases and
synthesized by Genotech Co. Ltd. (Daejeon-si, Republic
of Korea). The primer sequences are listed in Table 2.
The specificity of primers was confirmed by PCR ampli-
fication as demonstrated by Aznar and Alar�con (2002).
The relative quantification of gene-specific expression
was conducted using the 2-DDCt method after normaliza-
tion to glyceraldehyde-3-phosphate (GAPDH; Thom-
sen et al., 2010). More detailed procedure to analyze
gene expression levels was reported previously (Won
et al., 2023).
Table 3. Effects of increasing supplementation of dietary glycine (G
conditions.1

Dietary treatments2

Items PC NC 0.4% Gly 0.8% Gly

BW, g 2,628 2,587 2,601 2,561
BWG, g 1,691 1,652 1,666 1,628
FI, g 2,497 2,559 2,521 2,491
FCR, g/g 1.48d 1.55a 1.51bc 1.53ab

Mortality, % 0.63 1.25 1.88 0.94

Abbreviations: BW, body weight; BWG, BW gain; FI, feed intake; FCR, fee
a-dMeans within a row with no common superscript differ significantly (P < 0
1Data are least squares means of 8 observations per treatment.
2Dietary treatments: PC, positive control diet (NC + 50 kcal/kg AMEn +

phosphorus); NC, negative control diet; 0.4% Gly, NC + 0.4% Gly; 0.8% Gly, N
3Overall effects of treatments.
4Linear and quadratic effects of increasing supplementation of Gly in diets w
Statistical Analysis

All data were analyzed by ANOVA as a completely
randomized design using the PROC MIXED procedure
(SAS Inst. Inc., Cary, NC). The replicate was considered
as an experimental unit. Outlier data were identified by
the UNIVARIATE procedure of SAS, but no outliers
were detected. The LSMEANS procedure was used to
calculate treatment means and the PDIFF option of
SAS was used to separate means if the difference was sig-
nificant. In addition, the unequal-spaced polynomial
contrast test was performed to determine linear and qua-
dratic effects of increasing Gly supplementation in NC
diets without the data for PC treatment (Nam et al.,
2023). A probability of P < 0.05 was considered signifi-
cant and 0.05 ≤ P ≤ 0.10 was considered a tendency.
RESULTS

Growth Performance and Breast Meat
Quality

The BW, BWG, and mortality were not influenced by
dietary treatments under HS conditions (Table 3). How-
ever, birds fed the NC diet had a greater (P < 0.05) FCR
than those fed the PC diet. Increasing supplementation
of dietary Gly up to 1.6% decreased (linear, P < 0.001)
FCR in broiler chickens. Birds fed the diet supplemented
with 1.6% Gly yielded a similar FCR to those fed the PC
diet. No differences in FI were found between birds in
PC and NC treatments; however, a tendency (linear,
P = 0.059) for a decrease in FI was observed by increas-
ing supplementation of dietary Gly.
ly) on growth performance in broiler chickens under heat stress

P-value

1.6% Gly SEM Total3 Gly (linear)4 Gly (quadratic)4

2,598 20.2 0.247 0.900 0.409
1,663 21.7 0.367 0.901 0.481
2,481 28.4 0.319 0.059 0.385

1.49cd 0.007 <0.001 <0.001 0.879
0.63 0.526 0.426 0.241 0.651

d conversion ratio.
.05).

10% higher digestible essential amino acids, total calcium, and available
C + 0.8% Gly; 1.6% Gly, NC + 1.6% Gly.

ithout the data for PC treatment.



Table 4. Effects of increasing supplementation of dietary glycine (Gly) on breast meat quality in broiler chickens under heat stress
conditions.1

Dietary treatments2 P-value

Items PC NC 0.4% Gly 0.8% Gly 1.6% Gly SEM Total3 Gly (linear)4 Gly (quadratic)4

WHC, % 66.9 67.0 70.0 69.1 71.5 1.42 0.135 0.070 0.747
Meat color (CIE Lab value) L* 47.1 46.0 46.1 45.3 45.8 0.56 0.274 0.585 0.531

a* 2.9 3.0 2.1 2.7 2.5 0.37 0.439 0.617 0.311
b* 14.7 13.7 13.5 13.6 13.9 0.66 0.728 0.764 0.703

Postmortem pH 1 h 6.43 6.29 6.48 6.40 6.44 0.073 0.417 0.317 0.304
24 h 5.63 5.64 5.63 5.75 5.67 0.061 0.593 0.566 0.408

Abbreviations: a*, redness; b*, yellowness; CIE, Commission Internationale de l’Eclairage; L*, lightness; WHC, water holding capacity.
1Data are least squares means of 8 observations per treatment.
2Dietary treatments: PC, positive control diet (NC + 50 kcal/kg AMEn + 10% higher digestible essential amino acids, total calcium, and available

phosphorus); NC, negative control diet; 0.4% Gly, NC + 0.4% Gly; 0.8% Gly, NC + 0.8% Gly; 1.6% Gly, NC + 1.6% Gly.
3Overall effects of treatments.
4Linear and quadratic effects of increasing supplementation of Gly in diets without the data for PC treatment.
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Increasing supplementation of dietary Gly tended to
increase (linear, P = 0.070) WHC in the breast meat of
broiler chickens under HS conditions (Table 4). No dif-
ferences in WHC were observed between birds in PC
and NC treatments. Meat color values for L*, a*, and
b*, and postmortem pH were not affected by dietary
treatments.
Blood Measurements

No differences in serum ALT, AST, creatinine, uric
acid, and blood H:L ratio were observed between birds
in PC and NC treatments under HS conditions (Table 5).
However, increasing supplementation of dietary Gly
decreased (linear, P < 0.05) serum AST concentrations
in broiler chickens, whereas there was a tendency
(P = 0.090) for a quadratic relationship between serum
ALT concentrations and increasing supplementation of
dietary Gly with supplementation of 0.4% Gly exhibit-
ing the least serum ALT concentrations. Likewise, a ten-
dency (P = 0.058) for a quadratic relationship was
found between serum uric acid concentrations and
increasing supplementation of dietary Gly with dietary
supplementation of 0.4% Gly yielding the least uric acid
Table 5. Effects of increasing supplementation of dietary glycine (G
conditions.1

Dietary treatments2

Items PC NC 0.4% Gly 0.8% Gly

Serum measurements
AST, U/L 368a 336ab 306ab 288b

ALT, U/L 2.48a 2.75a 2.08b 2.56a

Creatinine, mg/dL 0.22 0.21 0.21 0.19
Uric acid, mg/dL 6.67 6.49 3.94 4.49

Blood H:L ratio 0.39 0.42 0.36 0.38

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransf
a,bMeans within a row with no common superscript differ significantly (P < 0
1Data are least squares means of 8 observations per treatment.
2Dietary treatments: PC, positive control diet (NC + 50 kcal/kg AMEn +

phosphorus); NC, negative control diet; 0.4% Gly, NC + 0.4% Gly; 0.8% Gly, N
3Overall effects of treatments.
4Linear and quadratic effects of increasing supplementation of Gly in diets w
concentrations. Increasing supplementation of dietary
Gly tended (linear, P = 0.083) to decrease blood H:L
ratio in broiler chickens under HS conditions.
Liver Characteristics and Antioxidant Status

The liver characteristics, including liver color, hem-
orrhagic score, and AEE concentrations, were not
affected by dietary treatments (Table 6). However,
there was a tendency (P = 0.051) for greater MDA
concentrations in birds fed the NC diet than in birds
fed the PC diet. Moreover, increasing supplementa-
tion of dietary Gly tended to decrease (quadratic,
P = 0.084) MDA concentrations in the liver. How-
ever, TAC and ROS levels in the liver were not influ-
enced by dietary treatments.
Jejunal Morphology and Gene Expression

Birds fed the NC diet had less (P < 0.05) VH than
those fed the PC diet, but showed no difference in CD,
resulting in a tendency for less (P = 0.080) VH:CD ratio
in birds fed the NC diet than those fed the PC diet
(Table 7). A tendency (linear, P = 0.086) for increased
ly) on blood measurements in broiler chickens under heat stress

P-value

1.6% Gly SEM Total3 Gly (linear)4 Gly (quadratic)4

270b 23.8 0.049 0.043 0.513
2.50a 0.137 0.024 0.798 0.090
0.21 0.014 0.428 0.979 0.338
7.13 1.226 0.267 0.428 0.058
0.32 0.034 0.313 0.083 0.840

erase; H:L ratio, heterophil to lymphocyte ratio.
.05).

10% higher digestible essential amino acids, total calcium, and available
C + 0.8% Gly; 1.6% Gly, NC + 1.6% Gly.

ithout the data for PC treatment.



Table 6. Effects of increasing supplementation of dietary glycine (Gly) on the liver characteristics and antioxidant status in broiler
chickens under heat stress conditions.1

Dietary treatments2 P-value

Items PC NC 0.4% Gly 0.8% Gly 1.6% Gly SEM Total 3 Gly (linear)4 Gly (quadratic)4

Liver characteristics
Subjective color score 1.2 1.2 1.5 1.2 1.3 0.11 0.121 0.538 0.709
Liver color (CIE Lab value)5 L* 26.9 26.8 27.1 27.3 26.6 0.49 0.889 0.724 0.369

a* 15.4 16.5 15.9 16.7 15.6 0.73 0.673 0.480 0.707
b* 6.5 7.4 7.2 7.4 6.9 0.41 0.495 0.397 0.645

Hemorrhagic score 0.2 0.4 0.4 0.4 0.5 0.13 0.460 0.476 0.882
AEE concentrations (% DM) 18.6 14.1 26.2 17.1 21.6 2.95 0.063 0.375 0.388

Liver antioxidant status
TAC, mmol/mg protein 948 975 924 923 948 32.0 0.769 0.723 0.260
MDA, mmol/mg protein 1.9 2.8 2.3 2.1 2.3 0.21 0.051 0.261 0.084
ROS, mM 20.5 21.9 20.2 20.3 20.3 1.70 0.945 0.592 0.583

Abbreviations: AEE, acid-hydrolyzed ether extract; a*, redness; b*, yellowness; CIE, Commission Internationale de l’Eclairage; L*, lightness; MDA,
malondialdehyde; ROS, reactive oxygen species; TAC, total antioxidant capacity.

1Data are least squares means of 8 observations per treatment.
2Dietary treatments: PC, positive control diet (NC + 50 kcal/kg AMEn + 10% higher digestible essential amino acids, total calcium, and available

phosphorus); NC, negative control diet; 0.4% Gly, NC + 0.4% Gly; 0.8% Gly, NC + 0.8% Gly; 1.6% Gly, NC + 1.6% Gly.
3Overall effects of treatments.
4Linear and quadratic effects of increasing supplementation of Gly in diets without the data for PC treatment.
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VH and a significant increase in VH:CD ratio (linear,
P < 0.05) was observed by increasing supplementation
of dietary Gly. Likewise, birds fed the NC diet had less
(P < 0.05) goblet cell numbers than those fed the
PC diet. Increasing supplementation of dietary Gly
increased (linear, P < 0.05) goblet cell numbers. Birds
fed the diet supplemented with 1.6% Gly displayed com-
parable goblet cell numbers to those fed the PC diet.
However, the expression levels of tight junction-related
genes (i.e., ZO-1, OCLN, JAM-2) andMUC2 in the jeju-
nal mucosa did not differ among dietary treatments.
DISCUSSION

The most common response of poultry to HS is a
reduction in FI owing to an attempt to reduce heat loads
Table 7. Effects of increasing supplementation of dietary glycine (G
expression in the jejunal mucosa of broiler chickens raised under heat s

Dietary treatments2

Items PC NC 0.4% Gly 0.8%

Jejunal morphology5

VH, mm 1,820a 1,577bc 1,521c 1,628b

VW, mm 209 208 213 196
CD, mm 231 224 209 218
VH:CD ratio 7.87 7.08 7.30 7
Goblet cell, cells / 200 mm 16.36a 13.89bc 13.68c 13

Gene expression in the jejunal mucosa
JAM-2 1.24 2.00 1.42 1
OCLN 0.89 1.03 1.02 0
ZO-1 1.20 1.23 1.10 1
MUC2 1.45 1.26 1.38 1

Abbreviations: CD, crypt depth; JAM-2, Junctional adhesion molecules-B;
height; VH:CD ratio, villus height to crypt depth ratio; VW, villus width.

a-cMeans within a row with no common superscript differ significantly (P < 0
1Data are least squares means of 8 observations per treatment.
2Dietary treatments: PC, positive control diet (NC + 50 kcal/kg AMEn +

phosphorus); NC, negative control diet; 0.4% Gly, NC + 0.4% Gly; 0.8% Gly, N
3Overall effects of treatments.
4Linear and quadratic effects of increasing supplementation of Gly in diets w
from the body (He et al., 2018; Liu et al., 2020). This
reduced FI results in decreased energy and nutrient
intake, leading to an impairment in productive perfor-
mance and health in poultry (He et al., 2018; El-Naggar
et al., 2019). Therefore, in commercial situations, it is
commonly practiced to increase the concentrations of
energy and nutrients in poultry diets as a way to com-
pensate for reduced FI during hot seasons (Kim et al.,
2017; Nam et al., 2023). In the present study, the PC
diet was prepared by increasing energy and nutrient con-
centrations to simulate a conventional diet for broiler
chickens raised under HS conditions. As expected,
broiler chickens fed the PC diet exhibited an improve-
ment in growth performance, particularly for FCR, and
intestinal morphology compared with those fed the
NC diet, suggesting that broiler chickens under HS
ly) on jejunal morphology and tight junction protein-related gene
tress conditions.1

SEM

P-value

Gly 1.6% Gly Total3 Gly (linear)4 Gly (quadratic)4

c 1,654b 41.0 <0.001 0.086 0.711
196 7.9 0.461 0.180 0.870
215 6.8 0.256 0.636 0.487

.50 7.69 0.207 0.080 0.047 0.666

.94bc 15.11ab 0.471 0.001 0.029 0.228

.26 1.76 0.473 0.742 0.849 0.259

.91 1.01 0.211 0.980 0.899 0.738

.08 1.67 0.242 0.432 0.191 0.239

.31 1.06 0.383 0.961 0.608 0.657

MUC2, Mucin 2; OCLN, Occludin; ZO-1, Zonula occludens-1; VH, villus

.05).

10% higher digestible essential amino acids, total calcium, and available
C + 0.8% Gly; 1.6% Gly, NC + 1.6% Gly.

ithout the data for PC treatment.
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conditions require more energy and nutrients than those
raised under thermoneutral conditions.

Additional Gly supplementation in poultry diets has
recently gained an increasing attention despite Gly
being classified as a non-essential AA for poultry. The
possible reason is that Gly is required for the synthesis
of vital biomolecules, such as collagen, creatine, por-
phyrins, glutathione, bile acids, nucleic acids, and uric
acid (Graber and Baker, 1973; Corzo et al., 2004). Gly
can also serve as a biological osmolyte and a donor of
methyl groups, similar to the functions of dietary beta-
ine (Eklund et al., 2005; Ratriyanto and Mosenthin,
2018). More importantly, the requirement of Gly in
poultry may increase under stress conditions due to
both increased demand for specific Gly functions and
inadequate endogenous Gly synthesis (Nam et al., 2023;
Won et al., 2023). Previous studies have reported that
increasing Gly supplementation in diets increased BWG
and decreased FCR in broiler chickens under HS condi-
tions (Awad et al., 2017; Won et al., 2023). Consistently,
the current study also revealed a linear decrease in FCR
of broiler chickens under HS conditions in response to
increasing supplementation of up to 1.6% Gly in diets.
The reason for this beneficial effect may be that Gly
requirement of broiler chickens is increased by HS condi-
tions, such that additional Gly supplementation in diets
may satisfy increased Gly requirement. Furthermore,
additional Gly supplementation may preclude the use of
Ser and Thr for endogenous Gly synthesis, thereby pro-
moting the proper utilization of Ser and Thr for protein
synthesis or other body functions (Siegert and Rode-
hutscord, 2019). In addition, similar to dietary Met,
betaine, and choline, dietary Gly may also enhance
methylation potentials for regulating lipid metabolism,
inflammatory responses, and antioxidant systems in the
body (Arumugam et al., 2021). However, it should be
emphasized that decreased FCR in broiler chickens was
primarily achieved by FI reduction in this study, which
is inconsistent with previous findings (Awad et al., 2017;
Won et al., 2023). However, in our previous study,
increasing supplementation of dietary Gly decreased
FCR, along with decreased FI and similar egg produc-
tion in laying hens under HS conditions (Nam et al.,
2023). Therefore, the reason for inconsistent results for
FI in poultry as affected by dietary Gly supplementation
remains unclear; nonetheless, it may be related to varia-
tions in the age and breeds of birds, the duration and
extent of HS conditions, and other dietary components.
Interestingly, the positive effect of dietary supplementa-
tion of 1.6% Gly on FCR was close to the effect of the
PC diet, indicating that dietary supplementation of
1.6% Gly may be a potential alternative to conventional
broiler diets with high energy and nutrients during hot
seasons.

Meat quality is frequently compromised in broiler
chickens exposed to HS because of changes in muscle
glycogen metabolism and oxidative status (Lara and
Rostagno, 2013; Wang et al., 2017). Therefore, a feasible
solution to mitigate the negative impact of HS on broiler
meat quality should be developed. Dietary Gly
supplementation may be a candidate solution because
Gly exhibits an osmoregulatory activity to prevent cellu-
lar water losses (Eklund et al., 2005; Ratriyanto and
Mosenthin, 2018). Moreover, Gly may promote the syn-
thesis of creatine, which has been reported to prevent
rapid postmortem pH reduction (Young et al., 2004)
and to control osmotic water losses in the muscle (Hult-
man et al., 1996). Dietary Gly supplementation has also
been reported to exert an antioxidant effect, possibly
through glutathione metabolism (Wang et al., 2013;
Won et al., 2023) as well as improving methylation
potentials (Arumugam et al., 2021). In this study,
improved WHC in the breast meat was observed by
increasing Gly supplementation in diets, suggesting that
dietary Gly may increase water retention in the muscle
of broiler chickens under HS conditions. However, our
previous study demonstrated that dietary supplementa-
tion of 0.79% Gly had little impact on pH, WHC, and
meat colors in the breast meat of broiler chickens under
HS conditions (Won et al., 2023). Therefore, the influ-
ence of dietary Gly supplementation on meat quality in
broiler chickens under HS conditions appears to be
inconclusive. These variable results may be due to the
relatively small impact of dietary functional nutrients
on meat quality in broiler chickens because meat quality
values measured in previous studies fell within normal
ranges observed in the conventional broiler meat.
Blood AST and ALT concentrations are typically

measured to analyze liver health status because those
concentrations are elevated when liver cells are damaged
or liver functions are impaired (Goorden et al., 2013).
The HS has been reported to increase serum AST and
ALT concentrations in broiler chickens (Kanani et al.,
2016; Chen et al., 2020). In the current study, increasing
supplementation of dietary Gly decreased serum AST
and ALT concentrations, indicating that additional Gly
supplementation may aid in maintaining liver health
and function. Wang et al. (2019) also reported that mice
fed diets supplemented with Gly had lower serum AST
and ALT concentrations than those fed the control diet.
Provided that Gly may display similar physiological
functions to betaine (Eklund et al., 2005), dietary Gly
supplementation may improve liver health by reducing
lipid accumulations, enhancing anti-inflammatory
responses, and up-regulating antioxidant systems (Aru-
mugam et al., 2021). Moreover, additional Gly supply
may facilitate glutathione synthesis because Gly is a pre-
cursor molecule for glutathione synthesis (Wang et al.,
2013). Glutathione is an endogenous antioxidant
required for the maintenance of intracellular homeosta-
sis (McCarty et al., 2018). The presence of high amounts
of glutathione has been reported to protect the liver
against oxidative stressors by augmenting the activities
of superoxide dismutase and catalase in the liver (Wang
et al., 2013). Our findings that MDA concentrations in
the liver were decreased by increasing supplementation
of dietary Gly may also support a decrease in hepatic
lipid peroxidation. In addition, osmoprotectants, such
as betaine, sarcosine, and glycerophosphocholine were
found to be decreased in birds exposed to HS
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(Ratriyanto and Mosenthin, 2018). Those osmoprotec-
tants are all precursor molecules for endogenous Gly
synthesis (Grimble et al., 1992). Therefore, it can be
inferred that additional Gly supplementation in diets
may save the utilization of those osmoprotectants for
endogenous Gly synthesis in broiler chickens under HS
conditions. This saving may increase the availability of
osmoprotectants in the liver exposed to HS. In addition,
it appears that Gly itself can function as an osmolyte
that mitigates cellular osmotic stress (Yancey, 2001).

Blood H:L ratio is the most broadly used as a stress
indicator in poultry (Lee et al., 2022). An increase in
blood H:L ratio has been observed in poultry raised
under HS conditions (Nam et al., 2023; Won et al.,
2023). Our results indicated that increasing supplemen-
tation of dietary Gly decreased blood H:L ratio in broiler
chickens under HS conditions, reflecting the anti-stress
effect of additional Gly supplementation in diets. A simi-
lar reduction in blood H:L ratio was also observed in our
previous studies following dietary supplementation of
0.79% and 0.683% Gly for broiler chickens (Won et al.,
2023) and laying hens (Nam et al., 2023), respectively,
under HS conditions. Moreover, those previous studies
also reported that feeding diets supplemented with Gly
to broiler chickens and laying hens decreased feather cor-
ticosterone levels although significance was not detected
(Nam et al., 2023; Won et al., 2023).

The Gly is a structural AA for uric acid synthesis in
poultry (Siegert and Rodehutscord, 2019). Increasing
oxidation of AA in broiler chickens under HS conditions
is expected to facilitate ammonia production, eliciting a
concomitant increase in uric acid production (Kim et al.,
2022). Therefore, additional supply of dietary Gly may
be required for broiler chickens under HS conditions.
Interestingly, serum concentrations of uric acid exhib-
ited a quadratic association with increasing supplemen-
tation of dietary Gly in this study. Specifically, serum
concentrations of uric acid were decreased by 0.4% and
0.8% Gly supplementation, but then increased by 1.6%
Gly supplementation. The clear reason is unknown;
however, it appears that high supply of dietary Gly may
augment uric acid production in the liver because of
excess oxidation of Gly itself to ammonia.

Poultry exposed to HS often show a high occurrence of
fatty liver due to increased fat synthesis and decreased
fat removal in the liver (Inoue et al., 2006; Lu et al.,
2019). In addition, poultry exposed to HS have been
reported to experience inefficient fat utilization for
energy production, resulting in increasing hepatic fat
accumulations (Lu et al., 2019). This observation is
likely due to up-regulation of genes related to fat synthe-
sis and down-regulation of genes related to fat oxidation
in the liver (Kim et al., 2022). Nam et al. (2023) reported
that increasing supplementation of dietary Gly from
0.341% to 0.683% linearly decreased fatty liver inci-
dence, hemorrhagic score, and total fat concentrations
in the liver, revealing lipotropic effects of dietary Gly in
laying hens. The reason for this result may be associated
with methylation potentials of Gly because the sufficient
supply of methyl groups in the liver is essential for
synthesizing phosphatidylcholine and apolipoprotein B,
which are required for lipid transfers from the liver to
extrahepatic tissues (Eklund et al., 2005). In addition,
Gly is the end-product of choline and betaine oxidation,
such that additional Gly supply may enhance lipotropic
effects by improving choline and betaine availability
(Nam et al., 2023). However, the current study revealed
no beneficial effects of increasing supplementation of die-
tary Gly on fatty liver-related characteristics in broiler
chickens. Won et al. (2023) also found no significant
effects of dietary supplementation of 0.79% Gly on liver
characteristics of broiler chickens under HS conditions.
The reason for this inconsistent result may be that
broiler chickens are less susceptible to fatty liver devel-
opment than laying hens (Zaefarian et al., 2019). There-
fore, it is suggested that lipotropic effects of dietary Gly
may be relatively smaller in broiler chickens compared
with laying hens under HS conditions.
Increased intestinal permeability and impaired intesti-

nal morphology are frequently observed in animals
exposed to HS (Goo et al., 2019; Nanto-Hara et al.,
2020). This negative outcome is linked to increasing
diversion of blood flow from the intestine to the skin,
which hinders the supply of nutrient and oxygen to
intestinal cells (Lambert, 2009). A previous study
reported that dietary Gly supplementation increased
VH and goblet cell numbers in the jejunum of broiler
chickens under HS conditions (Won et al., 2023). The
similar positive effect of increasing supplementation of
dietary Gly on VH, VH:CD, and goblet cell numbers
was also observed in this study. The clear reason why
additional Gly supplementation can improve intestinal
morphology, especially for increased VH and goblet cell
numbers, in broiler chickens under HS conditions is cur-
rently lacking. Given the fact that Gly is a major compo-
nent of intestinal mucins and digestive secretions
(Lensing et al., 2007), it can be inferred that providing
additional Gly may facilitate mucin synthesis in the
intestinal mucosa, thereby increasing VH and goblet cell
numbers in broiler chickens under HS conditions (Won
et al., 2023; Kim et al., 2024). However, the current
study showed that none of Gly-supplemented diets
exhibited a similar effect on intestinal morphology to
PC diets with high energy and nutrients.
Expression levels of genes related to tight junction

proteins in the jejunal mucosa were analyzed to deter-
mine the effect of increasing supplementation of dietary
Gly on intestinal barrier functions. However, no signifi-
cant changes in the expression levels of all measured
genes were identified. Similar results for no benefits of
dietary Gly supplementation on intestinal barrier func-
tions in broiler chickens under HS conditions were
observed in our previous study (Won et al., 2023), indi-
cating little positive effects of additional Gly supplemen-
tation in diets on intestinal barrier functions. However,
it should be noted that the current study only measured
the expression levels of tight junction-related genes
instead of directly measuring intestinal permeability.
This limitation restricts the extent of further interpreta-
tion. Further studies are necessary to investigate the
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effect of dietary Gly supplementation on intestinal bar-
rier functions, particularly based on a direct assessment
of intestinal permeation levels, in broiler chickens under
HS conditions.
CONCLUSIONS

Increasing supplementation of dietary Gly up to 1.6%
improved feed efficiency in broiler chickens raised under
HS conditions. Furthermore, increasing supplementa-
tion of dietary Gly improved WHC in breast meat, liver
health, and intestinal morphology possibly by mitigat-
ing oxidative stress and stress response. Compared with
conventional diets containing high energy and nutrients
for broiler chickens during hot seasons, dietary supple-
mentation of 1.6% Gly exerted similar positive effects on
feed efficiency in broiler chickens, but showed no compa-
rable benefits on meat quality, liver characteristics, and
intestinal morphology in broiler chickens raised under
HS conditions.
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