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This trial aimed to determine the effects of tryptophan (Trp) on the rectal 
temperature, hormone, humoral immunity, and cecal microflora composition 
in broiler chickens under heat stress (HS). One hundred and eighty 18  days-old 
female Arbor Acres broilers were randomly divided into three treatment groups, 
with six replicates of ten birds in each replicate. The broilers were either raised 
under thermoneutral conditions (TN, 23  ±  1°C) or subjected to heat stress 
(34  ±  1°C for 8  h daily). The TN group received a basal diet, and another two 
heat-stressed groups were fed the basal diet (HS) or the basal diet supplemented 
with 0.18% Trp (HS  +  0.18% Trp) for 21 consecutive days. The basal diet contained 
0.18% Trp. Results revealed that HS increased the rectal temperature, serum 
epinephrine (EPI), and corticotropin-releasing hormone (CRH) concentrations 
(p  <  0.05), reduced the bursal index, the levels of serum immunoglobulin A (IgA), 
IgG, IgM, and serotonin (5-HT) as well as the relative abundance of Actinobacteria 
in cecum (p  <  0.05) compared with the TN group. Dietary supplementation of Trp 
decreased the rectal temperature, serum dopamine (DA), EPI, and the levels of 
CRH and L-kynurenine (p  <  0.05), increased the bursal index, the levels of serum 
IgA, IgM, and 5-HT as well as the relative abundance of Ruminococcus torques 
group in cecum of heat-stressed broilers (p  <  0.05) compared to HS group. In 
conclusion, dietary Trp supplementation decreased rectal temperature, improved 
cecal microbiota community and Trp metabolism, and enhanced humoral 
immunity of heat-stressed broilers.
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1. Introduction

The autonomic nervous system (ANS) and hypothalamic–pituitary–adrenocortical (HPA) 
axis get activated under heat stress, which leads to the secretion of corticosterone (CORT) and 
catecholamines, resulting in neuroendocrine disorders and dysfunctions (1, 2). Heat stress 
elevates body temperature, causes oxidative stress, and affects intestinal barrier capabilities and 
immunological functions, consequently causing a decline in the growth performance of poultry 
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and leading to huge economic losses for the global poultry industry (3, 
4). Therefore, it is necessary to develop measures to relieve the negative 
impact of HS. Recent research has revealed that the HS in broiler 
chickens could be effectively alleviated by nutritional regulation (5).

Tryptophan (Trp) is metabolized through three primary pathways, 
including the kynurenine (KYN), serotonin (5-HT), and microbial 
pathways (6). The KYN pathway is the primary means of Trp 
metabolism, and it involves two rate-limiting enzymes, namely liver-
derived tryptophan 2,3-dioxygenase (TDO) and extrahepatic 
indoleamine 2,3-dioxygenase (IDO) (7, 8). This KYN pathway plays a 
significant role in immunological responses, neural functions, and gut 
homeostasis, while abnormal activation of the KYN pathway is a cause 
of histopathological damage as well as impaired immune function (8, 
9). In this process, abnormal activation of IDOs and TDOs against 
infection, inflammatory stimuli, and other stressful conditions result 
in the depletion of Trp and the excessive accumulation of certain 
metabolites, particularly those with cytotoxic effects, in the KYN 
metabolic pathway (10, 11). Trp concentration in the brain is 
unsaturated under normal physiological conditions, while tryptophan 
hydroxylase (TPH) is a rate-limiting enzyme for the synthesis of 
5-HT. Therefore, diets or plasma that increase the Trp or large neutral 
amino acid (LNAA) ratio might have the ability to increase Trp 
concentration in the brain and consequently increase levels of central 
5-HT (6). Studies on animals have demonstrated that the addition of 
Trp to the diet increased the expression of TPH1 in broilers and mice 
with chronic unpredictable mild stress, elevated the level of 5-HT in 
peripheral blood, and reduced the stress response (12). 5-HT plays a 
crucial regulatory role in the animal HPA axis by regulating the release 
of hypothalamic adrenocorticotropin-releasing factor (13, 14), and 
regulating behavioral and neuroendocrine responses to stress (15, 16). 
Although the host metabolic pathways are the primary pathway for 
the metabolism of Trp, metabolites produced by the gut microbiota 
from Trp (indole pathway) play a significant role in regulating the 
intestinal barrier function, and abnormal metabolism pathway is an 
important contributor to intestinal homeostasis imbalance (8, 17).

Trp pathways are known to change as a result of stress, which in 
turn affects the ability of the body to respond to stress (18). The 
modifications of the three important metabolic pathways of Trp in 
heat-stressed poultry and the function and mechanism in 
histopathological injury have not been documented. Therefore, the 
purposes of this study were to investigate the Trp metabolism changes 
in broiler chickens under HS as well as the effects of dietary Trp 
supplementation on the rectal temperature, hormone levels, immune 
function, and gut microbial composition in broilers under HS.

2. Materials and methods

All experimental broilers used in this study were prepared 
according to experimental procedures by the Laboratory Animal 
Ethics Committee of Jiangxi Agricultural University 
(JXAULL-2021-036).

2.1. Animals and experimental design

One hundred and eighty 18 days-old female Arbor Acres broilers 
with similar weight (481.50 ± 26.68 g) were randomly divided into 

three treatment groups, with six replicates of ten birds in each 
replicate. The birds in the TN group were fed the basal diet and 
raised under the thermoneutral condition (23 ± 1°C); The birds in 
the HS group were fed the basal diet and raised under HS (HS, 
34 ± 1°C for 8 h daily); The birds in the HS + 0.18% Trp group were 
fed the basal diet supplemented with 0.18%Trp and raised under 
HS. The experiment lasted 21 days with an adaption period of 3 days. 
Relative humidity was kept between 65 and 70%. The birds were 
allowed ad libitum access to water and feed throughout the 
experiment period. The basal diet (Table 1) was formulated according 
to the NRC (1994) nutrient recommendations. The Trp level in the 
basal diet was 0.18%. L-Glutamic acid was added as an isonitrogenous 
control (19–21).

2.2. Sample collection and preparation

On days 28, 35, and 41, the rectal temperature of broilers was 
determined using a mercury thermometer. At 42 days of age, 
broilers blood was drawn from the wing vein one bird from six 
replicates in three groups, and the serum was separated by 
centrifugation at 3500 rpm for 10 min at 4°C and stored at 
−20°C. Following the collection of blood samples, birds were 
euthanized by cervical dislocation. Furthermore, the liver, spleen, 
thymus, and bursa were collected and weighed, and the immune 
organ index was calculated. Samples of the hypothalamus, and liver 
were obtained and immediately stored in sterile tubes. The samples 
obtained were frozen in liquid nitrogen and maintained at −80°C 
until further analysis. The cecum contents for 16S rDNA sequencing 
were performed according to the manufacturer’s instructions 
(Shanghai Zhongke New Life Biotechnology Co., Ltd. 
Shanghai, China).

2.3. Determination of the serum 
immunoglobulin and hormone levels

The enzyme-linked immune sorbent assay (ELISA) (MLBIO Co., 
Ltd. Shanghai, China) was employed to determine the levels of serum 
IgA, IgG, IgM, CORT, dopamine (DA), epinephrine (EPI), 
noradrenaline (NOR), adrenocorticotropic hormone (ACTH), and 
corticotropin-releasing hormone (CRH).

2.4. Quantitative real-time PCR

Frozen liver and intestinal samples (100 mg) were subjected to 
RNA extraction using TransZol Up Plus RNA Kit (ER501, TransGen 
Biotech, Beijing, China). RNA quality and concentration were 
evaluated using the ultra-micro-nucleic acid protein tester (BioDrop, 
Cambridge, United Kingdom). Reverse-transcription was performed 
using EasyScript® One-Step gDNA Removal and cDNA Synthesis 
SuperMix (AE311, TransGen Biotech, Beijing, China). Quantitative 
RT-PCR (qPCR) was performed using TransStart® Tip Green qPCR 
SuperMix (AQ601, TransGen Biotech, China). β-actin was employed 
as a frame of reference internally. Relative expression levels were 
calculated using the ΔΔCT method (22). The primer sequence 
information for all genes is listed in Table 2.
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2.5. Hypothalamus Trp, 5-HT, and 5-HIAA 
levels

The hypothalamus tissues were prepared as a 10% tissue 
homogenate in PBS and centrifuged at 5000 rpm for 10 min to collect 
the supernatant. The protein concentration was determined using the 
bicinchoninic acid (BCA) assay. Subsequently, hypothalamus Trp, 
5-HT, and 5-HIAA were assessed using ELISA (MLBIO Co., Ltd. 
Shanghai, China).

2.6. Tryptophan-targeted metabolomics 
analysis

Serum from 42 days-old bird were sent to the metabolomics core 
at Zhongke New Life Biotechnology Co., Ltd. (Shanghai, China). A 
panel of 25 metabolites was assessed. The separation was performed 
on an ultra-performance liquid chromatography (UPLC) system 

(Agilent 1,290 Infinity UHPLC) on a C-18 column (Waters, CSH C18 
1.7 μm, 2.1 mm × 100 mm column) by gradient elution. Positive switch 
mode was employed to perform the 5,500 QTRAP (AB SCIEX). 
MultiQuant or Analyst was employed for quantitative data processing.

2.7. 16S rDNA sequencing and analysis

16S rDNA were sequenced by Shanghai Zhongke New Life 
Biotechnology Co., Ltd. (Shanghai, China). Primer: 16S V3–V4: 341F-
806R. All specific manipulations were performed as previous 
studies (23).

2.8. Statistical analysis

Data was analyzed using SPSS statistical software. Data for the TN 
and HS groups, the HS and HS + 0.18%Trp groups were analyzed 

TABLE 1 Ingredients and nutrient compositions of the experimental diets (as-fed basis).

Item Day 1–18
Day 19–42

TN HS HS  +  0.18%Trp

Ingredient (%)

Corn 52.50 57.00 57.00 57.00

Soybean meal (CP, 43%) 23.00 16.20 16.20 16.20

Corn gluten meal 10.00 10.00 10.00 10.00

Extruded soybean (CP, 34%) 6.00 8.00 8.00 8.00

Soybean oil 2.50 3.50 3.50 3.50

NaCl 0.30 0.30 0.30 0.30

CaCO3 1.50 1.50 1.50 1.50

Calcium hydrogen phosphate 1.70 1.50 1.50 1.50

Mineral premixa 0.20 0.20 0.20 0.20

L-Lysine HCl 0.20 0.31 0.31 0.31

DL-Methionine 0.15 0.10 0.10 0.10

Vitamin premixb 0.03 0.03 0.03 0.03

L-Tryptophan 0.00 0.00 0.00 0.18

L-Glutamic acid 0.00 0.39 0.39 0.13

Choline chloride 0.10 0.10 0.10 0.10

Zeolite powder 1.82 0.87 0.87 0.95

Total 100.00 100.00 100.00 100.00

Calculated nutrient composition (%)

Metabolizable energy (MJ/kg) 12.81 13.40 13.40 13.40

Crude protein 22.38 20.48 20.48 20.48

Tryptophanc 0.23 0.20(0.18) 0.20(0.18) 0.38(0.33)

Lysine 1.16 1.11 1.11 1.11

Methionine 0.56 0.48 0.48 0.48

Ca 1.05 0.99 0.99 0.99

Available P 0.46 0.41 0.41 0.41

aMineral premix provided the following per kilogram of diet: Fe (FeSO4 · H2O), 80 mg; Se (Na2SeO3), 0.15 mg; Cu (Cu2(OH)3Cl), 8 mg; Mn (MnSO4·H2O), 60 mg; Zn (ZnSO4·H2O), 40 mg and 
I (Ca(IO3)2), 0.35 mg.
bVitamin premix provided the following per kilogram of diet: Vitamin A, 12000 IU; Vitamin D3, 3,000 IU; Vitamin E, 36 IU; Vitamin K3, 0.9 mg; Vitamin B1, 0.6 mg; Vitamin B2, 2.4 mg; Vitamin 
B6, 1.8 mg; Vitamin B12; 15 μg; D-biotin, 0.18 mg; D-pantothenic acid, 3 mg; Niacinamide, 38 mg; Folic acid, 0.75 mg.
cData in parentheses indicate the analyzed values.
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using independent Students t-test. All data was expressed as the 
mean ± standard error of the mean (SEM). Differences were 
considered to be statistically significant at p < 0.05.

3. Results

3.1. Rectal temperature and serum 
hormones related to stress

HS increased the rectal temperature of broilers on days 28, 35, and 
41, as well as the levels of EPI and CRH in the serum (p < 0.05) as 
illustrated in Figure 1. In contrast, supplementation of Trp reversed 
all these changes in heat-stressed broilers and decreased the level of 
serum DA (p < 0.05). Additionally, no significant difference was 
observed among the three treatments in the levels of CORT, NOR, and 
ACTH in the serum of broilers (p > 0.05).

3.2. Immune organ index and serum IgA, 
IgG, and IgM levels

As illustrated in Figure 2, HS significantly decreased the bursal 
index, serum IgA, IgG, and IgM levels in comparison to the TN group. 
Supplementation with Trp significantly increased the bursal index and 
the levels of serum IgA and IgM in comparison to the HS group.

3.3. Hypothalamic and liver 
tryptophan-degrading enzyme-associated 
genes expression

As illustrated in Figure 3, HS significantly increased the relative 
mRNA expression of IDO-L1, IDO-2 L, monoamine oxidase (MAO), 
and serotonin transporter (SERT) (p < 0.05), decreased the relative 
mRNA expression of kynurenine 3-monooxygenase (KMO) and aryl 
alkylamine N-Acetyltransferase (AANAT) (p < 0.05), and had no 
significant effect on the relative mRNA expression of TDO, kynurenine 
aminotransferase (KYAT), TPH2, ATPase Na+/K+ transporting 
subunit alpha 1 (ATP1A1), solute carrier family 3 member 1 
(SLC3A1), SLC6A14, and SLC6A19 (p > 0.05) in the hypothalamus of 
broilers in comparison to the TN group. Supplementation with Trp 
considerably decreased the relative mRNA expression of IDO-L1 
(p < 0.05) and increased the relative mRNA expression of TPH2 and 
AANAT (p < 0.05) but had no significant effect on the mRNA 
expression of TDO, IDO-2 L, KYAT, KMO, MAO, SERT, ATP1A1, 
SLC3A1, SLC6A14, and SLC6A19 (p > 0.05) in the hypothalamus of 
heat-stressed broilers in comparison to the HS group.

As illustrated in Figure 4, HS significantly increased the relative 
mRNA expression of IDO-L1 (p < 0.05) in the liver in comparison to 
the TN group. Supplementation with Trp significantly decreased the 
relative mRNA expression of IDO-L1 and MAO (p < 0.05) and 
increased the relative mRNA expression of AANAT and SLC6A14 
(p < 0.05) in the liver in comparison to the HS group. In the liver of 
each treatment group, there was no significant difference in the 
relative mRNA expression of TDO, IDO-2 L, KYAT, KMO, TPH1, 
SERT, ATP1A1, SLC3A1, and SLC6A19 (p > 0.05).

3.4. Hypothalamic and liver Trp metabolite 
levels

No significant difference was observed among treatments in 
hypothalamic Trp metabolites (p > 0.05), as illustrated in Figure 5A.

HS significantly decreased the level of serum 5-HT in comparison 
to the TN group (p < 0.05), as illustrated in Figure 5B. Compared with 
the HS group, supplementation with Trp considerably increased the 
serum 5-HT level (p < 0.05), and decreased the serum L-kynurenine 
levels (p < 0.05) of heat-stressed broilers.

3.5. Cecal microbiota composition

Using 16S rDNA sequencing, the cecal content was analyzed 
1,338 unique operational taxonomic units (OTUs) were identified 
in the TN group, 860  in the HS group, and 1,437  in the 
HS + 0.18%Trp group, with the same OTU number of 1758 

TABLE 2 Primer sequences of the reference genes and target genes.

Gene Primer sequence (5′–3′) GenBank ID

β-actin
Forward: GATTTCGAGCAGGAGATGGC

L08165.1
Reverse: GCCAATGGTGATGACCTGAC

TDO
Forward: ACTCCAGGACTTGAGGCAGA

XM_420377.5
Reverse: CTGATTCTGGTTTGGCCTGT

IDO-L1
Forward: GAGAAGGAGGAGAGCCCACT

XM_424397.5
Reverse: CCAAACGCTGTAGGAAGGTG

IDO-2 L
Forward: TGCACAGAACCAACCCACT

XM_015302448.1
Reverse: ATGTACTGGGGACAGCCAGA

KYAT
Forward: TAAAGATGGCGGGTGCAAAG

XM_004936631.3
Reverse: CTTGCCGATAGGGTTGTGTG

KMO
Forward: CGTCAATTCGACGTGGTTCA

XM_004942566.3
Reverse: GGTAGAAGGCATGAGGGTGT

TPH1
Forward: TCTATGAACCCGACAGAGCA

NM_204956.1
Reverse: TCAGAcCCGTACATCAGCAC

TPH2
Forward: AACCCATTCCCAGAGTGGAG

NM_001001301.1
Reverse: ATCTTCCAGCTGAGGCACAT

AANAT
Forward: TTCGAGATCGAGAGGGAAGC

NM_205158.1
Reverse: AGGAAGTGGCGGATCTCATC

MAO
Forward: CATGCCAATCAGGCACAGAA

NM_001030799.1
Reverse: CCACACAGTGTTGCTACTCG

SERT
Forward: GTTCTACGGCATCACCCAGT

AY573844.1
Reverse: GCAAGTGACAAACAGCAGGA

ATP1A1
Forward: CAAGGGAGTTGGCATCATCT

NM_205521.1
Reverse: GAGCCATGAACAACACATGC

SLC3A1
Forward: AAGGAGCTGAAGGGCTTACC

XM_004935370.2
Reverse: CTTGGCTGCTGGTGTCAGTA

SLC6A14
Forward: CCTGCTCATCTTGTTGGTGA

XM_015278436.1
Reverse: GCATCTTTCCAAACCTCTGC

SLC6A19
Forward: GAGTTGAAGGAACCGGCTTA

XM_419056.5
Reverse: ATGACAAACCCAGGCAGAAG
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(Figure  6A). Alpha diversity was applied for analyzing the 
complexity of species diversity for a sample through multiple 
indexes, including Observed species, Chao, Ace, Shannon, and 
Simpson. With the exception of Shannon, which was decreased 
(p < 0.05) by HS, dietary Trp supplementation and HS had no 
significant impact on the bacterial richness of cecum in broiler 
chickens (Figure 6B). According to the matrix of beta diversity 
distance, principal coordinate analysis (PCoA) exhibited that 
bacterial communities differed significantly in their composition 
among the samples (Figure 6C). The phylum and genus levels of 
the cecal microbiome were examined to further explore the effect 
of HS and dietary Trp supplementation on the cecal microbiota 
composition. The measured OTU was classified based on a 
comparison with the corresponding database. The most prevalent 
phyla in the cecal-content microbiota of broilers were 
Bacteroidetes, Firmicutes, and Proteobacteria. Compared with the 

TN group, HS significantly decreased the relative abundance of 
Actinobacteria (p < 0.05); however, supplementation with Trp 
significantly increased the relative abundance of [Ruminococcus] 
torques group in the cecal content in comparison to the HS group 
(p < 0.05).

4. Discussion

The important indexes to determine whether animals are in a 
stressed state include rectal temperature, blood pH, respiratory 
rate, etc. (24–26). The rectal temperature of broilers was determined 
on days 28, 35, and 41 of HS to assess the effect of persistent 
HS. According to the results, HS significantly increased the rectal 
temperature of broilers, which was in accordance with the results 
of Vesco (27). Dietary Trp supplementation significantly reduced 

FIGURE 1

Effect of heat stress and dietary Trp supplementation on the rectal temperature (A) and serum hormones related to stress (B) of broilers. TN, chicks fed 
with a basal diet raised under thermoneutral conditions; HS, chicks fed with a basal diet raised under heat stress conditions; HS  +  0.18%Trp, chicks fed 
with a basal diet supplemented with Trp by 0.18% raised under heat stress conditions. Mean values with * differ significantly (p  <  0.05).
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the rectal temperature of broilers with HS, and similar results 
found that intravenous injection of Trp reduced the increase of 
rectal temperature caused by acute HS in the steers by increasing 
the level of brain 5-HT (28). In a previous study, we found that 
0.18% Trp supplementation decreased the rectal temperature in 
broilers under the condition of acute HS (29). This finding is 
consistent with previous observations that dietary Trp 
supplementation alleviated the increase of body temperature 
caused by HS in broilers.

When the animal is stimulated by the external environment, the 
ANS and HPA axis become excited, resulting in sympathetic nerve 
excitation and stimulating the adrenal medulla to release EPI, NOR, 
and DA to maintain the endocrine stability of the body (30). In this 
experiment, serum EPI and CRH levels of broilers in the HS group 
were significantly increased in comparison to the TN group, 
indicating that HS activated the sympathetic nervous system while 
the body was under stress. Baxter Mikayla found that HS 
significantly increased the serum CORT level of broilers, but this 
phenomenon was not observed in this experiment, which might 
be  a result of the varying degrees of HS caused by different 
temperatures and time factors (31). Dietary Trp supplementation 
significantly decreased the serum EPI and CRH contents of heat-
stressed broilers. In a previous study, we also found that 0.18% Trp 

supplementation decreased serum DA, adrenaline (Adr), NA, CRH 
levels in broilers under the condition of acute HS (29).Yue 
demonstrated in a similar study that dietary Trp supplementation 
significantly reduced the increase of serum CORT, EPI, and NOR 
levels of broilers caused by chronic stress and alleviated the stress 
state of the body (12). Liu demonstrated that dietary Trp 
significantly decreased plasma CORT, EPI, NOR, and hypothalamic 
5-HT levels and reduced the weaning stress of piglets (32). The 
results suggested that dietary Trp supplementation significantly 
decreased the serum stress-related hormone levels of heat-
stressed broilers.

The immune organ index reflects the immune function of the 
organism. Studies have demonstrated that the development of 
immune organs is inhibited, and the indexes of the thymus, spleen, 
and bursa of Fabricius are decreased when animals are subjected to 
high-temperature environments (33, 34). In this study, it was 
demonstrated that HS significantly decreased the bursae index of 
broilers, which was in accordance with the results of Calefi (33) and 
Chang (34), indicating that HS affected the bursae development of 
broilers. This study indicated that dietary Trp supplementation 
significantly increased the bursa of Fabricius index of heat-stressed 
broilers, indicating that dietary Trp supplementation reduces immune 
organ dysplasia of broilers caused by HS.

FIGURE 2

Effects of heat stress and dietary Trp supplementation on immune organ index and serum IgA, IgG, and IgM levels of broilers. TN, chicks fed with a 
basal diet raised under thermoneutral conditions; HS, chicks fed with a basal diet raised under heat stress conditions; HS  +  0.18%Trp, chicks fed with a 
basal diet supplemented with Trp by 0.18% raised under heat stress conditions. Mean values with * differ significantly (p  <  0.05).
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Immunoglobulins are an integral component of the adaptive 
immune system, and their changes reflect the state of humoral 
immunity of the body (35). Studies have demonstrated that under HS, 
the serum levels of IgA, IgG, and IgM of broilers decreased (36, 37), 
and this phenomenon was consistently observed in this study, 
indicating that HS reduced the immunity of broilers. Dietary Trp 
supplementation significantly increased the serum IgA and IgM levels 
of broilers with HS and enhanced the immunity of the body.

Approximately 1–2% of Trp is metabolized through the serotonin 
pathway, and converted into 5-HT and melatonin by TPH and 
aromatic amino acid decarboxylase. 5-HT is involved in regulating the 

stress response of the body through the HPA axis (38). HS significantly 
increased the expression of hypothalamus MAO and serotonin 
transporter SERT, decreased serum serotonin content and the 
expression of hypothalamic AANAT of broilers in comparison to the 
TN group, indicating that HS might increase the 5-HT-5-HIAA 
metabolic pathway, convert 5-HT into 5-HIAA, and excrete from the 
kidneys, resulting in a decrease in 5-HT content and a weakening of 
5-HT to melatonin metabolism pathway, which is consistent with the 
study results of Yue (12). In addition, our previous results 
demonstrated that HS significantly reduced the average daily feed 
intake (ADFI) of broilers and the lack of Trp intake in broilers 

FIGURE 3

Effects of heat stress and dietary Trp supplementation on hypothalamic tryptophan-degrading enzyme-associated genes expression of broilers. TDO, 
Tryptophan 2,3-dioxygenase; IDO, Indoleamine2,3-dioxygenase; KYAT, Kynurenine aminotransferase; KMO, Kynurenine 3-monooxygenase; TPH2, 
Tryptophan hydroxylase 2; AANAT, Aryl alkylamine N-Acetyltransferase; MAO, Monoamine oxidase; SERT, Serotonin transporter; ATP1A1, ATPase Na+/
K+ transporting subunit alpha 1; SLC3A1, solute carrier family 3 (amino acid transporter heavy chain), member 1; SLC6A14, solute carrier family 6 
(amino acid transporter), member 14; SLC6A19, solute carrier family 6 (amino acid transporter), member 19. TN, chicks fed with a basal diet raised 
under thermoneutral conditions; HS, chicks fed with a basal diet raised under heat stress conditions; HS  +  0.18%Trp, chicks fed with a basal diet 
supplemented with Trp by 0.18% raised under heat stress conditions. Mean values with * differ significantly (p  <  0.05).
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resulting from the low average daily feed intake might be another 
important reason in the decrease of serum 5-HT level (39). In animal 
models of colitis, Trp deficiency caused by decreased feed intake has 
emerged as one of the major aggravating factors of chronic 
inflammatory susceptibility (40, 41). IDO is particularly active in the 
immune system and mucosal epithelial tissues and is significantly 
expressed under immune stress conditions (42). In this study, the 
catabolic enhancement of IDO on Trp under HS might be the factor 
leading to further reduction of 5-HT levels (43–45). Over 95% of 
available Trp has degraded through the KYN pathway, relatively 
minimal changes in the activity of this pathway might have substantial 

effects on the flow of Trp into the brain (46). Therefore, the reduction 
of Trp influx into the brain as a result of the activation of the KYN 
metabolic pathway caused by HS might be one of the potential factors 
for HPA disorders (47, 48).

Although dietary Trp supplementation did not significantly 
increase the level of serum Trp, it significantly increased the expression 
of tryptophan transporter SLC6A14 in the liver, the absorption and 
utilization of Trp (12), the level of 5-HT content, and maintained gut 
homeostasis (49, 50). Dietary Trp supplementation significantly 
increased hypothalamus TPH2 expression of heat-stressed broilers, 
enhanced the 5-HT metabolic pathway, and significantly increased 

FIGURE 4

Effects of heat stress and dietary Trp supplementation on liver tryptophan-degrading enzyme-associated genes expression of broilers. TDO, 
Tryptophan 2,3-dioxygenase; IDO, Indoleamine 2,3-dioxygenase; KYAT, Kynurenine aminotransferase; KMO, Kynurenine 3-monooxygenase; TPH1, 
Tryptophan hydroxylase 1; AANAT, Aryl alkylamine N-Acetyltransferase; MAO, Monoamine oxidase; SERT, Serotonin transporter; ATP1A1, ATPase Na+/
K+ transporting subunit alpha 1; SLC3A1, solute carrier family 3 (amino acid transporter heavy chain), member 1; SLC6A14, solute carrier family 6 
(amino acid transporter), member 14; SLC6A19, solute carrier family 6 (amino acid transporter), member 19. TN, chicks fed with a basal diet raised 
under thermoneutral conditions; HS, chicks fed with a basal diet raised under heat stress conditions; HS  +  0.18%Trp, chicks fed with a basal diet 
supplemented with Trp by 0.18% raised under heat stress conditions. Mean values with * differ significantly (p  <  0.05).
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serum 5-HT content, which was in accordance with the study results 
of Liu (51) and Bello (52). In addition, dietary Trp significantly 
increased the expression of the hypothalamus and liver AANAT of 
broilers under HS and increased the 5-HT-melatonin metabolic 
pathway, which could not be detected as a result of the low serum 
melatonin content of broilers. Studies have demonstrated that dietary 
Trp supplementation reduced the concentration of plasma CORT, 
thus, alleviating the stress response of pigs (32). Trp decreased rectal 
temperature in steers under acute HS by increasing brain 5-HT (28). 
The above analysis shows that dietary Trp supplementation enhanced 
the 5-HT metabolic pathway, decreased the 5-HT-5-HIAA metabolic 
pathway, increased the synthesis of 5-HT, reduced the contents of EPI 
and CRH, relieved HS of broilers, alleviated the disturbance of stress-
related hormone levels caused by HS (53), reduced the levels of TDO 
and IDO further, and reduced the production L-kynurenine.

Furthermore, another metabolic pathway of Trp is the microbial 
pathway. According to PCoA, the microbial composition of cecum 
contents under HS was significantly different in comparison to the 
TN group, and HS significantly reduced the number of unique 
OTUs, Shannon index, and altered the gut microbiota composition 
and diversity (54). There was a notable increase in the relative 
abundance of Actinobacteria under HS. Actinobacteria, classified 
as gram-positive bacteria, play a role in metabolizing starch and 
starch-like polysaccharides and oligosaccharides to produce lactate 
and acetate (55). However, there is no conclusive evidence for the 
relationship between HS and the Actinobacteria. We speculate that 
the Actinobacteria may contribute to HS in broilers by increasing 
heat production in the cecal metabolism. Dietary Trp 
supplementation improved cecal microbial composition and 
significantly increased the relative abundance of [Ruminococcus] 

FIGURE 5

Trp metabolite contents in hypothalamic (A) and serum (B). TN, chicks fed with a basal diet raised under thermoneutral conditions; HS, chicks fed with 
a basal diet raised under heat stress conditions; HS  +  0.18%Trp, chicks fed with a basal diet supplemented with Trp by 0.18% raised under heat stress 
conditions. Mean values with * differ significantly (p  <  0.05).
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torques group. In humans, [Ruminococcus] torques group was 
found diminished and associated with anti-inflammatory activity 
in Crohn’s disease under the chronic immune-mediated 
inflammatory condition (56). In broilers, [Ruminococcus] torques 
group may be  positively associated with growth performance, 
intestinal mucosal barrier and alleviating inflammation (57, 58). In 
addition, it has been reported that indole-producing bacteria 
prevent the growth and survival of non-indole-producing bacteria, 

such as Enterobacter, especially in Salmonella and Shigella (59), and 
might be one of the reasons why Trp supplementation changes the 
relative abundance of intestinal bacteria. However, as limited 
information on correlation between Trp and [Ruminococcus] 
torques group, future studies need to be undertaken to determine 
whether Trp induces the selection of the [Ruminococcus] torques 
group and to understand the role of the [Ruminococcus] torques 
group changes in the regulation of HS.

FIGURE 6

Effect of heat stress and dietary Trp supplementation on the caecal content microbiota composition. (A) Venn diagram of OTUs, (B) α-diversity index, 
(C) PCoA plot, (D, E) Microbiota compositions at the phylum level, and (F, G) Microbiota compositions at the genus level. TN, chicks fed with a basal 
diet raised under thermoneutral conditions; HS, chicks fed with a basal diet raised under heat stress conditions; HS  +  0.18%Trp, chicks fed with a basal 
diet supplemented with Trp by 0.18% raised under heat stress conditions. Mean values with * differ significantly (p  <  0.05).
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5. Conclusion

HS significantly increased the rectal temperature, decreased the level 
of serum 5-HT, and resulted in an increase of stress-related hormone 
levels, which in turn resulted in an abnormal KYN metabolic pathway 
and decreased immunity of broilers. Dietary Trp supplementation 
significantly decreased the rectal temperature, increased the level of 
serum 5-HT, decreased the secretion of stress-related hormones, 
inhibited the KYN metabolic pathway, reduced the L-kynurenine level, 
and enhanced the humoral immunity of heat-stressed broilers.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found in the article/Supplementary material.

Ethics statement

The animal study was approved by Laboratory Animal Ethics 
Committee of Jiangxi Agricultural University. The study was conducted 
in accordance with the local legislation and institutional requirements.

Author contributions

GL and QL conceived, designed the experiments, and wrote the 
manuscript. QL, JO, HZ, GL, and CD collected samples and performed 
the experiments. QL, JY, and GL performed the analysis. GL and HZ 
directed the analyses and revised the manuscript. All authors 
contributed to the article and approved the submitted version.

Funding

This work was supported by the National Natural Science 
Foundation of China (Grant No. 32260851) and the Key Project of the 
Natural Science Foundation of Jiangxi Province (Grant No. 
20224ACB205008 and 20202ACBL205009) and the Science and 
Technology Project of Education Department of Jiangxi Province 
(Grant No. GJJ2200437).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fvets.2023.1247260/
full#supplementary-material

References
 1. He X, Lu Z, Ma B, Zhang L, Li J, Jiang Y, et al. Chronic heat stress alters 

hypothalamus integrity, the serum indexes and attenuates expressions of hypothalamic 
appetite genes in broilers. J Therm Biol. (2019) 81:110–7. doi: 10.1016/j.
jtherbio.2019.02.025

 2. Zhang C, Zhao X, Wang L, Yang L, Chen X, Geng Z. Resveratrol beneficially affects 
meat quality of heat-stressed broilers which is associated with changes in muscle 
antioxidant status. Anim Sci J. (2017) 88:1569–74. doi: 10.1111/asj.12812

 3. Lara LJ, Rostagno MH. Impact of heat stress on poultry production. Animals. 
(2013) 3:356–69. doi: 10.3390/ani3020356

 4. Nawab A, Ibtisham F, Li G, Kieser B, Wu J, Liu W, et al. Heat stress in poultry 
production: mitigation strategies to overcome the future challenges facing the global 
poultry industry. J Therm Biol. (2018) 78:131–9. doi: 10.1016/j.jtherbio.2018.08.010

 5. Abdel-Moneim AE, Shehata AM, Khidr RE, Paswan VK, Ibrahim NS, el-Ghoul AA, 
et al. Nutritional manipulation to combat heat stress in poultry – a comprehensive 
review. J Therm Biol. (2021) 98:102915. doi: 10.1016/j.jtherbio.2021.102915

 6. Le Floc’h N, Otten W, Merlot E. Tryptophan metabolism, from nutrition to 
potential therapeutic applications. Amino Acids. (2011) 41:1195–205. doi: 10.1007/
s00726-010-0752-7

 7. Castro-Portuguez R, Sutphin GL. Kynurenine pathway, NAD(+) synthesis, and 
mitochondrial function: targeting tryptophan metabolism to promote longevity and 
healthspan. Exp Gerontol. (2020) 132:110841. doi: 10.1016/j.exger.2020.110841

 8. Platten M, Nollen EA, Röhrig UF, Fallarino F, Opitz CA. Tryptophan metabolism 
as a common therapeutic target in cancer, neurodegeneration and beyond. Nat Rev Drug 
Discov. (2019) 18:379–401. doi: 10.1038/s41573-019-0016-5

 9. Wang Q, Liu D, Song P, Zou M-H. Tryptophan-kynurenine pathway is dysregulated 
in inflammation, and immune activation. Front Biosci. (2015) 20:1116–43. doi: 
10.2741/4363

 10. Larkin PB, Sathyasaikumar KV, Notarangelo FM, Funakoshi H, Nakamura T, 
Schwarcz R, et al. Tryptophan 2,3-dioxygenase and indoleamine 2,3-dioxygenase 1 make 
separate, tissue-specific contributions to basal and inflammation-induced kynurenine 
pathway metabolism in mice. Biochim Biophys Acta. (2016) 1860:2345–54. doi: 10.1016/j.
bbagen.2016.07.002

 11. Cervenka I, Agudelo LZ, Ruas JL. Kynurenines: tryptophan’s metabolites in 
exercise, inflammation, and mental health. Science. (2017) 357:eaaf9794. doi: 10.1126/
science.aaf9794

 12. Yue Y, Guo Y, Yang Y. Effects of dietary L-tryptophan supplementation on 
intestinal response to chronic unpredictable stress in broilers. Amino Acids. (2017) 
49:1227–36. doi: 10.1007/s00726-017-2424-3

 13. Dinan TG. Serotonin and the regulation of hypothalamic–pituitary–adrenal axis 
function. Life Sci. (1996) 58:1683–94. doi: 10.1016/0024-3205(96)00066-5

 14. Winberg S, Nilsson A, Hylland P, Söderstöm V, Nilsson GE. Serotonin as a 
regulator of hypothalamic–pituitary–interrenal activity in teleost fish. Neurosci Lett. 
(1997) 230:113–6. doi: 10.1016/s0304-3940(97)00488-6

 15. de Kloet ER, Joels M, Holsboer F. Stress and the brain: from adaptation to disease. 
Nat Rev Neurosci. (2005) 6:463–75. doi: 10.1038/nrn1683

 16. Moltesen M, Laursen DC, Thornqvist PO, Andersson MA, Winberg S, Hoglund 
E. Effects of acute and chronic stress on telencephalic neurochemistry and gene 
expression in rainbow trout (Oncorhynchus mykiss). J Exp Biol. (2016) 219:3907–14. 
doi: 10.1242/jeb.139857

 17. Agus A, Planchais J, Sokol H. Gut microbiota regulation of tryptophan metabolism 
in health and disease. Cell Host Microbe. (2018) 23:716–24. doi: 10.1016/j.
chom.2018.05.003

 18. Øverli Ø, Sørensen C, Pulman KG, Pottinger TG, Korzan W, Summers CH, et al. 
Evolutionary background for stress-coping styles: relationships between physiological, 

https://doi.org/10.3389/fvets.2023.1247260
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fvets.2023.1247260/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2023.1247260/full#supplementary-material
https://doi.org/10.1016/j.jtherbio.2019.02.025
https://doi.org/10.1016/j.jtherbio.2019.02.025
https://doi.org/10.1111/asj.12812
https://doi.org/10.3390/ani3020356
https://doi.org/10.1016/j.jtherbio.2018.08.010
https://doi.org/10.1016/j.jtherbio.2021.102915
https://doi.org/10.1007/s00726-010-0752-7
https://doi.org/10.1007/s00726-010-0752-7
https://doi.org/10.1016/j.exger.2020.110841
https://doi.org/10.1038/s41573-019-0016-5
https://doi.org/10.2741/4363
https://doi.org/10.1016/j.bbagen.2016.07.002
https://doi.org/10.1016/j.bbagen.2016.07.002
https://doi.org/10.1126/science.aaf9794
https://doi.org/10.1126/science.aaf9794
https://doi.org/10.1007/s00726-017-2424-3
https://doi.org/10.1016/0024-3205(96)00066-5
https://doi.org/10.1016/s0304-3940(97)00488-6
https://doi.org/10.1038/nrn1683
https://doi.org/10.1242/jeb.139857
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1016/j.chom.2018.05.003


Li et al. 10.3389/fvets.2023.1247260

Frontiers in Veterinary Science 12 frontiersin.org

behavioral, and cognitive traits in non-mammalian vertebrates. Neurosci Biobehav Rev. 
(2007) 31:396–412. doi: 10.1016/j.neubiorev.2006.10.006

 19. Taherkhani R, Shivazad M, Zaghari M, Zareshahne A. Male and female broilers 
response to different ideal amino acid ratios during the second and third weeks post-
hatch. Int J Poult Sci. (2005) 4:563–7. doi: 10.3923/ijps.2005.563.567

 20. Taherkhani R, Shivazad M, Zaghari M, Shahneh AZ. Comparison of different ideal 
amino acid ratios in male and female broiler chickens of 21 to 42 days of age. J Poult Sci. 
(2008) 45:15–9. doi: 10.2141/jpsa.45.15

 21. Lee J, Sung YK, Kong C. Ideal ratios of standardized ideal digestible methionine, 
threonine, and tryptophan relative to lysine for male broilers at the age of 1 to 10 days. 
Anim Feed Sci Tech. (2020) 262:114427. doi: 10.1016/j.anifeedsci.2020.114427

 22. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time 
quantitative PCR and the 2− ΔΔCT method. Methods. (2001) 25:402–8. doi: 10.1006/
meth.2001.1262

 23. He Q, Zou T, Chen J, He J, Jian L, Xie F, et al. Methyl-donor micronutrient for 
gestating sows: effects on gut microbiota and metabolome in offspring piglets. Front 
Nutr. (2021) 8:675640. doi: 10.3389/fnut.2021.675640

 24. Chen XY, Wei PP, Xu SY, Geng ZY, Jiang RS. Rectal temperature as an indicator 
for heat tolerance in chickens. Anim Sci J. (2013) 84:737–9. doi: 10.1111/asj.12064

 25. Shakeri M, Cottrell JJ, Wilkinson S, le HH, Suleria HAR, Warner RD, et al. Growth 
performance and characterization of meat quality of broiler chickens supplemented with 
betaine and antioxidants under cyclic heat stress. Antioxidants. (2019) 8:336. doi: 
10.3390/antiox8090336

 26. Wang Z, Shao D, Wu S, Song Z, Shi S. Heat stress-induced intestinal barrier damage 
and dimethylglycine alleviates via improving the metabolism function of microbiota gut 
brain axis. Ecotoxicol Environ Saf. (2022) 244:114053. doi: 10.1016/j.ecoenv.2022.114053

 27. Vesco A, Khatlab A, Santana TP, Pozza PC, Gasparino E. Heat stress effect on the 
intestinal epithelial function of broilers fed methionine supplementation. Livest Sci. 
(2020) 240:104152. doi: 10.1016/j.livsci.2020.104152

 28. Sutoh M, Kasuya E, Yayou KI. Effects of intravenous tryptophan infusion on 
thermoregulation in steers exposed to acute heat stress. Anim Sci J. (2018) 89:777–83. 
doi: 10.1111/asj.12988

 29. Li Q, Zhou H, Ouyang J, Guo S, Zheng J, Li G. Effects of dietary tryptophan 
supplementation on body temperature, hormone, and cytokine levels in broilers exposed 
to acute heat stress. Trop Anim Health Prod. (2022) 54:164. doi: 10.1007/
s11250-022-03161-3

 30. Cheng Y, Du M, Xu Q, Chen Y, Chao W, Zhou Y. Dietary Mannan oligosaccharide 
improves growth performance, muscle oxidative status, and meat quality in broilers under 
cyclic heat stress. J Therm Biol. (2018) 75:106–11. doi: 10.1016/j.jtherbio.2018.06.002

 31. Baxter M, Greene ES, Kidd MT, Guillermo TI, Sara O, Sami D. Water amino acid-
chelated trace mineral supplementation decreases circulating and intestinal HSP70 and 
proinflammatory cytokine gene expression in heat-stressed broiler chickens. J Anim Sci. 
(2020) 98:skaa049. doi: 10.1093/jas/skaa049

 32. Liu HW, Shi BM, Liu DS, Shan AS. Supplemental dietary tryptophan modifies 
behavior, concentrations of salivary cortisol, plasma epinephrine, norepinephrine and 
hypothalamic 5-hydroxytryptamine in weaning piglets. Livest Sci. (2013) 151:213–8. doi: 
10.1016/j.livsci.2012.11.003

 33. Calefi AS, de Siqueira A, Namazu LB, Costola-de-Souza C, Honda BB, Ferreira AJ, 
et al. Effects of heat stress on the formation of splenic germinal centres and 
immunoglobulins in broilers infected by Clostridium perfringens type a. Vet Immunol 
Immunopathol. (2016) 171:38–46. doi: 10.1016/j.vetimm.2016.02.004

 34. Chang Q, Lu Y, Lan R. Chitosan oligosaccharide as an effective feed additive to 
maintain growth performance, meat quality, muscle glycolytic metabolism, and 
oxidative status in yellow-feather broilers under heat stress – ScienceDirect. Poult Sci. 
(2020) 99:4824–31. doi: 10.1016/j.psj.2020.06.071

 35. Menzel T, Lührs H, Zirlik S, Schauber J, Kudlich T, Gerke T, et al. Butyrate inhibits 
leukocyte adhesion to endothelial cells via modulation of VCAM-1. Inflamm Bowel Dis. 
(2004) 10:122–8. doi: 10.1097/00054725-200403000-00010

 36. Song ZH, Cheng K, Zheng XC, Ahmad H, Zhang LL, Wang T. Effects of dietary 
supplementation with enzymatically treated artemisia annua on growth performance, 
intestinal morphology, digestive enzyme activities, immunity, and antioxidant capacity 
of heat-stressed broilers. Poult Sci. (2018) 97:430–7. doi: 10.3382/ps/pex312

 37. Quinteiro-Filho WM, Calefi AS, Cruz D, Aloia T, Zager A, Astolfi-Ferreira CS, 
et al. Heat stress decreases expression of the cytokines, avian β-defensins 4 and 6 and 
toll-like receptor 2 in broiler chickens infected with Salmonella Enteritidis. Vet Immunol 
Immunopathol. (2017) 186:19–28. doi: 10.1016/j.vetimm.2017.02.006

 38. Calefi AS, Fonseca JGS, Nunes CAQ, Lima APN, Quinteiro-Filho WM, Flório JC, 
et al. Heat stress modulates brain monoamines and their metabolites production in 

broiler chickens co-infected with Clostridium perfringens type a and Eimeria spp. Vet 
Sci. (2019) 6:4. doi: 10.3390/vetsci6010004

 39. Filippi J, Al-Jaouni R, Wiroth JB, Hebuterne X, Schneider SM. Nutritional 
deficiencies in patients with Crohn’s disease in remission. Inflamm Bowel Dis. (2006) 
12:185–91. doi: 10.1097/01.MIB.0000206541.15963.c3

 40. Hashimoto T, Perlot T, Rehman A, Trichereau J, Ishiguro H, Paolino M, et al. ACE2 
links amino acid malnutrition to microbial ecology and intestinal inflammation. Nature. 
(2012) 487:477–81. doi: 10.1038/nature11228

 41. Kim CJ, Kovacs-Nolan JA, Yang C, Archbold T, Fan MZ, Mine Y. L-tryptophan 
exhibits therapeutic function in a porcine model of dextran sodium sulfate (DSS)-
induced colitis. J Nutr Biochem. (2010) 21:468–75. doi: 10.1016/j.jnutbio.2009.01.019

 42. Pallotta MT, Orabona C, Volpi C, Vacca C, Grohmann U. Indoleamine 
2,3-dioxygenase is a signaling protein in long-term tolerance by dendritic cells. Nat 
Immunol. (2011) 12:870–8. doi: 10.1038/ni.2077

 43. Gupta NK, Thaker AI, Kanuri N, Riehl TE, Rowley CW, Stenson WF, et al. Serum 
analysis of tryptophan catabolism pathway: correlation with Crohn’s disease activity. 
Inflamm Bowel Dis. (2012) 18:1214–20. doi: 10.1002/ibd.21849

 44. Richard DM, Dawes MA, Mathias CW, Acheson A, Hill-Kapturczak N, Dougherty 
DM. L-tryptophan: basic metabolic functions, behavioral research and therapeutic 
indications. Int J Tryptophan Res. (2009) 2:45–60. doi: 10.4137/ijtr.s2129

 45. Wolf AM, Wolf D, Rumpold H, Moschen AR, Kaser A, Obrist P, et al. 
Overexpression of indoleamine 2,3-dioxygenase in human inflammatory bowel disease. 
Clin Immunol. (2004) 113:47–55. doi: 10.1016/j.clim.2004.05.004

 46. Salter M, Knowles RG, Pogson CI. How does displacement of albumin-bound 
tryptophan cause sustained increases in the free tryptophan concentration in plasma 
and 5-hydroxytryptamine synthesis in brain? Biochem J. (1989) 262:365–8. doi: 10.1042/
bj2620365

 47. Dantzer R, O’Connor JC, Freund GG, Johnson RW, Kelley KW. From inflammation 
to sickness and depression: when the immune system subjugates the brain. Nat Rev 
Neurosci. (2008) 9:46–56. doi: 10.1038/nrn2297

 48. O’Farrell K, Harkin A. Stress-related regulation of the kynurenine pathway: 
relevance to neuropsychiatric and degenerative disorders. Neuropharmacology. (2017) 
112:307–23. doi: 10.1016/j.neuropharm.2015.12.004

 49. Shi S, Shao D, Yang L, Liang Q, Han W, Xue Q, et al. Whole genome analyses reveal 
novel genes associated with chicken adaptation to tropical and frigid environments. J 
Adv Res. (2023) 47:13–25. doi: 10.1016/j.jare.2022.07.005

 50. Wu S, Zhang Q, Cong G, Xiao Y, Shen Y, Zhang S, et al. Probiotic Escherichia coli 
Nissle 1917 protect chicks from damage caused by Salmonella enterica serovar 
Enteritidis colonization. Anim Nutr. (2023) 14:450–60. doi: 10.1016/j.aninu.2023.06.001

 51. Liu Y, Yuan JM, Zhang LS, Zhang YR, Cai SM, Yu JH, et al. Effects of tryptophan 
supplementation on growth performance, antioxidative activity, and meat quality of 
ducks under high stocking density. Poult Sci. (2015) 94:1894–901. doi: 10.3382/ps/
pev155

 52. Bello A, Idrus Z, Yong Meng G, Awad EA, Soleimani FA. Gut microbiota and 
transportation stress response affected by tryptophan supplementation in broiler 
chickens. Ital J Anim Sci. (2018) 17:107–13. doi: 10.1080/1828051X.2017.1340814

 53. Ma N, He T, Johnston LJ, Ma X. Host–microbiome interactions: the aryl 
hydrocarbon receptor as a critical node in tryptophan metabolites to brain signaling. 
Gut Microbes. (2020) 11:1203–19. doi: 10.1080/19490976.2020.1758008

 54. Zhang Q, Zhang S, Wu S, Madsen MH, Shi S. Supplementing the early diet of 
broilers with soy protein concentrate can improve intestinal development and enhance 
short-chain fatty acid-producing microbes and short-chain fatty acids, especially butyric 
acid. J Anim Sci Biotechnol. (2022) 13:97. doi: 10.1186/s40104-022-00749-5

 55. Ventura M, Canchaya C, Tauch A, Chandra G, Fitzgerald GF, Chater KF, et al. 
Genomics of actinobacteria: tracing the evolutionary history of an ancient phylum. 
Microbiol Mol Biol Rev. (2007) 71:495–548. doi: 10.1128/MMBR.00005-07

 56. Maldonado-Contreras A, Ferrer L, Cawley C, Crain S, Bhattarai S, Toscano J, et al. 
Dysbiosis in a canine model of human fistulizing Crohn’s disease. Gut Microbes. (2020) 
12:1785246. doi: 10.1080/19490976.2020.1785246

 57. Sun Y, Yu P, Cheng Y, Liu J, Chen X, Zhang T, et al. The feed additive potassium 
diformate prevents Salmonella enterica Serovar Pullorum infection and affects intestinal 
flora in chickens. Antibiotics. (2022) 11:1265. doi: 10.3390/antibiotics11091265

 58. Zhang S, Zhong G, Shao D, Wang Q, Hu Y, Wu T, et al. Dietary supplementation 
with Bacillus subtilis promotes growth performance of broilers by altering the dominant 
microbial community. Poult Sci. (2021) 100:100935. doi: 10.1016/j.psj.2020.12.032

 59. Smith EA, Macfarlane GT. Formation of phenolic and indolic compounds by 
anaerobic bacteria in the human large intestine. Microb Ecol. (1997) 33:180–8. doi: 
10.1007/s002489900020

https://doi.org/10.3389/fvets.2023.1247260
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1016/j.neubiorev.2006.10.006
https://doi.org/10.3923/ijps.2005.563.567
https://doi.org/10.2141/jpsa.45.15
https://doi.org/10.1016/j.anifeedsci.2020.114427
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3389/fnut.2021.675640
https://doi.org/10.1111/asj.12064
https://doi.org/10.3390/antiox8090336
https://doi.org/10.1016/j.ecoenv.2022.114053
https://doi.org/10.1016/j.livsci.2020.104152
https://doi.org/10.1111/asj.12988
https://doi.org/10.1007/s11250-022-03161-3
https://doi.org/10.1007/s11250-022-03161-3
https://doi.org/10.1016/j.jtherbio.2018.06.002
https://doi.org/10.1093/jas/skaa049
https://doi.org/10.1016/j.livsci.2012.11.003
https://doi.org/10.1016/j.vetimm.2016.02.004
https://doi.org/10.1016/j.psj.2020.06.071
https://doi.org/10.1097/00054725-200403000-00010
https://doi.org/10.3382/ps/pex312
https://doi.org/10.1016/j.vetimm.2017.02.006
https://doi.org/10.3390/vetsci6010004
https://doi.org/10.1097/01.MIB.0000206541.15963.c3
https://doi.org/10.1038/nature11228
https://doi.org/10.1016/j.jnutbio.2009.01.019
https://doi.org/10.1038/ni.2077
https://doi.org/10.1002/ibd.21849
https://doi.org/10.4137/ijtr.s2129
https://doi.org/10.1016/j.clim.2004.05.004
https://doi.org/10.1042/bj2620365
https://doi.org/10.1042/bj2620365
https://doi.org/10.1038/nrn2297
https://doi.org/10.1016/j.neuropharm.2015.12.004
https://doi.org/10.1016/j.jare.2022.07.005
https://doi.org/10.1016/j.aninu.2023.06.001
https://doi.org/10.3382/ps/pev155
https://doi.org/10.3382/ps/pev155
https://doi.org/10.1080/1828051X.2017.1340814
https://doi.org/10.1080/19490976.2020.1758008
https://doi.org/10.1186/s40104-022-00749-5
https://doi.org/10.1128/MMBR.00005-07
https://doi.org/10.1080/19490976.2020.1785246
https://doi.org/10.3390/antibiotics11091265
https://doi.org/10.1016/j.psj.2020.12.032
https://doi.org/10.1007/s002489900020

	Effects of dietary tryptophan supplementation on rectal temperature, humoral immunity, and cecal microflora composition of heat-stressed broilers
	1. Introduction
	2. Materials and methods
	2.1. Animals and experimental design
	2.2. Sample collection and preparation
	2.3. Determination of the serum immunoglobulin and hormone levels
	2.4. Quantitative real-time PCR
	2.5. Hypothalamus Trp, 5-HT, and 5-HIAA levels
	2.6. Tryptophan-targeted metabolomics analysis
	2.7. 16S rDNA sequencing and analysis
	2.8. Statistical analysis

	3. Results
	3.1. Rectal temperature and serum hormones related to stress
	3.2. Immune organ index and serum IgA, IgG, and IgM levels
	3.3. Hypothalamic and liver tryptophan-degrading enzyme-associated genes expression
	3.4. Hypothalamic and liver Trp metabolite levels
	3.5. Cecal microbiota composition

	4. Discussion
	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

