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Heat stress has been considered as a critical risk factor for decreasing performance and
causing oxidative stress in broilers. The tryptophan (TRP) derivative 5-hydroxytryptophan
has been reported to protect membrane fluidity in broilers suffering from oxidative
stress. Therefore, this experiment was conducted to investigate the effects of dietary
TRP supplementation on antioxidant status and mitochondrial function-related genes
expressions in broilers exposed to acute heat stress (34 £+ 1°C, 24 h). Female Arbor
Acres broilers (19-d-old, n = 180) were randomly assigned to 1 of 3 treatments. Broilers
were fed a basal diet and in the thermoneutral conditions (TN, 23 + 1°C) was considered
as the TN group. Broilers were fed a basal diet and exposed to acute heat stress (HS, 34
+ 1°C) was regarded as the HS group. Broilers were fed a basal diet supplemented
with 0.18% L-tryptophan and under HS conditions was treated as the HS + TRP
groups. Heat stress led to increased malondialdehyde (MDA) concentration (P < 0.05),
while it elevated catalase (CAT), glutathione peroxidase (GSH-Px), superoxide dismutase
(SOD), and total antioxidant capacity activities (T-AOC) (P < 0.05) compared with the
TN group. Nevertheless, compared with the HS group, TRP supplementation increased
SOD activity (P < 0.05). The effects of acute heat stress were associated with increased
mRNA abundance for redox-related genes (P < 0.05), and reduced mRNA levels for
mitochondrial function-related genes (P < 0.05). Notably, the effects of acute heat stress
on mitochondrial function-related genes expressions were reversed by TRP treatment.
Collectively, dietary 0.18% TRP supplementation beneficially protects against acute heat
stress-induced oxidation stress and mitochondrial dysfunction by regulating antioxidant
states and increasing mitochondrial function-related genes expressions in broilers.
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INTRODUCTION

Heat stress (HS) has been known to adversely affect the growth
rates, feed intake, and meat quality in animals (1, 2). Because
of lots of feathers and a lack of sweat glands on the skin,
poultry is particularly susceptible to HS (3). Meanwhile, HS can
increase reactive oxygen species (ROSs) production and cause
oxidative stress in broilers (4-8). Deterioration of the broilers’
metabolic, intestinal health, immune and endocrine functions
are the most common complications related to HS exposure and
oxidative stress (8-10). Notably, mitochondrial dysfunction is
closely related to oxidative stress (11-13). Taken together, it is
urgent to develop an effective strategy to lighten the damage of
HS on broilers. Nutritional intervention is a promising strategy
to mitigate the detrimental effects of stress and to improve
performance and nutrition utilization (14). Supplementation
with lecithin or Bacillus subtilis has been demonstrated to
improve the growth performance and meat quality of broilers (15,
16). Tryptophan (TRP) has been considered to be a functional
amino acid, which is important for maintenance, reproduction,
and immunity (17). Meanwhile, an increase in the dietary TRP
has been shown to improve the daily gain, feed utilization ratio,
and immune function (18-20), and also alleviate oxidative stress
and chronic unpredictable stress in broilers (21, 22). Moreover,
TRP has been reported to enhance antioxidant capacity, intestinal
integrity, and mitochondrial function in diquat-stressed piglets
(23). However, whether TRP supplementation can improve the
antioxidant capacity and mitochondrial function in broilers
reared under acute heat stress is largely unknown. Therefore,
this study was conducted to determine the effects of dietary
TRP supplementation on antioxidant capacity and mitochondrial
function in broilers subjected to acute heat stress.

MATERIALS AND METHODS
Ethical Approval

Experimental procedures used in this study were performed
following the Laboratory Animal Welfare and Ethics Censorship
and approved by the Laboratory Animals Ethics Committee of
Jiangxi Agricultural University (Nanchang, Jiangxi, China).

Animals and Experimental Design

A total of 180 1-day-old female Arbor Acres broilers were reared
in a temperature and light-control house and fed a starter diet
for 18 days under a standard management program. The chicks
were under continuous light for 1 week and then changed to
natural lighting. The chicks were vaccinated routinely. At 19
d of age, broilers with similar body weight (481.50 + 26.68 g)
were allocated to the three dietary treatments with six replicate
pens per treatment and 10 broilers per pen. Broilers in the
thermoneutral conditions (TN) group were fed the basal diet
[which was formulated according to the requirements of NRC
(1994), Table 1] and housed in a temperature-controlled room.
Broilers in the acute heat stress (HS) and HS 4+ TRP groups
were housed in another temperature-controlled room and were
fed the basal diet and the basal diet supplemented with 0.18%
TRP, respectively. At 21 d of age, broilers in the HS and HS +

TABLE 1 | Ingredients and nutrient compositions of experimental diets.

Ingredients (%) Starter TN HS HS+ TRP
Corn 52.50 57.00 57.00 57.00
Soybean meal, 43% CP 23.00 16.20 16.20 16.20
Corn gluten meal, 64% CP 10.00 10.00 10.00 10.00
Extruded soybean, 34% CP 6.00 8.00 8.00 8.00
Soybean oil 2.50 3.50 3.50 3.50
Limestone 1.50 1.50 1.50 1.50
Dicalcium phosphate 1.70 1.50 1.50 1.50
Mineral premix® 0.20 0.20 0.20 0.20
Compound Vitamin premix® 0.03 0.03 0.08 0.08
NaCl 0.30 0.30 0.30 0.30
L-Lysine HCI (79%) 0.20 0.31 0.31 0.31
Methionine (98%) 0.15 0.10 0.10 0.10
Tryptophan (99%) 0.00 0.00 0.00 0.18
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 nutritional content

Metabolizable energy (MJ/kg) 12.81 13.40 13.40 13.40
Crude protein (%) 22.38 20.48 20.48 20.48
Calcium (%) 1.05 0.99 0.99 0.99
Available phosphorus (%) 0.46 0.41 0.41 0.41
Tryptophan (%)° 0.23 0.20(0.18) 0.20(0.18) 0.38(0.34)
Lysine (%) 1.16 1.11 1.11 1.11
Methionine (%) 0.56 0.48 0.48 0.48

aThe mineral premix provided the following per kg of the diet: Cu (Cu, (OH)3Cl), 8mg; Mn
(MnSO4-H>0), 60 mg; Se (NaxSeO3), 0.15mg; Fe (FeSO4-H20), 80 mg; Zn (ZnSO4-H20),
40mg; | (Ca (I03)2), 0.35 mg.

bThe vitamin premix provided the following per kg of the diet: vitamin A, 12,000 IU:; vitamin
D3, 3,000 IU; vitamin E, 36 IU; vitamin Kz, 0.90mg; vitamin B, 0.60mg; vitamin Bo,
2.40mg; vitamin Bg, 1.80mg; vitamin B4, 0.015mg; D-biotin, 0.18 mg, D-pantothenic
acid, 3mg; Folic acid, 0.75 mg; Niacinamide, 38 mg.

®Data in parentheses indicate the analyzed values.

TRP groups were exposed to acute heat stress (34 &= 1°C, relative
humidity, 65-70%) for 24 h, and broilers in the TN group were
continuously kept in the TN environment (23 + 1°C, relative
humidity, 65-70%). L-Glutamate was added to the basal diet
instead of L-TRP to make all diets isonitrogenous. Broilers were
allowed ad libitum access to feed and water.

Sample Collection and Preparation

After heat stress for 24 h, one broiler per replicate was randomly
selected and slaughtered for sample collection. Blood samples
were collected from the wing vein and were centrifuged at 1,000 g
for 10 min at 4°C to obtain serum, and stored at —20°C for
further analysis. Then, the selected broilers were euthanized by
cervical dislocation. The ileum mucosa was collected by scraping
the intestinal wall with a glass microscope slide, immediately
frozen in liquid nitrogen, and stored at —80°C until the analysis
of the antioxidant capacity. This was followed by collecting
liver samples, immediately frozen at —80°C until analysis of
mitochondrial function and related genes expressions.
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Determination of Antioxidant Parameters
The activities of glutathione peroxidase (GSH-Px), superoxide
dismutase (SOD), catalase (CAT), total antioxidant capacity (T-
AOC), and the content of malondialdehyde (MDA) in serum,
liver, and ileum mucosa were determined using commercial kits
(Nanjing Jiancheng bioengineering Institute, Nanjing, China)
according to the manufacturer’s instructions. The total protein
content in the liver and ileum mucosa was detected by the
bicinchoninic acid (BCA) method. Each indicator was measured
in duplicate simultaneously on the same plate.

Isolation of Hepatic Mitochondria

Hepatic mitochondria were isolated using tissue mitochondria
isolation kit by differential centrifugation (Beyotime
Biotechnology Institute, Shanghai, China) according to the
manufacturer’s instructions. Approximately 150mg of fresh
tissue was minced with scissors and then placed in 1.5ml of
ice-cold isolation medium. The homogenate was centrifuged at
600 g for 5min at 4°C, and the supernatant was separated and
centrifuged at 11,000 g for 10 min at 4°C. The final mitochondrial
pellet was resuspended in a storage buffer. The mitochondrial
protein concentrations in the liver were determined by the
BCA method.

Measurement of Hepatic Mitochondrial

Membrane Potential

The mitochondrial membrane potential was determined by a
mitochondrial membrane potential assay kit with fluorescent dye
JC-1 (Beyotime Biotechnology Institute, Shanghai, China). The
isolated hepatic mitochondria were blended with the prepared
JC-1 staining solution. Fluorescence intensity was measured with
an automatic fluorescence microplate reader. The fluorescence
value of JC-1 aggregate was detected at the 525 nm excitation
and 590 nm emission wavelengths which was displayed as red
fluorescence. The fluorescence value of the JC-1 monomer
was detected at the 490 nm excitation and 530 nm emission
wavelengths which was displayed as green fluorescence. Finally,
the mitochondrial membrane potential was expressed as a
red/green fluorescence intensity ratio (23).

Determination of Mitochondrial DNA Copy

Number

Total DNA was extracted from the liver and ileum mucosa
samples using the EasyPure® Genomic DNA Kit (TransGen
Biotech Co., Ltd., Beijing, China) following the manufacturer’s
instructions. The DNA concentrations of the samples and the
ratios of 0D260/0D280 and OD260/0D230 were recorded. The
samples were adjusted to the uniform concentration. RT-PCR
reactions were performed on the CFX96 RT-PCR Detection
System (Bio-Rad, Hercules, CA) with B-actin as the internal
reference. Specific primers used in this study are listed in Table 2.
The reaction steps were performed as follows: pre-denaturation
at 94°C for 30s, then denaturation at 94°C for 5s followed by
annealing extension at 57°C for 30s in a total of 42 cycles of the
program. The expressions levels of target genes relative to S-actin
were calculated by the 2~AACt ethod (24).

TABLE 2 | Primer sequences for determination of mitochondrial DNA (mtDNA)
copy number.

Gene Accession no. Primer sequence (5'-3') Product
size (bp)
mtD-loop  MT800504.1 F: AGGACTACGGCTTGAAAAGC 198
R: CATCTTGGCATCTTCAGTGCC
B-actin L08165.1 F: GATTTCGAGCAGGAGATGGC 90

R: GCCAATGGTGATGACCTGAC

mtD-loop, mitochondrial DNA-loop.

Ribonucleic Acid Extraction and Real-Time
Quantitative PCR

Total RNA in liver and ileum mucosa of broilers were extracted
using the TransZol Up Plus RNA Kit (TransGen Biotech Co.,
Ltd, Beijing, China) according to the manufacturer’s instructions.
The purity and concentration of the isolated RNA samples were
determined by Nanodrop ND-1000 (Nanodrop Technologies,
Thermo Scientific, Wilmington, DE, USA) to detect that
the OD260/0D280 ratios were between 1.8 and 2.0. After
the quality control of RNA samples, the RNA was reverse-
transcribed into cDNA using the EasyScript® One-Step gDNA
Removal and cDNA Synthesis Supermix Reverse-Transcription
Kit (TransGen Biotech Co., Ltd., Beijing, China) according to
the manufacturer’s instructions. The following target genes: Nrf2,
nuclear factor erythroid 2-related factor 2, NQOI, NAD(P)H
quinone dehydrogenase 1, HO-I, heme oxygenase 1, SODI,
superoxide dismutase 1, GpxI, glutathione peroxidase 1, Nrfl,
nuclear respiratory factor 1, PGC-1a, peroxisome proliferative
activated receptor gamma coactivator 1 alpha, Cyt-c, cytochrome
¢, COX1, cytochrome c oxidase subunit I, COX5A, cytochrome ¢
oxidase subunit 5A, SIRT1, sirtuin 1, TFAM, transcription factor
A mitochondria, were determined in this study. The primer
sequences of the target gene are listed in Table 3. The reaction
steps were performed as follows: pre-denaturation at 94°C for
30s, then denaturation at 94°C for 5s followed by annealing
extension at 56-60°C for 30s in a total of 42 cycles of the
program. The expressions of target genes relative to S-actin were
calculated by the 2724 method.

Statistical Analysis

All data were verified to meet assumptions of normality and
homogeneity of variance. The data were subjected to the
Statistical Package for the Special Sciences (SPSS) statistical
software (SPSS for Windows, version 25.0, Chicago, IL, USA) and
were analyzed using one-way ANOVA. Significant differences
were tested using the Duncan’s multiple comparisons. All data
are expressed as means + standard error of the mean (SEM).
Statistical significance was considered as P < 0.05.

RESULTS

Antioxidant Parameters in Serum, Liver,

and lleum Mucosa
As shown in Table 4, acute heat stress increased MDA content
and CAT activity in serum, GSH-Px, and CAT activities in the
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TABLE 3 | Primer sequences for real-time quantitative PCR analysis.

TABLE 4 | Effects of dietary tryptophan supplementation on antioxidant indexes in
broilers subjected to acute heat stress.

Gene Accession no. Primer sequence (5'-3') Product
size (bp) Item TN HS HS+ TRP  p-value
Nrf2 NM_205117.1 F: ATCACGAGCCCTGAAACCAA 143 Serum
R: GGCTGCAAAATGCTGGAAAA GSH-Px (U/mL) 749.41 £ 29.08 859.05 £ 40.07 824.64 +£24.14 0.128
NQOT1 NM_001277619.1 F: CCTCTACGCCATAGGGTTCA 192 SOD (U/mL) 85.03 +3.49° 93.98 4+ 1.65° 119.73 &+ 3.952 <0.001
R TGCAGTGGGAACTGGAAGAT CAT (U/mL) 4564+ 027° 56440118 414+£019° <0.001
HO-1 NM_205344 .1 F: GAAAGCTGCCCTGGAGAAAG 175 b o a
R CCCAGACAGGTCTCOG T MDgc(;nmome) 2.41 +£0.20 3.30 +£0.18 3.19 + 0.34 0.048
SOD1 NM_205064.1 F: ATGTGACTGCAAAGGGAGGA 176 T-_A (mM) 0.34£003 0.30£0.03 0.35:£0.08 0.538
R: AGCTAAACGAGGTCCAGCAT Liver
Gox1  NM_001329527.1 F: GACCAACCCGCAGTACATCA 204 GSH-Px (W/mg prot) 32.98+1.41°  45.86£2.69° 36.51+1.42° 0.001
R: GAGGTGCGGGCTTTCCTTTA SOD (U/mg prot) 458.81 + 11.66° 448.98 + 18.32° 521.88 + 13.312 0.012
Nrf1 NM_001030646.1 F: ACACAGCAACAGACCACAAC 108 CAT (U/mg prot) 55.16 £2.31°  65.40 +1.832 59.62 4+ 1.65%° 0.030
R: AACCTGGATGAGGGACACAG MDA (nmol/mg prot)  0.81 + 0.11 0.99 +0.10 0.76 +0.10  0.304
PGC-1a NM_001006457.1 F: CATGTGCAACCAGGACTCTGT 111 T-AOC (U/mg prot) 1.00 + 0.06 118+ 0.04 1.08 + 0.07 0.156
R: ACGTCTAGTTCGGAGAGGTCA lleum
Gyt NM_001079478.1  F: AAGCACAAGACTGGACCCAA 70 GSH-Px (U/mg prot) 19.57 + 0.58° 29.84 +2.64% 2552+ 1.08% 0.006
R: AAGAGAAGCCCTCAGCTTGT
SOD (U/mg prot) 101.52 + 1.04° 119.42 +£2.892 128.15 + 5.452 0.002
COX1 NC_040970.1 F: CCCAAGCCCATGACCAATCT 168 b . b
R: TGGAAGGTGCTTTCTCGGAC CAT (U/mg prot) 2.87 £ 0.21 4.26 + 0.36 2.70 £ 0.10 0.006
b b
COX5A  XM_003641804.4 F: CATCGATGCCTGGGAGCTAA 110 MDA (nmol/mg prot) 0.25£0.01°  0.35+£0.02%  0.28+£0.04%  0.042
R: CATTTAACCGTCTGCACGC T-AOC (U/mgprot)  1.18 £0.06°  1.81 £0.16°  1.29 +0.08°  0.001
SIRT1 NM_001004767.1 ; ATS:Eﬁ?C%i%CAG%?‘?SS;C 194 Data are means =+ standard error; n = 6 for each group. Mean values with different
: superscript letters were significantly different (P < 0.05). TN, thermoneutral group; HS,
TFAM XM_015866188.1 F: GAAACGTGGCAAAATCTATCCG 131 acute heat stress group; HS + TRP acute heat stress + 0.18% tryptophan group.
R: AGGTCTTCGCGTCCAAGCTC GSH-Px, glutathione peroxidase; SOD, superoxide dismutase; CAT, catalase; MDA,
p-actin L08165.1 F: GATTTCGAGCAGGAGATGGC 90 malondialdehyde; T-AOC, total antioxidant capacity.
R: GCCAATGGTGATGACCTGAC

Nirf2, nuclear factor erythroid-2-related factor 2; NQO1, NAD(P)H quinone dehydrogenase
1; HO-1, heme oxygenase 1, SOD1, superoxide dismutase 1, Gpx1, glutathione
peroxidase 1; Nrfl, nuclear respiratory factor 1, PGC-1a, peroxisome proliferative
activated receptor gamma coactivator 1 alpha; Cyt-c, cytochrome c; COX1, cytochrome
¢ oxidase subunit I; COX5A, cytochrome c oxidase subunit 5A; SIRT1, sirtuin 1; TFAM,
transcription factor A, mitochondrial.

liver, and enhanced MDA, GSH-Px, SOD, CAT, and T-AOC
in the ileum (P < 0.05). Compared with the HS group, TRP
supplementation elevated SOD activity in serum and liver (P
<0.05).

Redox-Related Genes Expressions in Liver

and lleum Mucosa

As presented in Figurel, acute heat stress
led to higher levels of Nrf2, NQOI, and HO-I
in the liver and Nrf2 and Gpxl in the ileum as
compared with the TN group (P < 0.05). Dietary TRP
supplementation had no significant effect on redox-related
genes expressions.

exposure

Mitochondrial Membrane Potential in Liver
The mitochondrial membrane potential in the liver was greater (P
< 0.05) in acute heat stress exposure broilers than that in the TN
group (Figure 2). Compared with the HS group, mitochondrial
membrane potential was not affected by TRP supplemented.

mtDNA Copy Number in Liver and lleum

Mucosa

Acute heat stress led to a reduced copy number of mtDNA in the
liver as compared with the TN group (P < 0.05; Figure 3). This
effect was abolished (P < 0.05) by TRP supplemented.

Expressions of Genes Related to
Mitochondrial Function in Liver and lleum

Mucosa

Compared with the TN group, the mRNA levels for PGC-1c,
Cyt-c, COX5A, and SIRTI in the liver and Cyt-c, COX1, and
COX5A in ileum were downregulated (P < 0.05) by acute heat
stress exposure (Figure4). The effects of acute heat stress on
mitochondrial function-related genes expressions of PGC-Ia,
Cyt-c, COX1, COX5A, and SIRT1 in the liver were reversed by
TRP supplementation (P < 0.05).

DISCUSSION

Heat stress negatively affected the balance of antioxidant capacity
and reactive oxygen species (ROS) production, which led to
oxidative stress (8). The MDA is an indicator of oxidative
stress representing the level of lipid peroxidation in the cellular
(25). In this study, acute heat stress significantly increased
the concentration of MDA in serum and ileum mucosa,
which demonstrated caused oxidative damage to lipids, and in
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A Liver

C3J TN
@l HS
@ HS+TRP

Relative mRNA expression

Nrf2 NQO1 HO-1 SODI Gpx1

Ileum
B C3J TN
Bl HS

2.0+ @8 HS+TRP

a

ab

Relative mRNA expression

Nrf2 NQOI HO-1 SODI1 Gpx1

FIGURE 1 | Effects of dietary tryptophan supplementation on mRNA expressions of redox-related genes in broilers subjected to acute heat stress. (A) In liver; (B) In
ileun. Data are means = standard error; n = 6 for each group. PDifferent lowercase letters above bars indicate significant differences among treatments (P < 0.05).
TN, thermoneutral group; HS, acute heat stress group; HS + TRP, acute heat stress + 0.18% tryptophan group. Nirf2, nuclear factor erythroid-2-related factor 2;
NQOT, NAD(P)H quinone dehydrogenase 1; HO-1, heme oxygenase 1; SOD1, superoxide dismutase 1; Gpx1, glutathione peroxidase 1.

agreement with the previous study (26). The SOD, CAT, GSH-  stress (27-29). Interestingly, this study observed the activities
Px, and T-AOC are the key antioxidant enzymes and contribute ~ of GSH-Px, SOD, CAT, and T-AOC ileum mucosa, liver, or
to removing excessive ROS when subjected to the oxidative  serum were increased by acute heat stress, which indicated acute
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heat stress may stimulate antioxidant defense system against
oxidative damage. Of note, this work found that dietary TRP
supplementation increased the SOD activity in broilers reared
under acute heat stress. The structure of TRP contains a ring that
can stabilize radicals through resonance or delocalization, which
enables it to break radical chain reactions and exert antioxidant
properties (30). However, the current results measured that
TRP supplemented also reduced the activities of CAT, GSH-Px,
and T-AOC in the broilers exposed to heat stress. Moreover, a
previous study reported that dietary TRP supplementation had
no significant effect on the MDA content and total antioxidant
capacity in broilers subjected to high temperatures (31). The
dosage of TRP, duration of heat stress, and the age of broilers may

Liver
4 a
%]
=
g .E 3- ab
S
= 2 )
= »n
o =
]
a2l 2
=
%)
=4
0 T

TN HS HS+TRP

FIGURE 2 | Effects of dietary tryptophan supplementation on mitochondrial
membrane potential in liver of broilers subjected to acute heat stress. Data are
means =+ standard error; n = 6 for each group. #°Different lowercase letters
above bars indicate significant differences among treatments (P < 0.05). TN,
thermoneutral group; HS, acute heat stress group; HS + TRP, acute heat
stress + 0.18% tryptophan group.

contribute to the discrepancy between this study and the previous
study regarding the regulation of dietary TRP supplementation
on antioxidant capacity, and the difference between enzyme
activity and gene expression. Taken together, dietary TRP
supplementation may regulate the oxidant-antioxidant balance
in broilers subject to acute heat stress, but further studies are
needed urgently.

Nuclear factor erythroid-2-related factor 2 (Nrf2) is an
important transcription factor that regulates cellular oxidative
stress and maintains intracellular redox homeostasis (32). A
previous study observed that acute heat stress activated the Nrf2
pathway (33). Consistently, this study confirmed that acute heat
stress led to upregulate the mRNA expression of Nrf2, NQOI,
HO-1, and GpxI. These suggested that acute heat stress may
activate the antioxidant pathway by increasing the expressions
of Nrf2 pathway-related genes in broilers. No differences were
observed in the expression levels of Nrf2 and its downstream
genes including NQOI, HO-1, SODI, and GpxI between the
HS and HS + TRP groups. It indicated that dietary TRP
supplementation alleviates acute heat stress may not via the
Nrf2 pathway. Given the difference between antioxidant enzymes
activities and gene expressions, it is reasonable to speculate that
the Nrf2 signaling and antioxidant enzymes are parts of the
antioxidant defense system whose expression may depend on
stress intensity and tissue specificity (34).

Mitochondria is the main site of energy supply and plays
a crucial role in healthy function (8, 35). Notably, the
mitochondrial membrane potential is an important indicator
reflecting mitochondrial health status (11), a decrease of
mitochondrial membrane potential is the hallmark event of early
apoptosis (36, 37). In this study, acute heat stress markedly
upregulated the mitochondrial membrane potential. The reason
may be that acute heat stress increased the acceleration of
energy consumption and activated mitochondria to produce
more energy, and resulted in an increase in membrane
potential. Consistently, previous studies observed similar results

A 1.5+ Liver
3 a
=
= 1.0 T ab
-
)
e b
(¥
= .
> 05
)
s

0.0 T

TN HS HS+TRP

FIGURE 3 | Effects of dietary tryptophan supplementation on mtDNA copy number in broilers subjected to acute heat stress. (A) In liver; (B) In ileum. Data are means
+ standard error; n = 6 for each group. 2PDifferent lowercase letters above bars indicate significant differences among treatments (P < 0.05). TN, thermoneutral
group; HS, acute heat stress group; HS + TRP, acute heat stress 4+ 0.18% tryptophan group. mtDNA, mitochondrial DNA.
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FIGURE 4 | Effects of dietary tryptophan supplementation on mRNA expressions of mitochondrial function-related genes in broilers subjected to acute heat stress.
(A) In liver; (B) In ileum. Data are means + standard error; n = 6 for each group. ®°Different lowercase letters above bars indicate significant differences among
treatments (P < 0.05). TN, thermoneutral group; HS, acute heat stress group; HS 4+ TRP, acute heat stress + 0.18% tryptophan group. Nrf1, nuclear respiratory
factor 1; PGC-1«, peroxisome proliferative activated receptor gamma coactivator 1 alpha; Cyt-c, cytochrome ¢; COX1, cytochrome ¢ oxidase subunit I; COX5A,
cytochrome ¢ oxidase subunit 5A; SIRTT, sirtuin 1; TFAM, transcription factor A, mitochondrial.
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in birds, pigs, or other animals under stress conditions
(38-41). Mitochondrial biosynthesis requires the coordinated
function of the nuclear genome and mitochondrial genome
(42). PGC-1a is a key transcription factor for mitochondrial
biosynthesis and energy metabolism, Nrfl and TFAM are
essential for mtDNA replication and transcription (43). SIRT1
is the deacetylase that promotes mitochondrial biosynthesis
and maintains mitochondrial function (44). COX and Cyt-
¢ participate in the terminal reaction of the mitochondrial
respiratory chain and affect ATP formation and the production
and clearance of ROS (45, 46). In this study, acute heat
stress significantly decreased the mRNA expressions of PGC-
Ia, Cyt-c, COX5A, COX1I, and SIRTI in the liver and ileum.
Consistently, our results observed that acute heat stress reduced
the copy number of mitochondrial DNA in the liver, which
was similar to the previous report (29). These results indicated
that acute heat stress could cause mitochondrial dysfunction
in broilers. Nicotinamide adenine dinucleotide (NAD™) is the
metabolites of TRP, which plays a critical role in many enzymatic
redox reactions and mitochondrial morphology, fitness, and
function (47). It has been reported dietary TRP supplementation
prevented piglets from compromising mitochondrial biogenesis
processes and improved mitochondrial function (23). Indeed,
this study found that TRP supplementation increased the mRNA
expressions of PGC-Ia, Cyt-c, COX1, COX5A, and SIRTI in
liver of broilers reared under acute heat stress. Thus, these
suggested that the protective effect of TRP might be associated
with protecting mitochondrial function in broilers subjected to
heat stress.

CONCLUSION

In summary, it is concluded that dietary TRP supplementation
could regulate the oxidant-antioxidant balance and alleviate

REFERENCES

1. Lara L, Rostagno M. Impact of heat stress on poultry production. Animals.
(2013) 3:356-69. doi: 10.3390/ani3020356

2. Lu Q, Wen J, Zhang H. Effect of chronic heat exposure on fat deposition
and meat quality in two genetic types of chicken. Poult Sci. (2007) 86:1059-
64. doi: 10.1093/ps/86.6.1059

3. Gonzalez-Rivas PA, Chauhan SS, Ha M, Fegan N, Dunshea FR, Warner RD.
Effects of heat stress on animal physiology, metabolism, and meat quality: a
review. Meat Sci. (2020) 162:108025. doi: 10.1016/j.meatsci.2019.108025

4. Altan O, Pabugcuoglu A, Altan A, Konyalioglu S, Bayraktar H. Effect of heat
stress on oxidative stress, lipid peroxidation and some stress parameters in
broilers. Br Poult Sci. (2003) 44:545-50. doi: 10.1080/00071660310001618334

5. Huang C, Jiao H, Song Z, Zhao J, Wang X, Lin H. Heat stress impairs
mitochondria functions and induces oxidative injury in broiler chickens. J
Anim Sci. (2015) 93:2144-53. doi: 10.2527/jas.2014-8739

6. Mujahid A, Akiba Y, Toyomizu M. Acute heat stress induces oxidative
stress and decreases adaptation in young white leghorn cockerels by
downregulation of avian uncoupling protein. Poult Sci. (2007) 86:364—
71. doi: 10.1093/ps/86.2.364

7. Quinteiro-Filho WM, Ribeiro A, Ferraz-de-Paula V, Pinheiro ML, Sakai M,
Sa LR, et al. Heat stress impairs performance parameters, induces intestinal
injury, and decreases macrophage activity in broiler chickens. Poult Sci. (2010)
89:1905-14. doi: 10.3382/ps.2010-00812

mitochondrial dysfunctions in acute heat-stressed broilers. This
study demonstrates that the supplementation of TRP in diets
might be an effective nutritional strategy to protect against acute
heat stress impairment.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by Laboratory
Animals Ethics Committee of Jiangxi Agricultural University,
Nanchang, Jiangxi, China.

AUTHOR CONTRIBUTIONS

GL and JO conceived and designed the experiments.
JO, QL, JZ, CC, and SG collected samples and
performed the experiments. JO, JY, and HZ performed
the analysis. JO and HZ wrote the manuscript.
GL and HZ directed the analyses and revised the
manuscript. All authors reviewed and approved the
final manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Grant No. 31860651) and the Key Project
of the Natural Science Foundation of Jiangxi Province (Grant
No. 20181ACB20015).

8. Akbarian A, Michiels ], Degroote ], Majdeddin M, Golian A, De
Smet S. Association between heat stress and oxidative stress in
poultry; mitochondrial dysfunction and dietary interventions with
phytochemicals. ] Anim Sci Biotechnol. (2016) 7:37. doi: 10.1186/s40104-016-
0097-5

9. Wu S, Cong G, Zhang Q, Yao H, Wang Z, Kang K, et al. Infection
heterogeneity and microbiota differences in chicks infected by salmonella
enteritidis. Microorganisms. (2021) 9:1705. doi: 10.3390/microorganisms
9081705

10. Zhang S, Shen YR, Wu S, Xiao YQ, He Q, Shi SR. The dietary combination
of essential oils and organic acids reduces Salmonella enteritidis in challenged
chicks. Poult Sci. (2019) 98:6349-55. doi: 10.3382/ps/pez457

11. Angelova PR, Abramov AY. Role of mitochondrial ROS

in the  brain: from physiology  to neurodegeneration.
FEBS Lett. (2018) 592:692-702. doi: 10.1002/1873-3468.
12964

12. van der Bliek AM, Sedensky MM, Morgan PG. Cell
biology  of the  mitochondrion. Genetics. (2017)  207:843-

71. doi: 10.1534/genetics.117.300262

13. Yang L, Tan G, Fu Y, Feng ], Zhang M. Effects of acute heat stress
and subsequent stress removal on function of hepatic mitochondrial
respiration, ROS production and lipid peroxidation in
chickens. Comp  Biochem Physiol C Toxicol Pharmacol.
151:204-8. doi: 10.1016/j.cbpc.2009.10.010

broiler
(2010)

Frontiers in Veterinary Science | www.frontiersin.org

March 2022 | Volume 9 | Article 863156


https://doi.org/10.3390/ani3020356
https://doi.org/10.1093/ps/86.6.1059
https://doi.org/10.1016/j.meatsci.2019.108025
https://doi.org/10.1080/00071660310001618334
https://doi.org/10.2527/jas.2014-8739
https://doi.org/10.1093/ps/86.2.364
https://doi.org/10.3382/ps.2010-00812
https://doi.org/10.1186/s40104-016-0097-5
https://doi.org/10.3390/microorganisms9081705
https://doi.org/10.3382/ps/pez457
https://doi.org/10.1002/1873-3468.12964
https://doi.org/10.1534/genetics.117.300262
https://doi.org/10.1016/j.cbpc.2009.10.010
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Quyang et al.

Tryptophan Alleviates Heat-Stressed Broilers

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kumari KNR, Nath DN. Ameliorative
heat stress in poultry. Worlds Poult Sci ].
30. doi: 10.1017/S0043933917001003

Shen Y, Zhang S, Zhao X, Shi S. Evaluation of a lecithin supplementation on
growth performance, meat quality, lipid metabolism, and cecum microbiota
of broilers. Animals. (2021) 11:2537. doi: 10.3390/ani11092537

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

Comai S, Bertazzo A, Brughera M, Crotti S. Tryptophan in health and disease.
Adv Clin Chem. (2020) 95:165-218. doi: 10.1016/bs.acc.2019.08.005

Emadi M, Jahanshiri F, Kaveh K, Hair-Bejo M, Ideris A, Alimon AR. Nutrition
and immunity: the effects of the combination of arginine and tryptophan
on growth performance, serum parameters and immune response in broiler
chickens challenged with infectious bursal disease vaccine. Avian Pathol.
(2011) 40:63-72. doi: 10.1080/03079457.2010.539590

Mund MD, Riaz M, Mirza MA, Rahman ZU, Mahmood T, Ahmad F, et
al. Effect of dietary tryptophan supplementation on growth performance,
immune response and anti-oxidant status of broiler chickens from 7 to 21
days. Vet Med Sci. (2019) 6:48-53. doi: 10.1002/vms3.195

Rodriguez Cetina Biefer H, Vasudevan A, Elkhal A. Aspects of tryptophan and
nicotinamide adenine dinucleotide in immunity: a new twist in an old tale. Int
J Tryptophan Res. (2017) 10:2095732779. doi: 10.1177/1178646917713491
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. ] Anim Sci Biotechnol. (2014) 5:44. doi: 10.1186/2049-1891-5-44

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

Liu J, Zhang Y, Li Y, Yan H, Zhang H. L-tryptophan enhances
intestinal integrity in Diquat-Challenged piglets associated with
improvement of redox status and mitochondrial function. Animals. (2019)
9:266. doi: 10.3390/ani9050266

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using Real-
Time quantitative PCR and the 2-AACT method. Methods. (2001) 25:402—
8. doi: 10.1006/meth.2001.1262

Pirinccioglu AG, Gokalp D, Pirinccioglu M, Kizil G, Kizil M. Malondialdehyde
(MDA) and protein carbonyl (PCO) levels as biomarkers of oxidative stress
in subjects with familial hypercholesterolemia. Clin Biochem. (2010) 43:1220-
4. doi: 10.1016/j.clinbiochem.2010.07.022

Mujahid A, Akiba Y, Toyomizu M. Olive oil-supplemented diet alleviates
acute heat stress-induced mitochondrial ROS production in chicken skeletal
muscle. Am ] Physiol Regul Integr Comp Physiol. (2009) 297:R690-
8. doi: 10.1152/ajpregu.90974.2008

Del Vesco AP, Khatlab AS, Goes ESR, Utsunomiya KS, Vieira JS, Oliveira Neto
AR, etal. Age-related oxidative stress and antioxidant capacity in heat-stressed
broilers. Animal. (2017) 11:1783-90. doi: 10.1017/S1751731117000386

Del VA, Gasparino E. Production of reactive oxygen species, gene expression,
and enzymatic activity in quail subjected to acute heat stress. ] Anim Sci.
(2013) 91:582-7. doi: 10.2527/jas.2012-5498

Tan GY, Yang L, Fu YQ, Feng JH, Zhang MH. Effects of different acute
high ambient temperatures on function of hepatic mitochondrial respiration,
antioxidative enzymes, and oxidative injury in broiler chickens. Poult Sci.
(2010) 89:115-22. doi: 10.3382/ps.2009-00318

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

Badakhshan Y, Emadi L, Esmaeili-Mahani S, Nazifi S. The effect of L-
tryptophan on the food intake, rectal temperature, and blood metabolic
parameters of 7-day-old chicks during feeding, fasting, and acute heat
stress. Iran ] Vet Res. (2021) 22:55-64. doi: 10.22099/ijvr.2020.37266.
5428

Ma Q. Role of nrf2 in oxidative stress and toxicity. Annu Rev Pharmacol.
(2013) 53:401-26. doi: 10.1146/annurev-pharmtox-011112-140320

counter
74:117-

measures to
(2018)

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Miao Q, Si X, Xie Y, Chen L, Liu Z, Liu L, et al. Effects of acute heat stress at
different ambient temperature on hepatic redox status in broilers. Poult Sci.
(2020) 99:4113-22. doi: 10.1016/j.psj.2020.05.019

Surai PE, Kochish II, Fisinin VI, Kidd MT. Antioxidant defence systems
and oxidative stress in poultry biology: an update. Antioxidants. (2019)
8:235. doi: 10.3390/antiox8070235

Angelova PR, Abramov AY. Functional role of mitochondrial reactive
oxygen species in physiology. Free Radical Bio Med. (2016) 100:81-
5. doi: 10.1016/j.freeradbiomed.2016.06.005

Saelens X, Festjens N, Vande WL, van Gurp M, van Loo G, Vandenabeele P.
Toxic proteins released from mitochondria in cell death. Oncogene. (2004)
23:2861-74. doi: 10.1038/sj.onc.1207523

Sinha K, Das J, Pal PB, Sil PC. Oxidative stress: the mitochondria-dependent
and mitochondria-independent pathways of apoptosis. Arch Toxicol. (2013)
87:1157-80. doi: 10.1007/s00204-013-1034-4
Kikusato M, Toyomizu M. Crucial role
in heat stress-induced overproduction of reactive oxygen
in avian skeletal muscle mitochondria. PLoS  ONE.
8:¢64412. doi: 10.1371/journal.pone.0064412

Boni R, Gallo A, Montanino M, Macina A, Tosti E. Dynamic changes in the
sperm quality of Mytilus galloprovincialis under continuous thermal stress.
Mol Reprod Dev. (2016) 83:162-73. doi: 10.1002/mrd.22604

CL Yao J, Dong B, Yu Z, Yao C. The impact of acute thermal stress on green
mussel Perna viridis: oxidative damage and responses. Comp Biochem Physiol
A Mol Integr Physiol. (2018) 222:7-15. doi: 10.1016/j.cbpa.2018.04.001

Itami N, Shirasuna K, Kuwayama T, Iwata H. Short-term heat stress
induces mitochondrial degradation and biogenesis and
mitochondrial quality in porcine oocytes. J Therm Biol.
74:256-63. doi: 10.1016/j.jtherbio.2018.04.010

Riley JS, Tait SW. Mitochondrial DNA in inflammation and immunity. EMBO
Rep. (2020) 21:€49799. doi: 10.15252/embr.201949799

Wenz T. Regulation of mitochondrial biogenesis and PGC-1a under cellular
stress. Mitochondrion. (2013) 13:134-42. doi: 10.1016/j.mito.2013.01.006
Canté C, Auwerx J. PGC-la, SIRT1 and AMPK, an energy sensing
network that controls energy expenditure. Curr Opin Lipidol. (2009) 20:98-
105. doi: 10.1097/MOL.0b013e328328d0a4

Baertling E Al-Murshedi F, Sanchez-Caballero L, Al-Senaidi K, Joshi NP,
Venselaar H, et al. Mutation in mitochondrial complex IV subunit COX5A
causes pulmonary arterial hypertension, lactic acidemia, and failure to thrive.
Hum Mutat. (2017) 38:692-703. doi: 10.1002/humu.23210

Ow YP, Green DR, Hao Z, Mak TW. Cytochrome c: functions beyond
respiration. Nat Rev Mol Cell Bio. (2008) 9:532-42. doi: 10.1038/nrm2434
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

of membrane potential
species

(2013)

enhances
(2018)

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.

Copyright © 2022 Ouyang, Zhou, Li, Zheng, Chen, Guo, You and Li. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Veterinary Science | www.frontiersin.org

March 2022 | Volume 9 | Article 863156


https://doi.org/10.1017/S0043933917001003
https://doi.org/10.3390/ani11092537
https://doi.org/10.1016/j.psj.2020.12.032
https://doi.org/10.1016/bs.acc.2019.08.005
https://doi.org/10.1080/03079457.2010.539590
https://doi.org/10.1002/vms3.195
https://doi.org/10.1177/1178646917713491
https://doi.org/10.1186/2049-1891-5-44
https://doi.org/10.1007/s00726-017-2424-3
https://doi.org/10.3390/ani9050266
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.clinbiochem.2010.07.022
https://doi.org/10.1152/ajpregu.90974.2008
https://doi.org/10.1017/S1751731117000386
https://doi.org/10.2527/jas.2012-5498
https://doi.org/10.3382/ps.2009-00318
https://doi.org/10.2741/4363
https://doi.org/10.22099/ijvr.2020.37266.5428
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://doi.org/10.1016/j.psj.2020.05.019
https://doi.org/10.3390/antiox8070235
https://doi.org/10.1016/j.freeradbiomed.2016.06.005
https://doi.org/10.1038/sj.onc.1207523
https://doi.org/10.1007/s00204-013-1034-4
https://doi.org/10.1371/journal.pone.0064412
https://doi.org/10.1002/mrd.22604
https://doi.org/10.1016/j.cbpa.2018.04.001
https://doi.org/10.1016/j.jtherbio.2018.04.010
https://doi.org/10.15252/embr.201949799
https://doi.org/10.1016/j.mito.2013.01.006
https://doi.org/10.1097/MOL.0b013e328328d0a4
https://doi.org/10.1002/humu.23210
https://doi.org/10.1038/nrm2434
https://doi.org/10.1016/j.exger.2020.110841
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Tryptophan Alleviates Acute Heat Stress-Induced Impairment of Antioxidant Status and Mitochondrial Function in Broilers
	Introduction
	Materials and Methods
	Ethical Approval
	Animals and Experimental Design
	Sample Collection and Preparation
	Determination of Antioxidant Parameters
	Isolation of Hepatic Mitochondria
	Measurement of Hepatic Mitochondrial Membrane Potential
	Determination of Mitochondrial DNA Copy Number
	Ribonucleic Acid Extraction and Real-Time Quantitative PCR
	Statistical Analysis

	Results
	Antioxidant Parameters in Serum, Liver, and Ileum Mucosa
	Redox-Related Genes Expressions in Liver and Ileum Mucosa
	Mitochondrial Membrane Potential in Liver
	mtDNA Copy Number in Liver and Ileum Mucosa
	Expressions of Genes Related to Mitochondrial Function in Liver and Ileum Mucosa

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


