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Simple Summary

Indoleamine 2,3-dioxygenase 2 (IDO2) and tryptophan 2,3-dioxygenase (TDO2) serve as
rate-limiting enzymes for the kynurenine pathway. Distinct from mammals, chickens
lack the IDO1 gene and rely exclusively on IDO2 and TDO2 for tryptophan catabolism.
Supplemental dietary tryptophan increases the combined hepatic total catalytic activity of
IDO2/TDO2, accompanied by only modest transcriptional changes and no major changes
at the protein level, and is associated with reduced PPAR signaling and altered lipid—energy
balance. Recombinant enzyme assays demonstrated that chicken IDO2 and TDO2 achieve
optimal catalytic performance at avian physiological pH of 7.2 and body temperature of
42 °C; chicken IDO2 possesses measurable catalytic efficiency, which is lower than that
of chicken TDO2, whereas its human ortholog showed no detectable activity under the
same conditions. Inflammatory stimuli including LPS and APEC infection significantly
suppressed the combined hepatic IDO2/TDO2 dioxygenase activity, showing an avian-
specific metabolic-immune regulatory feature. This study characterizes avian IDO2 and
TDO2 biochemically and functionally, and provides theoretical basis for poultry nutritional
regulation and disease prevention.

Abstract

Indoleamine 2,3-dioxygenase 2 (IDO2) and tryptophan 2,3-dioxygenase (TDO2) are rate-
limiting enzymes of the kynurenine pathway, well-characterized in mammals. Unlike all
other vertebrates, chickens lack the IDO1 gene and exclusively rely on IDO2/TDO2 for tryp-
tophan (Trp) catabolism; however, their biochemical features and physiological regulatory
functions remain poorly defined. Here, we integrated dietary Trp intervention, multi-omics
profiling, recombinant enzyme kinetics, and in vitro/inflammatory animal models to char-
acterize chicken IDO2 and TDO2. Supplementary dietary Trp maintained circulating Trp
homeostasis while activating hepatic kynurenine metabolism being associated with reduced
PPAR signaling and altered lipid and energy balance. Hepatic combined IDO2/TDO2
catalytic activity increased markedly with Trp supplementation; this increase was accompa-
nied by only modest transcriptional upregulation of kynurenine pathway genes (including
IDO2, TDO2, and KYNU) and no major changes in their protein abundance, indicating post-
translational functional modulation. Recombinant enzyme assays demonstrated optimal
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activity at chicken physiological pH of 7.2 and temperature of 42 °C; chicken IDO2 displayed
measurable catalytic efficiency, which was lower than that of chicken TDO2, whereas its
human ortholog showed no detectable activity under the same conditions. Furthermore,
LPS and APEC infection significantly suppressed the combined total IDO2/TDQO2 activ-
ity during inflammatory stress, revealing an avian-specific metabolic-immune regulatory
pattern. This work defines the unique biochemical and physiological functions of avian
IDO2 and TDO2, offering mechanistic references for poultry nutritional regulation and
disease control.

Keywords: avian biochemistry; tryptophan metabolism; IDO2; TDO2; inflammatory response

1. Introduction

Tryptophan (Trp) is an essential amino acid in animals; it is a raw material for
protein synthesis and a precursor of biologically active molecules (such as serotonin,
melatonin, and nicotinic acid). The main metabolic pathway is the kynurenine pathway
(KP). The initial and rate-limiting steps are catalyzed by three enzymes: indoleamine
2,3-dioxygenase 1 (IDO1), indoleamine 2,3-dioxygenase 2 (IDO2), and tryptophan 2,3-
dioxygenase (TDO2) [1,2]. IDO1 is expressed in extrahepatic tissues, particularly in im-
mune cells and at sites of inflammation. Its expression is induced by proinflammatory
cytokines, such as interferon-gamma (IFN-v), and mediates the regulation of the local im-
mune microenvironment [3,4]. IDO2 is a homolog of IDO1. Although it catalyzes the same
reaction, its enzymatic activity is lower than that of IDO1 in mammals (especially humans
and mice) [5]. Its exact function and regulatory mechanisms remain controversial, with
studies suggesting that it may play a role in non-enzymatic activity [5,6]. TDO2 is primarily
expressed in the liver and maintains systemic Trp levels by degrading approximately 90%
of dietary Trp [7,8]. Under normal conditions, TDO2 contributes more to systemic Trp
degradation than IDO1 [9]. These enzymes construct a metabolism—immune regulatory
network by consuming Trp and producing kynurenine metabolites (such as kynurenine
and kynurenic acid) [10]. In mammals, these enzymes and their metabolic products play
crucial roles in immune regulation, tumor evasion, autoimmune diseases, and nervous
system functions and have become targets for drug development [3,5,11].

Compared to the research on mammalian IDOs and TDO2, research on chicken IDO2
and TDO2 remains stagnant. Current research on chicken IDO2 and TDO?2 is based on
studies conducted in mammals. However, Trp decomposition in mammals mainly relies on
IDO1 and TDO2; in contrast, chickens (and birds in general) lack the IDO1 gene, making
IDO2 and TDO2 the only two dioxygenases that can initiate the kynurenine pathway [12].
The affinity of IDO2 for Trp and the efficiency of the in vitro enzymatic reaction are very
low, differing greatly from those of IDO1 [13-15]. Researchers have found that the Trp con-
tent in chicken plasma is higher than that in humans (chicken Trp: 105.69 £ 9.20 umol/L,
human Trp: 67.4 & 1.02 umol/L), but the kynurenine content is lower than that in humans
(chicken kynurenine: 0.34 £ 0.09 pmol/L, human kynurenine: 1.78 = 0.04 umol/L) [16,17].
Birds lack IDO1 (unique among vertebrates) and have higher plasma Trp but lower kynure-
nine levels than mammals [17], suggesting distinct Trp metabolism mechanisms. Because
chickens lack IDO1, the IDO1-dependent metabolic and immune functions described in
mammals must be mediated by IDO2 and/or TDO2 in birds. Nevertheless, the biochemical
properties, tissue distribution, and physiological regulatory functions of avian IDO2 and
TDO2 remain largely uncharacterized, creating critical gaps in avian physiology, immunol-
ogy, and comparative research that warrant systematic investigation.

https://doi.org/10.3390/anil6182874


https://doi.org/10.3390/ani16182874

Animals 2026, 16, 2874

30f25

Chicken IDO2 and TDO2 may affect poultry production, welfare, and immunity. In
nutritional metabolism, Trp is used for protein synthesis or broken down via the KP, deter-
mining its utilization efficiency. TDO2, the main catabolic enzyme, may affect the growth
rate and feed conversion ratio of chickens based on its activity. In stress response and
behavior, mammalian studies have shown that TDO?2 is related to anxiety [18]. Poultry
exhibit stress reactions under intensive farming, showing behaviors such as feather peck-
ing and cannibalism [17]. We therefore hypothesize that, because Trp is a precursor of 5-
hydroxytryptamine, chicken TDO2 activity may be associated with stress-related behaviors,
which could provide targets for improving animal welfare; however, this hypothesis remains
to be tested directly in birds. In immunomodulation, mammalian IDO1 is an inflammation-
related gene that is upregulated during inflammatory responses [19]. Although chickens
lack IDOY1, the roles of chicken IDO2 and TDO2 in inflammation remain unknown.

Therefore, a systematic characterization of the basic biochemical properties and phys-
iological regulatory functions of chicken IDO2 and TDO?2 is of far-reaching significance
for poultry and comparative immunological research. In the present study, we aimed to
(i) characterize the tissue distribution, biochemical characteristics, and catalytic parameters
of chicken IDO2 and TDO2; (ii) evaluate the effects of dietary Trp supplementation on
hepatic IDO2/TDO2 expression and activity; and (iii) investigate the involvement of IDO2
and TDO2 in the inflammatory response. Specifically, we tested four hypotheses: (H1)
dietary Trp supplementation increases hepatic IDO2/TDO2 catalytic activity; (H2) the
Trp-induced increase in enzyme activity occurs without major changes in gene/protein
abundance, indicating post-translational regulation; (H3) IDO2 and TDO?2 are involved in
the avian inflammatory response; and (H4) TDO2 has greater catalytic significance than
IDO2 in avian Trp catabolism.

2. Materials and Methods
2.1. Animal Experiment

One-day-old Partridge Shank chickens (n = 100) from Wugang Farm, Henan Province,
China, were selected for a 10-day preliminary experiment, during which they were fitted
with ankle rings, beaked, and fed a basal diet. The basal diet was formulated to contain
0.20% Trp, and the analysed Trp concentration was 0.23% (Table S1). The nutrient com-
position of the basal diet is shown in Table S1. At the end of the preliminary experiment,
20 chicks with poor growth, abnormal health status, or visible abnormalities were excluded,
and the remaining 80 healthy chicks were randomly divided into four groups of 20 chicks
each according to their body weight; exclusion was performed before randomization and
was independent of any treatment-related characteristics. A formal experiment with Trp
added to the diet was conducted for three weeks (21 days). The four groups in the formal
trial were the basal diet group (group C) and groups fed the basal diet supplemented with
an additional 0.1% (group G1), 0.2% (group G2), or 0.3% (group G3) L-Trp. L-Trp was
added on top of the basal diet without replacing any other dietary component, yielding
final formulated total Trp concentrations of approximately 0.30%, 0.40%, and 0.50% for
groups G1, G2, and G3, respectively. Feed-grade L-Trp (purity >98%, cat no: 895689) was
purchased from Hongrong Biotechnology Co., Ltd. (Zhengzhou, China). The chickens
were fed ad libitum, and all 20 birds in each group were weighed weekly during the 3-week
formal trial (Figure 1A). At the end of the formal experiment, eight chickens from each
group were randomly selected and sacrificed, and their thymus, spleen, and bursa were
weighed. The immune organ index (immune organ weight x 100/body weight) was calcu-
lated. At least 50 mg of duodenal contents and 300 pL of plasma were used for subsequent
Trp-targeted metabolomic analysis and detection of glucose and triglycerides in the blood,
and approximately 2 g of liver tissue was stored in liquid nitrogen for the detection of
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transcriptome, gene, and protein expression levels and IDO2 and TDO2 enzyme activity.
The remaining liver samples were placed in 4% paraformaldehyde solution for subsequent
wax sectioning and Oil Red O staining. An additional 15 organ samples (heart, liver,
lung, spleen, bursa, thymus, pancreas, glandular stomach, brain, hypothalamus, colon,
duodenum, ovary, pectoral muscle, and leg muscle) weighing approximately 1 g each were
collected from one more chicken and preserved in liquid nitrogen for subsequent detection
of the distribution of IDO2 and TDO?2 in the chicken organs. As this tissue-distribution
survey was based on a single individual, it was treated as an exploratory analysis rather
than a population-level characterization.

2.2. Ethical Approval

All animal experimental protocols followed the “Instructive Notions with Respect to
Caring for Laboratory Animals” issued by the Ministry of Science and Technology of China,
and received ethical approval from the Animal Welfare and Research Ethics Committee
of Henan Agricultural University (Approval Code: HNND2024031807; Approval Date:
18 March 2024). All animal operations complied with the ARRIVE 2.0 reporting guidelines.

2.3. Trp-Targeted Metabolism Detection

Trp and its related metabolites in chicken duodenal contents and plasma were de-
tected using liquid chromatography-mass spectrometry (LC-MS/MS), as previously de-
scribed [20]. After the sample was thawed, 50 mg (duodenal contents)/50 pL (plasma)
of the sample was weighed and extracted with 500 pL/250 pL of methanol. An internal
standard mixed solution (20 uL/10 pL; 250 ng/mL) was added to the extract for quan-
tification. Subsequently, the extract was vortexed for 3 min, incubated in a refrigerator at
—20 °C for 30 min, centrifuged at 12,000x g and 4 °C for 10 min, and 250 uL /150 pL of
the supernatant was collected. The supernatant was re-centrifuged at 12,000x g and 4 °C
for 5 min. The supernatant (150 pL/100 pL) was analyzed using ultra-high-performance
liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) (UPLC, ExionL.C
AD; MS, QTRAP 6500+ System). Chromatographic separation was performed on a column
(Waters ACQUITY UPLC HSST3, 100 mm x 2.10 mm, 1.8 um, Waters, Milford, MA, USA)
maintained at 40 °C. The analytes were eluted using a gradient of 0.1% formic acid in water
(solvent A) and 0.1% formic acid in acetonitrile (solvent B). The flow rate was 0.35 mL/min,
and the injection volume was 5 uL. The mass spectrometry detection conditions were as
follows: the electrospray ionization source temperature was 550 °C, the ion spray voltages
(IS) were 5500 V (positive) and —4500 V (negative), and the curtain gas (CUR) was set at
35 psi. Trp and its related metabolites were analyzed using scheduled multiple reaction
monitoring (MRM). Data acquisition was performed using Analyst 1.6.3 software (Sciex).
MultiQuant 3.0.3 software (Sciex) was used to quantify all metabolites.

2.4. Polymerase Chain Reaction (PCR)

As the distribution of IDO2 and TDO2 in various chicken organs was unclear, a
distribution analysis of IDO2 and TDO2 was first performed in this study. The PCR primer
sequences for IDO2, TDO2, and GAPDH are listed in Supplementary Table S2. RNA
was extracted from 15 chicken tissues (heart, liver, lung, spleen, bursa, thymus, pancreas,
glandular stomach, brain, hypothalamus, colon, duodenum, ovaries, pectoral muscles, and
leg muscles), followed by reverse transcription to obtain cDNA, which was then amplified
by PCR to determine whether the gene of interest was expressed in the electrophoresis
band. At the same time, the GAPDH gene was amplified as a positive control. PCR was
performed according to the manufacturer’s instructions provided with the kit (Accurate
Cat. AG12301, Changsha, China). The expression of IDO2 and TDO?2 in various chicken
organs was analyzed, and the liver was selected for further analysis.
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2.5. Transcriptome Sequencing

Total RNA was extracted from each liver tissue sample using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. Equal amounts of RNA from
two individual chickens in the same group were pooled to form one RNA library using the
TruSeq Stranded Total RNA Library Prep Kit (Illumina, San Diego, CA, USA) according to the
manufacturer’s instructions; thus, each of the four libraries per dietary group represented two
pooled chickens (i.e., eight individual chickens per group contributed to four pooled libraries).
Each pooled library was treated as one experimental unit for subsequent statistical analysis
(n = 4 libraries per group). Then, 16 small RNA libraries (C_1, C_2,C_3,C_4,G1_1, G1_2,
G1.3,G1.4,G2_1,G2_2,G2_3,G2_4,G3_1, G3_2, G3_3, and G3_4) were prepared. Double-
end sequencing was performed using an Illumina HiSeq Xten (Illumina, San Diego, CA,
USA) according to the manufacturer’s instructions. Sequencing adapters, low-quality reads,
fragments <50 bp in length, and bases with an average quality value of <20 (Q20) were filtered
out using fastp software. Using Bowtie2 software, the filtered data were aligned to the rRNA
database to remove rRNA sequences and obtain clean data for further analysis. The clean data
were aligned to the reference genome (Gallus bGalGall.mat.broiler. GRCg7b) using hisat2.
The FPKM values were calculated and used to compare the differences in gene expression
between the different samples. Differentially expressed genes (DEGs) were initially screened
using | Fold Change | > 1.4 and p < 0.05. Because the dietary intervention induced modest
but consistent transcriptomic changes, the | Fold Change| > 1.4 threshold was adopted to
capture biologically relevant changes in metabolic and immune pathways; to control the false
discovery rate arising from the large number of tested genes, the identified DEGs were further
filtered using an FDR-adjusted p-value (adjusted p < 0.05, Benjamini-Hochberg method). The
Pearson correlation coefficient was calculated to analyze the correlations between biological
replicates and visualized using a heatmap. GO and KEGG analyses of the DEG were performed
using the R package clusterProfiler (http://bioconductor.org/packages/release/bioc/html/
clusterProfiler.html (accessed on 21 June 2024).

In addition, following the overexpression of chicken IDO2 and TDO2 in LMH cells
(Leghorn Male Hepatoma, the chicken hepatocellular carcinoma cell line), the extracted
RNA was used to construct 18 small RNA libraries. They included 3 biological replicates
per group: overexpression negative control (0eNC-1, 0eNC-2, 0eNC-3), IDO2 overexpres-
sion (oe_IDO2-1, oe_IDO2-2, oe_IDO2-3), TDO2 overexpression (oe_TDO2-1, oe_TDO2-2,
oe_TDO2-3), silencing negative control (siNC-1, siNC-2, siNC-3), IDO2 silencing (si_IDO2-
1, si_IDO2-2, si_IDO2-3), and TDO?2 silencing (si_TDO2-1, si_TDO2-2, si_TDO2-3). DEGs
were initially screened using | Fold Change| > 1.4 and p < 0.05 and were further filtered
using an FDR-adjusted p-value (adjusted p < 0.05, Benjamini-Hochberg method) to control
for multiple testing. Following the above method, GO and KEGG enrichment analyses
were performed on the DEG.

2.6. Quantitative Real-Time PCR

Liver RNA was extracted and reverse transcribed as described above. The qPCR
primers used are listed in Supplementary Table S3. qPCR was performed using the Super-
Real PreMix Plus (Tiangen, Beijing, China) according to the manufacturer’s instructions.
Gene expression was normalized to that of ACTB. The relative expression of each gene
was calculated using the 2—AACt method. The relative expression level of each gene was
measured in triplicate, and the average value was used for statistical analysis.

2.7. Western Blot

Total protein was extracted from the liver using RIPA buffer (Sangon Biotech, Shanghai,
China). After protein quantification, equal amounts of protein samples were loaded
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and subjected to 10% SDS-PAGE for separation, followed by transfer onto 0.45 um NC
membranes (Solarbio, Beijing, China). After blocking with Protein-Free Rapid Blocking
Buffer (Epizyme, Shanghai, China) for 10 min, the membranes were incubated overnight
at 4 °C with primary antibodies. Secondary antibodies were applied for incubation at
room temperature (approximately 25 °C for 2 h) after washing twice with TBST. Protein
bands were visualized using a highly sensitive enhanced chemiluminescence (ECL) reagent
(Sangon Biotech, Shanghai, China) and analyzed using Image] software. The antibodies
used in this study are listed in Supplementary Table 54.

2.8. Total Enzyme Activity Assay of IDO2 and TDO2 Ex Vivo

The liver samples were processed as follows. The liver tissue was weighed using an
electronic balance, and phosphate-buffered saline (PBS) solution was added in proportion,
with a tissue weight to PBS ratio of 1 g: 9 mL. The tissue was ground on ice thoroughly,
centrifuged for 20 min at 2000x g and 4 °C, and the supernatant was collected. Notably,
this tissue homogenate assay detects combined total dioxygenase activity of hepatic IDO2
and TDO2 and cannot individually quantify the catalytic capacity of each isoform; separate
purified recombinant protein kinetic assays (Section 2.13) were conducted to distinguish
intrinsic enzymatic properties of the two proteins. The reaction mixture was prepared
as previously described [12,21,22]. The enzyme reaction mixture was 200 uL and con-
tained 50 pL of tissue supernatant, 50 mM phosphate buffer, 5 mM ascorbic acid, 100 ng/L
catalase, 10 uM methylene blue, and 250 pM L-Trp substrate. The reaction mixture was
incubated at 37 °C for 60 min and was terminated by adding 40 uL of trichloroacetic
acid (30% w/v). Subsequently, the samples were incubated at 50 °C for 30 min to hy-
drolyze N-formylkynurenine to kynurenine. After centrifugation for 5 min at 10,000 g,
the supernatant was transferred to a new microplate and mixed with an equal volume of
p-dimethylaminobenzaldehyde in acetic acid (2% w/v). The absorbance of the yellow com-
plexes derived from kynurenine was measured at 480 nm using a spectrophotometer. One
unit of enzyme activity (U) was defined as the generation of 1 nmol/h of kynurenine [23].

2.9. Oil Red O Staining

Oil Red O staining of the liver was performed as described below. Fresh liver tissue
was frozen in liquid nitrogen for 15 s and then placed in a —80 °C refrigerator. The sample
was then removed, embedded in an OCT embedding agent (Servicebio, Wuhan, China),
and sectioned at 8-10 um thickness. After 8-10 min of staining with freshly prepared
saturated Oil Red O solution (Servicebio, Wuhan, China), the cells were re-stained with
hematoxylin for 3-5 min, the slides were sealed with glycerin gel, and observed under a
microscope. Images were collected using the Image] software 1.53a vesrion.

2.10. Plasma Glucose and Triglyceride Assays

Glucose in chicken plasma was detected using a Glucose Kit (Mindray Biotech, Shen-
zhen, China). The assay was performed using a biochemistry analyzer (Mindray BS
Series, Shenzhen, China) and the glucose oxidase method, according to the manufac-
turer’s instructions. Triglycerides in chicken plasma were detected using a Triglyceride
Kit (Mindray Biotech, Shenzhen, China) using the Glycerol-3-phosphate dehydrogenase
(GPD)-peroxidase (POD) method, according to the manufacturer’s protocols.

2.11. Molecular Docking

Molecular docking of protein-ligand interactions was performed using AlphaFold 3
(https:/ /alphafoldserver.com) and SwissDock (https:/ /www.swissdock.ch/). The amino
acid sequences of chicken IDO2 (XM_040689374.2) and TDO2 (ENSGALT0000154649.1)
were retrieved from the NCBI and Ensembl databases. AlphaFold 3 was used to predict
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the three-dimensional structures of chicken IDO2 and the chicken TDO2 monomer and to
perform protein-ligand docking of the cofactor heme b and the substrate L-Trp with the
predicted structures in a Python 3.11 environment by executing the run_alphafold.py script;
ligand protonation states and partial charges were assigned using the default AlphaFold
3/SwissParam protocols, and heme b was included as a cofactor during docking. The dock-
ing of L-Trp and heme b was cross-validated using SwissDock, from which the attracting
cavity (AC) and SwissParam scores were obtained; more negative AC and SwissParam
scores indicate more favorable predicted binding. Owing to the high complexity of the
TDO2 tetramer, docking scores could be calculated only for the TDO2 monomer. The
resulting models were visualized using UCSF Chimera software 1.2.0.

2.12. Plasmid Construction

Total RNAs (from Partridge Shank chicken liver and the human HepG2 cell line)
was extracted, and cDNAs synthesis was performed as described above. Based on
chicken IDO2 (XM_040689374.2), chicken TDO2 (ENSGALT0000154649.1), and human
IDO1 (NM_005651.4) CDS sequences in the NCBI and Ensembl databases, the primers
used are listed in Supplementary Table S5. Human IDO2 (ENST0000052986.4) and TDO2
(ENST00000536354.3) CDS were synthesized directly by Sangon Biotech Co., Ltd. (Shang-
hai, China). Human IDO2/TDO2 CDS sequences were verified via sequencing with 100%
identity to NCBI references (ENST0000052986.4/ ENST00000536354.3). Following the in-
structions of the ClonExpress II One-Step Cloning Kit (Vazyme, Nanjing, China), the
amplified products were cloned into a pGEX-4T-3 vector. The nucleotide sequences of the
constructs were confirmed by sequencing. These plasmids were used for protein expression
and purification of IDOs and TDO?2.

The same method described above was used to construct two overexpression plasmids
by inserting the CDS sequences of chicken IDO2 (XM_040689374.2) and TDO2 (ENS-
GALTO0000154649.1) into a suitable enzyme cutting site for the pcDNA3.1-3xFLAG vector
(primers in Table S5).

2.13. Expression and Purification of Recombinant Proteins

GST-fusion proteins were expressed in E. coli BL21(DE3) cells. The transformed
bacteria were grown in Luria—Bertani (LB) liquid medium with ampicillin overnight at
37 °C until the absorbance at 600 nm reached approximately 0.6. Expression was induced
with 0.5 mM IPTG (Isopropyl 3-D-1-thiogalactopyranoside) and 7 pM hemin for 8 h at 28 °C.
The pellet from 250 mL of the bacterial culture was harvested by centrifugation, suspended
in 30 mL of PBS (pH 7.4), and sonicated. The sample was centrifuged at 12,000 g for
15 min at 4 °C. The clear supernatant was filtered through a 0.22 pum filter and directly
applied to a GSTrap FF column (1 mL, Cytiva, Shanghai, China). After washing with 10 mL
PBS, GST-fusion IDOs or TDO2 were eluted with 50 mM Tris-HCI (pH 8.0) and 10 mM
reduced glutathione. Proteins eluted with GST-tags were used for enzyme activity assays.

In addition, the GST tag of the fusion protein was also removed. After the supernatant of
cell lysis was applied to a GSTrap FF column, GST-fusion IDOs or TDO2 were cleaved using
thrombin protease (1 cleavage units/100 pg fusion protein, MedChemExpress, Shanghai,
China) at 4 °C for 16 h in PBS buffer by on-column cleavage. After thrombin digestion, the
cleaved mixture was applied to a benzylpenicillin agarose gel gravity column (Solarbio, Beijing,
China) to remove the thrombin. Purified proteins were used for the enzyme activity assays.

2.14. Enzyme Parameters Assays

Recombinant IDOs and TDO2 activities were analyzed based on the total enzyme
activity ex vivo, as described above. The enzyme reaction mixture was the same, except that
the substrates (L-Trp, D-Trp, 5-OH-Trp, and tryptamine) were prepared with the maximum
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amount of substrate that could be dissolved in the mixture. Take 150 uL of enzyme reaction
mixture solution containing the substrate, then add 50 pL of enzyme solution (purified
protein) to make the final volume up to 200 uL for enzyme activity determination. The
termination of the enzymatic reaction and pigment determination were the same as those
in the total enzyme activity assay. The temperature of the enzyme reaction was chosen
as 37 °C and 42 °C, which are adapted to the body temperature of mammals and birds,
respectively. The solution pH was adjusted by changing the ratio of potassium dihydrogen
phosphate to potassium hydrogen diphosphate.

Simultaneously, the inhibition constants (Ki) of chicken IDO2 and TDO2 were mea-
sured. Referring to previous studies [12,24], 1-methyl-L-tryptophan (L-1MT) and 1-methyl-
D-tryptophan (D-1MT) were used as IDO2 inhibitors to determine their inhibitory effects
on the chicken IDO2 protein, and the inhibitory effect of a commercially available human
TDO2 inhibitor, 680C91, on the chicken TDO2 protein was measured. The structures of the
three inhibitors are shown in Supplementary Figure S1. The 200 pL reaction mixture com-
prised the following components: 50 mM phosphate buffer, 5 mM ascorbic acid, 100 pg/L
catalase, 10 uM methylene blue, different concentrations of L-Trp substrate, different con-
centrations of inhibitor solution, and 50 uL purified protein. Four concentrations of the
IDO2 inhibitor were used: 126, 63, 31.5, and 0 uM. Four concentrations of TDO2 inhibitors
were used: 1000, 500, 250, and 0 nM.

2.15. Cell Culture and Transfection

LMH cells were cultured in complete LMH cell medium (Beyotime, Shanghai, China)
at 37 °C with 5% CO2. Transient transfection with the overexpression plasmid and small in-
terfering RNA (Table S6) was performed using Lipofectamine 3000 reagent (Thermo Fisher
Scientific, Shanghai, China), following the manufacturer’s instructions for the overexpres-
sion and knockdown of chicken IDO2 and TDO2. The construction of the overexpression
plasmid for chicken IDO2/TDO2 was described in the previous section on plasmid con-
struction. For IDO2 knockdown experiments, only one small interfering RNA sequence
was designed and only this one was transfected. For TDO2 knockdown experiments,
three small interfering RNA sequences were designed and transfected together. The treat-
ment groups were transfected with overexpression plasmids or small interfering RNAs
according to the experimental objectives. In the overexpression experiments of chicken
IDO2/TDO2, pcDNA3.1-3xFLAG empty vector was used as the control (0eNC group),
while si-NC (Table 56) was used as the control (siNC group) in the knockdown experiments.
Transfection experiments included 3 biological replicates and 3 technical replicates. For
statistical analysis, we first calculated the mean value of the 3 technical replicates for each
biological replicate, resulting in 3 independent data points (one mean value per biological
replicate, n = 3). After treatment for 24 and 36 h, nRNA and protein expression levels were
assessed using RT-PCR and Western blotting, respectively. Transcriptome sequencing was
performed on cells transfected for 24 h, as described above.

2.16. Establishment of an Lipopolysaccharide (LPS) -Induced Inflammatory Model in LMH Cells

LMH cells were cultured in vitro and treated with different concentrations of LPS (10,
40, 80, and 120 pg/mL) for 24 h to establish an LPS-induced inflammatory model. Each LPS
concentration was tested in 8 biological replicates with 3 technical replicates. The expression
levels of inflammatory cytokines (IL-1f3 and TNF-c) in the cells were detected using RT-PCR
(primers listed in Table S3). The experimental group, in which inflammatory factors were
significantly upregulated compared to the control group, was used to determine whether the
total enzymatic activities of chicken IDO2 and TDO2 underwent significant changes. The
method for detecting total enzyme activity was as described in the above-mentioned section
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of the total enzyme activity assay for IDO2 and TDO2 ex vivo. Of note, an independent cell-
viability / cytotoxicity assay (e.g., CCK-8, MTT, or LDH-release assay) was not performed at
the tested LPS concentrations; this limitation is further discussed in Section 4.

2.17. Chicks’ Inflammation Caused by Avian Pathogenic Escherichia coli (APEC)

In this trial, 60 one-day-old chicks were divided into two groups: control and treated
(infected with APEC). The chicken challenge method with APEC was based on a previous
study [25]. Briefly, each group of 30 chicks was housed in a negative-pressure isolation
cabin for an adaptation period of eight days. The formal trial began on the 9th day.
APEC strains (O1, O2, O78) were cultured in LB medium to log phase (OD600 = 0.6),
and concentrations were verified via colony counting. The chicks in the treatment group
were intramuscularly injected with 0.5 mL of an equal mixture of APEC O1, O2, and O78
at a concentration of 1 x 108 CFU/mL [25]. Infected chicks were monitored for clinical
signs (lethargy, feed intake, diarrhea) at 24, 48, and 72 h post-infection. Twelve birds per
group were randomly selected and sacrificed 3 days after the APEC challenge. Then, the
pathological anatomy was analyzed to confirm systemic inflammation, and blood and liver
samples were collected. Blood samples were used to detect inflammatory factors (IL-13
and TNF-«) according to the ELISA Kit (Cusabio, Wuhan, China) Instruction Manual. Liver
samples were used to determine the total activities of chicken IDO2 and TDO2.

2.18. Statistical Analysis

Data are presented as mean = SEMs. A unpaired f-test in GraphPad Prism 9.0 was
used for pairwise comparison analysis (C vs. G1, C vs. G2, C vs. G3). Multiple group com-
parisons were performed using ANOVA with GraphPad Prism 9.0. All statistical tests (e.g.,
t-test, ANOVA) were performed using the biological replicate means. Statistical significance
was set at p < 0.05. Weekly body-weight data were analyzed by between-group comparisons
at each individual time point (unpaired t-test/ ANOVA); within-bird correlation across
weeks was not modeled, because the study hypotheses concerned between-group differ-
ences rather than within-individual longitudinal trajectories. Metabolites in Trp-targeted
metabolism with variable importance in the projection (VIP) values >1 and p < 0.05 were se-
lected as the differential metabolites. VIP values were extracted from the orthogonal partial
least squares discriminant analysis (OPLS-DA) results, which also contained score plots and
permutation plots, and were generated using the R package MetoboAnalystR. DEGs from
the liver transcriptome were screened using | Fold Change | > 1.4 and p < 0.05 and were
further filtered using an FDR-adjusted p-value (adjusted p < 0.05, Benjamini-Hochberg
method) to control for multiple testing. Enzyme kinetic parameters (Km, Vmax, Kcat, Ki)
were calculated from three independent recombinant protein purification batches (1 = 3 bi-
ological replicates) using the built-in Michaelis-Menten and competitive inhibition modules
of GraphPad Prism 9.0.

3. Results
3.1. Effects of Dietary L-Trp on Chicken Body Weight and Immune Organ Index

Compared to the basal diet group (Group C), body weight gain of chickens in the three
groups (G1, G2, and G3) supplemented with Trp showed a significant reduction in the first
week (p < 0.05) and continued to show a significant decrease in the second and third weeks
(n =20 per group; Figure 1A). After three weeks, the thymus and spleen indices decreased
with an increase in Trp addition, and groups G2 and G3 differed significantly from group
C (p <0.05). The bursa index of group G1 was significantly higher than that of group C,
whereas those of groups G2 and G3 were significantly lower than that of group C (1 = 8 per
group; Figure 1B).

https://doi.org/10.3390/anil6182874


https://doi.org/10.3390/ani16182874

Animals 2026, 16, 2874

10 of 25

A
*
1500 *
*
* = C
= - *
B 1000 * G1
.'g s * * G2
o ns * G3
2 500+
ns H .
c rl T T ] L]
Initial weight 1st week 2nd week 3rd week
B
*

0.8 *

= *k

Em ns

2 *

g 0.6+ _* =c

< - * G1

°

o =1 G2

0 0.4+ *

- G3

-

2 ns

2 0.24

@

3

"

2

= 0.0 T T

]
Thymus index Spleen index Bursal index

Figure 1. Effect of dietary L-Trp on body weight and immune organ index of chickens. (A) Chicken
weekly body weight (1 = 20 per group). (B) Inmune organ index = organ weightx 100/body weight
(n = 8 per group). The ‘C” in the upper right corner represents the basal diet group, ‘G1” represents
basal diet + 0.1% Trp group, ‘G2’ represents basal diet + 0.2% Trp group, and ‘G3’ represents basal
diet + 0.3% Trp group (the same applies below figure, no further comments). Data: mean + SE.
*p <0.05, ** p < 0.01; ns, non-significant. Statistical comparisons were performed between groups at
each time point.

3.2. The Content of Trp-Related Metabolites in Chicken Duodenum and Plasma

A total of 31 Trp-related metabolites were quantified via LC-MS/MS. Duodenal L-
Trp concentrations showed no inter-group differences (p > 0.05, Figure 2A). However,
downstream kynurenine metabolites (L-kynurenine, serotonin, indole-3-lactic acid, and
indole-3-carbaldehyde) were significantly accumulated in Trp supplementation groups
(G1, G2, and G3 group) rather than Trp itself (C group) (p < 0.05, Figure 2B-E), except for
nicotinic acid (p < 0.05, Figure 2F).

In plasma, only the highest-dose G3 group exhibited elevated L-Trp (Figure 3A),
whereas L-kynurenine was significantly increased across all supplemented treatments,
accompanied by a reduced Trp/kynurenine ratio (Figure 3B,C). Most kynurenine pathway
intermediates were upregulated without clear linear dose dependence (Figure 3D-I).

3.3. Effect of Dietary L-Trp on IDO2 and TDO2 Related Genes, Protein Expression, Total Enzyme
Activity and Other Actions

In this exploratory analysis based on tissues from a single individual, IDO2 was
detected in all 15 tested chicken tissues, whereas TDO2 was only detectable in the liver and
thymus (Figure S2). Liver tissue was selected for multi-omics and functional detection.

Transcriptome PCA and heatmap confirmed good intra-group replicate clustering
(Figure 4A,B). A total of 682, 864, 916 DEGs were identified in G1/G2/G3 vs. C, with
465 shared differential genes (Figure 4C). GO enrichment centered on amino acid and
lipid metabolic processes; KEGG analysis revealed upregulated kynurenine metabolism
and suppressed PPAR/fatty acid biosynthesis pathways (Figure 4D-G). IDO2, TDO2 and
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KYNU were transcriptionally upregulated, while PPAR cascade lipid regulatory genes

were downregulated. qPCR validation matched transcriptome trends (Figure S3).
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from L-Trp/L-kynurenine were analyzed using one-way analysis of variance (ANOVA), and p < 0.001

is indicated by ***. All data are presented as mean =+ SE (n = 8 per group).

https://doi.org/10.3390/anil6182874


https://doi.org/10.3390/ani16182874

Animals 2026, 16, 2874

12 of 25

Group

8 ec
6 ® G1
z Scme Group ° G2
me . °
= Ea ISP G3
0 )
g - g o
ad Gene Clusters :
Woor S -2
Moo a L]
HWocs -4
Moo
Hocs -6
ccs
Moo -84 e»
oo R S e e e e E

GO term

I Enviconmental iformation Procesing

-10 -8 -6 -4 -2 0 2 4 6 8 10 12
PC1 [49.6%)

carboxylic acid metabolic process meP

oxoacid metabolic process: B MF
organic acid metabolic process
alpha-amino acid metabolic process
small molecule metabolic process
small molecule biosynthetic process
lipid homeostasis-
cellular amino acid metabolic process
triglyceride metabolic process:
oxidoreductase activity

o 1 5 5 4 5 6 7 8 %

: Organsmalsysams Up Pathway
Metabotsm
M Genetic nformaton Procesing

Drug metabolism - cytochrome P450

-log10(P value)

Down Pathway

Glycine, serine and threonine metabolism

lism - PPAR signaling pathway
3 Vascular smooth muscle contraction:
I Human Diseases Metabolism of xenobiotics by cytochrome P450 Metanogenesis.
I Colulr Processes Alanine, aspartate and glutamate metabolism GnRH signaling petiway
Tryptophan metabolism Fatty acid biosynthesis-
Valine, leucine and isoleucine degradation INA replication.
G1 c » Folate biosynthesis DNA replicatior
vs Glutathione metabolism Apelin signaling pathway
Phenylalanine metabolism Calcium signaling pathvay
Tyrosine metabolism Influenza A
Gap junction-

012345672839

“og10(Pvalue) 00051015202530354045505560657.0

-log10(Pvalue)

Tryptophan metabolism: PPAR signaling pathwa
Glycme serine and threonine metabolism Glycolysis / Sucgnﬂé’genﬁsé
Drug metabolism - cytochrome P450- Pyruvate metabolism
G2 vs CHp  Anine, aspartate and glutamate metabolism Citrate cycle (TCA cycle)
Glutathione metabolism Galactose metabolism
Glyoxylate and dicarboxylate metabolism Glycerophospholipid metabolism
Focal adhesion: Fatty acid biosynthesis
Gap junction Nitrogen metabolism
Cell adhesion molecules Steroid hormone biosynthesis
ABC transporters DNA replication

0.

0051015202530354045 0005101520253035404550855606570

-log10(Pvalue) -log10(Pvalue)

Protein processing in endoplasmic reticulum
Protein export N riote o AR slgnling pethuay
Alanine, aspartate and glutamate metabolism o e ycosammagiyoan degradation
G3vsC » Amino sugar and nucleotide sugar metabolism. Fatty acid biosynthesis
Drug metabolism - other enzymes. Cytokine-cytokine receptor interaction
Glyoxylate and dicarboxylate metabolism MAPK signaling pathway
Caffeine metabolism FoxO signaling pathway
Folate biosynthesis Cell adhesion molecules
Fanconi anemia pathway
Cysteine and methionine metabolism 1553 signaling pathway

Wnt signaling pathway

T T T T T T T T T T T T
0002040608101.21.4161820222426283

F

ity o B
e
Mo i iz

S o g, &
g -
ST oo T e

(e, P

s, ms.

1o gm e

s

s [

s sy —
7w 047
|- . o —
BRI R e L ST STT— — L Uity
RO S o
P - g : fer
s e
it 5
= e —
e o ot}
Fo - Qo)
oy
I } )
¥ = Lomt

0.0051.01.52025303.54.0455.0

-log10(Pvalue)
-log10(Pvalue)
S / i gt —
gl == @[M‘ )
° g «JEI
s _

h - (tevommtans

.
=
\\\ / oottt | ()

‘[wm\[m.\
rairra]
\\\ \/ / o (o o

pm,q
)

)
M san

Sechmicnd O

Sevuimude
ety

A —

ese—

]
ficedccp—

Figure 4. Effect of L-Trp on chicken liver transcriptome. (A) Cluster heat map of biological replicates for
each group. (B) Principal component analysis (PCA) diagram of the biological replicates for each group.
(C) Venn diagram of DGEs. (D) GO enrichment bar plot of common DGEs. (E) KEGG enrichment bar
plots of the DGEs. (F) Trp metabolism in the KEGG database. The red dots indicate upregulated genes.
(G) PPAR signaling pathway in the KEGG database. Blue indicates downregulated genes.
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No significant changes were observed in hepatic IDO2 and TDO2 protein abundance
across treatments, while total combined catalytic activity increased dose-dependently with
dietary Trp (Figure 5A—C). Consistent with PPAR pathway suppression, hepatic neutral
lipid droplet area and circulating triglyceride concentrations decreased with rising Trp
levels; only G3 exhibited reduced plasma glucose (Figure 5D-G).
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Figure 5. Effect of L-Trp on protein expression, total enzyme activity, fat content, and plasma
indicators. (A) Western blot analysis of IDO2 and TDO2 proteins in chicken liver. (B) Protein
expression levels of IDO2 and TDO2 (1 = 4 per group). (C) Total enzyme activities of IDO2 and TDO2
in the chicken livers (n = 8 per group). (D) Oil Red O staining of each group (scale bars represent
50 um). (E) Relative area of the lipid droplets. (F,G) Plasma triglyceride and glucose levels (1 = 8 per
group). * p < 0.05, ** p < 0.01, and **** p < 0.0001; ns, no significant difference.

3.4. Molecular Docking Model of Chicken IDO2 and TDO2 with L-Trp

The results of the molecular docking model are presented in Figure 6. The attracting
cavity (AC) and SwissParam scores of IDO2 were 12.119671 and —7.1337, respectively
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(Figure 6A). The TDO2 monomers were 12.066832 and —7.2107, respectively (Figure 6B).
Due to the high complexity of the TDO2 tetramer, the Swiss website failed to calculate its

scores (Figure 6C).
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Figure 6. Molecular docking model of chicken IDO2 and TDO2 proteins with L-Trp. (A) IDO2 model.
(B) TDO2 monomer model. (C) TDO2 tetramer model. White, yellow, green, and blue represent
monomers. Blue represents heme b. The color red represents L-Trp.

3.5. Biochemical Analysis of Chicken IDO2 and TDO2

The recombinant vector with the correct sequence was used to express recombinant
proteins in E. coli BL21(DE3). The recombinant protein with a GST tag was verified by
Western blotting (Figure S4) and purified by affinity chromatography using a GSTrap
FF column, and the purification results are shown in Figure SSA-E. Due to the large
molecular weight of the GST tag (26 kDa), to more accurately study the enzymatic properties
of the target protein, the GST tag was removed by on-column cleavage, thrombin was
removed using benzylpenicillin agarose gel gravity column chromatography, and the
protein purification results are shown in Figure S5F-]. Purified protein without a GST tag
was used for subsequent enzyme activity analysis. The concentration of the purified protein
was 0.1-1 mg/mL.

The enzyme parameters (Km, Vmax, and cat) of chicken IDO2 and TDO2 were ana-
lyzed at pH 7.2/pH 6.5 and 37 °C/42 °C, respectively. When the temperature was set to
37 °C, the Km value of chicken IDO2 was greatly affected by the pH. Specifically, the Km
value of chicken IDO2 was lower at pH 7.2 than at pH 6.5, indicating that the substrate
affinity of chicken IDO2 at pH 7.2 was higher, whereas the Km value of human IDO1 was
lower at pH 6.5 and 37 °C (Figure 7). As shown in Table 1, other enzymatic parameters
of chicken IDO2, such as Vmax and Kcat, were not significantly affected by pH, whereas
human IDO1 showed the opposite to chicken IDO2. Human IDO2 did not exhibit any
catalytic activity toward L-Trp in this experiment. Similar to chicken IDO2, when the
temperature was set to 37 °C, the pH value greatly affected the Km of chicken TDO2 but
did not affect Vmax and Kcat. Specifically, Km was lower and substrate affinity was higher
at pH 7.2 than at pH 6.5 for chicken TDO2.

When the temperature was set to 42 °C, the Km value of chicken IDO2 was less
affected by pH; however, pH had a greater effect on Vmax and Kcat (Figure 7 and Table 1).
Specifically, the Vmax and Kcat values for chicken IDO2 at pH 7.2 were both higher than
those at pH 6.5. When the temperature was set to 42 °C, facing different pH values, the
changes in the enzymatic parameters of chicken TDO2 were like those of chicken IDO2
(Figure 7 and Table 1).

When pH was set to the physiological pH value (7.2) of chickens, the Km value
of chicken IDO2 at 37 °C was less than that at 42 °C, and the Km value of chicken
TDO2 at 37 °C was also less than that at 42 °C (Table 1). Chicken IDO2/TDO2’s opti-
mal pH (7.2) aligns with mammalian orthologs (pH 7.0-7.4), while the optimal temper-
ature (42 °C) reflects avian body temperature (39-42 °C), highlighting species-specific
enzymatic adaptations.
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Figure 7. Michaelis-Menten curves of chicken IDO2 and TDO2 reacting with the substrate L-Trp
at different pH values and temperatures. (A) Chicken IDO2 (pH 7.2 and 37 °C). (B) Chicken IDO2
(pH 6.5 and 37 °C). (C) Human IDO1 (pH 7.2 and 37 °C). (D) Human IDO1 (pH 6.5 and 37 °C).
(E) Chicken TDO2 (pH 7.2 and 37 °C). (F) Chicken TDO2 (pH 6.5 and 37 °C). (G) Human TDO2
(pH 7.2 and 37 °C). (H) Human TDO2 (pH 6.5 and 37 °C). (I) Chicken IDO2 (pH 7.2 and 42 °C).
(J) Chicken IDO2 (pH 6.5 and 42 °C). (K) Chicken TDO2 (pH 7.2 and 42 °C). (L) Chicken TDO2 (pH
6.5 and 42 °C).

Table 1. The enzymatic parameters of chicken IDO2 and TDO2 reacting with the substrate L-Trp
under different pH values and temperatures were determined.

Protein pH TemFoeCr;lture Ko (uM) (uMYnlzixnfl) (I:falt) Keat/Kin
Chicken IDO2 72 37 8936 6.05 901.30 0.10
Chicken IDO2 6.5 37 19940 6.12 912.49 0.05
Human IDO1 7.2 37 42 3.26 8217.32 196.68
Human IDO1 6.5 37 28 2.28 5741.80 206.76

Chicken TDO2 7.2 37 252 1.81 297.3 1.18
Chicken TDO2 6.5 37 419 1.30 212.92 0.51
Human TDO2 7.2 37 20 1.13 3003.14 147.87
Human TDO2 6.5 37 30 1.20 3184.02 107.39
Chicken IDO2 7.2 42 11918 8.06 1202.34 0.10
Chicken IDO2 6.5 42 13610 2.38 355.45 0.03
Chicken TDO2 7.2 42 320 11.21 1840.30 5.75
Chicken TDO2 6.5 42 384 3.27 537.31 1.40
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In this experiment, the catalytic activities of two proteins, IDO2 and TDO2, from
chickens on three substrates: 5-OH-Trp, D-Trp, and tryptamine were measured at 42 °C.
The maximum concentrations of 5-OH-Trp, D-Trp, and tryptamine were 18.9, 22.5, and
25.0 mM, respectively. All substances reached their maximum solubility in the enzyme
reaction system under the experimental conditions. However, chicken IDO2 and TDO2 did
not exhibit catalytic activity toward these three substrates, and no products were produced.

Chicken IDO2 Ki was assayed using 1-methyl-L-tryptophan (L-1MT) and 1-methyl-
D-tryptophan (D-1MT) as inhibitors, and chicken TDO2 Ki was assayed using 680C91 (a
commercial human TDO2 inhibitor). This experiment was conducted at pH 7.2 and 42 °C,
and the results are shown in Figure 8. The Ki of L-1MT for chicken IDO2 was 293.4 uM,
whereas that of D-IMT was 668.1 uM. For chicken TDO2, with the Ki value of 680C91 was
390.5 nM (Figure 8). The smaller the Ki value, the better the inhibitory effect. All three
inhibitors inhibited the expression of the corresponding proteins.
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Figure 8. Inhibitory effects of the inhibitors on chicken IDO2 and TDO2. (A) The inhibitory effect of
L-IMT on chicken IDO2 activity. (B) Inhibitory effect of L-1MT on chicken IDO2. (C) Inhibitory effect
of 680C91 on chicken TDO2 activity. Ki is the inhibition constant. The reaction conditions were as
follows: the substrates were all L-Trp, the pH was 7.2, and the temperature was 42 °C.

3.6. The Effects of Chicken IDO2 and TDO2 Ouverexpression or Knockdown in LMH Cells

After overexpression and knockdown of chicken IDO2 and TDO2 genes in LMH cells,
changes in gene and protein expression were detected, followed by transcriptome analysis.
The results are presented in Figure 9. After 24 h of transfection, compared to controls, IDO2
and TDO2 genes showed significant overexpression or knockdown effects (Figure 9A,B),
and after 36 h, IDO2 and TDO2 proteins demonstrated significant overexpression and
knockdown effects (Figure 9C-E). Principal component analysis of the transcriptome data
showed well-clustered replicates for each group, with the si_TDO group far from the
others (Figure 9F). After IDO2 overexpression in LMH cells, GO enrichment analysis of
differentially expressed genes revealed pyramidal neuron development, long-chain fatty
acid transport, and cellular response to interleukin-1 (Figure 9G). After TDO2 overexpres-
sion, GO enrichment was only observed in the inflammatory response (Figure 9H). When
IDO2 expression was inhibited, GO enrichment involved aorta development, coronary
vasculature development, and regulation of astrocyte differentiation (Figure 9I). When
TDO2 was knocked down, GO analysis showed genes enriched in biological processes,
including tRNA 5’-leader removal, viral process, and interleukin-1-mediated signaling
pathway (Figure 9]). Overall, chicken IDO2 and TDO2 may play roles in the interleukin-1-
related inflammatory response. However, because the IDO2 knockdown experiment was
performed with a single siRNA sequence, the conclusions based on the IDO2 knockdown
should be interpreted with appropriate caution (see Section 4).
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Figure 9. GO enrichment of differentially expressed genes in LMH cells after IDO2 and TDO2 overex-

pression and knockdown. (A) Relative expression of the chicken IDO2 gene at 24 h post-transfection.
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(B) Relative expression of chicken TDO2 gene at 24 h post-transfection. (C) Protein expression
levels of chicken IDO2 and TDO2 at 36 h post-transfection were detected by Western blot analysis.
(D) Quantitative analysis of chicken IDO2 protein expression. (E) Quantitative analysis of the chicken
TDO2 protein expression levels. (F) Principal component analysis (PCA) plot of transcriptome
sequencing results for each sample group. (G) GO enrichment of differentially expressed genes
between the IDO2 overexpression group (oe_IDO2) and the control group (0eNC). (H) GO enrichment
of differentially expressed genes between the TDO2 overexpression group (oe_TDO2) and the control
group (0eNC). (I) GO enrichment of differentially expressed genes between the IDO2 knockdown
group (si_IDO2) and the control group (siNC). (J) GO enrichment of differentially expressed genes
between the TDO2 knockdown group (si_TDO2) and the control group (siNC). The X-axis of A, B,
D, and E represents different experimental objectives. For detailed descriptions of the Control and
Treated groups, see Section 2.14. * p < 0.05, ** p < 0.01 and *** p < 0.001 (1 = 3 per group).

3.7. Changes in Total Enzyme Activity of Chicken IDO2 and TDO2 Under Ex Vivo and In Vitro
Inflammatory Conditions

RT-PCR results showed that after treatment with 120 ng/mL of LPS for 24 h, IL-1f3
levels in LMH cells showed a significant upward trend compared with the control group
(p < 0.05), indicating that an inflammatory response was successfully induced in LMH
cells (Figure 10A). Thecombined total dioxygenase activities of IDO2 and TDO?2 in the
inflammatory group of LMH cells were significantly lower than those in the control group
(Figure 10C). APEC infected chicks showed clinical signs, such as lethargy, reduced feed
intake, and diarrhea et al. APEC infection-induced systemic inflammation was shown in
Supplementary Figure S6. After the APEC challenge, IL-13 and TNF-« levels in the blood
of infected chickens were significantly upregulated, suggesting that the chickens had an
inflammatory response (Figure 10D). Compared to the control group, the combined total
dioxygenase activities of IDO2 and TDO2 in the livers of APEC-infected chickens were
significantly decreased (Figure 10E).
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Figure 10. Changes in total enzyme activity of chicken IDO2 and TDO2 under inflammatory con-
ditions. (A) Changes in IL-13 mRNA relative expression in LMH cells treated with different con-
centrations of LPS for 24 h (n = 8 per group). (B) Changes in TNF-ac mRNA relative expression in
LMH cells treated with different concentrations of LPS for 24 h (n = 8 per group). (C) Changes in the
total enzyme activity of IDO2 and TDO2 in LMH cells treated with 120 ug/mL LPS for 24 h (n =8
per group). (D) Changes in IL-13 and TNF-« levels in the blood of APEC-infected and uninfected
chickens (1 = 12 per group). (E) Changes in the total enzyme activities of IDO2 and TDO2 in the livers
of APEC-infected and uninfected chickens (1 = 12 per group). * p < 0.05, ** p < 0.01, and *** p < 0.001;
ns, no significant difference.
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4. Discussion

This study investigated the gene and protein expression, enzymatic activity, and kinetic
parameters of chicken IDO2 and TDO2 in Trp metabolism. It also explored their other
biological roles, helping to fill research gaps and offering insights for poultry production
and immune regulation.

Previous reports show that Trp deficiency in poultry reduces growth and causes
weight loss [26]. In our experiment, the control group received the NRC-recommended Trp
level (0.2%). When Trp was increased to 0.3%, 0.4%, or 0.5% (groups G1-G3), weight gain
slowed, and immune organ indices followed the same trend. Although the reduced weight
gain was associated with higher Trp supplementation, the mechanistic interpretation—for
example, that energy may be redirected from growth to Trp metabolism and that lipid an-
abolism may be suppressed via PPAR downregulation [27]—remains speculative, because
direct measurements of energy expenditure or energy partitioning were not performed; we
therefore present this as a possible mechanism rather than a demonstrated one. However,
higher Trp levels (0.3-0.5%) have been shown to benefit broilers under high-density hous-
ing [28] or during immune challenges [29]. These differences may stem from variations
in feeding conditions, health status, or breed. Our study used healthy Partridge Shank
chickens raised under free-range conditions.

Liver transcriptome data help explain these findings. Compared to the control, added
dietary Trp upregulated Trp metabolism pathways and affected glycolysis. Blood glucose
tests showed that 0.5% Trp significantly lowered blood glucose, indicating altered glucose
metabolism [30]. Similar results were seen in pigs: excess Trp (0.78%) caused glucose
metabolism disorders [27].

The liver transcriptome also revealed downregulation of the PPAR signaling pathway,
which affects lipid metabolism. Liver analysis confirmed a significant drop in lipid
droplet content. Interestingly, in obese rat models, Trp intake helped restore normal
body weight [31]. This suggests Trp plays a role in regulating energy metabolism in
poultry—similar to its function in mammals.

Trp enters the chicken intestine via the mouth, is absorbed by intestinal epithelial cells,
and then enters the bloodstream. This study found no major changes in duodenal Trp levels.
However, its decomposition products, including L-kynurenine, serotonin, indole-3-lactic
acid, and indole-3-carbaldehyde, were significantly increased. This may be attributable to
host enzymes and, possibly, to gut microbial metabolism [32,33], although gut microbiota
and microbial enzyme activities were not directly measured in this study; therefore, this
explanation should be regarded as a hypothesis requiring further investigation.

Blood Trp levels remained stable across most groups, except in the 0.5% group, where
they rose significantly. This suggests chickens maintain Trp homeostasis in blood—similar
to humans [34]. Measured levels ranged from 99.9 to 196.7 umol/L (average: 146 pmol/L),
close to Birkl’s reported value (105.69 & 9.20 umol /L) [17].

Trp decomposition products like L-kynurenine, N-formylkynurenine, and 3-indolelyoxylic
acid also rose in blood—but not in a dose-dependent way—highlighting the complexity of
Trp metabolism.

Extra dietary Trp markedly increased the combined total IDO2/TDO2 enzyme ac-
tivity in the liver. At the transcript level, IDO2, TDO2, and KYNU were identified as
differentially expressed only under the more permissive threshold (| Fold Change | > 1.4,
p <0.05), and qPCR con-firmed the same direction of change; however, the magnitude of
these transcriptional changes was modest (| Fold Change | < 2), and at the protein level no
significant changes in hepatic IDO2 or TDO2 abundance were detected. Thus, the substan-
tial increase in combined enzyme activity was disproportionately larger than the modest
transcriptional changes and occurred without detectable protein-level changes, consistent
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with post-translational regulation of enzyme activity—a phenomenon also observed for
enzymes such as glycogen phosphorylase and isocitrate dehydrogenase [5,35].

We examined the spatial expression of IDO2 and TDO?2 in chickens. Like in mammals,
chicken IDO2 is found in most organs [36]. Chicken TDO?2 is mainly in the liver and
thymus—unlike in mammals, where it’s only reported in the liver [37].

Molecular docking predicted similar binding scores between chicken IDO2/TDO2
monomers and L-Trp. We hypothesize that, because TDO2 forms a tetramer, its overall bind-
ing to Trp may be stronger than that of IDO2; however, this inference could not be directly
verified because the docking software was unable to calculate scores for the TDO2 tetramer.

For enzyme assays, we purified chicken IDO2 and TDO2 using a GST tag, then
removed the tag via on-column enzymatic cleavage. Human IDO1, IDO2, and TDO2 were
purified the same way for fair comparison. We tested how temperature, pH, substrates,
and inhibitors affect chicken IDO2 and TDO2 kinetics. Under our conditions, human IDO2
showed no activity toward L-Trp. Human IDO1 had a Km of 27.77 uM at 37 °C and pH 6.5,
which matched earlier studies [21,23]. Chicken IDO2 worked best at pH 7.2 and 37 °C. At
42 °C (chickens’ normal body temperature), its catalytic efficiency (Kcat/Km)) remained
similar to 37 °C. The optimal pH for the chicken TDO2 enzyme reaction was 7.2, and the
optimal temperature was 42 °C. Chickens have a higher body temperature than mammals,
which is most suitable for the enzymatic reactions of chicken IDO2 and TDO2, and pH 7.2
is optimal for these reactions.

Human IDO1 and TDO2 are more efficient than their chicken counterparts, which
may explain why chicken blood has higher Trp levels than human blood [17]. Chicken
TDO2 was about 10 times more efficient than IDO2, confirming its dominant role in Trp
decomposition. Under identical assay conditions, human IDO2 showed no detectable
catalytic activity, whereas chicken IDO2 showed measurable activity; because no activity
was detected for human IDO2, a quantitative comparison of catalytic efficiency between
the two orthologs was not feasible. Neither chicken IDO2 nor TDO2 acted on 5-OH-Trp,
D-Trp, or tryptamine. Human inhibitors also affect chicken IDO2 and TDO2, with L-IMT
showing stronger inhibitory effects than D-1MT on chicken IDO2 [38-40].

Enzyme activity correlated with circulating Trp levels. Chicken TDO2 has high affinity
for L-Trp (Km = 0.25-0.42 mM) and is mainly expressed in the liver, the principal site of
systemic Trp catabolism; this combination of high substrate affinity and liver-restricted
expression suggests that TDO2 likely plays a dominant role in whole-body Trp balance,
although this is an inference from in vitro kinetics and tissue distribution rather than direct
in vivo flux measurement. In contrast, IDO2 (Km = 8.9-19.9 mM) is widespread but less ac-
tive, suggesting a comparatively minor contribution to systemic Trp homeostasis. Chicken
blood Trp (105.69 &£ 9.20 pmol/L) is higher than in humans (67.6 & 4.9 umol/L) [17,41].
This may be because human IDO1 and TDO2 have much higher affinity for L-Trp and
enzyme activities than chicken IDO2 and TDO2.

To investigate whether chicken IDO2 and TDO2 have functions related to inflam-
mation, like mammal, we overexpressed and knocked down these genes in LMH cells.
Transcriptome analysis linked them to inflammatory response pathways. Total enzyme
activity of chicken IDO2 and TDO2 dropped significantly under ex vivo and in vitro inflam-
matory conditions. In mammals, inflammation ususlly boosts IDO1 activity [42]. During
viral infections, colitis, or LPS exposure, IDO1 expression and activity rise [43—45]. This
is thought to suppress excessive T-cell activation by lowering local Trp and producing
immunosuppressive kynurenine [46]. However, chickens lack IDO1 and only have IDO2.
Current evidence suggests IDO2’s role in inflammation is more complex. Its activity isn’t
simply up- or down-regulated. In fact, human IDO2 often has low or no activity due to
common genetic variants and evidence suggests that IDO2 acts through non-enzymatic
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mechanisms [47,48]. IDO2 has been linked to pro-inflammatory effects in autoimmune and
skin hypersensitivity models [49,50]. For TDO2, most inflammation studies only measured
mRNA or protein, not actual enzyme activity [51]. Since TDO?2 is mainly liver-based in both
birds and mammals, but most mammalian inflammation studies focus on immune cells or
inflamed tissues [52], it’s unclear if tissue-specific regulation exists. Notably, unlike mam-
malian IDO1 (upregulated in inflammation to deplete Trp) [38], chicken IDO2/TDO?2 activity
decreases, which could reduce kynurenine production, a proinflammatory metabolite in
birds [17]. This may represent an avian-specific negative feedback mechanism, consistent
with birds’ reliance on innate immunity [53]. Our results confirm that chicken IDO2 and
TDO2 are involved in inflammation. However, more work is needed to clarify whether they
act together or separately and how exactly they are regulated. Our findings have practical
implications for poultry production: (1) Maintaining dietary Trp at the NRC-recommended
0.2% avoids growth suppression; (2) IDO2/TDO2 inhibitors (e.g., L-1MT, 680C91) could
mitigate excessive inflammation in APEC infections, improving disease resistance.

Several limitations of this study should be acknowledged. First, weekly body weights
were measured repeatedly on the same birds and were analyzed by between-group com-
parisons at each individual time point without explicitly modeling within-bird correlation
across weeks; a mixed-effects model could be considered in future studies to model within-
bird trajectories over time. Second, it should be noted that the IDO2 knockdown experi-
ments relied on a single siRNA sequence, because only one siRNA for chicken IDO2 met the
design principles. Knockdown was confirmed at both the mRNA (RT-qPCR) and protein
(Western blot) levels; nevertheless, because a second independent IDO2 siRNA and a rescue
experiment were not performed, the possibility of off-target effects cannot be formally
excluded. The conclusions based on the IDO2 knockdown experiment should therefore
be interpreted with appropriate caution, and independent validation using additional
siRNAs or a rescue approach will be required in future studies. Third, an independent cell-
viability / cytotoxicity assay (e.g., CCK-8, MTT, or LDH-release assay) was not performed at
the tested LPS concentrations. Although the upregulation of IL-13 and TNF-« indicates the
activation of inflammatory signaling, a contribution of nonspecific LPS-induced cytotoxicity
to the observed changes cannot be formally excluded. Future studies should include an
independent cell-viability assessment to fully distinguish a specific inflammatory response
from nonspecific cellular injury.

5. Conclusions

Chicken IDO2 and TDO2 display distinct biochemical catalytic properties adapted
to avian physiological conditions. TDO2, which is mainly expressed in the liver and
shows high substrate affinity, is the dominant enzyme for systemic tryptophan catabolism
and participates in the hepatic response to nutritional and inflammatory stimuli, whereas
IDO2, which is widely distributed but has much lower catalytic activity, is likely to exert
tissue-specific or regulatory rather than quantitatively dominant functions. These distinct
tissue distributions, catalytic efficiencies, and inflammatory response patterns, which
differ from mammalian orthologs, define the functional organization of the kynurenine
pathway in IDO1-deficient poultry species. These data expand our understanding of
avian immunometabolism and provide a biochemical basis for targeted poultry nutritional
regulation and disease intervention.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ani16182874/s1, Figure S1. Structures of the three inhibitors. Figure S2.
Organ distribution of chicken IDO2 and TDO2. Figure S3. Effect of L-tryptophan on mRNA expression of
six genes in chicken liver. Figure S4. Western blot verification of recombinant protein. Figure S5. Protein
purification of IDO1, IDO2, and TDO2. Figure S6. APEC infection-induced systemic inflammation in
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silkie. Table S1. Composition and nutrient levels of the basal diet. Table S2. Primers used for PCR.
Table S3. Primers used for qPCR. Table S4. Antibodies used in WB. Table S5. Homologous arm Primers
for plasmid construction. Table S6. The siRNA sequence for chicken IDO2 and TDO2.
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Abbreviations

1IDO2 Indoleamine 2,3-dioxygenase 2

TDO2 Tryptophan 2,3-dioxygenase

IDO1 Indoleamine 2,3-dioxygenase 1

KP Kynurenine pathway

L-IMT 1-Methyl-L-tryptophan

D-IMT 1-Methyl-D-tryptophan

APEC Avian pathogenic Escherichia coli

LPS Lipopolysaccharide

qPCR Quantitative PCR

LC-MS/MS  Liquid chromatography-tandem mass spectrometry
DGEs Differentially expressed genes

GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genomes
PCA Principal component analysis

VIP Variable importance in the projection

FDR False discovery rate

IPTG Isopropyl 3-D-1-thiogalactopyranoside

PBS Phosphate-buffered saline

OCT Optimal cutting temperature

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
ACTB [-actin

ECL Enhanced chemiluminescence

CFU Colony-forming unit

NRC National Research Council

LMH Leghorn Male Hepatoma (chicken liver cell line)
GST Glutathione S-transferase

SDS-PAGE  Sodium dodecyl sulfate—polyacrylamide gel electrophoresis

https://doi.org/10.3390/anil6182874


https://doi.org/10.3390/ani16182874

Animals 2026, 16, 2874 23 of 25

References

1.  Cheong, J.; Sun, L. Targeting the IDO1/TDO2-KYN-AhR Pathway for Cancer Inmunotherapy-Challenges and Opportunities.
Trends Pharmacol. Sci. 2018, 39, 307-325. [CrossRef] [PubMed]

2. Platten, M.; Nollen, E.A.A.; Rohrig, E,; Fallarino, F; Opitz, C. Tryptophan metabolism as a common therapeutic target in cancer,
neurodegeneration and beyond. Nat. Rev. Drug Discov. 2019, 18, 379—401. [CrossRef] [PubMed]

3.  Prendergast, G.C.; Smith, C.; Thomas, S.; Mandik-Nayak, L.; Laury-Kleintop, L.; Metz, R.; Muller, A.J. Indoleamine 2,3-
dioxygenase pathways of pathogenic inflammation and immune escape in cancer. Cancer Immunol. Immunother. 2014, 63, 721-735.
[CrossRef] [PubMed]

4. Chen, E;; Wu, J; Huang, J.; Zhu, W,; Sun, H.; Shi, D.; Lin, D.; Li, D.; Liu, Z.; Huang, M.; et al. FLI1 promotes IFN-gamma-induced
kynurenine production to impair anti-tumor immunity. Nat. Commun. 2024, 15, 4590. [CrossRef] [PubMed]

5. Suvieri, C.; Belladonna, M.L.; Volpi, C. The Two Sides of Indoleamine 2,3-Dioxygenase 2. Cells 2024, 13, 1894. [CrossRef] [PubMed]

6.  Jusof, EF; Bakmiwewa, S.M.; Weiser, S.; Too, L.K.; Metz, R; Prendergast, G.C.; Fraser, S.J.; Hunt, N.H.; Ball, H.]. Investigation of the
Tissue Distribution and Physiological Roles of Indoleamine 2,3-Dioxygenase-2. Int. ]. Tryptophan Res. 2017, 10, 1178646917735098.
[CrossRef] [PubMed]

7.  Sari, S.; Tomek, P; Leung, E.; Reynisson, J. Discovery and Characterisation of Dual Inhibitors of Tryptophan 2,3-Dioxygenase
(TDO2) and Indoleamine 2,3-Dioxygenase 1 (IDO1) Using Virtual Screening. Molecules 2019, 24, 4346. [CrossRef] [PubMed]

8.  Klaessens, S.; Stroobant, V.; De Plaen, E.; Van den Eynde, B.J. Systemic tryptophan homeostasis. Front. Mol. Biosci. 2022, 9, 897929.
[CrossRef] [PubMed]

9.  Zeitler, L.; Murray, PJ. IL4i1 and IDO1: Oxidases that control a tryptophan metabolic nexus in cancer. J. Biol. Chem. 2023, 299,
104827. [CrossRef] [PubMed]

10. Grobben, Y. Targeting amino acid-metabolizing enzymes for cancer immunotherapy. Front. Immunol. 2024, 15, 1440269. [CrossRef]
[PubMed]

11. Lotz-Jenne, C.; Lange, R.; Cren, S.; Bourquin, G.; Goglia, L.; Kimmerlin, T.; Wicki, M.; Miiller, N.; Artico, S.; Ackerknecht, P; et al.
Discovery and binding mode of small molecule inhibitors of the apo form of human TDO2. Sci. Rep. 2024, 14, 27937. [CrossRef]
[PubMed]

12.  Yuasa, H]J; Ball, HJ.; Austin, C.; Hunt, N.H. 1-L-methyltryptophan is a more effective inhibitor of vertebrate IDO2 enzymes than
1-D-methyltryptophan. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2010, 157, 10-15. [CrossRef] [PubMed]

13.  Yuasa, H.J.; Suzuki, T. Do molluscs possess indoleamine 2,3-dioxygenase? Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2005, 140,
445-454. [CrossRef] [PubMed]

14. Yuasa, H]J.; Takubo, M.; Takahashi, A.; Hasegawa, T.; Noma, H.; Suzuki, T. Evolution of vertebrate indoleamine 2,3-dioxygenases.
J. Mol. Evol. 2007, 65, 705-714. [CrossRef] [PubMed]

15.  Yuasa, H.J. High I-Trp affinity of indoleamine 2,3-dioxygenase 1 is attributed to two residues located in the distal heme pocket.
FEBS J. 2016, 283, 3651-3661. [CrossRef] [PubMed]

16. Geisler, S.; Mayersbach, P.; Becker, K.; Schennach, H.; Fuchs, D.; Gostner, J. Serum tryptophan, kynurenine, phenylalanine,
tyrosine and neopterin concentrations in 100 healthy blood donors. Pteridines 2015, 26, 31-36. [CrossRef]

17.  Birkl, P; Chow, J.; Forsythe, P.; Gostner, J.; Kjaer, W.; Kunze, P.; McBride, D.; Fuchs, A.; Harlander-Matauschek, A. The Role of
Tryptophan-Kynurenine in Feather Pecking in Domestic Chicken Lines. Front. Vet. Sci. 2019, 6, 209. [CrossRef] [PubMed]

18. Hattori, S.; Takao, K.; Funakoshi, H.; Miyakawa, T. Comprehensive behavioral analysis of tryptophan 2,3-dioxygenase (Tdo2)
knockout mice. Neuropsychopharmacol. Rep. 2018, 38, 52—-60. [CrossRef] [PubMed]

19. Jiang, K.; Wang, Q.; Chen, X.; Wang, X.; Gu, X.; Feng, S.; Wu, J.; Shang, H.; Ba, X.; Zhang, Y.; et al. Nanodelivery Optimization of
IDO1 Inhibitors in Tumor Immunotherapy: Challenges and Strategies. Int. J. Nanomed. 2024, 19, 8847-8882. [CrossRef] [PubMed]

20. Vitalini, S.; Cas, M.; Rubino, E,; Vigentini, I.; Foschino, R.; Iriti, M.; Paroni, R. LC-MS/MS-based profiling of tryptophan-related
metabolites in healthy plant foods. Molecules 2020, 25, 311. [CrossRef] [PubMed]

21. Littlejohn, TK,; Takikawa, O.; Skylas, D.J.; Jamie, J.E.; Walker, M.].; Truscott, R.J.W. Expression and purification of recombinant
human indoleamine 2, 3-dioxygenase. Protein Expr. Purif. 2000, 19, 22-29. [CrossRef] [PubMed]

22. Pantouris, G.; Serys, M.; Yuasa, H.J.; Ball, H.J.; Mowat, C.G. Human indoleamine 2,3-dioxygenase-2 has substrate specificity and
inhibition characteristics distinct from those of indoleamine 2,3-dioxygenase-1. Amino Acids 2014, 46, 2155-2163. [CrossRef]
[PubMed]

23. Takikawa, O.; Kuroiwa, T.; Yamazaki, F,; Kido, R. Mechanism of interferon-gamma action. Characterization of indoleamine
2,3-dioxygenase in cultured human cells induced by interferon-gamma and evaluation of the enzyme-mediated tryptophan
degradation in its anticellular activity. J. Biol. Chem. 1988, 263, 2041-2048. [CrossRef]

24. Imbeault, S.; Goiny, M.; Liu, X.; Erhardt, S. Effects of IDO1 and TDO2 inhibition on cognitive deficits and anxiety following

LPS-induced neuroinflammation. Acta Neuropsychiatr. 2020, 32, 43-53. [CrossRef] [PubMed]

https://doi.org/10.3390/anil6182874


https://doi.org/10.1016/j.tips.2017.11.007
https://www.ncbi.nlm.nih.gov/pubmed/29254698
https://doi.org/10.1038/s41573-019-0016-5
https://www.ncbi.nlm.nih.gov/pubmed/30760888
https://doi.org/10.1007/s00262-014-1549-4
https://www.ncbi.nlm.nih.gov/pubmed/24711084
https://doi.org/10.1038/s41467-024-48397-9
https://www.ncbi.nlm.nih.gov/pubmed/38816360
https://doi.org/10.3390/cells13221894
https://www.ncbi.nlm.nih.gov/pubmed/39594642
https://doi.org/10.1177/1178646917735098
https://www.ncbi.nlm.nih.gov/pubmed/29051706
https://doi.org/10.3390/molecules24234346
https://www.ncbi.nlm.nih.gov/pubmed/31795096
https://doi.org/10.3389/fmolb.2022.897929
https://www.ncbi.nlm.nih.gov/pubmed/36188218
https://doi.org/10.1016/j.jbc.2023.104827
https://www.ncbi.nlm.nih.gov/pubmed/37196768
https://doi.org/10.3389/fimmu.2024.1440269
https://www.ncbi.nlm.nih.gov/pubmed/39211039
https://doi.org/10.1038/s41598-024-78981-4
https://www.ncbi.nlm.nih.gov/pubmed/39537789
https://doi.org/10.1016/j.cbpb.2010.04.006
https://www.ncbi.nlm.nih.gov/pubmed/20399882
https://doi.org/10.1016/j.cbpc.2004.11.007
https://www.ncbi.nlm.nih.gov/pubmed/15694593
https://doi.org/10.1007/s00239-007-9049-1
https://www.ncbi.nlm.nih.gov/pubmed/18026683
https://doi.org/10.1111/febs.13834
https://www.ncbi.nlm.nih.gov/pubmed/27522067
https://doi.org/10.1515/pterid-2014-0015
https://doi.org/10.3389/fvets.2019.00209
https://www.ncbi.nlm.nih.gov/pubmed/31316999
https://doi.org/10.1002/npr2.12006
https://www.ncbi.nlm.nih.gov/pubmed/30106261
https://doi.org/10.2147/ijn.s458086
https://www.ncbi.nlm.nih.gov/pubmed/39220190
https://doi.org/10.3390/molecules25020311
https://www.ncbi.nlm.nih.gov/pubmed/31940983
https://doi.org/10.1006/prep.2000.1214
https://www.ncbi.nlm.nih.gov/pubmed/10833386
https://doi.org/10.1007/s00726-014-1766-3
https://www.ncbi.nlm.nih.gov/pubmed/24875753
https://doi.org/10.1016/s0021-9258(19)77982-4
https://doi.org/10.1017/neu.2019.44
https://www.ncbi.nlm.nih.gov/pubmed/31753057
https://doi.org/10.3390/ani16182874

Animals 2026, 16, 2874 24 of 25

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Li, W,; Yuan, L,; Jin, W.; Wang, B.; Li, G.; Li, S.; Kang, X.; Li, W. Intestinal differential metabolite tryptophan from avian pathogenic
Escherichia coli (APEC)-resistant and susceptible chickens alleviates APEC symptoms in chickens. Poult. Sci. 2025, 104, 105212.
[CrossRef] [PubMed]

Fu, Y,; Liu, B.; Lei, H,; Lin, Z.; Chen, J.; Zhu, Y; Ye, H.; Yang, W.; Wang, W. Effects of Dietary Tryptophan on Growth Performance,
Plasma Parameters, and Internal Organs of 1-28-Day-Old Sichuan White Geese. ]. Poult. Sci. 2023, 60, 2023008. [CrossRef]
[PubMed]

Qin, Y; Chen, J.; Qian, D.; Li, Z.; Ma, Q. Excessive tryptophan and phenylalanine induced pancreatic injury and glycometabolism
disorder in grower-finisher pigs. J. Nutr. 2024, 154, 1333-1346. [CrossRef] [PubMed]

Wang, B.; Min, Z; Yuan, J.; Zhang, B.; Guo, Y. Effects of dietary tryptophan and stocking density on the performance, meat quality,
and metabolic status of broilers. J. Anim. Sci. Biotechnol. 2014, 5, 44. [CrossRef] [PubMed]

Mund, M.; Riaz, M.; Mirza, M.; Rahman, T.; Mahmood, F.; Ahmad, F.; Ammar, A. Effect of dietary tryptophan supplementation
on growth performance, immune response and antioxidant status of broiler chickens from 7 to 21 days. Vet. Med. Sci. 2020, 6,
48-53. [CrossRef] [PubMed]

Ji,J.; Tao, Y.; Zhang, X.; Pan, J.; Zhu, H.; Wang, P; Du, Y.; Zhu, Y.; Huang, W.; Chen, W. Dynamic changes of blood glucose, serum
biochemical parameters and gene expression in response to exogenous insulin in Arbor Acres broilers and Silky fowls. Sci. Rep.
2020, 10, 6697. [CrossRef] [PubMed]

Shipelin, V.A.; Trusov, N.V,; Apryatin, S.A.; Shumakova, A.V.; Balakina, A.A.; Riger, N.G.; Gmoshinski, I.V.; Nikityuk, D.B. Effects
of Tyrosine and Tryptophan in Rats with Diet-Induced Obesity. Int. J. Mol. Sci. 2021, 22, 2429. [CrossRef] [PubMed]

Hyland, N.P; Cavanaugh, C.; Hornby, PJ. Emerging effects of tryptophan pathway metabolites and intestinal microbiota on
metabolism and intestinal function. Amino Acids 2022, 54, 57-70. [CrossRef] [PubMed]

Bello, A.; Idrus, Z.; Yong, A.; Farjam, A. Gut microbiota and transportation stress response affected by tryptophan supplementation
in broiler chickens. Ital. |. Anim. Sci. 2018, 17, 107-113. [CrossRef]

Metri, N.; Butt, A.; Murali, A.; Steiner-Lim, C.; Lim, C. Normative data on serum and plasma tryptophan and kynurenine
concentrations from 8089 individuals across 120 studies: A systematic review and meta-analysis. Int. ]. Tryptophan Res. 2023, 16,
11786469231211184. [CrossRef] [PubMed]

Yang, C.; Wang, H.; Shao, M.; Chu, F,; He, X.; Chen, J.; Fan, Q.; Cai, Q.; Wu, C. Brain-Type Glycogen Phosphorylase (PYGB) in the
Pathologies of Diseases: A Systematic Review. Cells 2024, 13, 289. [CrossRef] [PubMed]

Fukunaga, M.; Yamamoto, Y.; Kawasoe, Y.; Arioka, Y.; Murakami, Y.; Hoshi, M.; Saito, K. Studies on tissue and cellular distribution
of indoleamine 2,3-dioxygenase 2. ]. Histochem. Cytochem. 2012, 60, 854-860. [CrossRef] [PubMed]

Qin, Z.; Zhou, M. TDO2 deficiency attenuates the hepatic lipid deposition and liver fibrosis in mice with diet-induced non-
alcoholic fatty liver disease. Heliyon 2023, 9, e22464. [CrossRef] [PubMed]

Munn, D.H. Blocking IDO activity to enhance anti-tumor immunity. Front. Biosci. (Elite Ed.) 2012, 4, 734-745. [CrossRef] [PubMed]
Moon, Y.; Hajjar, ].; Hwu, P.; Naing, A. Targeting the indoleamine 2,3-dioxygenase pathway in cancer. J. Immunother. Cancer 2015,
3, 51. [CrossRef] [PubMed]

Giinther, J.; Débritz, ].; Wirthgen, E. Limitations and off-target effects of tryptophan-related IDO inhibitors in cancer treatment.
Front. Immunol. 2019, 10, 1801. [CrossRef] [PubMed]

Young, S.N.; Sourkes, T.L. Tryptophan in the central nervous system: Regulation and Significance. In Advances in Neurochemistry;
Agranoff, B.W., Aprison, M.H., Eds.; Springer: Boston, MA, USA, 1977; Volume 2, pp. 1-48.

Sorgdrager, FJ.H.; Naudé, PJ.W.; Kema, I.P.; Nollen, E.A.G.; De Deyn, PP. Tryptophan metabolism in inflammaging: From
biomarker to therapeutic target. Front. Immunol. 2019, 10, 2565. [CrossRef] [PubMed]

Huang, L.; Li, L.; Klonowski, K.; Tompkins, S.; Tripp, R.A.; Mellor, A.L. Induction and role of indoleamine 2,3 dioxygenase in
mouse models of influenza a virus infection. PLoS ONE 2013, 8, e66546. [CrossRef] [PubMed]

Ciorba, M.A; Bettonville, E.C.; McDonald, K.G.; Metz, R.; Prendergast, G.C.; Newberry, R.D.; Stenson, W.F. Induction of IDO-1 by
immunostimulatory DNA limits severity of experimental colitis. J. Immunol. 2010, 184, 3907-3916. [CrossRef] [PubMed]

Shi, L.; Guo, L.; Yang, D.; Yang, Q. Establishment of LPS-induced acute inflammation mouse model for the pharmacodynamics
evaluation of IDO1 inhibitor. Fudan Univ. |. Med. Sci. 2022, 49, 257-264.

Muller, A.J.; Mondal, A.K.; Dey, S.K,; Prendergast, G.C.; Mondal, L.M. IDO1 and inflammatory neovascularization: Bringing new
blood to tumor-promoting inflammation. Front. Oncol. 2023, 13, 1165298. [CrossRef] [PubMed]

Merlo, LM.E; Peng, W.; DuHadaway, ].B.; Montgomery, J.S.; Prendergast, G.C.; Muller, A.].; Mandik-Nayak, L. The immunomod-
ulatory enzyme IDO2 mediates autoimmune arthritis through a nonenzymatic mechanism. J. Immunol. 2022, 208, 571-581.
[CrossRef] [PubMed]

Peng, W.; Merlo, L.M.E;; DuHadaway, J.B.; Montgomery, J.S.; Prendergast, G.C.; Muller, A.].; Mandik-Nayak, L. IDO2 mediates
inflammatory responses through both enzymatic and non-enzymatic mechanisms. J. Immunol. 2024, 212, 1366-1374. [CrossRef]
Merlo, LM.F,; DuHadaway, J.B.; Grabler, S.; Prendergast, G.C.; Muller, A.]J.; Mandik-Nayak, L. IDO2 modulates T cell-dependent
autoimmune responses through a B cell-intrinsic mechanism. J. Immunol. 2016, 196, 4487-4497. [CrossRef] [PubMed]

https://doi.org/10.3390/anil6182874


https://doi.org/10.1016/j.psj.2025.105212
https://www.ncbi.nlm.nih.gov/pubmed/40315585
https://doi.org/10.2141/jpsa.2023008
https://www.ncbi.nlm.nih.gov/pubmed/37025655
https://doi.org/10.1016/j.tjnut.2024.01.019
https://www.ncbi.nlm.nih.gov/pubmed/38582698
https://doi.org/10.1186/2049-1891-5-44
https://www.ncbi.nlm.nih.gov/pubmed/25705377
https://doi.org/10.1002/vms3.195
https://www.ncbi.nlm.nih.gov/pubmed/31691503
https://doi.org/10.1038/s41598-020-63549-9
https://www.ncbi.nlm.nih.gov/pubmed/32317707
https://doi.org/10.3390/ijms22052429
https://www.ncbi.nlm.nih.gov/pubmed/33670919
https://doi.org/10.1007/s00726-022-03123-x
https://www.ncbi.nlm.nih.gov/pubmed/35038025
https://doi.org/10.1080/1828051x.2017.1340814
https://doi.org/10.1177/11786469231211184
https://www.ncbi.nlm.nih.gov/pubmed/38034059
https://doi.org/10.3390/cells13030289
https://www.ncbi.nlm.nih.gov/pubmed/38334681
https://doi.org/10.1369/0022155412458926
https://www.ncbi.nlm.nih.gov/pubmed/22895526
https://doi.org/10.1016/j.heliyon.2023.e22464
https://www.ncbi.nlm.nih.gov/pubmed/38074859
https://doi.org/10.2741/e414
https://www.ncbi.nlm.nih.gov/pubmed/22201909
https://doi.org/10.1186/s40425-015-0094-9
https://www.ncbi.nlm.nih.gov/pubmed/26674411
https://doi.org/10.3389/fimmu.2019.01801
https://www.ncbi.nlm.nih.gov/pubmed/31417567
https://doi.org/10.3389/fimmu.2019.02565
https://www.ncbi.nlm.nih.gov/pubmed/31736978
https://doi.org/10.1371/journal.pone.0066546
https://www.ncbi.nlm.nih.gov/pubmed/23785507
https://doi.org/10.4049/jimmunol.0900291
https://www.ncbi.nlm.nih.gov/pubmed/20181893
https://doi.org/10.3389/fonc.2023.1165298
https://www.ncbi.nlm.nih.gov/pubmed/37182174
https://doi.org/10.4049/jimmunol.2100705
https://www.ncbi.nlm.nih.gov/pubmed/34965962
https://doi.org/10.4049/jimmunol.212.supp.1366.4424
https://doi.org/10.4049/jimmunol.1600141
https://www.ncbi.nlm.nih.gov/pubmed/27183624
https://doi.org/10.3390/ani16182874

Animals 2026, 16, 2874 25 of 25

50. Merlo, LM.F,; DuHadaway, J.B.; Montgomery, ].S.; Peng, W.; Murray, PJ.; Prendergast, G.C.; Caton, A.]J.; Muller, A.J.; Mandik-
Nayak, L. Differential roles of IDO1 and IDO2 in T and B Cell inflammatory immune responses. Front. Immunol. 2020, 11, 1861.
[CrossRef] [PubMed]

51. Rong, G.; Zhang, T.; Xu, Z.; Gui, B.; Hu, ].; Tang, Z.; Shen, C. High levels of TDO2 in relation to pro-inflammatory cytokines in
synovium and synovial fluid of patients with osteoarthritis. BMC Musculoskelet. Disord. 2022, 23, 604. [CrossRef] [PubMed]

52. 14 S,;Li,J.; Weng, Z.; He, J.; Lu, W.; Cao, F; Song, F. TDO2 Deficiency Exacerbates the Inmune Rejection Response in Rat Liver
Transplantation via the Kyn-AHR Axis. Transplantation 2025, 109, e386—e399. [CrossRef] [PubMed]

53. Berghof, T.V.L,; Parmentier, H.K.; Lammers, A. Transgenerational epigenetic effects on innate immunity in broilers: An underesti-
mated field to be explored? Poult. Sci. 2013, 92, 2904-2913. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/anil6182874


https://doi.org/10.3389/fimmu.2020.01861
https://www.ncbi.nlm.nih.gov/pubmed/32973768
https://doi.org/10.1186/s12891-022-05567-4
https://www.ncbi.nlm.nih.gov/pubmed/35733134
https://doi.org/10.1097/tp.0000000000005386
https://www.ncbi.nlm.nih.gov/pubmed/40164990
https://doi.org/10.3382/ps.2013-03177
https://www.ncbi.nlm.nih.gov/pubmed/24135594
https://doi.org/10.3390/ani16182874

	Introduction 
	Materials and Methods 
	Animal Experiment 
	Ethical Approval 
	Trp-Targeted Metabolism Detection 
	Polymerase Chain Reaction (PCR) 
	Transcriptome Sequencing 
	Quantitative Real-Time PCR 
	Western Blot 
	Total Enzyme Activity Assay of IDO2 and TDO2 Ex Vivo 
	Oil Red O Staining 
	Plasma Glucose and Triglyceride Assays 
	Molecular Docking 
	Plasmid Construction 
	Expression and Purification of Recombinant Proteins 
	Enzyme Parameters Assays 
	Cell Culture and Transfection 
	Establishment of an Lipopolysaccharide (LPS) -Induced Inflammatory Model in LMH Cells 
	Chicks’ Inflammation Caused by Avian Pathogenic Escherichia coli (APEC) 
	Statistical Analysis 

	Results 
	Effects of Dietary L-Trp on Chicken Body Weight and Immune Organ Index 
	The Content of Trp-Related Metabolites in Chicken Duodenum and Plasma 
	Effect of Dietary L-Trp on IDO2 and TDO2 Related Genes, Protein Expression, Total Enzyme Activity and Other Actions 
	Molecular Docking Model of Chicken IDO2 and TDO2 with L-Trp 
	Biochemical Analysis of Chicken IDO2 and TDO2 
	The Effects of Chicken IDO2 and TDO2 Overexpression or Knockdown in LMH Cells 
	Changes in Total Enzyme Activity of Chicken IDO2 and TDO2 Under Ex Vivo and In Vitro Inflammatory Conditions 

	Discussion 
	Conclusions 
	References

