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Non ruminant nutrition
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Abstract 
The current study is designed to investigate dietary guanidinoacetic acid (GAA) supplementation on the growth performance, intestinal histo-
morphology, and jejunum mucosal barrier function of broilers that are subjected to chronic heat stress (HS). A total of 192 male broilers (28-d 
old) were randomly allocated to four groups. A chronic HS model (at a temperature of 32 °C and 50%–60% relative humidity for 24 h daily) was 
applied in the experiment. Normal control (NC, ad libitum feeding, 22 °C), HS group (HS, ad libitum feeding, 32 °C), pair-fed group (PF, received 
food equivalent to that consumed by the HS group on the previous day, 22 °C), guanidinoacetic acid group (HG, ad libitum feeding, supplement-
ing the basal diet with 0.6 g/kg GAA, 32 °C). The experiment lasted from 28 to 35 and 28 to 42 d of age of broilers. Our results showed that broil-
ers subjected to HS had lower average daily feed intake and average daily gain (P < 0.05), higher feed-to-gain ratio and relative length of the small 
intestine (P < 0.05), as well as lower relative weight and weight per unit length of the small intestine (P < 0.05). HS damaged the small intestinal 
histomorphology by decreasing the small intestinal VH and the VH/CD (P < 0.05). Compared with the HS group, supplementation with 0.6 g/kg 
GAA increased jejunal VH and VH/CD (P < 0.05), but decreased relative weight and relative length of the small intestine (P < 0.05). Moreover, in 
comparison with NC, HS elevated intestinal permeability (D-Lactic acid concentration and diamine oxidase activity) and mRNA expression levels 
of interleukin-1β, interleukin-6, and tumor necrosis factor-α (P < 0.05), reduced jejunal mucus thickness, number of goblet cells, IgA + cell density, 
and mucin2 mRNA expression level of broilers (P < 0.05). Compared with the HS group, dietary GAA elevated jejunal mucus thickness, goblet 
cell number and IgA+ cell density (P < 0.05), and up-regulated jejunal mRNA expression of interleukin-1β and tumor necrosis factor-α (P < 0.05). 
In conclusion, HS impaired growth performance, and the intestinal mucosal barrier function of broilers. Dietary supplementation with 0.6 g/kg 
GAA alleviated HS-induced histomorphology changes of small intestine and jejunal mucosal barrier dysfunction.

Lay Summary 
With the global warming getting worse, heat stress (HS) has been a serious problem faced by poultry industry. As one of the main target organs, 
the intestine is easily affected by HS. Broilers are particularly sensitive to hot temperatures, and HS occurs when temperatures rise above the 
optimum (16–26 °C). Moreover, ambient humidity below 40% and above 80% also affects broilers adversely. HS can impair intestinal morphol-
ogy and function of the intestinal barrier. The intestinal mucosal barrier not only plays key roles in nutrient digestion and absorption but also 
serves as the innate defense barrier fending off noxious substances within the intestinal luminal environment. Therefore, protecting intestinal 
mucosal barrier from HS is important to animal health. Nutrient regulation is an economical and effective method to alleviate HS of intensive-
ly-farmed broiler chickens. The results of current study demonstrated that chronic HS impaired the growth performance and intestinal mucosal 
barrier function of broilers, while dietary supplementation with 0.6 g/kg guanidinoacetic acid improved intestinal histomorphology and alleviated 
intestinal barrier dysfunction of broilers subjected to chronic HS, which is beneficial for improving health of broilers.
Key words: broiler, guanidinoacetic acid, heat stress, intestinal histomorphology, mucosal barrier
Abbreviations: ADFI, average daily feed intake;ADG, average daily gain; Arg, arginine; ATP, adenosine triphosphate; CD, crypt depth; Ct, cycle threshold; DAO, 
diamine oxidase activity;F/G, feed to gain ratio; GAA, guanidinoacetic acid; IgA, immunoglobulin A; IL-1β, interleukin-1β; IL-6, interleukin-6; qPCR, quantitative 
PCR; SIgA, Secretory immunoglobulin A; TNF-α, tumor necrosis factor-α;VH, villus height; VH/CD, ratio of VH to CD; ZO-1, zonula occludens-1; ZO-2, zonula 
occludens-2

Introduction
In recent years, global climate is increasingly diversified, and 
sometimes extreme climates occur such as extremely hot 
and humid climates (Bayer Altın and Barak, 2017). Birds 
have limited ability to regulate heat loss through behavioral 

and physiological means. It is difficult for birds to dissipate 
heat under high ambient temperature, which increases body 
temperature and even causes heat stress (HS). Therefore, 
HS draws attention as a severe environmental stress source 
in poultry production, especially in tropical and subtropical 
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regions (Mascarenhas et al., 2020). Broilers that subjected to 
HS showed poor performance and physiological disorders 
(Habashy et al., 2017). Chronic HS alters the physiological 
functions of poultry, including endocrine disruption, reduc-
tion of metabolic rate, lipid peroxidation, immune suppres-
sion, and intestinal microorganism dysbiosis (Syafwan et al., 
2011; Sohail et al., 2012; Lara and Rostagno, 2013).

The small intestine is in charge of nutrient absorption and 
digestion, and also plays a vital role in maintaining muco-
sal barrier function and regulating signal transduction (Fre 
et al., 2005; Turner, 2009). However, the small intestine is 
easily affected by HS (Varasteh et al., 2015). Broilers that 
experienced chronic HS showed decreased transmembrane 
resistance and increased intestinal permeability in intestinal 
epithelial cells, resulting in poor intestinal integrity (Pearce et 
al., 2012). A disruption in the integrity of the intestinal epithe-
lial barrier results in toxic substances invasion in the intestinal 
mucosa and triggers the increase of inflammatory cytokines, 
which cause immune function imbalances (Mohammad et al., 
2019). Several reports have studied strategies for the mitiga-
tion of HS, in which dietary supplementation with additives is 
considered as an effective and relatively economical solution 
(Lin et al., 2006; Renaudeau et al., 2012). Thus, the interest of 
nutritionists focuses on the nutritional interventions to miti-
gate the HS responses of birds (Mohammed et al., 2018; He 
et al., 2019; Chen et al., 2020).

GAA is first isolated by Weber from human and dog urine, 
which has the ability to conserve arginine, affect energy 
metabolism, and improve performance (Kodambashi Emami 
et al., 2017; Majdeddin et al., 2020). During chronic HS, 
mitochondrial ATP generation is reduced, leading to energy 
metabolism imbalance (Azad et al., 2010). On this note, 
dietary supplementation with GAA could improve energy 
metabolism by enhancing the synthesis of creatine and phos-
phocreatine, which might offer benefits for the broilers that 
are subjected to HS (Murakami et al., 2014; Majdeddin et 
al., 2020). In addition, dietary supplementation with GAA 
could spare arginine (Arg) in broilers, owing to the fact that 
less endogenous GAA is synthesized, and Arg could improve 
intestinal mucosal barrier function subjected to HS (Basoo et 
al., 2012; Michiels et al., 2012; DeGroot et al., 2018). To date, 
the alleviating effect of dietary GAA on the intestinal mucosal 
barrier of broilers that subjected to HS is still unclear. Conse-
quently, this study was conducted to evaluate the influence of 
dietary supplementation with GAA on growth performance, 
intestine histomorphology, and jejunal mucosal barrier of 
broilers subjected to chronic HS.

Materials and Methods
Experimental design
All experimental procedures and bird managements were 
approved by Nanjing Agricultural University Institutional 
Animal Care and Use Committee under protocol number 
SYXK 2021-0014. A total of 192 28-d-old Arbor Acres male 
birds (body weight, 1457.0 ± 5.0  g) were divided into two 
environment-controlled chicken rooms: normal control (NC, 
ad libitum feeding, 22 °C), heat stress group (HS, ad libitum 
feeding, 32 °C), pair-fed group (PF, received food equivalent 
to that consumed by the HS group on the previous day, 22 
°C), GAA group (HG, ad libitum feeding, supplementing the 
basal diet with 0.6  g/kg GAA, 32 °C). GAA was acquired 
from Tianjin Tiancheng Pharmaceutical Co., Ltd. (Tianjin, 

China). Each treatment consisted of six replicates (1.2 m × 0.8 
m × 0.45 m) with 8 birds per cage. The trial lasted for 7 and 
14 d. The basal diet composition and nutrition levels are sum-
marized in Table 1. Broilers were weighed at 28, 35, and 42 
d, respectively, and feed consumption was also recorded for 
further analysis.

Sample collection
On 35 and 42 d of age, 2 broilers per cage closest to the 
mean body weight were electric stunned (400 Hz for 5 s; 50 
V, alternating current) and immediately exsanguinated via 
the left carotid artery. Blood was loaded into heparinized 
tubes and immediately centrifuged for 10 min at 825 g. After 
dissecting the abdominal cavity, the proventriculus and giz-
zard were emptied, and all the fillings and attached materials 
were weighted. The small intestine of broilers was separated 
into three sections: duodenum (from ventriculus to the pan-
creo-biliary duct), jejunum (from pancreo-biliary duct to 
yolk stalk), and ileum (from yolk stalk to ileocecal junction). 
About 1-cm middle portion of the duodenum, jejunum, and 
ileum were collected, flushed with 0.75% (w/v) sterile saline, 
and fixed in 4% paraformaldehyde for morphological anal-
ysis. After squeezing out the contents, the remaining small 
intestine was cut open. The mucosa was gently scraped off 

Table 1. Ingredients and nutrient composition of basal diets (as fed basis)

Ingredients (%)  

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 + cystine 0.80

Threonine 0.60

Tryptophan 0.20

1 Crude protein level of soybean meal: 44.2%.
2 Vitamin 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.
3 Mineral 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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with a clean slide, frozen in liquid nitrogen, and immediately 
stored at −80 °C for the following analysis.

Intestinal histomorphology examination
A cross-section (6 μm) was cut for each intestinal sample. 
Then intestinal samples were stained with hematoxylin-eo-
sin staining. Images were captured using an Olympus DP12 
CCD digital camera (Olympus Optical Co. Ltd, Tokyo, 
Japan). Images were analyzed by Image-Pro Plus 6.0 soft-
ware (Media Cybernetics, Bethesda, MD) to measure 
the villus height (VH, from the tip of the villus to the vil-
lus-crypt junction level) and crypt depth (CD, the vertical 
distance from the villus-crypt junction to the lower limit of 
the crypt). Six views from each gut sample were selected for 
measurement.

Intestinal index calculation formula: relative intestinal 
length (cm/kg) = length of each intestinal segment (cm)/ the 
corresponding live weight of bird (kg). Relative intestinal 
weight (g/kg) = weight of each intestinal segment (cm)/ the 
corresponding live weight of bird (kg). Weight per unit length 
(g/cm) = weight of each small intestine segment (g)/ length of 
each small intestine segment (cm).

D-lactic acid and diamine oxidase concentration 
determination
Plasma diamine oxidase activity (DAO) was spectrophoto-
metrically assessed based on the instruction of the colorimet-
ric kit. The plasma D-Lactic acid (D-Lac) concentration was 
measured by a commercial ELISA kit. Both kits were pur-
chased from Jiancheng Bioengineering Co., Ltd. (Nanjing, 
China).

Total RNA extraction and real-time PCR
Total RNA was separated from jejunal mucosa samples 
by Trizol reagent (Takara Biotechnology Co. Ltd., Dalian, 
China). The purity and quantity of RNA were measured by 
a Nanodrop ND-1000 spectrophotometer (Thermo Scien-
tific, Wilmington, DE). The A260/280 ratios of all samples’ 
RNA were ranged between 1.8 and 2.0. Reverse transcrip-
tion of total RNA was completed using a PrimeScript RT 
Master Mix kit (Takara Biotechnology Co. Ltd.) to generate 
cDNA. With the SYBR Premix Ex Taq kit (Applied Biosys-
tems, Foster City, CA), the RT-qPCR was carried out in the 
QuanStudio6 RT-qPCR detection system (Applied Biosys-
tems, Foster City, CA). The total reaction volume was 20 
µL, including 0.4 µL of a forward primer (10 µM), 0.4 µL of 
a reverse primer (10 µM), 1 µL of cDNA, 8.2 µL sterilized 
double distilled water, and 10 µL of SYBR Premix Ex Taq 
II (2×). The following cycling conditions were used: 1 cycle 
at 95 °C for 30 s and 40 cycles at 95 °C for 5 s, 60 °C for 
30 s, 95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s. 
The specific primer sequences are listed in Table 2. The rel-
ative levels of mRNA expression were calculated using the 
2–ΔΔCT method with β-actin as a reference gene (Livak and 
Schmittgen, 2001).

Mucus thickness, goblet cell and immunoglobulin 
A-producing cell counts
Images were captured using an Olympus BX51 light micro-
scope (Olympus Optical Co. Ltd). Images were analyzed by 
Image-Pro Plus 6.0 software (Media Cybernetics, Bethesda, 
MD) to measure the mucus thickness. Jejunal cross section 
embedded in paraffin was stained with Periodic Acid–Schiff 

reagent (Sigma, St. Louis, MO) to count the goblet cells. The 
average number of goblet cells in the stained tissue slices was 
calculated under an Olympus BX51 light microscope with 
a final magnification of 200×. The number of five villi per 
sample was counted for statistical analysis, and the results 
were defined as the number of goblet cells per 100 columnar 
epithelial cells (n/100 epithelial cells). For immunoglobulin 
A (IgA+) cell counts, paraffin sections were prepared using 
the method of Wang et al. (2009). The mouse antirabbit 
monoclonal antibody was used (#8330-01; Southern Bio-
technology Inc., Birmingham, AL) for immunohistochemis-
try staining. Five intact villi were randomly selected from 
each sample. The Image Pro Plus 6.0 software was used 
to calculate IgA + cells density as described by Wang et al. 
(2009).

Statistical analysis
Statistical Analysis System with the SPSS (version 25.0, SPSS 
Inc., USA) was used to analyze the data for the NC, HS, and 
PF groups using one-way analysis of variance and a Tukey 
multiple range test. T-tests for independent samples were per-
formed between the HS and HG groups. Results are presented 
as mean ± standard error and the statistical significance was 
considered at P < 0.05.

Results
Growth performance
As shown in Table 3, after thermal exposure for 7 and 14 d, 
birds in the HS group exhibited a reduction in average daily 
gain (ADG), average daily feed intake (ADFI), and an eleva-
tion in feed to gain ratio (F/G) compared with those in the NC 
group (P < 0.05). The birds from the HS group had a lower 
ADG and a higher F/G compared with those in the PF group 
(P < 0.05). No substantial difference in growth performance 
was observed between HG and HS groups.

Intestinal index
As shown in Table 4, after thermal exposure for 7 d, the rel-
ative length of the jejunum and ileum increased in the HS 
group compared with the NC group, while the relative weight 
of the ileum and the weight per unit length of the jejunum 
and ileum decreased (P < 0.05). The relative length of ileum 
and jejunum, as well as the relative weight of ileum increased 
in the HS group compared with the PF group (P < 0.05). The 
relative length of jejunum, relative length and relative weight 
of ileum were higher in the HG group than those in the HS 
group (P < 0.05).

After thermal exposure for 14 d, birds in the HS group 
showed reduction in the relative weight and weight per unit 
length of jejunum and ileum compared with the NC group 
(P < 0.05). The relative lengths of jejunum and ileum were 
higher in the HS group than those in the PF group (P < 0.05). 
No obvious differences in intestinal indexes were found 
between groups HS and HG.

Intestinal morphology
As exhibited in Table 5, after thermal exposure for 7 d, VH 
of duodenum was decreased in HS group compared with NC 
group. VH and the ratio of VH to CD (VH/CD) were lower 
in the jejunum and ileum of birds from the HS group than 
those in the NC group (P < 0.05). Both VH and VH/CD in 
the jejunum and ileum of the HS group were lower than those 
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in the PF group (P < 0.05). In the jejunum and ileum, VH and 
VH/CD were higher in the HG group than those in the HS 
group (P < 0.05).

After thermal exposure for 14 d, VH and VH/CD of jeju-
num were reduced in the HS group than NC group (P < 0.05). 
Lower VH/CD of ileum was found in HS group, compared 
with those in NC and PF groups (P < 0.05). No significant 
difference was exhibited in intestinal morphology between 
the HG and HS groups.

Plasma D-lactic acid concentration and diamine 
oxidase activity
As seen in Figure 1, after thermal exposure for 7 d, the HS 
group exhibited higher D-Lac concentration than that in the 
NC and PF groups (P < 0.05). No obvious differences in con-
centration of plasma D-Lac and DAO activity were observed 
between HG and HS groups.

After thermal exposure for 14 d, the plasma D-Lac con-
centration in the HS group was elevated compared with that 

Table 2. Primer sequences for real-time quantitative PCR analysis

Genes1 Accession number Primer sequence Product size, bp 

Claudin1 NM_001013611.2 F: GACCAGGTGAAGAAGATGCGGATG 107

R: CGAGCCACTCTGTTGCCATACC

Occludin  XM_025144248.1 F: TCATCGCCTCCATCGTCTAC 240

R: TCTTACTGCGCGTCTTCTGG

ZO-1 XM_015278981.2 F: CTTCAGGTGTTTCTCTTCCTCCTC 131

R: CTGTGGTTTCATGGCTGGATC

ZO-2 NM_204918.1 F: GAGAGCACAACCGAAGCAGAGG 157

R: TAGTCCTGTCCATAGCCACCATCC

Mucin-2 NM_001318434.1 F: ACTGGACTTCACGGACACCT 121

R: CCCCCTCTACCATCATCAAA

IL-1β XM_015297469.1 F: GTACCGAGTACAACCCCTGC 112

R: AGCAACGGGACGGTAATGAA

IL-6 NM_204628.1 F: TGTGCAAGAAGTTCACCGTG 213

R: ACTCGACGTTCTGCTTTTCG

TNF-α NC_006101.4 F: GCACTCCGTTCAGACATCCA 112

R: CGCACCTGTCCTGTATCTGC

β-actin NM_205518.1 F: ATCCGGACCCTCCATTGTC 120

R: AGCCATGCCAATCTCGTCTT

1ZO-1, zonula occludens-1; ZO-2, zonula occludens-2; IL-1β, interleukin-1β; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α.

Table 3. Effect of heat stress on the performance of broilers and guanidinoacetic (GAA) acid intervention effect

Items2 Treatment1 P-value

NC HS PF HG ANOVA HS vs. HG 

BW at d 28, g/bird 1458.3 ± 5.4 1452.5 ± 12.0 1452.5 ± 6.9 1464.4 ± 3.4 0.858 0.365

BW at d 35, g/bird 2077.9 ± 21.6a 1855.7 ± 31.8b 2017.9 ± 22.4a 1957.9 ± 35.1 <0.001 0.068

BW at d 42, g/bird 2637.3 ± 50.0a 2149.4 ± 65.9b 2457.7 ± 68.8a 2326.5 ± 63.9 <0.001 0.083

Heat exposure for 7 d

ADG, g/bird/day 88.5 ± 3.1a 57.6 ± 4.0b 80.8 ± 3.9a 69.3 ± 4.4 <0.001 0.077

ADFI, g/bird/day 152.3 ± 5.7a 125.7 ± 4.4b 131.6 ± 4.8b 133.7 ± 3.5 0.005 0.186

F/G, g/g 1.72 ± 0.04b 2.21 ± 0.10a 1.64 ± 0.04b 1.95 ± 0.09 <0.001 0.075

Heat exposure for 14 d

ADG, g/bird/day 84.2 ± 3.8a 49.8 ± 5.4b 71.8 ± 5.0a 61.6 ± 4.3 <0.001 0.119

ADFI, g/bird/day 163.2 ± 5.1a 127.1 ± 6.5b 131.7 ± 5.3b 141.5 ± 4.3 0.001 0.095

F/G, g/g 1.95 ± 0.09b 2.63 ± 0.37a 1.86 ± 0.17b 2.33 ± 0.22 <0.001 0.112

1NC, normal control group, 22 °C, ad libitum feed basal diet; HS, heat stress group, 32 °C, ad libitum feed basal diet; PF, pair-fed group, 22 °C, received 
food equivalent to that consumed by the HS group on the previous day; HG, guanidinoacetic acid group, 32 °C, ad libitum feed basal diet with 0.6 g/kg 
guanidinoacetic acid.
2F/G, feed to gain ratio.
a,b Means within a row without a common superscript differ significantly among the NC, HS, and PF groups (P < 0.05). The results were expressed as the 
means ± SE.
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in the NC and PF groups (P < 0.05). In HS group, birds had 
higher DAO activity compared with the PF group (P < 0.05). 
In the HG group, there was a decreasing trend of DAO activ-
ity compared with the HS group (P = 0.051).

Relative mRNA expression of jejunal tight junction-
related proteins
As seen in Figure 2, after thermal exposure for 7 d, birds in the 
HS group exhibited a higher mRNA expression level of jeju-
nal claudin1 than that of the other three groups (P < 0.05). 
The mRNA expression level of jejunal occludin was higher in 
the HS group than that in the NC group (P < 0.05). No signif-
icant variation in mRNA expression levels of jejunal claudin1 
and occludin were found between the HS and PF groups.

No significant difference in mRNA expression levels of jeju-
nal tight junction protein-related gene was observed among 
all groups during thermal exposure for 14 d.

Mucus thickness, the number of goblet cells and 
relative mRNA expression level of mucin2 in jejunum
As illustrated in Figure 3 (A, B), after thermal exposure for 7 
d, the number of jejunal goblet cells and the mRNA expres-
sion level of mucin2 were reduced in the HS group compared 

with the NC and PF groups (P < 0.05). Mucus thickness and 
the number of jejunal goblet cells were higher in the HG 
group compared with the HS group (P < 0.05). No difference 
in the mRNA expression level of mucin2 was found between 
HG and HS groups.

As shown in Figure 3C and D, after thermal exposure for 
14 d, mucus thickness was reduced in the HS group compared 
with the NC group (P < 0.05). The number of jejunal goblet 
cells was reduced in the HS group compared with the NC and 
PF groups (P < 0.05). The number of jejunal goblet cells in the 
HG group exhibited an increasing trend compared with the 
HS group (P = 0.06).

Jejunal relative mRNA expression levels of IL-1β, 
IL-6, TNF-α, and number of IgA + cells
As shown in Figure 4, after thermal exposure for 7 d, the 
mRNA expression levels of jejunum interleukin-1β (IL-1β), 
interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α) were 
higher and the number of jejunal IgA + cells was lower in 
the HS group compared with the NC group (P < 0.05). HS 
group showed higher IL-1β and IL-6 mRNA expression 
levels compared with the PF group (P < 0.05). The mRNA 
expression levels of jejunal IL-1β and TNF-α were lower 

Table 4. Effects of heat stress on the relative length and weight of the small intestine of broilers and guanidinoacetic acid (GAA) intervention effect

Items Treatment1 P-value

NC HS PF HG ANOVA HS vs. HG 

Heat exposure for 7 d

Relative length, cm/kg·BW

Duodenum 15.4 ± 0.6 15.4 ± 0.7 14.4 ± 0.3 15.0 ± 0.4 0.330 0.545

Jejunum 34.7 ± 1.3b 43.7 ± 2.0a 34.5 ± 1.9b 36.9 ± 1.5* 0.003 0.023

Ileum 33.9 ± 1.1b 45.5 ± 2.3a 33.2 ± 2.2b 37.7 ± 0.8* 0.001 0.010

Relative weight, g/kg·BW

Duodenum 5.7 ± 0.3 5.1 ± 0.2 5.1 ± 0.3 5.3 ± 0.2 0.135 0.502

Jejunum 14.1 ± 0.5a 12.7 ± 0.4a,b 11.8 ± 0.6b 12.4 ± 0.2 0.016 0.578

Ileum 11.6 ± 0.5a 10.1 ± 0.2b 8.7 ± 0.6c 9.1 ± 0.2* 0.001 0.005

Relative weight/relative length, g/cm

Duodenum 0.38 ± 0.02 0.33 ± 0.02 0.36 ± 0.02 0.36 ± 0.01 0.384 0.342

Jejunum 0.39 ± 0.01a 0.30 ± 0.02b 0.35 ± 0.02a,b 0.34 ± 0.02 0.012 0.141

Ileum 0.32 ± 0.01a 0.22 ± 0.01b 0.27 ± 0.02b 0.24 ± 0.01 0.001 0.173

Heat exposure for 14 d

Relative length, cm/kg·BW

Duodenum 11.9 ± 0.4 12.4 ± 0.3 11.8 ± 0.1 12.1 ± 0.4 0.342 0.492

Jejunum 32.6 ± 1.1a 32.8 ± 0.8a 28.5 ± 0.9b 32.4 ± 1.7 0.009 0.867

Ileum 32.4 ± 1.4a 33.8 ± 1.4a 28.0 ± 1.0b 30.6 ± 0.8 0.014 0.072

Relative weight, g/kg·BW

Duodenum 5.2 ± 0.4 4.7 ± 0.3 4.5 ± 0.3 4.4 ± 0.2 0.291 0.446

Jejunum 12.4 ± 0.4a 9.2 ± 0.4b 8.5 ± 0.3b 9.5 ± 0.2 <0.001 0.518

Ileum 9.6 ± 0.3a 7.9 ± 0.4b 7.6 ± 0.4b 8.2 ± 0.2 0.001 0.545

Relative weight/relative length, g/cm

Duodenum 0.42 ± 0.02 0.39 ± 0.02 0.38 ± 0.01 0.36 ± 0.02 0.202 0.257

Jejunum 0.36 ± 0.01a 0.29 ± 0.01b 0.31 ± 0.01b 0.30 ± 0.02 0.001 0.451

Ileum 0.30 ± 0.01a 0.24 ± 0.01b 0.28 ± 0.02a,b 0.27 ± 0.02 0.017 0.216

1NC, normal control group, 22 °C, ad libitum feed basal diet; HS, heat stress group, 32 °C, ad libitum feed basal diet; PF, pair-fed group, 22 °C, received 
food equivalent to that consumed by the HS group on the previous day; HG, guanidinoacetic acid group, 32 °C, ad libitum feed basal diet with 0.6 g/kg 
guanidinoacetic acid.
a,bMeans within a row without a common superscript differ significantly among the NC, HS, and PF groups (P < 0.05).
*Indicates a significant difference between HS vs. HG (P < 0.05). The results were expressed as the means ± SE.
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Table 5. Effects of heat stress on the small intestinal morphology of broilers and guanidinoacetic acid (GAA) intervention effect

Items2 Treatment1 P-value

NC HS PF HG ANOVA HS vs. HG 

Heat exposure for 7 d

Duodenum

VH, μm 1606.5 ± 25.2a 1373.9 ± 37.0b 1337.1 ± 45.3b 1469.7 ± 96.1 <0.001 0.374

CD, μm 247.8 ± 5.9 255.3 ± 9.8 238.1 ± 20.7 241.4 ± 9.3 0.678 0.328

VH/CD 6.5 ± 0.2 5.4 ± 0.3 5.8 ± 0.4 6.2 ± 0.5 0.073 0.236

Jejunum

VH, μm 1218.2 ± 60.4a 846.8 ± 74.5b 1230.4 ± 21.4a 1064.9 ± 60.4* <0.001 0.046

CD, μm 192.3 ± 15.7 202.6 ± 13.9 191.8 ± 15.3 186.3 ± 5.7 0.849 0.303

VH/CD 6.4 ± 0.3a 4.3 ± 0.5b 6.6 ± 0.6a 5.7 ± 0.5* 0.006 0.026

Ileum

VH, μm 996.6 ± 71.7a 590.7 ± 40.7b 875.8 ± 59.4a 758.0 ± 31.5* 0.001 0.009

CD, μm 195.5 ± 11.9 176.9 ± 10.0 175.5 ± 12.5 156.9 ± 13.1 0.410 0.255

VH/CD 5.1 ± 0.3a 3.5 ± 0.4b 5.0 ± 0.3a 4.9 ± 0.2* 0.006 0.016

Heat exposure for 14 d

Duodenum

VH, μm 1485.3 ± 69.0 1211.0 ± 79.5 1338.4 ± 74.2 1381.3 ± 115.7 0.060 0.253

CD, μm 244.9 ± 16.9 218.4 ± 11.1 222.8 ± 16.6 236.2 ± 11.6 0.433 0.295

VH/CD 6.1 ± 0.3 5.6 ± 0.5 6.2 ± 0.6 5.8 ± 0.4 0.627 0.701

Jejunum

VH, μm 1290.0 ± 93.3a 871.2 ± 90.4b 1144.6 ± 83.3a,b 885.2 ± 29.6 0.014 0.886

CD, μm 211.0 ± 17.3 195.1 ± 5.3 213.7 ± 18.0 221.2 ± 22.2 0.637 0.280

VH/CD 6.2 ± 0.3a 4.5 ± 0.5b 5.4 ± 0.4a,b 4.2 ± 0.9 0.022 0.635

Ileum

VH, μm 769.8 ± 89.4 683.1 ± 79.0 883.9 ± 36.6 710.9 ± 79.0 0.176 0.808

CD, μm 159.1 ± 18.7 183.0 ± 21.6 183.0 ± 8.8 166.8 ± 23.5 0.541 0.623

VH/CD 4.9 ± 0.4a 3.8 ± 0.3b 4.9 ± 0.2a 4.4 ± 0.3 0.036 0.218

1NC, normal control group, 22 °C, ad libitum feed basal diet; HS, heat stress group, 32 °C, ad libitum feed basal diet; PF, pair-fed group, 22°C, received 
food equivalent to that consumed by the HS group on the previous day; HG, guanidinoacetic acid group, 32 °C, ad libitum feed basal diet with 0.6 g/kg 
guanidinoacetic acid.
2VH, villus height; CD, crypt depth; VH/CD, the ratio of VH to CD.
a,bMeans within a row without a common superscript differ significantly among the NC, HS, and PF groups (P < 0.05).
*Indicates a significant difference between HS vs. HG (P < 0.05). The results were expressed as the means ± SE.

Figure 1. Effect of chronic heat stress on the plasma concentration of (A) D-Lactic acid and activity of (B) DAO (diamine oxidase) in broilers and the intervention 
effect of guanidinoacetic acid (GAA) supplementation in diets. Data were represented as the means with SE. a,bMeans within a row without a common 
superscript differ significantly among the NC, HS and PF groups (P < 0.05). *Indicates a significant difference between HS vs. HG (P < 0.05). NC, normal 
control group, 22 °C, ad libitum feed basal diet; HS, heat stress group, 32 °C, ad libitum feed basal diet; PF, pair-fed group, 22 °C, received food equivalent to that 
consumed by the HS group on the previous day; HG, guanidinoacetic acid group, 32 °C, ad libitum feed basal diet with 0.6 g/kg guanidinoacetic acid.
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and the number of IgA + cells was higher in the HG group 
compared with the HS group (P < 0.05).

After thermal exposure for 14 d, the mRNA expression 
of IL-1β and TNF-α were higher as well as the number of 
IgA + cells was lower in jejunum of birds from the HS group 
compared with the NC group (P < 0.05). IL-1β and TNF-
α mRNA expressions were higher in the HS group com-
pared with the PF group (P < 0.05). No differences were 
observed in mRNA expression levels of jejunal IL-1β, IL-6 
and TNF-α, and amount of IgA + cell between HS and HG 
groups.

Discussion
The markedly increased occurrence of HS in the global 
poultry industry results in negative impacts on birds perfor-
mance and intestinal histomorphology, causing substantial 
economic loss (St-Pierre et al., 2003; Ma et al., 2021). GAA 
has been considered as a functional additive to alleviate the 
negative effects of HS on broiler performance (Amiri et al., 
2019; Majdeddin et al., 2020). In the present study, after 
thermal exposure for 7 and 14 d at the duration of 28 to 
35 and 28 to 42 d, the birds of the HS group had lower ADG 
and feed conversion efficiency than birds of the NC group 
and PF group, which was consistent with the results of Lu 

et al. (2018). These results suggested that the impairment 
of growth performance caused by HS was independent of 
the reduction in feed intake. Under thermal exposure, poor 
growth performance may associate with decreasing feed effi-
ciency resulted from changes in absorption and metabolism. 
The benefits of dietary addition with GAA have been contro-
versially discussed for uncertain effects on performance of 
broilers. Some studies reported that dietary supplementation 
with 0.6 and 1.2 g/kg GAA improved broiler growth perfor-
mance, and increased creatine levels in serum and muscle 
(Carvalho et al., 2013; Majdeddin et al., 2018). Whereas, 
DeGroot et al. (2018) and Córdova-Noboa et al. (2018) 
indicated that GAA did not affect broiler body weight gain 
and ADFI. Our current results showed that dietary addi-
tion of 0.6 g/kg of GAA did not affect broiler performance 
under thermal exposure. These inconsistent results might 
be ascribed to the differences in experiment duration, GAA 
dosage and bioavailability.

As one of the main target organs, the development of intes-
tine is easily affected by HS. In current study, thermal expo-
sure 7 and 14 d reduced the relative weight and the weight 
per unit length of small intestine, resulted in impaired intes-
tinal development. However, both the relative lengths of the 
jejunum and ileum increased after 7 and 14 d of thermal 
exposure. It was reasonable to assume that this phenomenon 

Figure 2. Effect of chronic heat stress on the mRNA expression levels of jejunum (A) claudin-1, (B) occludin, (C) ZO-1 and (D) ZO-2 in broilers and 
the intervention effect of guanidinoacetic acid (GAA) supplementation in diets. Data were represented as the means with SE. a,b Means within a row 
without a common superscript differ significantly among the NC, HS, and PF groups (P < 0.05). *Indicates a significant difference between HS vs. HG 
(P < 0.05). NC, normal control group, 22 °C, ad libitum feed basal diet; HS, heat stress group, 32 °C, ad libitum feed basal diet; PF, pair-fed group, 22 °C, 
received food equivalent to that consumed by the HS group on the previous day; HG, guanidinoacetic acid group, 32 °C, ad libitum feed basal diet with 
0.6 g/kg guanidinoacetic acid.



8 Journal of Animal Science, 2023, Vol. 101 

was due to a lower body weight gain and the compensatory 
intestinal growth in heat-stressed broilers. The observed 
results indicated that after 7 d of thermal exposure, the rela-
tive weight of ileum was reduced with GAA supplementation. 
Hashemipour et al. (2016) and Ma et al. (2018) confirmed 
that dietary addition of some functional additives improved 
digestion and absorption function, but it might weaken intes-
tinal secretory function and thereby lead to a reduction in the 
weight of broiler organs.

Critical functions of the intestine include mucosal barrier 
function, signal recognition and immune function modifica-
tion (Pietrzak et al., 2020; Zhang et al., 2020). Intestinal VH 
and CD are critical structural features in the intestinal epithe-
lium, which are used to judge intestinal health status (Zhang 
et al., 2019). We found that thermal exposure for 7 d sig-
nificantly reduced VH and V/C of the small intestine, which 
were matched with findings observed by He et al. (2018). 
The current study indicated that intestine development was 
particularly susceptible to HS. In addition, VH and V/C were 
higher in PF group compared with HS group. The current 
study implied that heat-induced lower VH and V/C has no 
relation to decreased feed intake. However, dietary supple-
mentation with GAA improved morphology of jejunum and 
ileum after thermal exposure for 7 d. The increase of the VH 
could effectively promote the absorption of nutrients (Wijtten 
et al., 2012). The results suggested that GAA might improve 
the absorption ability of nutrients in the jejunum and ileum in 
broilers subjected to thermal exposure.

HS caused gastrointestinal dysfunction, especially in the 
damage to intestinal morphology and changed in intestinal 
permeability (Yang et al., 2007). Some blood indicators, such 
as D-Lac and DAO, can be used to assess intestinal permea-
bility. The D-Lac is produced by intestinal flora (Vella and 
Farrugia, 1998), while DAO is primarily produced by cells of 

the small intestinal mucosa and gastric mucosa (Thompson 
et al., 1987). Both D-Lac and DAO were commonly used as 
indicators of intestinal permeability because they could enter 
the blood in large quantities after intestinal mucosal damage 
(Fukudome et al., 2014; Cheng et al., 2019). In accordance 
with previous results by Lan et al. (2020), we noted that 
thermal exposure significantly elevated plasma D-Lac and 
DAO levels in the present study. Compared with HS group, 
PF group had lower D-Lac concentration. It suggested that 
heat-induced higher D-Lac concentration was not connected 
with feed restriction. There was a trend of reduction in plasma 
DAO content after dietary GAA addition. Together with the 
results on small intestinal histomorphology, it was suggested 
that thermal exposure impaired the integrity of the intestinal 
barrier but dietary additional with GAA mitigated heat-in-
duced damage to intestinal barrier integrity.

The tight junction proteins included membrane proteins 
claudin1 and occludin, as well as the cytoplasmic adap-
tor proteins such as zonula occludens-1 (ZO-1) and zonula 
occludens-2 (ZO-2), contributed to the establishment and the 
regulation of intestinal barrier function (Schneeberger and 
Lynch, 2004). Lower protein levels of occludin and ZO-1 
were found in the intestinal mucosa of broilers experienced 
HS (Song et al., 2014). However, Goo et al. (2019) concluded 
that HS had no significant effects on mRNA expression levels 
of tight junction protein-related genes in jejunal mucosal of 
broilers. Dokladny et al. (2006) found that occludin protein 
expression in Caco-2 intestinal epithelial cells was increased 
compensatory after 24 h of thermal exposure at 42 °C. Higher 
mRNA expression levels of jejunal claudin1 and occludin in 
birds after 7 d of thermal exposure might also be a compen-
satory increase in present results.

Goblet cell produced mucus that covered the intestinal epi-
thelium, which protected the mucosa of the digestive tract 

Figure 3. Guanidinoacetic acid (GAA) attenuated heat stress (HS)-induced damage of the mucous layer. (A) Hematoxylin and eosin staining after 7 d 
thermal exposure. (B) Hematoxylin and eosin staining after 14 d thermal exposure. The blue marks in (A) and (B) indicate intestinal mucus thickness; 
the arrows in (A) and (B) indicate the stained goblet cells. Mucus thickness (C), the number of jejunal goblet cells (D) and the mRNA expression level 
of Mucin2 (E). Data were represented as the means ± SE. a,bMeans within a row without a common superscript differ remarkably among the NC, HS, 
and PF groups (P < 0.05). *Indicates a significant difference between HS vs. HG (P < 0.05). NC, normal control group, 22 °C, ad libitum feed basal diet; 
HS, heat stress group, 32 °C, ad libitum feed basal diet; PF, pair-fed group, 22 °C, received food equivalent to that consumed by the HS group on the 
previous day; HG, guanidinoacetic acid group, 32 °C, ad libitum feed basal diet with 0.6 g/kg guanidinoacetic acid.
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from pathogens and environmental toxins. Moreover, goblet 
cell was involved in the repair of mucosa upon damage (Liu et 
al., 2016). Hence, intestinal mucus and goblet cell were critical 
to maintain the normal physiological functions of the intesti-
nal barrier. Tsirtsikos et al. (2012) reported that increasing in 
mucus layer thickness was beneficial to intestinal health. After 
7 d thermal exposure, higher mucus thickness was found in 
HG group, indicating that dietary supplementation with GAA 
was beneficial to the intestinal health. In the present study, 
chronic HS significantly decreased the number of jejunal gob-
let cells and downregulated the mRNA expression of mucin2. 
Whereas, birds of PF group had higher number of jejunal 
goblet cells compared with the HS group, suggesting that the 
number of jejunal goblet cells had no relation with heat-in-
duced lower feed intake. The present study attempted to alle-
viate thermal exposure induced intestinal damage by means 
of dietary addition of GAA. The current results showed an 
increase in the number of broilers jejunal mucus thickness 
and goblet cell, indicating that dietary GAA improved jejunal 
barrier function via repairing jejunal chemical barrier func-
tion of heat-stressed birds.

Secretory immunoglobulin A (SIgA), the main type of anti-
body secreted by the intestinal mucosa, prevented toxic and 
harmful substances from adhering to and entering the intes-
tinal barrier. SIgA is mainly secreted by IgA + cells in the intes-

tinal epithelium and its secretion is positively correlated with 
the number of IgA + cells in the lamina propria of the intestine 
(Pietrzak et al., 2020). As organisms undergo HS, pro-inflam-
matory cytokines are overexpressed in intestinal tissue, which 
contribute to intestinal mucosal injury. The current study 
demonstrated that thermal exposure up-regulated the gene 
expression of pro-inflammatory factors (IL-1β, TNF-α, IL-6) 
in jejunal and decreased the density of jejunal IgA + cells. The 
results of Alhotan et al. (2021) and Yang et al. (2019) were in 
similarity to our findings, suggesting that chronic HS impaired 
the gut immune functions by promoting the initiation of 
inflammation and reduced the secretion of IgA. Another study 
indicated that TNF-α increased intestinal permeability (Su et 
al., 2013), which might be one of the reasons for the increased 
permeability of the HS group in the current research. Aziza et 
al. (2020) observed that supplementation with 0.18% GAA in 
Nile Tilapia fish reduced the mRNA expression levels of IL-1β 
and TNF-α in the liver, which suggested that GAA might have 
an anti-inflammatory effect. The present results also exhibited 
that the dietary GAA down-regulated the mRNA expression 
levels of jejunal pro-inflammatory factors, increased the num-
ber of jejunal IgA + cells, and enhanced jejunal immunity of 
birds subjected to thermal exposure for 7 d. These results indi-
cated that GAA also could exert anti-inflammatory effects in 
broilers under thermal exposure condition.

Figure 4. Effect of chronic heat stress on the mRNA expression levels of (A) IL-1β, (B) IL-6, (C) TNF-α and (D) IgA + cells density in broiler jejunum and 
the intervention effect of guanidinoacetic acid (GAA) supplementation in diets. Data were represented as the means with SE. a,b,cMeans within a row 
without a common superscript differ significantly among the NC, HS, and PF groups (P < 0.05). *Indicates a significant difference between HS vs. HG 
(P < 0.05). NC, normal control group, 22 °C, ad libitum feed basal diet; HS, heat stress group, 32 °C, ad libitum feed basal diet; PF, pair-fed group, 22 °C, 
received food equivalent to that consumed by the HS group on the previous day; HG, guanidinoacetic acid group, 32 °C, ad libitum feed basal diet with 
0.6 g/kg guanidinoacetic acid.
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In conclusion, HS damaged intestinal histomorphology, 
intestinal integrity, and jejunal mucosal barrier function. The 
current results demonstrated that GAA, as a functional addi-
tive, was effective in alleviating intestinal injury by improving 
small intestinal histomorphology and jejunal mucosal barrier 
function.
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online.
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