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ABSTRACT Heat stress can cause systemic immune
dysregulation and threaten the health of broilers. Guani-
dinoacetic acid (GAA) has been shown to be effective
against heat stress, but whether it is beneficial for immu-
nity is unclear.

Therefore, the effects of dietary GAA supplementa-
tion on the immunity of chronic heat-stressed broilers
were evaluated. A total of 192 Arbor Acres male broilers
(28-day old) were randomly allocated to 4 treatments:
the normal control group (NC, 22°C, ad libitum feed-
ing), the heat stress group (HS, 32°C, ad libitum feed-
ing), the pair-fed group (PF, kept at 22°C and received
food equivalent to that consumed by the HS group on
the previous day), and the GAA group (HG, 32°C, ad
libitum feeding; basal diet supplemented with 0.6 g/kg
GAA). Samples were collected on d 7 and 14 after treat-
ment. Results showed that broilers exposed to heat
stress exhibited a decrease (P < 0.05) in ADG, ADFI,
thymus and bursa of Fabricius indexes, and an increase
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(P < 0.05) in feed conversion ratio and panting fre-
quency, compared to the NC group. Levels of corticotro-
pin-releasing factor, corticosterone (CORT), heat
shock protein 70 (HSP70), IL-6, and TNF-a were ele-
vated (P < 0.05) while lysozyme and IgG concentration
was decreased (P < 0.05) in the HS group compared
with the NC group after 7 d of heat exposure. The con-
centrations of IgG and IL-2 were decreased (P < 0.05)
and CORT was increased (P < 0.05) in the HS group
compared with the NC group after 14 d of heat exposure.
Noticeably, GAA supplementation decreased the levels
of CORT (P < 0.05) and increased the IL-2, IgG, and
IgM concentrations (P < 0.05) compared with the HS
group. In conclusion, chronic heat stress increased
CORT release, damaged immune organs, and impaired
the immunity of broilers. Dietary supplementation of
0.6 g/kg GAA can reduce the CORT level and improve
the immune function of broilers under heat stress
conditions.
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INTRODUCTION

Broilers are highly susceptible to heat stress induced
by high ambient temperatures as they cannot dissipate
heat efficiently due to their surface covering of feathers
and lacking skin sweat glands. In light of global warm-
ing, this problem has grown to be a significant barrier to
broiler production (Chauhan et al., 2021; Liu et al.,
2021). Studies have shown that physiological disorders,
such as systemic immune dysregulation, occur in broilers
exposed to high temperatures, and consequently lead to
poor growth and increased mortality of broilers (Quin-
teiro-Filho et al., 2012; Abdelqader and Al-Fataftah,
2014). Heat stress-induced intestinal barrier injury pro-
motes the release of endotoxin from commensal bacteria
into the blood (Alhenaky et al., 2017), which elevates
the levels of proinflammatory cytokines (De Boever et
al., 2008; Liu et al., 2021), challenging the weakened
immune system of broilers. Therefore, finding a solution
for chronic heat stress is crucial.
The hypothalamus-pituitary-adrenal (HPA) axis

plays a vital role in stimulating and integrating various
physiological and neural responses to adverse stimuli
(Wang et al., 2022). When heat serves as a stressor, it
initiates the synthesis of corticotropin-releasing factor
(CRF) or hormone from the paraventricular nucleus of
the hypothalamus, which acts on the anterior pituitary
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Table 1. Ingredients and nutrient composition of experimental
diets.

Ingredients (%) 28-42 d

Corn 59.37
Soybean meal1 31.90
Soybean oil 5.00
Limestone 1.23
Dicalcium phosphate 1.50
L-lysine¢HCl 0.11
DL-methionine 0.27
Salt 0.30
Vitamin premix2 0.03
Mineral premix3 0.20
70% Choline chloride 0.09
Calculated nutrients
Metabolizable energy (MJ/kg) 12.98
Crude protein 19.00
Calcium 0.90
Total phosphorus 0.56
Nonphytate phosphorus 0.35
Lysine 1.00
Methionine 0.46
Methionine + cysteine 0.80
Threonine 0.60
Tryptophan 0.20
Arginine 1.32
1Crude protein level of soybean meal: 44.2%.
2Vitamin premix provided per kilogram of diet: Vitamin A, 12,000 IU;

vitamin D3, 2,500 IU; vitamin E, 20 IU; menadione, 1.3 mg; thiamin, 2.21
mg; riboflavin, 7.8 mg; nicotinamide, 40 mg; calcium pantothenate, 16.5
mg; pyridoxine HCl, 4 mg; biotin, 0.04 mg; folic acid, 1.2 mg; vitamin
B12, 0.015 mg.

3Mineral premix provided per kilogram of diet: iron, 80 mg; copper, 8.0
mg; manganese, 110 mg, zinc 65 mg; iodine, 1.1 mg; selenium, 0.3 mg.
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to promote the release of adrenocorticotropic hormone
(ACTH). Subsequently, ACTH activates adrenocorti-
cal cells, leading to the synthesis and release of glucocor-
ticoids (GCs). In chickens, the primary glucocorticoid is
corticosterone (CORT) (Beckford et al., 2020). Chronic
stimulation of the HPA axis has been shown to slow ani-
mal growth and suppress immune responses, thus mak-
ing them more susceptible to infection (Bagath et al.,
2019; Nelson et al., 2020). In addition, during chronic
heat stress, ATP generation is reduced (Azad et al.,
2010). High circulating CORT shifts metabolic processes
toward catabolism (Nelson et al., 2020), promoting the
utilization of muscle energy reserves in the form of glyco-
gen (Gonzalez-Esquerra and Leeson, 2006). It also sup-
presses muscle growth and protein synthesis while
simultaneously elevating liver gluconeogenesis to meet
energy demands (Ma et al., 2021).

Nutritional intervention is considered an effective
strategy for alleviating organ damage caused by heat
stress in broilers (Chauhan et al., 2021). Guanidinoace-
tic acid (GAA) has been authorized for use as a nutri-
tional additive in commercial diets in several regions
around the world (Portocarero and Braun, 2021). GAA
has been shown to improve feed conversion (Majdeddin
et al., 2020), intestinal morphology, and mucosal barrier
function (Peng et al., 2023) in broilers subjected to heat
stress. Amiri et al. (2019) reported that GAA supple-
mentation at a rate of 0.06% could be an effective feed
additive for preventing the negative effects of heat stress
on growth performance, mortality rate, antioxidant sta-
tus, and gut morphology in broilers. The beneficial
effects of GAA on heat stress are primarily due to
improved cellular energy status and arginine-sparing
functions (Majdeddin et al., 2020, 2023). GAA is the
precursor of creatine (Cr), a high-energy molecule that
generates ATP through the creatine/phosphocreatine
system (Dayan et al., 2023). Dietary GAA supplementa-
tion enhances muscle accumulation of Cr and PCr,
allowing creatine-loaded muscles to increase growth or
work capacity (Michiels et al., 2012; Zhang et al., 2019).
GAA effectively reduces the metabolic drain on arginine
(Arg) and glycine (Gly) for Cr synthesis, leaving more
Arg available for muscle growth and other important
physiological processes (DeGroot et al., 2019; Portocar-
ero and Braun, 2021). Arginine supplementation is
widely reported to modulate or enhance humoral and
cellular immune responses (Jahanian, 2009; Munir et al.,
2009; Burin Junior et al., 2019) and attenuate inflamma-
tion (Tan et al., 2014). Importantly, Arg plays a key role
as a nitrogenous precursor for the endogenous synthesis
of nitric oxide (NO). In this regard, NO has been shown
to act via the central nervous system to regulate body
temperature, stimulate peripheral blood flow, and pro-
mote autonomic heat dissipation in broilers (Wu et al.,
2010; Uyanga et al., 2020).

Altogether, given the beneficial effects of GAA
described above, this study aimed to examine the effec-
tiveness of GAA supplementation in mediating chronic
heat stress through its regulatory functions on the HPA
axis hormones and immunity.
MATERIALS AND METHODS

Experimental Design

All experimental procedures and bird management
were approved by Nanjing Agricultural University Insti-
tutional Animal Care and Use Committee under proto-
col number SYXK 2021-0014.
A total of 192 twenty-eight-day-old Arbor Acres male

broilers (body weight, 1,442.3 § 2.8 g) were used in this
study and were randomly allocated to 4 treatments:
the normal control group (NC, kept at 22°C), the heat
stress group (HS, kept at 32°C), the pair-fed group
(PF, kept at 22°C and received food equivalent to that
consumed by the HS group on the previous day), and
the GAA group (HG, kept at 32°C). GAA group given
a basal diet supplemented with 0.6 g/kg GAA (Michiels
et al., 2012; Amiri et al., 2019; Peng et al., 2023). Each
group included 6 replicates with 8 birds per cage
(1.2 m £ 0.8 m £ 0.45 m). The chickens were reared in
the environment control rooms for 7 or 14 d at 22°C or
32°C, 24 h/d. The lighting was programmed to produce
18 h of light and 6 h of darkness throughout the experi-
mental period. The GAA (Purity ≥ 99%) additive was
acquired from Tianjin Tiancheng Pharmaceutical Co.,
Ltd. (Tianjin, China). The basal diet composition and
nutrient levels are shown in Table 1. In addition to the
restricted feed intake of chickens in the PF group, the
rest of the birds had ad libitum access to feed and water
throughout the study period.
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Growth Performance and Sample Collection

Body weight and feed consumption were recorded at d
28, 35, and 42. The average daily gain (ADG), average
daily feed intake (ADFI), and the feed-to-gain ratio
(F/G) were calculated. On d 35 and 42, video of each
cage was recorded for the measurement of panting
frequency, and then 2 birds per replicate with weight close
to average weight of the cage was selected and euthanized
by electrical stunning and exsanguinations (Peng et al.,
2023). Blood samples were immediately collected from
the jugular vein of each bird, loaded into heparinized
tubes, and centrifuged for 15 min at 1,500 £ g. The
plasma samples were collected and stored at �20°C for
subsequent analysis of CRF, ACTH, CORT, heat shock
protein 70 (HSP70), immunoglobulin A (IgA), IgG,
IgM, interleukin 6 (IL-6), tumor necrosis factor a (TNF-
a), IL-2, and lysozyme. The spleen, thymus, and bursa of
Fabricius were weighted to calculate the organ index.

Immune organ index g=100 gð Þ

¼ organweight gð Þ=bodyweight 100 gð Þ
Panting Frequency

Panting frequency defined as the number of breaths
per minute. Panting frequency was assessed for 2 birds
randomly selected by each cage during 1 min interval,
based on video recordings.
Detection of Plasma HPA Axis Hormone and
HSP70

The plasma levels of CRF (H288-1), ACTH (H097-1),
CORT (H205-1), and HSP70 (H264-2) were measured
using commercial ELISA kits (Nanjing Jiancheng Bioen-
gineering Institute Co., Ltd., Nanjing, China) following
the individual manufacturer’s protocols. In brief, the pro-
cedure can be summarized as follows: Preparing of
reagents, sample and standards; add prepared plasma
samples and standards 50 mL, Bio Ab reacting 30 min at
37°C; plate washed 5 times, adding HRP Conjugate
Reagent 50 mL, reacting 30 min at 37°C; washed 5 times,
adding Chromogen solution A, B 50 mL, reacting 10 min
at 37°C; add stop solution 50 mL; measure the optical
density values of each well under 450 nm wavelength
within 10 min; according to the concentration and OD
values, calculate the standard curve linear regression
equation with apply ELISAcalc and apply logistic curve
for fitting model (4 parameters). The main apparatus
was an incubator of 37°C, and a standard enzyme reader.
Detection of Immune-Related Indicators and
Lysozyme

IL-6 (H007-1), TNF-a (H052-1), IL-2 (H003-1), IgA
(H108-1), IgG (H106-1), IgM (H109-1) were determined
by ELISA (Nanjing Jiancheng Bioengineering Institute
Co., Ltd., Nanjing, China). Lysozyme (A050-1) concen-
tration was detected using a lysozyme assay kit (Nanjing
Jiancheng Bioengineering Institute Co., Ltd., Nanjing,
China). Lysozyme was detected as follows: The prepared
application bacterial solution, the standard application
solution, and the required samples were prewarmed to
37°C; add 0.2 mL sample to the tube, take 2 mL of appli-
cation bacteria solution quickly into the tube, immedi-
ately mix and time; measure the transmittance value at
530 nm in the visible spectrophotometer, 15 s to read
the transmittance value T0, at 2 min 15 s to read the
transmittance value T2; calculate the differences in
transmittance, 4T(measured value) = T2 � T0. The main
apparatus was a spectrophotometer.

Lysozyme concentration mg=mLð Þ

¼ DTðmeasured valueÞ=DTðstandard valueÞ � C standardð Þ � N

C(standard) is the standard concentration and N is the
sample dilution multiple.
Statistical Analysis

Statistical Analysis System with the SPSS (version
25.0, SPSS Inc., Chicago, IL, USA) was used to analyze
the data for the NC, HS, and PF groups using 1-way
analysis of variance and a Tukey multiple range test. T
tests for independent samples were performed between
the HS and HG groups, exploring the functions of GAA
under condition of heat stress. Results are presented as
mean § standard error (SE) and the statistical signifi-
cance was considered at P<0.05. The data of growth per-
formance were analyzed with the cage as the experimental
replicate and other indices were analyzed by the mean of
2 sampled chickens per cage as a replicate (n=6).
RESULTS

Growth Performance

The changes in growth performance of broilers caused
by heat stress and the GAA intervention effects are pre-
sented in Table 2. After 7 d and 14 d of heat exposure,
the ADFI of the chickens in the HS group significantly
decreased (P < 0.05) compared to the NC group. The
HS group had a lower (P < 0.05) ADG than the NC and
PF groups after 7 d and 14 d of heat exposure. Addition-
ally, heat exposure increased (P < 0.05) the F/G com-
pared to the NC and PF groups after 7 and 14 d. The
ADFI, ADG and F/G in the HG group did not differ
(P > 0.05) from the HS group after 7 d and 14 d treat-
ments.
Panting Frequency

Figure 1 illustrates the effects of heat stress on pant-
ing frequency and the GAA intervention effects in
broilers. When compared to the NC and PF groups, the



Table 2. Effects of heat stress on the growth performance and the guanidinoacetic acid (GAA) intervention effects in broilers.

Treatment1 P value3

Items2 NC HS PF HG ANOVA T test

Heat exposure for 7 d
ADFI (g/bird/d) 148.38 § 5.89a 125.70 § 5.40b 129.22 § 5.12b 132.89 § 2.59 0.027 0.277
ADG (g/bird/d) 86.56 § 2.04a 57.60 § 4.84b 76.57 § 3.52a 67.00 § 3.22 <0.001 0.365
F/G (g/g) 1.67 § 0.03b 2.22 § 0.12a 1.70 § 0.02b 1.90 § 0.08 <0.001 0.261

Heat exposure for 14 d
ADFI (g/bird/d) 168.06 § 4.62a 125.62 § 4.87b 128.66 § 8.47b 143.16 § 4.90 0.001 0.727
ADG (g/bird/d) 87.68 § 3.51a 53.65 § 3.08c 70.37 § 6.43b 66.12 § 3.67 0.001 0.640
F/G (g/g) 1.87 § 0.04b 2.43 § 0.12a 1.95 § 0.06b 2.17 § 0.04 0.046 0.307
1NC, normal control group; HS, heat stress group; PF, pair-fed group; HG, GAA group. Values are mean § SE of 6 replicates.
2F/G, feed to gain ratio.
3One-way ANOVA and Tukey’s test were conducted for the NC, HS, and HG groups; T test was conducted for the HS and HG groups.
abMeans with different superscripts within each row are significantly different among the NC, HS, and PF groups (P < 0.05).

Figure 1. Effects of heat stress on the panting frequency and the
GAA intervention effects in broilers. Data are presented as mean § SE
(n = 6). One-way ANOVA and Tukey’s test were conducted for the
NC, HS, and HG groups; T test was conducted for the HS and HG
groups. a−bDifferent letters indicate significant difference among the
NC, HS and PF groups (P < 0.05). n.s.means no significant.
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chickens in the HS group showed a significant increase in
panting (P < 0.05) after 7 d and 14 d of treatment. In
addition, the chickens in the HG group also experienced
heavy panting, with no significant difference (P > 0.05)
observed between the HG and HS groups.
Plasma HPA Axis Hormone Concentration

Table 3 presents the effects of heat stress on HPA axis
hormone levels and the GAA intervention effects in
Table 3. Effects of heat stress on the level of hypothalamus-pituitary-
tion effects in broilers.

Treatment

Items2 NC HS

Heat exposure for 7 d
CRF (ng/mL) 63.30 § 6.42b 101.77 § 8.26a 1
ACTH (ng/L) 63.60 § 10.67 43.21 § 5.05
CORT (ng/mL) 8.19 § 0.14b 9.35 § 0.31a

Heat exposure for 14 d
CRF (ng/mL) 107.16 § 10.83 132.32 § 9.71 1
ACTH (ng/L) 42.68 § 1.25 37.60 § 4.91
CORT (ng/mL) 8.52 § 0.21b 9.92 § 0.21a

1NC, normal control group; HS, heat stress group; PF, pair-fed group; HG, G
2CRF, corticotropin-releasing factor; ACTH, adrenocorticotropic hormone;
3One-way ANOVA and Tukey’s test were conducted for the NC, HS, and HG
abMeans with different superscripts within each row are significantly differen
**Means with asterisks indicate a significant difference between HS and HG g
broilers. In comparison to the NC group, the CRF level
in the HS and PF groups was significantly increased
(P < 0.05) after 7 d of heat exposure. The CORT levels
were significantly elevated (P < 0.05) after 7 d and 14 d
of heat exposure in the HS group, when compared to the
NC and PF groups. However, after 7 and 14 d of treat-
ment, the GAA treatment significantly decreased (P <
0.05) the CORT level in the HG group compared to the
HS group.
Plasma HSP70 Concentration

Figure 2 illustrates the effects of heat stress on plasma
HSP70 levels and the GAA intervention effects in
broilers. Heat exposure notably elevated (P < 0.05) the
levels of HSP70 in the HS group after 7 and 14 d of treat-
ment, as compared to the NC and PF groups. No sub-
stantial difference (P > 0.05) in HSP70 levels was
observed between the HG and HS groups.
Immune Organ Indexes

Table 4 shows the effects of heat stress on the immune
organ indexes and the GAA intervention effects in
broilers. After 14 d of heat exposure, the HS group
exhibited lower (P < 0.05) organ indexes for the thymus
adrenal (HPA) axis and the guanidinoacetic acid (GAA) interven-

1 P value3

PF HG ANOVA T test

17.27 § 7.38a 114.82 § 8.28 <0.001 0.661
49.00 § 7.91 44.21 § 10.82 0.103 0.336
8.58 § 0.24b 7.83 § 0.31** 0.015 0.009

27.75 § 11.96 167.33 § 17.30 0.139 0.456
36.87 § 4.25 49.05 § 4.70 0.322 0.381
8.96 § 0.32b 8.01 § 0.32** 0.047 0.007

AA group. Values are mean § SE of 6 replicates.
CORT, corticosterone.
groups; T test was conducted for the HS and HG groups.

t among the NC, HS, and PF groups (P < 0.05).
roup (P < 0.01).



Figure 2. Effects of heat stress on the plasma HSP70 level and the
GAA intervention effects in broilers. Data are presented as mean § SE
(n = 6). One-way ANOVA and Tukey’s test were conducted for the
NC, HS, and HG groups; T test was conducted for the HS and HG
groups. a−cDifferent letters indicate significant difference among the
NC, HS, and PF groups (P < 0.05). n.s.means no significant.

GUANIDINOACETIC ACID IN HEAT-STRESSED BROILER 5
and bursa of Fabricius in comparison to both the NC
and PF groups. After 7 d of heat exposure, the HS group
and PF group presented a decreased (P < 0.05) thymus
index when compared to the NC group. No significant
difference (P > 0.05) in immune organ indexes was
observed between the HG and HS groups.
Plasma Proinflammatory Cytokines Levels

Table 5 displays the impacts of heat stress on plasma
proinflammatory cytokine levels and the GAA interven-
tion effects in broilers. After 14 d of heat exposure, the
Table 4. Effects of heat stress on the immune organ indexes and the g

Trea

Items NC HS

Heat exposure for 7 d
Spleen (g/100 g) 0.13 § 0.01 0.10 § 0.01
Thymus (g/100 g) 0.34 § 0.04a 0.14 § 0.01b

Bursa of Fabricius (g/100 g) 0.08 § 0.01 0.07 § 0.01
Heat exposure for 14 d

Spleen (g/100 g) 0.12 § 0.02 0.10 § 0.02
Thymus (g/100 g) 0.30 § 0.04a 0.14 § 0.02b

Bursa of Fabricius (g/100 g) 0.06 § 0.01a 0.04 § 0.01b

1NC, normal control group; HS, heat stress group; PF, pair-fed group; HG, G
2One-way ANOVA and Tukey’s test were conducted for the NC, HS, and HG
abMeans with different superscripts within each row are significantly differen

Table 5. Effects of heat stress on the plasma proinflammatory cyto
broilers.

Treatment1

Items2 NC HS

Heat exposure for 7 d
IL-2 (ng/L) 39.83 § 5.46 48.54 § 7.83
IL-6 (ng/L) 95.46 § 11.61b 177.16 § 16.14a

TNF-a (ng/L) 45.94 § 1.37b 62.40 § 3.61a

Heat exposure for 14 d
IL-2 (ng/L) 63.08 § 3.85a 49.26 § 2.78b

IL-6 (ng/L) 141.86 § 1.25 174.41 § 14.58
TNF-a (ng/L) 77.61 § 7.40 98.79 § 6.96
1NC, normal control group; HS, heat stress group; PF, pair-fed group; HG, G
2IL-2, interleukin 2; IL-6, interleukin 6; TNF-a, tumor necrosis factor a.
3One-way ANOVA and Tukey’s test were conducted for the NC, HS, and HG
abMeans with different superscripts within each row are significantly differen
*Means with asterisk indicate a significant difference between HS and HG gr
HS group exhibited a significant decrease (P < 0.05) in
IL-2 levels compared to the NC and PF groups. After 7
d of heat exposure, chickens in the HS group exhibited
higher (P < 0.05) levels of IL-6 and TNF-a compared to
the NC and PF groups. TNF-a levels were also increased
in the PF group compared to the NC group after 7 d of
treatment. In contrast to the HS group, the HG group
showed a considerable increase (P < 0.05) in IL-2 levels
after 14 d of heat exposure.
Plasma Immunoglobulin and Lysozyme
Levels

Table 6 shows the effects of heat stress on plasma
immunoglobulin and lysozyme levels and the GAA inter-
vention effects in broilers. After 7 and 14 d of heat expo-
sure, the IgG level was significantly lower (P < 0.05) in
the HS group compared to the NC group. Additionally,
the IgG level decreased in the PF group after 7 d of treat-
ment when compared to the NC group. In addition, the
lysozyme concentration significantly decreased (P < 0.05)
in the HS group compared to the NC and PF groups
after 7 d of heat exposure. Interestingly, after 14 d of
treatment, the IgG and IgM levels in the HG group
showed significant increases (P < 0.05) compared to those
in the HS group. Moreover, the HG group exhibited a sig-
nificant increase (P < 0.05) in the lysozyme level com-
pared to the HS group after 7 d of heat exposure.
uanidinoacetic acid (GAA) intervention effects in broilers.

tment1 P value2

PF HG ANOVA T test

0.14 § 0.03 0.10 § 0.01 0.292 0.195
0.16 § 0.02b 0.12 § 0.01 <0.001 0.951
0.09 § 0.01 0.07 § 0.01 0.114 0.306

0.13 § 0.01 0.09 § 0.01 0.579 0.636
0.28 § 0.03a 0.11 § 0.03 0.001 0.841
0.06 § 0.01a 0.06 § 0.01 0.027 0.084

AA group. Values are mean § SE of 6 replicates.
groups; T test was conducted for the HS and HG groups.

t among the NC, HS and PF groups (P < 0.05).

kines and the guanidinoacetic acid (GAA) intervention effects in

P value3

PF HG ANOVA T test

37.78 § 4.64 71.07 § 6.90 0.242 0.870
118.23 § 7.31b 156.00 § 6.12 0.001 0.120
59.44 § 5.40a 62.75 § 6.47 0.027 0.539

62.78 § 5.39a 74.24 § 3.39* 0.048 0.011
157.82 § 13.81 171.04 § 12.71 0.095 0.767
94.59 § 11.61 99.87 § 8.07 0.114 0.744

AA group. Values are mean § SE of 6 replicates.

groups; T test was conducted for the HS and HG groups.
t among the NC, HS, and PF groups (P < 0.05).
oup (P < 0.05).



Table 6. Effects of heat stress on the plasma immunoglobulin and lysozyme and the guanidinoacetic acid (GAA) intervention effects in
broilers.

Treatment1 P value3

Items2 NC HS PF HG ANOVA T test

Heat exposure for 7 d
IgA (mg/mL) 8.36 § 0.40 7.51 § 0.96 6.59 § 0.59 8.03 § 0.54 0.087 0.287
IgG (mg/mL) 11.77 § 0.78a 8.26 § 1.22b 10.45 § 1.09ab 12.14 § 0.84 0.016 0.529
IgM (mg/mL) 8.05 § 0.54 7.15 § 0.45 6.75 § 0.37 6.59 § 0.65 0.082 0.197
Lysozyme (mg/mL) 0.52 § 0.06a 0.14 § 0.05b 0.52 § 0.03a 0.21 § 0.02* <0.001 0.001

Heat exposure for 14 d
IgA (mg/mL) 8.99 § 0.25 8.07 § 0.25 8.50 § 0.86 9.54 § 0.26 0.165 0.687
IgG (mg/mL) 16.11 § 2.91a 9.80 § 1.09b 8.59 § 1.02b 15.42 § 2.72* 0.029 0.001
IgM (mg/mL) 8.53 § 0.40 7.73 § 0.23 7.83 § 0.69 9.33 § 0.23* 0.299 0.012
Lysozyme (mg/mL) 0.34 § 0.04 0.39 § 0.05 0.45 § 0.04 0.40 § 0.27 0.190 0.098
1NC, normal control group; HS, heat stress group; PF, pair-fed group; HG, GAA group. Values are mean § SE of 6 replicates.
2IgA, immunoglobulin A; IgG, immunoglobulin G; IgM, immunoglobulin M.
3One-way ANOVA and Tukey’s test were conducted for the NC, HS, and HG groups; T test was conducted for the HS and HG groups.
abMeans with different superscripts within each row are significantly different among the NC, HS, and PF groups (P < 0.05).
*Means with asterisk indicate a significant difference between HS and HG group (P < 0.05).
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DISCUSSION

The hypothalamus-pituitary-adrenal axis is one of the
most important systems that integrate the body during
stress and/or homeostatic disturbances, and the long-
term release of the key hormone corticosterone can com-
promise the immune system and threaten the health of
the organism (Honda et al., 2015). This study highlights
the harm caused by heat stress to the immune system of
broilers and evaluates the effectiveness of dietary GAA
supplementation in mediating the HPA axis and its
immune damage in alleviating chronic heat stress.

The detrimental effects of heat stress on broiler
growth performance have been extensively documented
(Hu et al., 2022; Sun et al., 2023). In our study, broilers
exposed to heat stress exhibited a decrease in ADG and
ADFI, and an increase in F/G, compared to broilers of
the NC group. The results that chicken experienced
heavy pant in the HS and HG groups are similar to those
reported by Majdeddin et al. (2020), who reported
broilers panted heavily during episodes of heat stress.
Here, the high panting frequency of broilers at high tem-
peratures confirmed heat stress. Alhenaky et al. (2017)
reported that decreased performance in heat-stressed
broilers may be related to increased CORT concentra-
tions because activation of the HPA axis redistributes
energy to maintain and adapt to stressful conditions,
and less energy is available for growth, resulting in
decreased growth performance. Heat stress activates the
neuroendocrine system, leading to the activation of the
HPA axis and subsequent release of glucocorticoids, and
CORT is the major glucocorticoid in broilers (Ghulam
Mohyuddin et al., 2022; Li et al., 2022). In agreement
with previous studies, our findings showed that CORT
levels in blood were significantly increased after chronic
heat stress despite no consistent changes in CRF and
ACTH (Quinteiro-Filho et al., 2017; Nawaz et al.,
2021). Notably, GAA treatment was found to effectively
reduce CORT content in our results. Similarly, Amiri et
al. (2019) demonstrated a decrease in blood cortisol
which birds grown in heat stress fed with GAA
supplemented diet. In fact, dietary GAA can be recog-
nized as an efficacious replacement for arginine (Baker,
2009). Though the specific mechanism by which GAA
reduces CORT has not been reported, one possible rea-
son is that GAA supplementation may reduce metabolic
stress (i.e., protein degradation) benefiting by from its
arginine-sparing functions (Amiri et al., 2019). Also,
GAA enables more NO synthesis and enhanced auto-
nomic heat dissipation of broilers reduces the stimula-
tion of the body by heat, and decreases the stimulation
of the HPA axis (Uyanga et al., 2020). During chronic
stress, CORT secretion has been associated with
immune suppression, which makes animals more vulner-
able to disease challenges due to the broken immune
system (Bagath et al., 2019). Therefore, the reduction of
CORT under GAA addition conditions may contribute
to the reduction of the immunosuppressive effect of
CORT.
Heat shock protein belongs to the family of HSP, and

heat is the foremost inducer of HSP-related genes. The
expression of HSP70 has been widely reported as a
marker of heat stress in chickens. As a chaperone pro-
tein, rapidly synthesized circulating HSP70 has been
reported in broilers in the condition of heat stress (Hu et
al., 2022). Consistent with the elevated levels of CORT,
increased plasma HSP70 was also detected in broilers
after exposed to heat stress for 7 and 14 d, suggesting
that chickens were negatively affected by heat stress.
Previous studies have demonstrated that heat stress

impairs the development of immune organs in broilers
(Quinteiro-Filho et al., 2010; Sun et al., 2023). However,
the underlying mechanisms responsible for such impair-
ments are multifaceted and not yet fully understood.
Chronically stressful conditions lead to excessive pro-
duction of corticosterone, which inhibits the activity of
immune cells (Coutinho and Chapman, 2011) and indu-
ces degeneration of immune organs (Aschbacher et al.,
2013). Inconsistent, the immune organ indexes of the
thymus and bursa of Fabricius were found to be
decreased in the HS group in our study. Moreover, insuf-
ficient nutrient intake due to reduced feed intake under
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heat stress is an important cause of the bursa of Fabri-
cius, spleen, and thymus organs impairment (Sun et al.,
2023). In the present study, the decreased thymus index
in PF treatment directly confirms this point. Unfortu-
nately, coping with heat stress through the GAA did not
protect the immune organs from heat stress damage,
suggesting that the GAA has limitations in alleviating
heat stress. However, whether the alleviating effect of
GAA on heat stress in broilers can be enhanced by
appropriate addition dose warrants further investiga-
tion.

Cytokines as the markers of immunity that can
enhance host defenses for controlling infection (Aki-
nyemi and Adewole, 2022). Heat stress leads to inte-
grated intestinal barrier injury and induces the release
of endotoxin from commensal bacteria into blood (Alhe-
naky et al., 2017), increasing proinflammatory cytokines
(De Boever et al., 2008; Liu et al., 2021), which presum-
ably activates immune functions through the enhanced
proliferation of lymphocytes and macrophages. Previous
studies have shown increased levels of proinflammatory
cytokines, such as IL-6, TNF-a, IL-2, IL-1b, and IL-8, in
broilers subjected to heat stress (Hu et al., 2022). Our
findings align with the above results, showing a signifi-
cant increase in IL-6 and TNF-a in plasma after 7 d of
heat stress. The cytokines are related to T-helper cells,
and the Th1 cells mainly secrete IL-2 (Romagnani,
2000). IL-2 is an important cytokine for reducing viral
or bacterial infection, and the production of IL-2 is
increased by endotoxins (Costalonga and Zell, 2007).
With the prolongation of heat stress for 14 d, chickens
presented a lower level of IL-2 in the HS group, which is
consistent with the results of immune organ damage.
Differently, we showed that GAA supplement increased
IL-2 concentration in the HG group, a fact that might
be attributable to the improved intestinal mucosal bar-
rier function by GAA, and the enhanced vulnerable
intestinal barrier ability to resist the invasion of endo-
toxin (Amiri et al., 2019; Peng et al., 2023). Besides
that, the arginine-sparing effect of GAA might increase
IL-2 production, as Li et al. (2007) reported dietary sup-
plementation with 1 or 2% arginine to tumor-bearing or
septic rats increased T-lymphocyte proliferation, IL-2
production, IL-2 receptor expression on T lymphocytes,
etc.

Honda et al. (2015) found the vaccinated chicken pre-
sented a lower level of IgG in serum after 19 d in the con-
dition of heat stress. Similar results were found in our
study, HS significantly reduced IgG levels after 7 and 14
d of heat stress. Moreover, IgG level also decreased in
the PF group, suggesting feed intake was involved in the
secretion of IgG. Lysozyme is a protein that functions as
a bacteriostatic and anti-inflammatory agent. It is essen-
tial for maintaining homeostasis in normal defense
mechanisms and nonspecific immunity (Abu Hafsa et
al., 2022). In our study, chickens in the HS group
severely decreased lysozyme concentration in plasma
after 7 d of heat stress. The results confirm the severe
blow of heat stress on broiler immunity. Differently, die-
tary supplements with GAA appear to contribute to
alleviating the deleterious effect of heat stress on
humoral immune response and lysozyme level in chick-
ens, and GAA addition increased lysozyme, IgM, and
IgG concentration in the HG group. Serum immunoglo-
bulins secreted by B cells are reflective of the actual
humoral immunity of the bird. It is reported Arg regu-
lates the production of antibodies by B-cells and B-cell
development (De Jonge et al., 2002), and is an essential
substrate in the immune system (Uyanga et al., 2020).
These findings indicate that GAA may be involved in
the regulation of plasma immunoglobulin concentration.
In conclusion, chronic heat stress increases CORT

release, which leads to damage to immune organs and
impairs immunity in broilers. Supplementation of
0.6 g/kg GAA displays a beneficial function on immu-
nity in conditions of heat stress, which improves immu-
nity by suppressing the synthesis of CORT and
increasing plasma levels of IL-2, IgG, and IgM in
broilers.
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