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Introduction: Genetic selection in broiler chickens has led to increased muscle 
mass without comparable respiratory and cardiovascular system development, 
limiting the birds’ capacity to withstand high ambient temperatures and making 
them vulnerable to heat stress (HS). Early embryonic Thermal Manipulation (TM) 
has been suggested as an effective and sustainable way to mitigate the adverse 
effects of HS. This study investigated how these interventions influenced the 
immune status of broiler chickens exposed to HS.

Methods: Cobb 500 fertile eggs (n = 600) were incubated according to 
guidelines. On embryonic day (ED) 12, the eggs were split into two groups: (1) 
Control, kept at standard temperature until hatch day (ED 21) and (2) Thermal 
Manipulation (TM), exposed to 38.5°C with 55% humidity for 12 h daily from 
ED 12 to ED 18. After hatching, chicks were divided into (1) Control, (2) TM, (3) 
Control under Heat Stress (CHS), (4) TM under Heat Stress (TMHS), (5) Control 
with Heat Stress and Supplementation (CHSS), and (6) TM with Heat Stress and 
Supplementation (TMHSS). For the first 21 days, all chicks were raised under 
normal conditions. From day 22 to day 35, groups CHS, TMHS, CHSS, and TMHSS 
experienced chronic heat stress (32–33°C for 8 h daily), while the Control and 
TM groups remained in a thermoneutral environment (22–24°C).

Results and discussion: TM significantly increased (p < 0.05) AvBD11, IL4, and 
TLR21 expression in the spleen. TM and baicalein supplementation significantly 
decreased (p < 0.05) TLR15 expression. In the bursa, TM significantly increased 
(p <  0.05) IL4 expression. The combination of TM with baicalein significantly 
increased (p < 0.05) CD3 and decreased (p < 0.05) TLR1 expression. Interestingly, 
TM alone significantly decreased (p < 0.05) IFNg expression under HS condition. 
In the thymus, TM significantly decreased (p <  0.05) IL10 and TLR15, while 
incorporating baicalein with TM decreased (p < 0.05) AvBD6 expression.

Conclusion: TM improved the immune status of broiler chickens under normal 
conditions. When combined with baicalein, TM mitigated the negative effects 
of heat stress by boosting key immune-related gene expression in the spleen, 
bursa, and thymus.
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1 Introduction

Global warming, caused by greenhouse gas emissions from 2011 
to 2020, has increased the average global surface temperature by 1.1°C 
above the pre-industrial level of 1850–1900 (1). This has resulted in 
rapid changes in the biosphere, cryosphere, ocean, and atmosphere, 
leading to significant impacts on environmental, animal, and human 
life. Elevated temperatures may impede innate and adaptive immunity 
in chickens, leading to increased susceptibility to additional infections 
and diseases, contributing to the negative impact of heat stress (HS) 
(2). Stress-induced immunosuppression negatively impacts the 
immune system, leading to impaired immune organ cells and tissues, 
causing abnormal immune function and temporary or prolonged 
immune response dysfunction (3). Stress-induced immunosuppression 
in food animals, especially poultry, poses significant risks to food 
safety and public health.

The immune organs of birds can be divided into two groups: the 
central immune organs (thymus, bursa, and bone marrow) and the 
peripheral immune organs (spleen, cecum, and tonsil). Central 
immune organs develop from primordial cells during the embryonic 
stage and mature into fully functional organs as the bird ages. The 
spleen, the largest immune organ in poultry, plays a crucial role in 
regulating both humoral and cellular immunity. Stress-induced 
immunosuppression impacts immune-related genes in spleen tissues 
(4). The bursa of Fabricius is the primary lymphoid organ in birds, 
playing a crucial role in developing B-lymphocytes (5). Furthermore, 
the bursa contains immune-competent B-lymphocytes that can 
produce antibodies locally (6). The thymus is an essential immune 
organ responsible for developing and selecting naive T-lymphocytes. 
Chronic HS in broilers resulted in the atrophy of the thymus and 
other immune tissues (7). Heat stress during the embryonic stage 
can also impede thymus development in broiler chickens. Elevated 
temperatures may impact the thymus, potentially influencing the 
production of T-cells and, consequently, the immune capabilities 
mediated by the lymphocyte (8). Antibodies are proteins produced 
as part of the immune system’s response to an antigen (9). Chickens 
have three classes of immunoglobulins (IgA, IgM, and IgY) (10). It 
has been proposed that chickens also have antibodies similar to 
mammalian IgE and IgD (11). The molecular weights, morphology, 
and immunoelectrophoretic mobility of chicken IgA and IgM closely 
resemble those of mammalian IgA and IgM. Chicken IgY is 
transferred from the mother to the embryo through the egg yolk 
(12), resulting in elevated levels of chicken IgY in the egg yolk. 
Chicken IgY (or chicken IgG) is the functional counterpart to 
mammalian IgG in birds. However, it exhibits several functional 
differences compared to mammalian IgG (13).

Various strategies have been employed to mitigate the detrimental 
impacts of HS in poultry production. These approaches encompass 
genetic, managerial, and nutritional strategies, among others. The 
genetic strategy entailed developing poultry strains possessing specific 
genes, such as the naked neck, frizzle, and dwarf genes, which 
contribute to reducing HS (14, 15). The management strategies involve 
using appropriate housing design, provision of shade, use of sprinklers, 

implementation of cooling devices, and utilization of fans and 
ventilation systems (15). Nutritional interventions in poultry farming 
involve optimizing feed composition and supplementing essential 
micronutrients to improve the productivity of birds. The most 
frequently used methods to enhance production in the poultry 
industry involve using different supplements such as fat, antioxidants, 
yeast, and electrolytes (16). Enhancing embryonic thermal 
manipulation (TM) capacity to tolerate heat in poultry has been 
studied (17–19). In developmental biology, researchers have found 
that exposing embryos to higher incubation temperatures during 
important stages of their development can enhance their ability to 
tolerate high temperatures during the post-hatch period (20). This 
increased thermotolerance can be achieved through the embryos’ 
ability to respond quickly to thermal stress, adapt to higher 
temperatures through acclimation, and make epigenetic changes in 
response to temperature (21). Furthermore, evidence has firmly 
established that specific nutritional programming can effectively 
mitigate the adverse consequences of HS in broiler chickens. The root 
of Scutellaria baicalensis Georgi, commonly known as Huang Qin or 
Chinese skullcap, yields a primary flavonoid known as baicalein (5,6,7 
trihydroxy flavone). Baicalein supplementation in the broiler’s diets 
resulted in enhanced growth, immune response, antioxidant profile, 
and serum lipid metabolism (22). Our previous study demonstrated 
that embryonic TM enhanced hatchability, thermotolerance capacity, 
and liver metabolism while reducing hatch time (23). In addition, 
pre-hatch embryonic TM and post-hatch baicalein supplementation 
enhanced body weight, average daily gain, average daily feed intake, 
feed conversion ratio, cecal microbial diversity, volatile fatty acids (24), 
liver metabolism, and muscle proliferation (25) of heat-
stressed broilers.

Therefore, considering the effectiveness of pre-hatch TM and 
post-hatch baicalein supplementation on other growth performance 
and gut health variables, we hypothesized that pre-hatch TM and 
post-hatch baicalein supplementation would improve the immune 
status of heat-stressed broiler chickens. In this follow-up study, our 
objective was to examine the effects of TM and baicalein 
supplementation on plasma immunoglobulin (IgA and IgY) and the 
important immune markers in the spleen, bursa, and thymus in 
broiler chickens under HS conditions.

2 Materials and methods

2.1 Experimental design

This study employed animal experimentation and samples from our 
prior work (24). Briefly, we obtained 600 fertile Cobb 500 eggs from a 
local hatchery (Asagi Hatchery Inc., Honolulu, HI). Three incubators 
(GQF incubator, Savannah, GA) were used to randomly incubate the 
eggs. Each incubator contained 200 eggs. The eggs were kept at a 
standard temperature of 37.5°C with a relative humidity of 55% for 
24 h/d for the first embryonic day (ED) 11. The eggs were examined 
using the candling technique to distinguish the viable embryos (n = 474) 
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selected for the study. On ED 12, the eggs were split into two incubation 
groups: (1) Control (n = 236), which was kept at a standard temperature 
until the hatch day (ED 21) and (2) TM group (n = 238) which was kept 
at a temperature of 38.5°C with relative humidity (RH) of 55% for 
12 h/d from ED 12 to ED 18, and then at a standard temperature from 
ED 19 to ED 21. Each treatment utilized two incubators equipped with 
automatic temperature regulation, 55% RH, and egg rotation every 2 h.

2.2 Hatching and rearing management

Upon hatching, unsexed day-old chicks (n = 360) were evenly 
distributed into two mains cohorts: the Control (n = 180 from the 
Control group at hatch) and the TM (n = 180 from the TM group at 
hatch). Subsequently, three treatment groups were formed from each 
of the Control and TM cohorts, resulting in six treatment groups. The 
post-hatch treatments comprised: (1) Control, (2) Control heat stress 
(CHS), (3) Control heat stress supplement (CHSS), (4) Thermal 
manipulation (TM), (5) Thermal manipulation heat stress (TMHS), 
and (6) Thermal manipulation heat stress supplement (TMHSS). After 
being individually weighed and having their wings tagged, the chicks 
were divided into 36 pens at random (10 birds per pen), resulting in 6 
repetitions for each treatment group (n = 60 birds per treatment). The 
chicks were reared on a floor pen covered with litter, following the 
standard Cobb-500 guidelines for raising and managing broiler 
chickens. Between d 21 and 35, birds in the CHS, CHSS, TMHS, and 
TMHSS treatments underwent cyclic heat stress exposure. This 
entailed subjecting them to 33–35°C temperatures from 10:00 to 
18:00 h (to simulate natural conditions) and 22–24°C at night with 
55% RH. Meanwhile, the Control and TM groups were raised at 
standard room temperature (22–24°C) with 55% RH throughout the 
study. The birds were observed three times daily (in the morning, 
afternoon, and evening) to guarantee appropriate supervision and 
well-being. The pens were subjected to a completely randomized 
allocation in this study. Broiler chickens were raised with a standard 
lighting system (23 h light: 1 h dark).

2.3 Diets

The basal diets for the Cobb 500 broilers were formulated using 
corn and soybean meal. These diets were divided into two phases: 
starter (from d 1 to d 21) and finisher (from d 22 to d 35). The 
formulation of these diets fulfilled the nutritional needs of the broilers 
(26). Food and water were provided freely and without restriction 
throughout the study. The Control, CHS, TM, and TMHS groups were 
provided the basal diet for the entire study duration. The CHSS and 
TMHSS groups were provided basal diets supplemented with baicalein 
(250 mg/kg) for the entire study duration. The dosage of the baicalein 
supplement was selected based on its antioxidant properties and the 
dosage utilized in studies involving rodents, cattle, and humans. The 
composition and nutrient profile of diets are presented in Table 1.

2.4 Sample collection

At the end of the animal trial (d35), one bird from each pen (n = 6 
per treatment) was euthanized using carbon dioxide asphyxiation for 

sampling. Spleen, bursa, and thymus tissues were collected, snap-
frozen, and preserved at −80°C until RNA extraction. Blood samples 
were collected directly from the heart as soon as birds were euthanized 
and stored at −80°C.

2.5 Enzyme-linked immunosorbent assay

The chicken plasma immunoglobulins IgA and IgY levels were 
quantified using a commercial ELISA Kit (Bethyl Laboratories, 
Montgomery, TX) according to the manufacturer’s instructions. IgA 
was subjected to standard gradients with concentrations ranging from 
1,000 ng/mL to 0 ng/mL, prepared through serial dilutions. Similarly, 
IgY was subjected to standard gradients with concentrations ranging 
from 500 ng/mL to 0 ng/mL, also prepared through serial dilutions. 
The plasma samples were diluted using Dilution Buffer B. IgA was 
diluted at ratios of 1:1,000 and 1:2,000, while IgY was diluted at 
1:100,000 and 1:200,000. Afterward, 100 μL of each standard and 
sample was distributed into the wells of the ELISA plate, which had 
already been coated with anti-chicken antibodies in duplicate. The 
plate was placed in an environment with a constant temperature for 
1 hour and subsequently cleaned. Subsequently, 100 μL of Chicken 
IgA or IgY Detection Antibody was introduced into each well, 
followed by an incubation period of 1 h and subsequent washing. The 
colorimetric reaction was accelerated for 30 min by introducing 
streptavidin-conjugated horseradish peroxidase along with TMB 
substrate. The reaction was halted by introducing 100 μL of Stop 
Solution, and the absorbance was quantified at 450 nm using a 
multimode ELISA plate reader (SynergyLX, Biotek, Santa Clara, CA).

2.6 Quantitative real-time PCR

The qPCR experiment was conducted in a 10 μL reaction mixture, 
including 3 μL cDNA and 7 μL PCR mix utilizing the Quant Studio™ 
3 System (Applied Biosystems). The PCR mixture was generated using 
5 μL of PowerUp SYBR Green Master Mix (Applied Biosystems) and 
1 μL of both forward and reverse primers specific to the target gene. 
The PCR mixture and cDNA samples were placed into a 96-well optical 
plate and sealed with transparent optical adhesive films (Applied 
Biosystems), as previously documented (20). The specificity of each 
primer was confirmed using melting curve analysis. The expression of 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), beta-actin (β-
actin), and TATA-Box Binding Protein (TBP) was examined in 
triplicate across the samples to identify the most stable housekeeping 
gene in endometrial tissues. GAPDH was the most consistent 
housekeeping gene. The target genes were analyzed in duplicates, and 
the expression levels were quantified using cycle threshold (Ct) values 
following normalization with GAPDH. The fold change for each gene 
was determined utilizing the comparative CT approach (2−ΔΔCt 
method). The list of gene primers is presented in Supplementary Table S1.

2.7 Statistical analyses

The gene expression data were analyzed utilizing GraphPad 
software (GraphPad Software, San Diego, CA). After conducting a 
one-way analysis of variance (ANOVA), the Tukey-HSD test was 
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TABLE 1 Composition of experimental diets and their nutrient profile.

Ingredients, % Starter diet (1–21 days) Finisher diet (22–35 days)

Control Test Control Test

Corn 53.67 53.67 60.84 60.84

SBM 38.00 38.00 31.00 31.00

Soybean oil 5.00 5.00 5.50 5.50

Limestone 1.35 1.35 1.20 1.20

Monocalcium phosphate 0.75 0.75 0.44 0.44

Lysine 0.18 0.18 0.10 0.10

Met 0.18 0.18 0.13 0.13

Thr 0.04 0.04 0.00 0.00

Tryptophan 0.00 0.00 0.00 0.00

Choline Cl 0.00 0.00 0.00 0.00

Nacl 0.20 0.20 0.18 0.18

Sodium bicarbonate 0.12 0.12 0.10 0.10

Vitamin + mineral mixa 0.50 0.50 0.50 0.50

Baicalein 0.00 0.00020 0.00 0.00020

Phytase 0.01 0.01 0.01 0.01

Total 100.00 100.00 100.00 100.00

Nutrients contents in the diet %

MEn, kcal/kg 3,040 3,040 3,165 3,165

CP 21.47 21.47 18.54 18.54

Ca 0.91 0.91 0.77 0.77

Total P 0.71 0.71 0.61 0.61

AvP 0.45 0.45 0.37 0.37

Lys 1.32 1.32 1.09 1.09

Met 0.52 0.52 0.44 0.44

Cys 0.42 0.42 0.40 0.40

Thr 0.87 0.87 0.73 0.73

Trp 0.31 0.31 0.27 0.27

Met + Cys 0.92 0.92 0.82 0.82

Arg 1.55 1.55 1.35 1.35

Val 1.18 1.18 1.05 1.05

Ile 0.90 0.90 0.78 0.78

Leu 1.82 1.82 1.66 1.66

NDF 8.86 8.86 8.73 8.73

CF 3.84 3.84 3.51 3.51

Na 0.16 0.16 0.14 0.14

Cl 0.16 0.16 0.15 0.15

Choline (mg/kg) 1,371 1,371 1,224 1,224

dig Lys% 1.17 1.17 0.95 0.95

dig Met% 0.48 0.48 0.40 0.40

dig Thr% 0.67 0.67 0.55 0.55

aProvides following nutrients (per kg of diet): vitamin A (trans-retinyl acetate), 10,000 IU; vitamin D3 (cholecalciferol), 3,000 IU; vitamin E (all-rac-tocopherol-acetate), 30 mg; vitamin B1, 
2 mg; vitamin B2, 8 mg; vitamin B6, 4 mg; vitamin B12 (cyanocobalamin), 0.025 mg; vitamin K3 (bisulfate menadione complex), 3 mg; choline (choline chloride), 250 mg; nicotinic acid, 60 mg; 
pantothenic acid (D-calcium pantothenate), 15 mg; folic acid, 1.5 mg; betaíne anhydrous, 80 mg; D-biotin, 0.15 mg; zinc (ZnO), 80 mg; manganese (MnO), 70 mg iron (FeCO3), 60 mg; copper 
(CuSO4·5H2O), 8 mg; iodine (KI), 2 mg; selenium (Na2SeO3), 0.2 m.

https://doi.org/10.3389/fvets.2025.1537116
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Al Amaz et al. 10.3389/fvets.2025.1537116

Frontiers in Veterinary Science 05 frontiersin.org

employed to compare the means of the different treatment groups. The 
statistical significance threshold was established at a level of p < 0.05. 
The presentation of all data is as mean ± SEM.

3 Results

3.1 Effects of TM and post-hatch baicalein 
supplementation on the plasma 
immunoglobulins

Figure  1 shows the plasma immunoglobulin (IgA and IgY) 
concentration. There were no significant differences (p < 0.05) in IgA 
and IgY concentrations among the treatment groups.

3.2 Effects of TM and post-hatch baicalein 
supplementation on the spleen gene 
expression

The expression pattern of the immune-related genes (AvBD4, 
AvBD6, AvBD11, CD45, IFNy, IL1b, IL4, TLR15, and TLR21) among 
the treatments is shown in Figure  2. AvBD4 expression was 
significantly higher (p < 0.05) in the Control group than in the CHS, 
TMHS, CHSS and TMHSS groups. AvBD6 expression was 
significantly higher (p < 0.05) in the Control group than in the TM, 
TMHS, CHSS, and TMHSS groups. AvBD11 and IL4 expression were 
significantly higher (p < 0.05) in the TM group compared to the 
other treatment groups. CD45 expression was significantly higher 
(p < 0.05) in the TM group compared to the CHS, TMHS, and 

FIGURE 2

Effects of TM on the mRNA expression of immune-related genes in the spleen. Data presented as mean ± SEM. Different letters indicate a significant 
difference among the treatment groups.

FIGURE 1

Effects of TM on plasma IgA and Igγ. Data presented as mean ± SEM. Different letters indicate a significant difference among the treatment groups.
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TMHSS groups. IFNg expression was significantly higher (p < 0.05) 
in the TM group compared to the TMHSS group. IL1 β expression 
was significantly higher (p < 0.05) in the TM group compared to the 
CHS, TMHS, and CHSS groups. TLR15 expression was significantly 
higher (p < 0.05) in the CHSS group than in other treatment groups. 
TLR21 expression was significantly higher (p < 0.05) in the Control 
group than in the TM group compared to the Control, CHS, and 
CHSS groups.

3.3 Effects of TM and baicalein supplement 
on the bursa gene expression

The expression pattern of the immune-related genes (AvBD6, 
CD14, CD45, IFNg, IL4, IL6, TLR1, TLR15, and TLR21) among the 
treatments is shown in Figure 3. AvBD6 expression was significantly 
higher (p < 0.05) in the CHS group than in the TM and TMHSS 
group. CD3 expression was significantly higher (p < 0.05) in the 
TMHSS group than in the CHS, TMHS, and CHSS groups. CD14 
expression was significantly lower (p < 0.05) in the TMHS, CHSS, 
and TMHSS groups compared to the Control group. CD45 
expression was significantly lower (p < 0.05) in the TMHS group 
compared to the TM group. IFNg expression was significantly higher 
(p < 0.05) in the CHS group compared to the TMHS and TMHSS 
groups. IL4 expression was significantly lower (p < 0.05) in the 
Control group compared to the TM, CHS, and TMHS groups. IL6 
expression was significantly lower (p < 0.05) in the TMHSS group 
compared to the Control and TM groups. TLR1 expression was 
significantly higher (p < 0.05) in the CHSS group compared to the 
Control, TM, CHS, and TMHSS groups. TLR15 expression was 

significantly higher (p < 0.05) in the TM group compared to the 
CHS, TMHS, and CHSS groups. TLR21 expression was significantly 
lower (p < 0.05) in the TMHSS group compared to the Control and 
TM groups.

3.4 Effects of TM and baicalein supplement 
on the thymus gene expression

The expression pattern of the immune-related genes (AvBD4, 
IL1b, IL10, TLR4, and TLR15) among the treatments is shown in 
Figure 4. AvBD6 expression was significantly higher (p < 0.05) in the 
CHSS group than in the TM, TMHS, and TMHSS groups. IL1β 
expression was significantly higher (p < 0.05) in the Control group 
than in the CHS and TMHS groups. IL6 expression was significantly 
higher (p < 0.05) in the TMHSS group than in the CHS and TMHS 
groups. IL10 expression was significantly higher (p < 0.05) in the 
Control group compared to the other treatment groups. TLR4 
expression was significantly higher (p < 0.05) in the CHSS group than 
in the TM, CHS, and TMHS groups. TLR15 expression was 
significantly higher (p < 0.05) in the Control group than in the TM, 
TMHS, CHSS, and TMHSS groups.

4 Discussion

Avian immune systems consist of humoral (antibody-mediated) 
and cellular (cell-mediated) defense mechanisms, similar to 
mammalian immune systems (27). The humoral immune system of 
chickens has been found to contain three classes of 

FIGURE 3

Effects of TM on the mRNA expression of immune-related genes in the bursa. Data presented as mean ± SEM. Different letters indicate a significant 
difference among the treatment groups.
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immunoglobulins, IgM, IgA, and IgY, homologs of mammalian IgM, 
IgA, and IgG, respectively (10). Plasma immunoglobulins can 
indicate the immune system’s condition in birds. Environmental 
factors like HS can impact the birds’ immune system and levels of 
circulating antibodies. TM, TMHS, and TM with baiclein 
supplement (TMHSS) did not affect plasma IgA and IgY levels in 
this study. More research is necessary to explain the effects of TM 
on HS on the immune physiology of birds, as there is a lack of 
scientific evidence.

The spleen acts as a hematopoietic organ in embryonic 
development. It plays a crucial role in immune responses, especially 
in response to blood-borne antigens, following the migration of 
lymphocytes and the formation of red and white pulps (28). In this 
study, we measured some important immune-related genes in the 
spleen; among them, AvBD4, AvBD6, AvBD11, CD45, IFNg, IL1b, IL4, 
TLR15, and TLR21 were significantly different among the treatments. 
A class of antimicrobial peptides known as defensins is found in 
vertebrates, and it serves as the first line of defense against pathogens 
and immunological stimulants. In chickens, 14 defensins have been 
identified: avian β-defensin 1 to 14 (AvBD1-14) (29). AvBD4 exhibits 
potent antibacterial and antifungal properties (30). In this study, 
significantly lower expression of AvBD4 in the HS groups (CHS, 
TMHS, CHSS, and TMHSS) may suggest an adaptive response in the 
HS condition. AvBD6 demonstrated robust antimicrobial properties 
against Staphylococcus aureus, Salmonella typhimurium, and E. coli in 
low-salinity environments. Compared to AvBD12, AvBD6 is more 
capable of neutralizing lipopolysaccharides due to its larger net 
positive charge (31). AvBD11 modulates innate immunity and 
exhibits various activities against bacterial pathogens, Eimeria 
parasites, and the avian influenza virus. Furthermore, it appears to 
regulate cell viability, proliferation, and invasiveness (32). A 
significantly higher AvBD11 mRNA expression might have aided in 

decreasing the AVBD6 mRNA expression significantly in the TM 
group. Higher AvBD11 expression indicates higher innate immunity; 
this immune response may present a long-term defense and make a 
favorable immune condition for birds. That’s why there was a lower 
AvBD6 response. CD45 controls the communication between T cells 
and macrophages by interacting with its ligand, macrophage 
galactose-type lectin. This interaction occurs through binding to 
CD45 N-acetyl galactosamine, causing a reduction in T cell 
proliferation and increasing proinflammatory cytokine production, 
ultimately resulting in T cell apoptosis (33). As a result, CD45 is a 
crucial element in controlling innate immunity signaling. This study 
found a significantly higher CD45 response in the TM group 
compared to the CHS, TMHS, and CHSS groups, which means TM 
with or without did not work during the HS condition. Interferon-
gamma (IFNg) is a cytokine that regulates microbial infections. IFNg 
can induce tolerogenic effects on innate and adaptive immune cells, 
leading to tolerance in antigen-presenting cells and enhancing the 
function and development of regulatory T cells (34). IFNg also 
stimulates macrophages to enhance phagocytosis, tumoricidal 
abilities, and intracellular elimination of pathogens. It stimulates 
macrophages to produce various inflammatory mediators and 
reactive oxygen and nitrogen compounds. IFNg enhances the cellular 
immune response following infection and vaccination (35, 36). This 
study showed a significant decrease in IFNg gene expression in 
TMHSS compared to the TM group. This suggests a potential 
protective capacity of the baicalein supplementation in TM birds, 
even in elevated temperatures. Interleukin-1β (IL1b) is a crucial 
mediator of inflammation. It exacerbates damage during acute tissue 
injury and chronic disease and is necessary for the host response and 
resistance to pathogens (37). This study found a significantly higher 
IL1b in TM birds compared to CHS, TMHS and CHSS birds. 
Additionally, IL1B in the TMHSS birds was not affected by the HS, 

FIGURE 4

Effects of TM on the mRNA expression of immune-related genes in the thymus. Data presented as mean ± SEM. Different letters indicate a significant 
difference among the treatment groups.
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which indicates TM combined with baicalein supplement was more 
effective in HS condition than the TM alone. IL4 is a cytokine that 
controls antibody production, hematopoiesis, inflammation, and the 
formation of effector T-cell responses. The substance is generated by 
a specific group of activated blood cells, such as T cells and Fc epsilon 
R1+ mast cells and basophils (38). A significantly higher IL4 
expression in TM compared to the Control group may show evidence 
of a higher immune response in the thermally manipulated bird. 
TLR15 triggers the body’s natural defense system and detects secreted 
proteases from bacteria and fungi that are associated with causing 
disease (39). TLR15 activation requires the cleavage of the receptor’s 
ectodomain and the stimulation of NF-kB-dependent gene 
transcription (40). This study found a significantly lower TLR15 
mRNA expression in the TMHSS group compared to the Control, 
TMHS and CHSS groups, further bolstering TM birds’ potent 
immunity under HS conditions. Toll-like receptor 21 (TLR21) is a 
non-mammalian receptor that identifies unmethylated CpG DNA 
and is seen as a functional equivalent of mammalian TLR9. TLR21 
might significantly impact how the body reacts to infections from 
various pathogens, such as bacteria, viruses, and RNA and DNA 
strands (41). TLR21 gene expression was significantly higher in the 
spleen of the TM group than in the Control, CHS, and CHSS groups, 
which suggests a higher immune response in the body that fights 
against foreign pathogens. Taken together, the higher expression of 
immune-related genes in the TM and TMHSS indicates a higher 
immune response in the spleen of these birds, which robustly shows 
the effectiveness of TM and baicalein supplementation in both 
normal and HS conditions.

Like the spleen, we analyzed the same immune-related genes in 
the bursa. However, only AvBD6, CD3, CD14, CD45, IFNg, IL4, IL6, 
TLR1, TLR15, and TLR21 were significantly different among the 
treatments. The CD3 antigen is a surface structure linked to the T-cell 
receptor (TCR) that creates a complex that plays a role in recognizing 
antigens and transmitting signals. The CD3-T cell receptor complex 
is crucial in the T-cell-mediated immune response as it recognizes 
antigens and transmits signals to activate T-lymphocytes (42). This 
study found a significantly higher CD3 expression in the TMHSS 
group than the CHSS, CHS, and TMHS groups, suggesting the 
baicalein supplementation’s effectiveness in the thermally manipulated 
birds even though they were in HS condition. CD14 is a surface 
antigen that acts as a binding site for bacterial lipopolysaccharides 
(43). Gram-negative bacteria’s cell wall contains a major pathogen-
associated molecular pattern (PAMP) called lipopolysaccharide 
(LPS), which is recognized by the TLR4  in mammals along with 
serum protein, lipopolysaccharide-binding protein (LBP), and the 
CD14 co-receptor. The activation and expression of innate immune 
genes in chicken heterophils are directly influenced by the engagement 
of LBP and CD14/TLR4 in LPS-mediated processes (44). Numerically 
lower expression of AvBD6 and CD14 and numerically higher 
expression of CD45 in the thermally manipulated groups (TM, 
TMHS, and TMHSS) may imply an improved immunity in those 
birds with or without HS. The TMHS and TMHSS groups showed 
significantly lower IFNg expression compared to the CHS group, 
while the TM group had higher IL4 expression than the Control 
group. This suggests that TM may help regulate T-cell responses and 
enhance phagocytosis, and the removal of intracellular pathogens. 
Both the CHS and TMHS groups exhibited significantly higher IL-4 
expression than the control group, possibly because the birds were 

acclimatized to heat stress from day 22 to day 35. The role of Chicken 
IL6 in the pro-inflammatory response has been established. IL6 is a 
secreted protein that recruits and regulates cells in natural and 
acquired immune responses (45). IL6 assists in providing temporary 
defense against infection or harm by notifying the immune system 
about the origin of inflammation. It regulates the immune response 
by promoting the growth and specialization of white blood cells that 
eliminate harmful microorganisms (46). Interestingly, the IL6 gene in 
chickens serves as a heat-shock gene. HSF3 activates the IL6 in 
response to HS (47). In our previous study (24) with the same birds, 
we did not find any significant changes in the HSF3 gene expression, 
and maybe that is why there was not much change in the IL6 
expression (except in the TMHSS group) in this study. It might be due 
to the higher antioxidant capacity of the baicalein supplement. 
Heterophils have a wide range of TLR expressions, which indicates 
their main function as the initial defense cells in birds against 
bacterial, viral, fungal, and parasitic infections (48). TLR1 plays a 
significant role in the recognition of triacyl lipopeptides. Macrophages 
lacking TLR1 mice exhibited reduced production of inflammatory 
cytokines when exposed to various types of triacyl lipopeptides and 
lipoproteins derived from mycobacteria (49). The TLR1 levels were 
significantly higher in the CHSS birds compared to the Control, TM, 
CHS, and TMHSS groups, indicating a need for further investigation. 
TLR15, which is unique to birds, has the ability to recognize a wide 
range of ligands derived from both viruses and bacteria (40). TLR21 
is a pattern recognition receptor that detects microbial DNA to trigger 
the host’s infection response (50). This study found that TLR15 
expression was significantly lower in the CHSS group compared to 
both the Control and TM groups. Additionally, it revealed that TLR21 
expression was significantly reduced in the TMHSS group when 
compared to the Control and TM groups. These findings indicate that 
baicalein may serve as a beneficial feed supplement for poultry, even 
under heat stress conditions.

Unlike spleen and bursa, we  also analyzed the same set of 
immune-related genes in the thymus, but only AvBD6, IL1b, IL6, IL10, 
TLR4, and TLR15 demonstrated significant changes among the 
treatments. IL10 is a cytokine that has potent anti-inflammatory 
effects. It plays a crucial role in reducing the host’s immune response 
to pathogens, which helps protect the host from injury and maintain 
the normal balance of tissues. The dysregulation of IL10 is linked to 
heightened immunopathology following infection and an elevated 
susceptibility to various autoimmune diseases (51). Like mammalian 
species, chicken IL10 plays a significant role in determining the Th 
bias during Eimeria spp. infection. It inhibits the development of 
robust, IFNg-driven responses essential for controlling Eimeria 
infections (52). Another important immunoregulator during 
pathogen infection, including intracellular protozoa, is IL10 (53). This 
study found a significant decrease in IL10 expression in all groups 
compared to the Control group. It may indicate an adaptive response 
of the birds as the sample was collected after 2 weeks of HS. The role 
of TLR4 as the receptor for gram-negative lipopolysaccharide has 
been widely acknowledged. Furthermore, it attaches to endogenous 
molecules generated due to tissue damage. Therefore, TLR4 is a 
crucial receptor that brings together infectious and noninfectious 
stimuli to trigger an inflammatory response (54). The TLR4 gene in 
chickens is also linked to the reaction to Salmonella (49). In this study, 
AvBD6 was significantly lower in the TMHSS group than the CHSS 
group, which may indicate the higher immune response in the TM 
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group, which further bolsters the benefits of baicalein 
supplementations during HS conditions. There is significantly higher 
TLR4 expression in the CHSS group compared to the TM, CHS, and 
TMHS groups. Additionally, there is significantly higher TLR15 
expression in the Control group compared to the TM, CHS, CHSS, 
and TMHSS groups. These findings may also indicate an adaptive 
response in birds similar to IL-10.

5 Conclusion

Pre-hatch thermal manipulation and post-hatch baicalein 
supplementation did not affect the plasma immunoglobulins of 
broilers. However, TM alone improved the immune status in 
standard-raising conditions in the spleen and bursa. Interestingly, 
combining TM and baicalein significantly boosted the immunity 
under the HS condition. These phenomena may aid in regulating the 
immune genes of birds to an optimal level under high temperatures. 
As a result, both TM and post-hatch baicalein supplementation have 
been observed to enhance the adaptability of the birds during the 
period of HS.
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