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ความเครียดจากความร้อน ส่งผลกระทบต่อความแข็งแรงของเยื ่อบุลำไส้และการดูดซึม
สารอาหารของไก่แม่พันธุ์โดยเฉพาะในไก่แม่พันธุ์ที่ไวต่อความร้อน การศึกษานี้มีวัตถุประสงค์เพ่ือ
ศึกษาการตอบสนองระดับโมเลกุลของลำไส้เล็กในไก่แม่พันธุ์ที่ทนและไวต่อความร้อนด้วยเทคนิค 
ทรานสคริปโตมิกส์ และประเมินประสิทธิภาพของสารต้านอนุมูลอิสระสังเคราะห์ (ประกอบด้วย
วิตามินซี วิตามินอี ซีลีเนียม และแอลคาร์นีทีน) และสารไฟโตจีนิก (ประกอบด้วยกานพลู กากชาเขียว 
และผักแพว) ในการลดผลกระทบจากความร้อน ประกอบด้วย 3 การทดลอง ดังนี้ 

การทดลองที่ 1 ประกอบด้วย 2 การทดลองย่อย การทดลองย่อยที่ 1 มีวัตถุประสงค์เพ่ือศึกษา
การตอบสนองระดับโมเลกุลของลำไส้เล็กต่อความร้อนแบบเฉียบพลันในไก่แม่พันธุ์ที่ไวต่อความร้อน 
ใช้ไก่อายุ 28 สัปดาห์ จำนวน 50 ตัว แบ่งเป็นกลุ่มควบคุม (23°C) และกลุ่มที่ได้รับความเครียดจาก
ความร้อน (อุณหภูมิ 36°C เป็นเวลา 6 ชั่วโมง) กลุ่มละ 25 ตัว เลี้ยงแยกเดี่ยวในกรง ผลการศึกษาพบ
ยีนที่มีการแสดงออกแตกต่างกันทั้งหมด 138 ยีน แบ่งเป็นยีนที่มีการแสดงออกเพิ่มขึ้น 75 ยีน และ
ลดลง 63 ยีน การวิเคราะห์หน้าที่ของยีนด้วยการจัดจำแนกตาม gene ontology (GO) การวิเคราะห์ 
Kyoto Encyclopedia of Genes and Genomes (KEGG) และการวิเคราะห์เครือข่ายปฏิสัมพันธ์
ของโปรตีน (protein interaction, PPI) พบยีนสำคัญหลายกลุ ่ม ได้แก่ ยีนที ่เกี ่ยวข้องกับการ
ตอบสนองต่อความร้อน (HSPA8 และ HSPA2) การรักษาสมดุลของพลังงานและเมแทบอลิซึมของ
ไขมัน (PDK4 PPARA และ CD36) โดยยีน HSPA2 HSPB9 IL-18BP และ CD36 อาจใช้เป็นยีน
เครื่องหมายของการตอบสนองต่อความเครียดจากความร้อนในเยื่อบุลำไส้เล็กส่วนกลางได้ งาน
ทดลองย่อยที่ 2 เพื่อศึกษาการแสดงออกของยีนเครื่องหมาย (HSPA2 HSPB9 IL-18BP และ CD36) 
ในไก่แม่พันธุ์ที่ไวต่อความร้อนที่ได้รับสารต้านอนุมูลอิสระสังเคราะห์หรือไฟโตเจนนิก ใช้ไก่แม่พันธุ์ 

อายุ 33 สัปดาห์ จำนวน 100 ตัว สุ่มเลี้ยงในสภาวะอุณหภูมิปกติ (23 °C) และสภาวะเครียดจาก
ความร้อน (36°C 4 ชั่วโมง/วัน) แบ่งกลุ่มการทดลองออกเป็น 4 กลุ่ม คือ 1) อาหารพื้นฐานเลี ้ยง
ภายใต้สภาวะปกติ กลุ่ม 2) อาหารพื้นฐาน เลี้ยงภายใต้สภาวะเครียดจากความร้อน 3) อาหารพื้นฐาน
เสริมสารต้านอนุมูลอิสระสังเคราะห์ ภายใต้สภาวะเครียดจากความร้อน และ 4) อาหารพื้นฐานเสริม
ด้วยสารต้านอนุมูลอิสระไฟโตเจนนิก ภายใต้สภาวะเครียดจากความร้อน ผลการทดลองพบว่า การ
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เสริมสารต้านอนุมูลอิสระทั้งสองแหล่ง ส่งผลให้การแสดงออกของยีน CD36 ในลำไส้เล็กส่วนกลาง
เพิ่มขึ้น ขณะที่การแสดงออกของยีน HSPB9 HSPA2 และ IL18BP ลดลง เมื่อเปรียบเทียบกับกลุ่มที่
ได้รับความเครียดจากความร้อนโดยไม่เสริมสารต้านอนุมูลอิสระ  

การทดลองที่ 2 ใช้การวิเคราะห์ทรานสคริปโตมิกส์เพื่อเปรียบเทียบการแสดงออกของยีนใน
ลำไส้เล็กส่วนกลางของไก่แม่พันธุ์ที่ปรับตัวได้ดีต่อความร้อนและไก่แม่พันธุ์ที่ไวต่อความร้อนภายใต้
สภาวะเครียดจากความร้อนแบบเฉียบพลัน (36°C เป็นเวลา 6 ชั่วโมง) ใช้ไก่อายุ 28 สัปดาห์ จำนวน 
50 ตัว (25 ตัวต่อสายพันธุ์) พบยีนที่แสดงออกแตกต่างกัน 284 ยีน (เพิ่มขึ้น 155 ยีน และลดง 129 
ยีน) การวิเคราะห์ GO พบการเพิ่มขึ้นอย่างมีนัยสำคัญใน 555 หมวดหมู่ ขณะที่การวิเคราะห์ KEGG 
พบยีนที่มีการแสดงออกเพ่ิมข้ึนเกี่ยวข้องการส่งสัญญาณ VEGF และ MAPK การสังเคราะห์สตียรอยด์ 
การปฏิสัมพันธ์ระหว่างลิแกนด์และตัวรับในระบบประสาท และวัฏจักรของเซลล์ ส่วนยีนที่ลดการ
แสดงออกเกี่ยวข้องกับโมเลกุลการยึดเกาะระหว่างเซลล์ จากการวิเคราะห์ PI พบว่า PLK1 CDC7 
CDC20 HSPA2 IL6 SLC22A19A LBFABP และ SLC2A2 เป็นยีนหลักที ่ม ีบทบาทสำคัญในการ
ควบคุมผลกระทบความเครียดจากความร้อนต่อการแบ่งเซลล์ การทำงานของระบบภูมิคุ ้มกัน 
กระบวนการเมแทบลิซึมของพลังงานและไขมัน และการขนส่งสารอาหาร  

การทดลองที่ 3 ใช้ไก่แม่พันธุ์ที่ไวต่อความร้อน จำนวน 100 ตัว อายุ 38-52 สัปดาห์ (ใช้ไก่ชุด
เดียวกันกับการทดลองย่อยที่ 2) พบว่าในสภาวะเครียดจากความร้อน สารต้านอนุมูลอิสระทั้งสอง 
แหล่งช่วยเพิ่มการแสดงออกของยีนที่เกี่ยวกับสารต้านอนุมูลอิสระ (SOD and GSH-Px) โปรตีนไทด์
จังชัน (CLDN1) และไซโตไคน์ต้านการอักเสบ (IL-10) ในลำไส้เล็กส่วนกลาง รวมทั้งเพิ่มความเข้มข้น
ของกรดไขมันสายสั้นรวม และลดการแสดงออกของยีนที่เกี่ยวข้องกับโปรตีนฮีทช็อก (HSP70 และ 

HSP90) ภูมิคุ้มกัน (IL-6, TNF-α, NF-κB และ TLR4) และการผลิตแอมโมเนีย นอกจากนี้ยังพบการ
เสร ิมสารต ้านอน ุม ูลอ ิสระทำให ้แบคท ี เร ี ยท ี ่ ผล ิ ตกรดไขม ันสายส ั ้น  เช ่น Firmicutes 
Lachnospiraceae Ruminococcaceae และ Megamonas เพิ ่มขึ ้นเมื ่อเปรียบเทียบกับกลุ ่มที่
ไม่ได้รับการเสริม 

โดยสรุป การศึกษาครั้งนี้ให้ข้อมูลเชิงลึกที่มีคุณค่าเกี่ยวกับการตอบสนองระดับโมเลกุลของไก่
แม่พันธุ์ต่อความเครียดจากความร้อน และแสดงให้เห็นถึงศักยภาพของสารต้านอนุมูลอิสระทั้งชนิด
สังเคราะห์และไฟโตจีนิกในการลดผลกระทบจากความเครียดจากความร้อนในสัตว์ปีก 
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Heat stress (HS) negatively affects intestinal integrity and nutrient absorption in 
breeder hens. This study aimed to explore the molecular response of the small 
intestine in heat-adapted and heat-sensitive breeder hens using transcriptomic 
techniques, and to evaluate the efficiacy of synthetic (a combination of vitamin E, 
vitamin C, Se, and L-carnitine) and phytogenic (a combination of clove, green tea 
pomace, and Vietnamese coriander) antioxidants in mitigating the adverse effects of 
HS. This study was comprised of three experiments as follows:  

Experiment 1 consisted of two trials. Trial 1: This trial aimed to explore the 
molecular response of the small intestine to acute HS in heat-sensitive breeder hens. 
A total of fifty hens, aged 28 weeks, were used and divided into two groups:  a control 
group (maintained at 23°C) and a heat-treated group (exposed to 36°C for a 6-hour), 
with 25 birds each. A total of 138 differentially expressed genes (DEGs) were identified, 
comprising 75 upregulated and 63 downregulated genes. Functional analysis through 
gene ontology (GO) classification, pathway mapping via the Kyoto Encyclopedia of 
Genes and Genomes (KEGG), and protein interaction (PPI) networks revealed several 
key regulatory genes involved in thermal response (HSPA8 and HSPA2), and energy 
homeostasis and fat metabolism (PDK4, PPARA, and CD36). The following genes were 
identified as candidate biomarker genes in the jejunum for HS response: HSPA2, HSPB9, 
IL-18BP, and CD36. Trial 2 aimed to investigate the expression of candidate genes 
(HSPA2, HSPB9, CD36, and IL18BP) in heat-sensitive hens supplemented with synthetic 
or phytogenic antioxidants. One hundred hens, aged 33 weeks, were randomly housed 
under thermoneutral (TN; 23°C) or HS conditions (36°C, 4 h/d). The experiment was 
divided into four groups: 1) basal diet under  TN; 2) basal diet under HS; 3) basal diet 
supplemented with synthetic antioxidants under HS; and 4) basal diet supplemented 
with phytogenic antioxidants under HS. Results showed that supplementation with 
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either antioxidant sources increased the expression of the CD36 gene in the jejunum, 
while the expression of the  HSPB9, HSPA2, and IL18BP genes decreased compared to 
the HS group without supplementation.  

Experiment 2, this study used transcriptomic analysis to compare gene 
expression jejunum of heat-adapted and heat-sensitive hens under acute HS (36°C for 
6 hours). Fifty hens (28 week-old, 25 of each breed) were used.  A total of 284 DEGs 
(155 upregulated and 129 downregulated genes ) were identified. GO analysis revealed 
significant enrichment in 555 categories, while KEGG pathway revealed that 
upregulated genes were involved in VEGF signaling, MAPK signaling, steroid 
biosynthesis, neuroactive ligand-receptor interaction, and cell cycle pathways. 
Downregulated genes were related to cell adhesion molecules. The PPI analysis 
identified PLK1, CDC7, CDC20, HSPA2, IL6, SLC22A19A, LBFABP, and SLC2A2 as key core 
nodes, which may play crucial roles in regulating the effects of HS on cell division, 
immune function, energy and lipid metabolism, and nutrient transport.  

Experiment 3: One hundred heat-sensitive hens aged 38 to 52 weeks (the same 
hens used in trial 2). The results showed that under HS condition, , both antioxidant 
sources increased the expression of genes related to antioxidants (SOD and GSH-Px), 
tight-junction protein (CLDN1), and anti-inflammatory cytokine (IL-10) in the jejunum. 
In addition, the total concentration of SCFAs increased, while the expression of HSPs 

(HSP70 and HSP90), immunity-related genes (IL-6, TNF-α, NF-κB, and TLR4), and 
ammonia production were reduced. Furthermore, antioxidant supplementation led to 
an increase in SCFA-producing bacteria, such as Firmicutes, Lachnospiraceae, 
Ruminococcaceae, and Megamonas, compared to the non-supplemented group.   

 In conclusion, this study provides valuable insights into the distinct molecular 
responses of breeder hens to HS. Both synthetic and phytogenic antioxidants 
demonstrate potential as strategic interventions to mitigate heat-induced damage in 
poultry. 
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CHAPTER I  
INTRODUCTION 

1.1 Introduction 
The impact of heat stress (HS) on poultry is a major cause of economic losses in 

the poultry industry (Shehata et al., 2020). All homeothermic animals have a 
thermoneutral zone, and when the temperatures exceed this zone, animals cannot 
maintain a stable body temperature, resulting in HS. HS can be categorized as either 
acute (sudden, short-duration exposure to extremely high ambient temperatures and 
humidity) or chronic (extended period of elevated ambient temperatures with 
increased humidity) (Loyau et al., 2015). Both chronic and acute HS can compromise 
intestinal function through multiple mechanisms: reducing blood flow, increasing 
intestinal permeability, impairing intestinal barrier integrity, and causing microbiota 
dysbiosis, all of which affect nutrient digestion and absorption (Zhang et al., 2015; 
Gupta et al., 2017; Rostagno, 2020). In addition, HS triggers various pathophysiological 
changes, including immune dysregulation, overproduction of reactive oxygen species 
(ROS), decreased energy metabolism, and cell membrane lipid peroxidation. These 
changes ultimately increase susceptibility to pathogens and impair overall health (Liu 
et al., 2016; Shi et al., 2019). To combat the deleterious effects of HS in chickens, 
various genetic, management, and nutritional strategies have been implemented 
(Saeed et al., 2019). While genetic and management approaches may involve increased 
costs, technical complexity, and reduced genetic diversity, nutritional interventions 
offer a more feasible solution. These interventions, particularly the use of phytogenic 
compounds, vitamins (C and E), and minerals like selenium (Se), are gaining popularity 
as remedies for heat-stressed poultry (Kumar et al., 2021). Therefore, understanding 
the intrinsic physiological mechanisms of HS-induced intestinal damage in poultry and 
investigating the anti-HS effects of dietary phytochemicals and synthetic antioxidants, 
along with their underlying mechanisms, represents a critical area of research for 
improving intestinal barrier function and overall poultry health.  
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Similar to other animals, indigenous chickens demonstrate better adaptation to 
high temperatures compared to commercial high-performance broilers (Malila et al., 
2024). Previous studies comparing the HS responses between slow-growing and fast-
growing chickens have suggested that increased growth rates negatively correlate with 
birds' tolerance (Soleimani et al., 2011). Two breeder strains, heat-adapted (Leung Hang 
Kaeo breeder line) and heat-sensitive (Suranaree University of Technology (SUT) 
breeder line), are preserved by the avian research center of SUT in Thailand. These 
strains are used to produce crossbred meat chicken (Korat chicken) for the local niche 
market. Under elevated temperatures, the SUT breeder line exhibits significant signs of 
heat stress susceptibility and reduced productive performance, while the local breed 
shows minimal adverse effects. The investigation of gene biomarkers through 
transcriptomic analysis holds promise for optimizing feed modulation with antioxidant 
bioactive substances. These approaches could enhance HS adaptation while promoting 
gut health and increasing both efficiency and genetic gain (Gvozdanović et al., 2023). 

The gut is the primary organ affected by  HS (Chauhan et al., 2021). HS reduces 
blood flow to the gut, causing damage to the epithelial tissue and generating free 
radicals that impair nutrient digestion and absorption. The jejunum, which plays a 
critical role in nutrient digestion and absorption, is particularly sensitive to HS (Song et 
al., 2013), and is commonly used as a model in intestinal studies (Abdelli et al., 2021; 
Wang et al., 2021). Under HS conditions, birds activate defense mechanisms such as 
heat-shock proteins (HSPs) to alleviate or reduce the negative effects (Belhadj Slimen 
et al., 2016; Emami et al., 2021). The expression of HSP70 and HSP90 is upregulated to 
protect and repair cells (Varasteh et al., 2015). HSPs also play a regulatory role during 
cellular stress by inhibiting inflammatory cytokine production (Ferat-Osorio et al., 2014) 
and modulating tight junction proteins (Dokladny et al., 2008), thereby mitigating the 
detrimental effects of HS on gut health. Beyond molecular-level responses, various 
nutritional strategies are being tested, with dietary intervention emerging as a 
particularly cost-effective approach (Greene et al., 2021). Antioxidant supplementation 
combining vitamins E and C, minerals (Se, manganese, and zinc), and phytogenic 
bioactive compounds has demonstrated synergistic efficacy in enhancing antioxidant 
activity, reducing oxidative stress, strengthening immune function, and gut dysbiosis 
regulation (Ghazi Harsini et al., 2012;  Kumbhar et al., 2018), while mitigating HS and 
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lipid peroxidation in poultry (Leskovec et al., 2019). In addition, L-carnitine, a potent 
antioxidant, plays a crucial role in scavenging free radicals and protecting tissues from 
ROS-induced oxidative damage (Agarwal et al., 2018). Phytogenic compounds, rich in 
bioactive chemicals like polyphenols and flavonoids, can improve antioxidant capacity, 
and immunity, enhance gut microbiota and health, and reduce oxidative/inflammatory 
pathways (Yang et al., 2021; Reith et al., 2022). These properties contribute to increased 
resistance to external stress, garnering significant attention in recent research 
(Mahasneh et al., 2024). Notable herbs of interest include Camellia sinensis (green tea), 
which contains major antioxidant catechins (particularly epigallocatechin gallate), 
Syzygium aromatum (clove), which is rich in eugenol, and Persicaria odorata 
(Vietnamese coriander), which contains gallic acid and quercetin. These herbs have 
shown potential as feed additives to mitigate HS, providing several beneficial 

functionalities (Erener et al., 2011; Hosseinzadeh et al., 2014; El-Maati et al., 2016; Aziz‐
Aliabadi et al., 2023; Saracila et al., 2023). However, the role of synthetic and 
phytogenic antioxidants in gut health and production, along with their underlying 
mechanisms in heat-stressed breeder hens, remains to be fully explored.  

Transcriptome sequencing (RNA-seq) serves as a powerful tool for analyzing 
molecular mechanisms and revealing intrinsic cellular biological regulatory 
mechanisms underlying various physiological conditions in animals (Wang et al., 2019). 
This technology has been successfully employed across species, including poultry, 
cattle, and pigs, to identify genes that play key roles in responses to high ambient 
temperatures (Coble et al., 2014; Srikanth et al., 2017). Previous RNA-seq studies have 
revealed differential expression of genes in the jejunal mucosa of heat-stressed 
animals. In broilers subjected to chronic HS, differentially expressed genes (DEGs) were 
associated with immune response, glutathione metabolism, defense mechanisms, and 
detoxification of xenobiotics (Kim et al., 2022). Similarly, in breeder chickens under 
acute HS, RNA-seq analysis demonstrated DEGs involved in steroid biosynthesis, steroid 
hormone biosynthesis, protein processing in endoplasmic reticulum, the peroxisome 
proliferator-activated receptor signaling pathway, and the adipocytokine signaling 
pathway (Zhu et al., 2025). While these studies have provided valuable insights into 
the gene expression profiles of poultry under HS, there remains a critical need to 
investigate the long-term effects of HS on gut health at the molecular level. Such 
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research could reveal novel mechanisms and potential therapeutic targets for 
improving heat tolerance in poultry. 

Therefore, this study pursued a comprehensive investigation with two 
interconnected objectives. The first objective was to conduct transcriptomic analysis in 
the jejunal mucosal tissue of breeder hens exposed to HS, aiming to identify relevant 
gene markers by comparing heat-adapted and heat-sensitive breeds and track 
progressive changes in selected candidate genes among heat-sensitive breeder hens 
under HS conditions. The second objective was to evaluate the efficacy of two 
antioxidant sources in breeder hens’ diets under HS conditions: synthetic antioxidants 
(a combination of vitamin E, vitamin C, Se, and L-carnitine) and phytogenic antioxidants 
(a combination of clove, green tea pomace, and Vietnamese coriander). The evaluation 
encompassed antioxidants genes (SOD, GSH-Px), HSPs (HSP70, HSP90), immune-related 

genes (IL-10, IL-6, TNF-α, NF-κB and TLR4), and TJ protein genes (ZO-1, CLND1), as well 
as parameters such as short-chain fatty acids (SCFAs) concentration, ammonia 
production, and microbiota composition. 

 

1.2 Research objectives  
 The objectives of this study were: 

1.2.1  To identify heat tolerance mechanisms in breeder hens by comparing 
jejunal transcriptome profiles between heat-adapted and heat-sensitive hens, and 
tracking expression changes of selected candidate genes in heat-sensitive hens 
supplemented with dietary antioxidants under HS conditions.  

1.2.2  To evaluate the efficacy of dietary supplementation, either with synthetic 
or phytogenic antioxidant mixtures, on alleviating the deleterious impact of HS in heat-
sensitive breeder hens by measuring gut health parameters, including gene expression 
related to intestinal function, antioxidant capacity, short-chain fatty acid (SCFAs) and 
ammonia concentrations, and microbial populations.  
 

1.3 Research hypotheses  
1.3.1 Heat-adapted and heat-sensitive breeder hens exhibit distinct jejunal 

transcriptome profiles under HS conditions, with differentially expressed genes and 
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biological pathways that can explain the variation in heat tolerance. Dietary antioxidant 
supplementation in heat-sensitive breeder hens under HS can normalize the expression 
of selected candidate genes. 

 1.3.2 Dietary antioxidant supplementation with synthetic or phytogenic 
antioxidant mixtures in heat-sensitive breeder hens under HS can improve expression 
of the genes related to gut barrier integrity (ZO-1, CLDN1), anti-inflammatory cytokine 
(IL-10) and antioxidant capacity (SOD, GSH-Px), reduce pro-inflammatory cytokines (IL-

6, TNF-α, NF-κB and TLR4) and HSPs (HSP70, HSP90) expression, increase cecal SCFAs 
content, reduce ammonia production, and modify microbial population. 

1.4 Scope of the study 
In this study, two 28-week-old broiler breeder strains (heat-adapted [Leung Hang 

Kaeo breeder line] and heat-sensitive [Suranaree University of Technology (SUT)] 
breeder line) were used to acquire a deeper understanding of their transcriptomic 
responses to HS.  In addition, this study aims to leverage these findings to develop 
innovative strategies for mitigating HS impacts by evaluating the effects of dietary 
synthetic antioxidants (a combination of vitamin E, vitamin C, Se, and L-carnitine) and 
phytogenic antioxidants (a combination of clove, green tea pomace, and Vietnamese 
coriander) supplementation in heat-sensitive breeders under HS conditions. This study 
was assessed various gut health parameters, including the expression of antioxidant 
enzymes (SOD and GSH-Px), HSPs (HSP70 and HSP90), immune-related genes (IL-10, 

IL-6, TNF-α, NF-κB and TLR4), TJ protein genes (ZO-1, CLDN1), cecal short-chain fatty 
acid (SCFAs) concentration, ammonia production, and the composition of the cecal 
microbiota. By integrating transcriptomic analysis with gut health evaluations, this 
study seeks to identify molecular and physiological mechanisms underlying heat 
resilience and propose targeted nutritional interventions to enhance poultry health 
and performance under HS conditions. 

1.5 Expected benefits 
1.5.1 The knowledge obtained from transcriptomic profiling of two breeding 

strains with different tolerance to HS can provide a deeper understanding of the 



6 

molecular responses and biological pathways involved in heat adaptation, which is 
crucial for developing targeted feed additive interventions to cope with HS in poultry 
production systems.  

1.5.2  Dietary supplementation with either synthetic or phytogenic antioxidants 
can be applied to breeder hen diets and can be further studied for potential 
applications in other animal production systems facing HS challenges. 

1.5.3   The marker genes identified in this study can serve as monitoring tools to 
evaluate the efficacy of feed additives designed to mitigate HS effects in poultry and 
potentially other livestock species. While the primary focus of this study is on dietary 
supplementation effects, the identified candidate genes may also provide preliminary 
insights for future genetic selection research. 
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CHAPTER II 
LITERATURE REVIEW 

2.1 The impact of heat stress on the gut health of chickens 
It is well-established that an increase in the energy requirements for maintenance 

leads to heat stress (HS) in poultry (Johnson et al., 2018). As a metabolically active organ, 
intestinal tissue, particularly the jejunum, is highly susceptible to the effects of HS (Calik 
et al., 2022). High temperatures can induce oxidative stress and cause a cellular imbalance 
between the production of reactive oxygen species (ROS) and antioxidant protective 
systems, thus further stimulating ROS production, which is responsible for various types of 
oxidative damage, such as lipids and protein oxidation, and ultimately contributes to tissue 
damage (Hidayat et al., 2023). Excessive production of ROS can compromise intestinal 
barrier function, induce aberrant immune responses, and increase intestinal permeability 
(Varasteh et al., 2015). These alterations facilitate the translocation of antigens, toxins, 
and pathogens across the tight junction (TJ) barrier, subsequently activating the immune 
system through Toll-like receptor (TLR) signaling, cytokines, and heat shock proteins (HSPs) 
(Wallin et al., 2002; Turner, 2009). This cascade of events ultimately leads to 
modifications in the intestinal mucosal microstructure, triggering inflammation and tissue 
damage. HS can significantly impair microbiota and metabolites in the intestinal of poultry, 
disrupt the dynamic balance between beneficial and pathogenic bacteria, and result in 
dysbiosis of the intestinal flora (Wang et al., 2022). In addition, HS impairs nutrient 
transport and digestion by decreasing enzymatic activity in the digesta, reducing the 
absorptive surface area, and modulating the expression of related nutrient transporters, 
proteins, and genes (Patra & Kar, 2021). It seems that many physiological alterations in 
immunity, barrier function, and nutrient transport within the intestines appear to result 
from heat stress-induced imbalances in the gut microbiome, which may subsequently 
provoke a systemic response, and thus impair intestinal health. 
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2.2 Heat stress and antioxidant defense system 
Under HS, the oxidative and antioxidant systems in poultry lose their dynamic 

balance, leading to the overproduction of ROS. This imbalance results in inflammatory 
neutrophil infiltration and increased protease secretion (Habashy et al., 2017). Active 
oxygen refers to a group of free radicals that exist independently and contain unpaired 

electrons. These include superoxide anion (O2
●-), hydroxyl (OH●), and hydrogen peroxide 

(H2O2) (Goncalves et al., 2020). The production of ROS occurs in specific parts of the 
mitochondrial electron transport chain, mainly in complexes I and III (Quijano et al., 2016). 

The main way of generating O2
●- in the electron transport chain is auto radiation caused 

by the reaction between the reduced flavin protein and oxygen, under the condition of 
HS, the related enzymes in the complex undergo thermal denaturation, and the auto 
radiation rate of flavin increases in a temperature-dependent manner, increasing ROS 
generation (Messner & Imlay, 1999). In addition, high temperature down-regulated the 
expression of uncoupling proteins in the inner membrane of poultry mitochondria, 
hampering mild uncoupling in heat-stressed birds, which is a major contributor to the 
overproduction of ROS (Kikusato & Toyomizu, 2013). Under HS conditions, the 
overproduction of transitional metal ions will also increase the production of the Fenton 

reaction [H2O2+ Fe2+→OH●+ (OH)- +Fe3+], leading to increased ROS production. There are 
mainly antioxidant enzyme systems in animals, including superoxide dismutase (SOD), 

catalase (CAT), and glutathione peroxidase (GPx). SOD can convert high-activity O2
●- to 

low-activity H2O2; CAT can reduce H2O2 to H2O (Nagami et al., 2005). GPx, with 
selenocysteine as its active center, reduces H2O2 and various organic hydroperoxides 
(Liochev & Fridovich, 1999) (Figure 2.1). 
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Figure 2.1  Mitochondrial energy transduction and pathophysiology of oxidative stress 
upon heat stress (Akbarian et al., 2016). 

2.3 Heat stress on antioxidant status, barrier integrity, morphology, 
immunity, and production performance of chickens 
HS has emerged as an important issue in the poultry production industry (Abdelnour 

et al., 2019). HS can be categorized into acute and chronic HS, depending on its duration 
and severity (Saeed et al., 2019). HS can adversely affect production performance, 
reproductive performance, gut health, economic traits, and poultry welfare (Tajima et al., 
2007; Lara & Rostagno, 2013). In addition, HS induces a variety of negative effects on 
intestinal morphology, immunity, barrier integrity, digestive enzyme secretion, antioxidant 
status, and HSP expression in chickens, as summarized in Table 2.1. 
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Table 2.1  Effects of heat stress on antioxidant status, barrier integrity, morphology, immunity, and production performance in the gut  
of chickens. 

Stains TN vs. HS conditions 
with RH 

Results Reference 

Broiler TN (21°C) vs. HS (32°C) 
with 64% RH 

HS decreased BW, ADG and increased FCR 
HS decreased villus length, villus surface area, and epithelium cell 
area. 

(Al-Fataftah & Abdelqader, 
2014) 

Broilers  TN (20°C) vs. HS (30°C) 
with 70% RH 

HS decreased BW, ADG and increased FCR 

Increased lipopolysaccharide, corticosterone, TNF-α , and IL2 in 
blood. 

(Alhenaky et al., 2017) 

Broilers TN (23°C) vs. HS (30°C) 
with 67% RH 

HS decreased crypt depth but did not affect villus height. (Burkholder et al., 2008) 

Wenchang 
chickens 

TN (25.7°C, 88% RH) vs. 
HS (40.5°C, 52.4% RH) 

HS reduced in villus length, mucosa thickness, intestinal wall 
thickness, and crypt depth in all three segments. 
Mucosal epithelia were detached with ruptured. 

(Patra & Kar, 2021) 

Broilers TN (22°C) vs. HS (32°C) 
with (50 ± 10%) RH 

HS decreased villus height the VH-to-crypt depth (CD) ratio (VCR), and 
antioxidant enzymes activity, while MDA content increased. HS 
reduced  Parabacteroides, Saccharimonas, Romboutsia, 
and Weissella abundance. 

(Liu et al., 2020) 

 

 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/parabacteroides
https://www.sciencedirect.com/topics/food-science/weissella
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Table 2.1 (continued). 
Stains TN vs. HS conditions 

with RH 
Results Reference 

Cobb 
chicks 

TN (24°C) vs. HS (33°C) 
with (50 ± 5%) RH 

HS decreased the final BW, downregulated the expression of 
GPX3, IL4, and CLDN2, and decreased Ruminococcus, 
Ocillospira, and Lactobacillus abundance. 

(Chaudhary et al., 2023) 

Indigenous 
broilers 

TN (21°C) vs. HS (32°C) 
with (55–70%) RH 

HS decreased the BWG. HS had lower T-AOC, GSH-Px and SOD 
in serum and jejunum. HS downregulated Occludin, Claudin-1, 
Claudin-4, ZO-1, Mucin-2 in the jejunum. 

(Liu et al., 2022) 

Broilers TN (21°C) vs. HS (31°C) 
with (70%) RH 

HS increased Proteobacteria abundance and decreased 
Firmicutes abundance.  

(Liu et al., 2023) 

Broilers TN (24-26°C) vs.  
HS (334-38°C) 

HS increased concentrations of HSP70 and cortisol. 
HS increased Firmicutes, Tenericutes, and Proteobacteria and 
decreased Bacteroidetes and Cyanobacteria abundance. 

(Shi et al., 2019) 

Broilers TN (20°C) vs. HS (32°C)  HS decreased ADG, ADFI, and FCR. 
HS reduced villi height and VCR in the jejunum and ileum. 
HS reduced mRNA levels of jejunal MUC2 and OCLN, and 
ileal MUC2, ZO1, OCLN, and CLDN3. 

(Gu et al., 2012) 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/firmicutes
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/mollicutes
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/bacteroidetes
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cyanobacteria
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Table 2.1 (continued). 
Stains TN vs. HS conditions 

with RH 
Results Reference 

Broilers TN (20°C) vs. HS (27.8°C) 
with 53.0% RH 

HS decreased BW, ADG, ADFI, and feed efficiency.  
HS did not affect jejunal gene expressions of OCLN, ZO1, CLDN1, 
and JAM2. 

(Koch et al., 2019) 

Broilers TN (23°C) vs. cyclic HS 
(28°C–35°C–28°C) 

HS decreased ADFI, ADG, and FCR. HS reduced villus height and 

VCR in the jejunum. HS increased serum TNFα, IL6, and IL1β 

levels, but decreased anti-inflammatory cytokine IL10 levels. 

(Patra, 2018) 

Broilers TN (26°C) vs. HS (34°C) HS decreased FI and BW. HS decreased gene expressions 
of CLDN3 and OCLN but not CLDN1. HS increased gene 
expressions of HSPA1A, HSPD1, and HSPB1. 

(Jimoh et al., 2018) 

Broilers TN (22°C) vs. HS (38°C) HS increased HSF-3, HSP70, HSP90, CLDN, CLDN5, ZO1, TLR-4, IL6, 
IL8, and HSP70 mRNA expression in jejunum. 

(Varasteh et al., 2015) 

Layers TN (21°C, RH 62%) vs. HS 
(35°C, 64% RH) 

HS decreased duodenal, jejunal, and ileal villus height, crypt 
depth, and absorptive epithelial cell area. 

(Abdelqader et al., 
2017) 
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Table 2.1 (continued). 
Stains TN vs. HS conditions 

with RH 
Results Reference 

White 
Leghorn 
hens 

TN (20°C–22°C, 50%–
60% RH) vs. HS (30°C–
33°C, 70%–80% RH) 

HS decreased egg weight, eggshell thickness, percentage, and 
density. HS decreased calcium-binding protein (calbindin) in the 
ileum, cecum, and colon. 

(Shakeri et al., 2019) 

Commercial 
laying hens 

TN (26°C) vs. HS (33°C), 
with 60%–70% 

HS reduced egg production rate, feed intake, and egg weight 
while increasing the feed-to-egg ratio, broken egg ratio, and 
mortality—down-regulated expression levels of OCLN, ZO1, and 
JAM-A in ileum and cecum. 

(Tajima et al., 2007) 

TN, thermoneutral; HS, heat stress; RH, relative humidity; BW, body weight; ADG, average daily gain; FCR, feed conversion ratio; TNF-α, 

tumor necrosis factor α; IL, interleukin; VCR, villus height to crypt depth ratio; ADFI, average daily feed intake; MDA, malondialdehyde; 
SOD, superoxide dismutase; CLDN, claudins; MUC, mucin; OCLN, occludin; ZO1, zonula occludens 1; HSP, heat shock protein; SGLT1, 
sodium-dependent glucose cotransporter 1; GPx, glutathione peroxidase; T-AOC, total antioxidant capacity; HSPA1A, heat shock protein 
family A (HSP70) member 1A; HSPD1, heat shock protein family D (HSP60) member 1, HSPB1, heat shock protein family B (small) member 
1; HSF, heat shock factor; GLUT, facilitative glucose transporter; VH, villus height.
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2.3.1 Heat stress on oxidative stress in the gut 
HS typically induces oxidative stress. SOD, CAT, and GPx represent the 

primary components of the antioxidant defense system, playing a critical role in 
maintaining oxidative stability within the host. They work synergistically to eliminate 
superoxide anions and hydrogen peroxide within cells (Gu et al., 2012). HS resulted in a 
significant decrease in various oxidative stress markers, such as GPx, SOD, and CAT, total 
antioxidant capacity, and nuclear factor erythroid 2-related factor 2 (Nrf2), while 
increasing Kelch-like ECH-associated protein 1 (Keap1) transcripts and malondialdehyde 
(MDA) levels in broilers (Hidayat et al., 2023; Algothmi et al., 2024). Previous studies have 
found that chronic HS (20°C vs. 32°C–33°C 8 h/day) leads to increased MDA content in 
the jejunal mucosa and decreased SOD levels in the ileal mucosa of chickens (Gu et al., 
2012). Similarly, after 2 weeks of cyclic HS (22°C, 24 h/d vs. 32°C, 10 h/d), chickens showed 
increased MDA content and decreased GPx levels in the ileum and jejunum (Roushdy et 
al., 2018). The Nrf2-mediated antioxidant response pathway plays a crucial role in 
maintaining cellular redox balance by promoting the transcription of various 
cytoprotective genes (Liu et al., 2016). Moreover, Du et al. (2022) reported that HS 
resulted in reduced SOD levels in jejunal mucosa and increased MDA content in the 
serum, liver, and intestinal of heat-stressed broilers. In conclusion, HS causes redox 
dysfunction and hemostasis imbalance by decreasing the activities of SOD, GPx, and CAT, 
as well as the total antioxidant capacity in jejunal and ileal tissues and serum, while 
simultaneously elevating the levels of oxidative markers such as MDA and H2O2 levels. 

2.3.2 Heat stress on immunity in the gut 
HS can induce the release of proinflammatory cytokines and mediators 

(such as nuclear factor κB [NF-kB], Toll-like receptor [TLR], and interleukin [IL]) in broilers, 
leading to decreased growth rate and weakened immune system in most broilers. In 
general, pro-inflammatory mediators contribute to inflammatory damage, while anti-
inflammatory mediators help alleviate inflammation and facilitate the healing process in 
response to environmental triggers (Bamias et al., 2014). Studies have shown that HS 
(38°C - 39°C, 8 hours per day, for 5 consecutive days) resulted in upregulating of TLR4, 
IL6, and IL8 levels in the jejunum of chickens (Varasteh et al., 2015). The transcription 

factor NF-κB plays a crucial role in the regulation of genes activated by inflammatory 
cytokines, pathogens, and oxidative stress (Sanz Fernandez et al., 2014). HS leads to 
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increased levels of proinflammatory cytokines (IL-1β, IL-6, and tumor necrosis factor-

alpha [TNF-α]) by affecting the redox-sensitive downstream pathways of NF-κB (Fang et 
al., 2023). In addition, IL-10 is a key anti-inflammatory mediator that plays a pivotal role 
in regulating the inflammatory response. Several studies have highlighted IL-10 as one of 
the most important cytokines involved in various pathophysiological conditions, where it 

inhibits the production of pro-inflammatory mediators (Hidayat et al., 2023). TNF-α is a 
proinflammatory mediator that is widely used in animal models (Abdelnour et al., 2019). 

In addition, TNF-α is also an important mediator of early liver injury (Hoek & Pastorino, 
2002). However, it is well known that HS is an important environmental factor leading to 

liver injury. Therefore, elevated TNF-α levels in the liver or serum may lead to liver 
dysfunction (Li et al., 2023). Notably, IL-6 exhibits both pro- and anti-inflammatory 
properties, influencing both metabolic and inflammatory pathways (Su et al., 2013). 

Additionally, IL-6 impacts the tight junctions in the gastrointestinal tract, while TNF-α is 
known to increase intestinal permeability (Su et al., 2013). Furthermore, HS can trigger 

inflammation through the release of inflammatory markers, including IL-2, TNF-α, and IL-
4 (He et al., 2019). TLRs, particularly TLR4, serve as key biosensors for stress. TLR4 

activation can stimulate NF-κB, a central nuclear transcription factor in inflammatory and 
immune responses, influencing the expression of various inflammatory markers such as 

IL-6, TNF-α, and IL-1β (He et al., 2019). Previous studies have shown that HS increases 

the expression of both NF-κB and TLR4 (Cheng et al., 2019). Therefore, the activation of 
inflammatory signaling pathways may serve as a key factor in the disruption of innate 
immunity and the initiation of the inflammatory response during HS. 

2.3.3 Heat stress on barrier integrity in the gut 
HS-induced hypoxia impairs the balance of antioxidants and immune 

responses, resulting in epithelial damage and compromised barrier integrity (Lian et al., 
2020). The preservation of intestinal mucosal integrity is crucial for optimal nutrient 
absorption and preventing the paracellular passage of harmful antigens. Tight junction 
(TJ) proteins, which seal the spaces between adjacent epithelial cells, are particularly 
vulnerable to the effects of heat stress (Varasteh et al., 2015). The junctional 
transmembrane proteins, occludins (OCLN), claudins (CLDN), junctional adhesion 
molecules (JAMs), and tricellular interact with the intracellular scaffolding protein zona 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/claudin
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occludens (ZO), which is anchored to the actin cytoskeleton (Lee, 2015). However, 
oxidative damage caused by heat stress impairs digestion and absorption of nutrients in 
poultry (Mishra & Jha, 2019). Previous research has shown that HS significantly increases 
the expression of E-cadherin, claudin-1, claudin-5, and ZO-1 proteins in the small 
intestine of broilers. Furthermore, HS-induced upregulation of HSF-1 enhances occludin 
expression by binding to its promoter, thereby promoting its involvement in the 
junctional complex (Dokladny et al., 2008). Consequently, the elevated levels of HSPs 
may be linked to the increased mRNA levels of TJ proteins under HS conditions (Lian et 
al., 2020). In addition, HS compromises the gut barrier integrity, leading to increased 
intestinal permeability, which can trigger chronic systemic inflammation and reduce 
disease resistance in broilers (Zhang et al., 2022; Saracila et al., 2023). Also, studies have 
shown that HS can reduce the number of goblet cells in the intestinal mucosa of chickens 
(Yu et al., 2010) and mucin 2 mRNA levels (Pearce et al., 2014). The above studies 
indicate that HS induces intestinal dysfunction by changing TJ proteins, leading to 
increased pathogen invasion, increased susceptibility to the mucosa, and reduced 
nutrient absorption, thus causing growth retardation in broilers.  

2.3.4 Heat stress on heat shock protein in the gut 
HSPs are well-known stress response proteins and molecular chaperones. 

They safeguard cells by aiding in protein folding, repair, localization, and degradation. 
HSPs facilitate the production of proteins involved in highly conserved cellular response 
mechanisms under stress conditions (Zilaee et al., 2014). The most prevalent HSPs 
induced by HS are HSP70 and HSP90, which play crucial roles in cell protection. Among 
HSPs, the HSP70 family is the most conserved and abundant protein in organisms (Milarski 
& Morimoto, 1989). Under HS conditions, HSP70 is activated to eliminate denatured or 
misfolded proteins within cells, thereby enhancing cell viability and increasing resistance 
to heat stress (Bhat et al., 2016). HSP70 has been detected in the pectoral muscle, liver, 
heart, and lungs, with its concentration in the brain being 2 to 5 times higher than in 
other embryonic tissues. This suggests that the elevated expression of HSP70 in various 
embryonic tissues serves as an adaptive mechanism to mitigate stress conditions 
(Leandro et al., 2004). HSP expression serves as a potent antioxidant defense mechanism 
in the chicken intestine (Surai et al., 2019). However, under HS conditions, the 
overexpression of HSP70 did not influence intestinal morphology. Notably, a significant 
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correlation was observed between HSP70 expression and digestive enzyme activity in 
hens (Hao et al., 2012). In addition, Studies have found that inducing HSP70 expression 
can protect the intestinal mucosa from HS damage by increasing the activity of 
antioxidant enzymes, preventing lipid peroxidation, and enhancing the antioxidant 
capacity of broilers (Gu et al., 2012). The HSP90 family, a crucial group of chaperones 
downstream of HSP70, aids in the final structural maturation and conformational changes 
of proteins, thereby preserving homeostasis and cellular integrity under heat stress 
conditions (Dangi et al., 2014). It has been reported that HS increased HSP90 levels, which 
helps correct the folding, stability, and function of other proteins (Hong et al., 2013). In 
addition, HSP90 is involved in various cellular processes such as cell survival, cell cycle 
regulation, and other signal transduction pathways (Jackson, 2012). Calik et al. (2022) 
found that HS significantly upregulated HSP70, HSP90 levels in the jejunum of broilers. 
To sum up, the findings of the above studies, the enhanced expression of HSP70 and 
HSP90 is one of the important defense responses to avoid or cope with the adverse 
changes in protein function and structure caused by different stresses, effectively inhibiting 
lipid peroxidation, improving antioxidant capacity, and playing an important role in 
protecting the integrity of the intestinal mucosa from HS damage, thereby contributing to 
cell function under stress conditions. However, more research is needed to better 
understand the molecular mechanisms of HSP70 and HSP90 regulation in avian organisms. 

2.3.5 Heat stress on microbiota in the gut 
The gut microbiota plays a crucial role in providing nutrients from the diet 

and regulating both the digestive and immune systems; therefore, maintaining a healthy 
gastrointestinal microbiome is essential for animals (Obianwuna et al., 2024). Studies 
have shown that heat stress affects the structure of the intestinal flora, which may be a 
key factor in the health of host animals. The distribution of intestinal flora can also affect 
the host's stress response (Chen et al., 2021). HS altered the profile of the cecal 
microbiome, with increased abundances of Firmicutes and Tyzzerella, and decreased 
abundances of Bacteroidetes and the genera Bacteroides, Parabacteroides, and 
Romboutsia (Liu et al., 2020). Wang et al. (2018) reported that HS (31 ± 1 °C) significantly 

increased the α diversity (observed species, PD of the whole tree, and Chao 1) of the 
ileal microbiota of 42-day-old broilers. In addition, HS induces oxidative stress and 
produces excessive ROS, leading to an imbalance between endogenous antioxidant 
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defense mechanisms. Excessive ROS production can lead to the invasion of facultative 
anaerobic bacteria and cause membrane permeability damage (Tomasello et al., 2016). 
Fang et al. (2023) demonstrated that HS led to a reduction in the relative abundance of 
Firmicutes, while the abundance of Bacteroidetes also decreased. These findings 
indicate that heat stress disrupts the homeostatic balance of the intestinal microbiota. 
Dysbiosis refers to an imbalance in the intestinal microbiota, characterized by an 
overgrowth of harmful microorganisms or a reduction in beneficial bacteria, which 
disrupts the delicate equilibrium between the host and its gastrointestinal microbiota 
(Walker, 2017; Ducatelle et al., 2018). It is commonly linked to nutrient maldigestion, 
compromised intestinal barrier function, and gastrointestinal inflammation (Chen et al., 
2015). Despite the availability of advanced analytical methods for studying the 
gastrointestinal microbiota (Borda-Molina et al., 2018), the alterations in the structure, 
composition, and function of the microbiota in heat-stressed chickens are not yet fully 
understood (He et al., 2021; Liu et al., 2022). 

2.4 Effect of dietary vitamin C, vitamin E, selenium, L-carnitine, and their 
combined supplementation in poultry under heat stress conditions 
With the advancement of modern farming, the requirements for equipment and 

management technology are getting higher and higher, such as chicken houses, ventilation, 
cooling systems, and management technology have been greatly improved, which has a 
positive effect on poultry HS management. However, the high cost of this method and 
the rapid update rate of equipment make this technology not always feasible. Therefore, 
it is necessary to start from a nutritional strategy and consider inexpensive and nutritious 
antioxidant additives to alleviate HS in poultry. Therefore, during the HS, it is urgent to find 
efficient and feasible methods to enhance the technical effect, to alleviate or reduce the 
heat stress of poultry. At present, most studies have shown that different nutritional 
strategies can alleviate the negative effects of HS, thereby improving the breeding 
efficiency and production performance of poultry in high-temperature environments, such 
as supplementing the diet with plant-derived antioxidants (polyphenols, EGCG) minerals 
(selenium, zinc), vitamins (vitamin C, vitamin E), electrolytes, phytobiotics, probiotics, fats 
and amino acids can effectively relieve HS (Kumar et al., 2021; Calik et al., 2022). 
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2.4.1 Vitamin C 
Vitamin C, also known as L-ascorbic acid, is a water-soluble antioxidant 

compound that is usually synthesized in the liver and kidneys of poultry, but 
environmental stressors can affect its synthesis and utilization, supplementing vitamin C 
in poultry diets can help enhance immunity, which can scavenge ROS to prevent cellular 
damage caused by oxidative stress. Vitamin C may act as a co-antioxidant with other 
antioxidants by synergistic effects, to relieve HS. The antioxidant activity of vitamin E 
increased in the presence of vitamin C through reducing tocopheroxy radicals back to 
their active form of vitamin E (Calik et al., 2022). A number of studies have found that 
vitamin C supplementation of 150-500 mg/kg in broiler diets under high temperature 
conditions can effectively improve various production factors and growth performance, 
and reduce the expression of HSP70 (Farooqi et al., 2005; Attia et al., 2011; Kumar et 
al., 2017). Under HS conditions, the poultry's own endogenous synthesis of vitamin C is 
hindered, and the demand for vitamin C will increase at this time (Ghazi Harsini et al., 
2012). Furthermore, the authors found that vitamin C supplementation in the diets of 
heat-stressed layer hens improved laying performance and egg quality, significantly 
increased the length, width and diameter of intestinal crypts, and protected intestinal 
epithelial cells from HS caused oxidative damage (Ajakaiye et al., 2011). This indicates 
that higher concentrations of vitamin C in broiler diets can effectively combat HS. 

2.4.2 Vitamin E 

Vitamin E contains four tocopherols (α-、β-、γ- and δ-), of which α-
tocopherol is biologically active and able to meet the needs of animals. Vitamin E is a 
group of compounds containing both tocopherols and tocotrienols, which are the first 
line of defense against lipid peroxidation caused by HS in poultry, it is a biological 
antioxidant and free radical scavenger (Ajakaiye et al., 2011). Dietary supplementation 
with vitamin E at various levels (150–500 mg/kg) improved poultry performance (Ghazi 
Harsini et al., 2012), and reduced the negative effects of HS (Maini et al., 2007). 
Additionally, vitamin E increased the secretion of growth hormone, which may be 
responsible for improved growth performance (Khan et al., 2013). Habibian et al. (2014) 
reported that vitamin E supplementation increased the production of antibodies against 
different diseases in heat-stressed poultry, which improved their immunity. The literature 
showed that supplementation with vitamin E at an average concentration of 250 mg/kg 
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is a viable protective measure to reduce HS symptoms and the best possible broiler 
performance (Maini et al., 2007). Supplementation with 200 mg/kg vitamin E to grain 
could significantly increase the activity of SOD, CAT and GSH, and reduce the 
concentration of MDA in blood and liver of heat-stressed broilers (Calik et al., 2022). 
Vitamin E supplementation had positive effects on laying hens' egg production and egg 
quality (Ajakaiye et al., 2011). Sahin et al. (2006) found that supplementing 250mg/kg of 
vitamins in heat-stressed quail diets significantly improved growth performance, 
increased blood vitamins E and A concentrations, and decreased MDA concentrations. 

2.4.3 Selenium 
In recent years, the role of selenium (Se) in poultry nutrition has been 

studied more and more, especially the supplementation of selenium to reduce or 
alleviate the HS of poultry, because the main form of glutathione peroxidase is selenium-
dependent.  (Calik et al., 2022). In addition, Se can act as a cofactor of glutathione 
peroxidase and superoxide dismutase, play a major role in the antioxidant system, and 
can scavenge free radicals to protect poultry from HS damage (Shakeri et al., 2020). 
When dietary Se is deficient, poultry exhibit poor appetite and inefficient utilization, 
which negatively affects growth performance (Wasti et al., 2020). Studies have shown 
that supplementation of Se can increase the feed intake and body weight of heat-
stressed broilers and reduce the feed conversion ratio (Niu et al., 2009; Ghazi Harsini et 
al., 2012). In addition, supplementation with 0.2-1 mg/kg Se in poultry diets can improve 
heat stress-induced antioxidant status (Khoi et al., 2021). Supplementation with Se (0.3-
0.5 mg/kg) in heat-stressed broiler diets increased the activities of SOD and GPx and 
decreased MDA in serum (Xu et al., 2014). Sahin et al. (2008) found that 
supplementation with 0.3 mg/kg Se in heat-stressed quail diets improved growth 
performance and decreased serum and liver MDA concentrations. A study showed that 
supplementation with 0.3 mg/kg Se in diets of broiler chickens under HS increased the 

levels of TNF-α, IL-4, TNF-γ and IL-2 (Habibian et al., 2015). Moreover, nicotinamide 
adenine dinucleotide phosphate (NADPH) levels were elevated due to Se 
supplementation, which further promotes glutathione reductase activation, resulting in 
increased GSH-Px production (Zhao et al., 2018). 
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2.4.4 L-carnitine 
L-carnitine is a water-soluble product found in animals, plants, and 

microorganisms. It is synthesized from two important amino acids, lysine and methionine. 
In essence, L-carnitine plays an intermediary role in metabolism, promotes cell energy 
metabolism, regulates the concentration of coenzyme A in cytoplasm and mitochondria, 
and plays an important role in glycolipid metabolism. In addition, L-carnitine reduces 
liver toxicity and enhances antioxidant capacity (Abu-El-Zahab et al., 2019). Dietary 
supplementation with 100-160 mg/kg L-carnitine can improve heat-stressed broiler feed 
intake and feed conversion ratio, and reduce serum triglyceride and cholesterol levels 
(Kuter & Onol, 2021; Qiao et al., 2021). In addition, Supplementation with 100 mg/kg L-
carnitine reduced MDA in heart tissue of broilers raised under low temperature 
environment, and increased SOD and GSH-Px activities (Wang et al., 2013). In addition, 
supplementation with 50 mg/kg L-carnitine in the diet increased sheep red blood cell 
(SRBC) antibody titers in broiler chickens under HS (Rehman et al., 2017). Moreover, 
Yousefi et al. (2023) showed that dietary supplementation with 0.5g/kg L-carnitine 
increased average daily gain, reduced the concentration of MDA in serum and the depth 
of jejunal crypts in heat-stressed broilers.  

2.4.5 The combination of selenium with vitamin E, or vitamin C 
High temperature will affect the absorption of vitamins A, C, and E, and 

reduce the concentration of iron, zinc, and Se in tissues and blood; therefore, vitamins 
and trace elements should be supplemented in the diet at this time to maintain the 
normal requirements of the poultry body. However, based on the available literature, 
there is currently a limitation on the simultaneous supplementation of vitamins E, C, Se, 
and carnitine to alleviate HS in poultry. However, the combination of selenium with 
vitamin E, or with vitamin C, has been shown to have a positive facilitative effect in 
reducing the negative effects of heat stress in poultry. Studies have found that 
supplementing selenium and vitamin E (0.5mg/kg+250mg/kg) or (0.5mg/kg+150mg/kg) in 
heat-stressed broiler diets improved antibody responses to some diseases and improved 
performance production (FI, weight gain, and FCR) and antioxidant capacity (Ghazi Harsini 
et al., 2012; Habibian et al., 2014). In addition, Ajakaiye et al. (2011) reported that 
supplementation with 150 mg Vit C + 150 mg Vit E in heat-stressed layer diets significantly 
improved laying performance and egg quality. Supplementation with vitamin C (200 mg/kg 
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diet) and vitamin E (100 mg/kg diet) to broiler chickens diets increased total antioxidant 
capacity, SOD, and GPx enzyme activity under HS (Hosseini-Mansoub et al., 2010). Dietary 
supplementation with 15000IU Vit A + 30 mg Se increased feed intake and body weight 
and reduced feed conversion ratio and lipid peroxidation in heat-stressed broilers (Kucuk 
et al., 2003). In addition, Calik et al. (2022) found that supplantation with combination 
vitamins E (250 mg/kg) and Se (1 mg/kg) significantly downregulated the mRNA levels 
of HSPs in liver and jejunal tissues of the HS-challenged birds both on d 28 and d 35, while 

mRNA abundance of TLR2, TNFα, IFNγ, IL-1β, IL-10, and iNOS in the liver was significantly 
downregulated in birds fed the vitamin E, Se diet on d 35. Moreover, Lachnospiraceae FE2018 
and Ruminococcaceae NK4A214 groups were enriched in the vitamin E, Se birds on day 
35. The combination of vitamins E, C, and Se effectively reduces the impact of heat stress
on poultry, and the effect is better when these additives are used alone.

2.5 Mechanism of action of phytogenic compounds to mitigate oxidative 
stress and heat stress 
Phytogenic compounds can act in several ways to scavenge ROS. For example, 

Sandoval-Acuña et al. (2014) defined two kinds of ROS-scavenging activities: direct 
activities to scavenge ROS or indirect activities by inducing the synthesis of ROS-removing 
enzymes (e. g, SOD, CAT). Figure 2.2 schematically shows these activities. Polyphenols 
also have the ability to directly chelate transition metal ions, especially Fe2+ and Cu2+, 
which can generate highly reactive oxygen radicals (Karamać, 2009). 

It is generally known that HS can induce free radicals in the animal body, leading 
to oxidative stress and reduced production performance (Chauhan et al., 2021). The 
antioxidant properties of phytogenic additives can be attributed to their chemical 
structure, including the presence of hydroxyl groups attached to the benzene ring, which 
are good hydrogen donors (Saracila et al., 2021). In the case of polyphenols and flavonoids, 
it was reported that the B ring hydroxyl structure has a major role in the activity of free 
radical scavenging (Salehi et al., 2020). Polyphenols participate in the elimination of 
numerous ROS and RNS, such as hydroxyl radicals, peroxyl radicals, hypochlorous acids, 
superoxide anions, and proximities (Halliwell, 2006) by transferring the H atom from the 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/heat-shock-protein
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/tlr2
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/inducible-nitric-oxide-synthase
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/lachnospiraceae
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/ruminococcaceae
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OH group (polyphenols) or a single electron to the free radical or a transition metal ion 
(Sandoval-Acuña et al., 2014; Papuc et al., 2017) as shown in Figure 2.3. 

Phytogenic additives are rich in catechins, polyphenols, flavonoids and volatile 
oils, gallic acid, tannins, and flavonoids; this has been shown to alleviate the negative 
effects of HS (Chauhan et al., 2021). Most bioactive polyphenol compounds have been 
assessed partly through biological properties and bioavailability, especially strong radical 
scavenging activities for their antioxidant ability which is dependent on the quantity and 
quality of polyphenol compounds in each plant species that act as reducing agents, 
hydrogen donors, singlet oxygen quenchers, metal chelators and reductants of ferryl 
hemoglobin (Lee et al., 2016). Polyphenols elevate the expression of stress response 
proteins such as heat shock proteins and antioxidant enzymes, which can suppress ROS 
and interfere with many players of HS responses (Yin et al., 2021). Phytogenic 
compounds enhance the expression of antioxidant enzymes mainly by activating nuclear 
factor erythroid 2-related factor 2 (Nrf2) (Saracila et al., 2023). Normally, Nrf2 is combined 
with kelch-like epichlorohydrin-related protein 1 (Keap1) in the cytoplasm, where it is 
inactive at this time; however, after cells are treated with phytogenic additives, Nrf2 will 
separate from Keap1 and translocate to the nucleus, it plays a role in up-regulating the 
gene expression of antioxidant defense enzyme 1 (NQO1) and heme oxygenase 1 (HO1), 
thereby enhancing the expression of antioxidant enzymes, such as SOD, CAT, GSH-Px, 
GR, and GST, etc (Kurutas, 2015) (Figure 2.2 and 2.3). Firstly, SOD can scavenge O2

●- free 
radicals, and secondly, in the presence of CAT, H2O2 can rapidly decompose to produce 
active oxygen such as O2

●- and HO●, which scavenging free radicals; thirdly, glutathione 
peroxidase (the sulfhydryl group (-SH) in GSH-Px) provides reduced hydrogen, gives free 
radicals a paired electron, and makes free radicals lose their strong oxidative and erosive 
properties (Calik et al., 2022). Glutathione itself becomes the oxidation state of this 
disulfide bond, and then, through the reduced hydrogen, is converted into reduced 
glutathione, thus continuously circulating and continuing to exert its antioxidant effect 
(Georgiou-Siafis & Tsiftsoglou, 2023). On the other hand, due to the special molecular 
structure of the main active species, Fe2+ can be released by increasing the Fenton 
reaction to generate more OH● and H2O2 (Zhou et al., 2021). In addition, since the main 
active substances of phytogenic are polyphenols, polyphenols (Phen-OH) react with free 
radicals (R●) to generate active oxygen, including superoxide ions (O2

●-) and hydroxyl 
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radicals (OH●-), thus scavenging free radicals (Guo et al., 1999; Michalak, 2006) (Figure 
2.3). HSP (HSP70) reduces the release of oxygen free radicals and increases the activity 
of SOD, thereby scavenging free radicals (Figure 2.2). 

Figure 2.2  Potential mechanisms underlying the protective effect of polyphenols 
against heat stress (Saracila et al., 2021). 

Figure 2.3  Role of polyphenols in scavenging reactive oxygen species and stimulating 
antioxidant enzymes (Saracila et al., 2021). 
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2.6 Effects of phytogenic supplementation to mitigate the negative 
effects of heat stress in broilers. 
HS increased intestinal inflammation, oxidative stress, and reduced antioxidant 

and immune markers in broilers. Phytogenic antioxidants in the diet help alleviate 
stress in broilers. Under stress, phytogenic antioxidants contain bioactive components 
that can improve immunity, antioxidant capacity, enhance gut microbiota and health, 
and reduce oxidative/inflammatory pathways (Yang et al., 2021; Reith et al., 2022), 
making animals more resistant to external stress (Al-Garadi et al., 2023). Previous 
studies found that most phytogenic antioxidant substances are mostly supplemented 
in both broiler and laying hen diets under HS and improved the total antioxidant 
capacity (T-AOC), GSH, GSH-PX, SOD and CAT, while lipid peroxidation, MDA and nitric 
oxide (NO) reduced in blood and tissues (El-Maaty et al., 2014; Hosseini-Vashan et al., 
2016; Ibtisham et al., 2019; Reis et al., 2019). Studies have shown that the 
supplementation with Artemisia annua (0.75-1.25 g/kg) significantly increased body 
weight, reduce oxidative stress biomarkers (MDA, corticosterone), and improved liver 
function (aspartate aminotransferase [AST] and alanine aminotransferase [ALT]) and 
antioxidant capacity (Wan et al., 2017). Olive oil or its leaf extract enhanced the health 
and redox status balance of chickens by increasing plasma SOD levels and decreasing 
MDA content (Lee et al., 2016). In addition, Fatima et al. (2022) explored the effect of 
fennel seeds (20-25 g/kg) on improving growth, antioxidant status, carcass characteristics, 
and immune responses in broiler chickens under HS conditions. Likewise, Khalil et al. 
(2020) demonstrated that supplementation with thyme essential oil (150 or 200 mg/kg) 
in broilers' diets resulted in enhanced growth performance, improved immune 
function, and favorable alterations in blood metabolites. Moreover, it contributed to a 
reduction in stress-related biomarkers, including corticosterone and malondialdehyde 
(MDA), under HS conditions. The beneficial impact of rosemary on productivity and the 
health of broilers under stress conditions can be ascribed to its potential to augment 
antioxidant activity (Hosseinzadeh et al., 2023), regulate the composition of intestinal 
microbiota (Liu et al., 2022), enhance intestinal morphology, boost immune function 
(Rostami et al., 2018), and improve plasma biochemical parameters in broilers (Torki 
et al., 2018). Mirzaei et al. (2023) found that fennel nanoemulsion significantly 
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improved the antioxidant capacity and immunity of stressed broilers. At the same time, 
it also led to a decrease in Escherichia coli levels and an increase in the levels of 
beneficial bacteria such as Lactobacillus. Song et al. (2017) showed that 
supplementation with 1 g of Artemisia annua to heat-stressed broilers (34 ± 1°C) 
reduced plasma diamine oxidase (DAO) activity, HSP70 mRNA expression, and TLR-4, 

IL-6, IL-1β, and IFN-γ expression in intestinal tissues. In the intestinal mucosa, mature 
epithelial cells showed higher oxidase activity. Moreover, rosemary modulates 
intestinal microbiota (Liu et al., 2022), improves intestinal morphology, and enhances 
immune activity (Rostami et al., 2018), which may be attributed to its enhanced 
antioxidant activity (Hosseinzadeh et al., 2023). Phytogenics have demonstrated 
potential in mitigating the negative effects of HS in chickens by promoting gut health, 
preserving microbiota balance, attenuating inflammatory and oxidative stress 
pathways, enhancing immune function, boosting antioxidant capacity, and improving 
production performance. Nonetheless, additional research is required to explore the 
molecular mechanisms underlying phytogenics, as well as the interactions between 
their active components, gut microbiota, and the gut barrier. These studies may 
enhance broiler welfare and foster a more sustainable and efficient poultry industry. 
The supplementation of phytogenic substances to broilers to mitigate the negative 
effects of HS is summarized in Table 2.2.
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Table 2.2 Effects of phytogenic supplementation to mitigate the negative effects of heat stress in broilers. 
Spices and 
Conditions 

Phytogenic substances Results Bioactive Compounds and 
References 

Broilers, TN (24°C, 50% 
RH), HS (36°C, 78% RH, 
2 h/day) for 0 days 

Basal diets (control) 
Basal diets (HS) 
PFA-C 250 ppm (encapsulated 
essential oils, dried herbs and 
spices, saponins, and anticaking 
agents) under HS 
PFA-C 400 ppm (encapsulated 
essential oils, dried herbs and 
spices, saponins, and anticaking 
agents) under HS 

PFA 250 upregulated the expression of 
SOD1 and downregulated GPX-3, but 
was unchanged for PFA-C400. PFA 400 

decreased TNFα levels. 
HSP and HSF were unaffected by PFA. 
Total antioxidant capacity, MDA 
content was increased by HS, but 
were unchanged for PFA. Expression 
of IL-18 is unaffected by PFA. 

Phenolic compounds  
PFA-C exhibited a significantly 
higher antioxidant capacity. 
8.9- and 15.5-fold increase for 
PFA-C250 and PFA-C400, 
respectively. 
(Greene et al., 2021).  

Broilers, TN (21°C, 55% 
RH),  
HS (34°C, 55% RH, 
4h/day) for 28 days  

Basal diets (control) 
Basal diets (HS) 
3% Dried tomato pomace DTP 
under HS  
5% Dried tomato pomace DTP 
under HS 

Enhanced GSP-PX and SOD  
Reduced MDA in plasma by 5% DTP 

3 and 5% of DTP contains 420 
and 708 mg lycopene/kg diet, 
respectively. (Hosseini-Vashan 
et al., 2015). 
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Table 2.2 (continued). 
Spices and 
Conditions 

Phytogenic substances Results Bioactive Compounds 
and References 

Broilers, HS (32±2°C, 
50±5% RH 24h/day) 
for 14 days 

Basal diets (control) 
Basal diets (HS) 
50 (R1) and 100 (R2) mg/kg of 
rosemary leaves extract (RLE) under HS 
50 (O1) and 100 (O2) mg/kg of 
oregano leaves extract (OLE) under 
HS 

Total lipids and LDL-cholesterol levels 
decreased in the R2 and O2 groups. 
Total antioxidant capacity increased in 
the R1 and R2 groups. 
The mRNA expression of HSP70 and 
HSP90A was downregulated in R1, R2, 
O1, and O2 groups. 

Ferruginol, triterpenoid 
diterpenoid, 
sesquiterpene, 
eucalyptol, camphor, 
and monoterpenoids. 
(Madkour et al., 2024). 

Broilers, TN (24°C, 
55% RH), HS (35°C, 
50-60% RH 8h/day)
for 28 days

Basal diets (control) 
Basal diets (HS) 
Mixture of thymol and carvacrol (60, 
100, and 200 mg/kg) under HS 

The addition of this mixture 
improved the GPx and SOD, 
pancreatic enzymes (trypsin, lipase, 
and protease) and immune markers. 

Thymol, carvacrol, resin, 
tannins, steroids, 
saponins, flavonoids, and 
alkaloids.  
(Mahasneh et al., 2024). 

Broilers, TN (22°C 24 
h/day), HS (33°C, 60-
70% RH 10h/day) for 
21 days  

Basal diets (control) (TN) 
Basal diets (HS) 
Inclusion of 400 mg/kg resveratrol 
under HS 

The HS+ resveratrol increased serum 
IgY, IgA, and IL-10 contents, while 

lowering splenic TLR4, TNF-α, IL-1β, 

and NF-κB mRNA levels. 

Resveratrol, extracted 
from a variety of plants. 
(Li et al., 2023). 
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Table 2.2 (continued). 
Spices and 
Conditions 

Phytogenic substances Results Bioactive Compounds and 
References 

Broilers, TN (22-28°C), 
HS (32-38°C, 60-80% 
RH)  

Basal diets (control) (TN) 
Basal diets (HS) 
HS+1% Ginger powder 
HS+0.332% Herbal medicine 
HS+0.1% Ginger powder + 0.332 g/kg 
Herbal medicine 

Improved SOD, NO, T-AOC, MDA, and 
GSH-PX in serum by supplemented 
groups 
Improved CAT in serum by HS + 
Chinese herbal medicine and ginger 
powder + Chinese herbal medicine 

Ginger: gingerol, gingerdione, 
and shogaols; Chinese herbal 
medicine: vitamins, lipids, 
amino acids, proteins, trace 
elements. 
(Ibtisham et al., 2019). 

Broilers, TN (22°C), HS 
(34°C, 50-60% RH 8h/ 
day) for 20 days 

Basal diets (control) (TN) 
Basal diets (HS) 
HS+1 g/kg Artemisia annua (EA)  

EA decreased the expression of 

HSP70, TLR4, IL-6, IL-1β, and INF-γ in 
the intestine, whereas it increased 
jejunal zonula occludens-1 and 
occluding. 

 Artemisia annua contains 
antioxidant compounds such as 
flavonoids and phenolics. 
(Song et al., 2017). 

Broilers, TN (24°C), HS 
(34°C, 60% RH 4h/ 
day)  

Basal diets (control) (TN) 
HS+ probiotics 2 g/kg (PRO) 
HS+ clove essential oil 300 mg/kg (CEO) 
HS + PRO and CEO (PC) 

decrease in TNF-α in all 
supplemented groups compared with 
the control. SOD and GPx levels were 
elevated and the MDA level value 
decreased. 

The probiotic mixture 
Lactobacillus Acidophilus and 
Bacillus Subtilis.  eugenol, gallic 
acid, catechin. (Elbaz et al., 
2023). 
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Table 2.2 (continued). 
Spices and Conditions Phytogenic substances Results Bioactive Compounds and 

References 
Broilers, TN (28°C), HS 
(35°C, 70% RH 12h/ day) 

Basal diets (control) (TN) 
HS+Epigallocatechin-3-gallate 
(EGCG) 0 mg/kg 
HS+EGCG 300 mg/kg 
HS+EGCG 600 mg/kg 

Supplemented with EGCG increased 
VH, VH/CD (V/C), and the activities of 
GSH-Px, SOD and CAT, and decresed 
the crypt depth and MDA content. 
Supplementation increases the gene 
expression of Nrf2, Claudin-1, and 

Mucin 2, and reduces the NF-κB. 

Epigallocatechin-3-gallate of 
green tea. 
(Song et al., 2019). 

Abbreviation: TN, thermoneutral condition; HS, heat stress condition; PFA, phytogenic feed additive; SOD1, superoxide dismutase 1; GPX-
3, glutathione peroxidase-3; HSP, heat shock proteins; HSF, heat shock factors; MDA, malondialdehyde; IL-18, interleukin-18; TLR4, toll-

like receptor 4; TNF-α, tumor necrosis factor alpha; IL-1β, interleukin-1 beta; NF-κB, nuclear Factor kappa B; NO, nitric oxide; T-AOC, 

total Antioxidant Capacity; CAT, catalase; INF-γ, interferon-γ; Nrf2, nuclear factor-erythroid 2-related factor 2. 
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2.7 The application of the transcriptomic technique in animal research 
 The study of transcriptomes (RNA-seq)-the complete set of RNA molecules 

transcribed in an organism-provides insight into gene expression, regulation, and 
cellular processes. In recent years, RNA-seq (Nagalakshmi et al., 2008), a methodology 
for RNA profiling based on next-generation sequencing (NGS) (Shendure & Ji, 2008), is 
replacing microarrays for the study of gene expression. In animal research, 
transcriptomics technologies have facilitated the comprehensive analysis of gene 
activity under different conditions, such as disease states, environmental stressors, and 
genetic mutations (Qian et al., 2014). This has proven instrumental in understanding 
complex biological phenomena that are difficult to elucidate with traditional genomic 
approaches. Recent advancements in transcriptomics technologies, including RNA-Seq, 
microarray-based techniques, and single-cell sequencing, have significantly enhanced 
the scope and depth of animal research. Transcriptome sequencing has been used in 
several species, including poultry, cattle, and pigs, to identify genes that play key roles 
in responses to different conditions (Coble et al., 2014; Srikanth et al., 2017). RNA-seq 
has become the gold standard for transcriptomic analysis due to its ability to generate 
highly accurate and detailed gene expression profiles. Unlike microarrays, RNA-Seq 
does not rely on pre-existing knowledge of the genome and can identify novel 
transcripts, alternative splicing events, and rare RNA species. Studies utilizing RNA-Seq 
in animal models have provided critical insights into the molecular mechanisms 
underlying various physiological processes and diseases (Wang et al., 2009). Studies 
have used RNA-seq to investigate gene expression profiles in response to avian 
influenza (AI) and Newcastle disease (ND), providing insights into the molecular 
mechanisms of immunity in chickens (Wang et al., 2014). By profiling immune-related 
genes, researchers have been able to identify genetic markers associated with 
resistance to these diseases. In addition, RNA-seq analysis in poultry has also been 
used to study muscle development and fat deposition. For instance, the differential 
expression of genes involved in myogenesis and adipogenesis has been studied to 
identify potential targets for improving meat yield and quality in broilers  (Malila et al., 
2022). Transcriptomic studies in dairy cattle have provided insights into the molecular 
basis of lactation. RNA-Seq has been employed to investigate gene expression in 
mammary tissue during different stages of lactation, identifying key regulatory genes 
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involved in milk synthesis and secretion (Seo et al., 2016). This information has led to 
a better understanding of factors affecting milk yield and quality. Previous studies using 
RNA-Seq have revealed that genes such as FLNC, COL1A1, NRAP, SMYD1, TNNI3, CRYAB 
and PDLIM3 played vital roles in the muscle growth, and genes such as CCDC71L, LPIN1, 
CPT1A, UCP3, NR4A3 and PDK4 played dominant roles in the lipid metabolism in 
Shaziling pigs (Zheng et al., 2024). Moreover, RNA-seq is also used in the animal models 
field, animal models are indispensable in understanding the molecular mechanisms of 
diseases such as cancer, neurological disorders, and metabolic diseases. For instance, 
RNA-Seq has been used to investigate the gene expression alterations in mouse models 
of Alzheimer’s disease, offering new targets for therapeutic intervention (Wan et al., 
2020). Similarly, transcriptomics has been used to uncover genetic factors involved in 
obesity and type 2 diabetes in rodent models (Agueda-Oyarzabal et al., 2025). 
However, one of the major challenges in transcriptomics is the sheer complexity of the 
data. For example, integrating transcriptomic data with other omics technologies 
(proteomics, metabolomics) remains a significant hurdle in comprehensive systems 
biology studies (Jendoubi, 2021). Despite its advantages, RNA-Seq is still associated with 
several technical challenges, such as bias in transcript quantification, particularly for 
low-abundance transcripts. As transcriptomics technologies continue to evolve, several 
advancements hold promise for the future of animal research. These include 
improvements in single-cell sequencing, better integration of multi-omics data, and 
advancements in spatial transcriptomics that allow the mapping of gene expression 
within intact tissues (Kleino et al., 2022). 

2.8 Transcriptome responses to heat stress for gene marker identification 
in poultry research 
HS can induce a change in the physiology and metabolism of poultry. In response 

to HS, poultry activate various stress response mechanisms at the molecular level, 
including changes in gene expression, protein synthesis, and metabolic pathways. 
Transcriptomics, the study of the complete set of RNA transcripts, has provided 
valuable insights into these molecular responses. Transcriptome analysis based on 
RNA-seq can contribute to an improvement in the current understanding of the 
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molecular and functional mechanisms of physiological changes in poultry exposed to 
HS conditions. Previous studies using RNA-seq have shown that HS leads to increased 
expression of genes related to various nutrient metabolism and HSPs in the liver of 
poultry (Xie et al., 2014). By sequencing the RNA content of cells under stress 
conditions, RNA-Seq allows for the identification of differentially expressed genes 
(DEGs), alternative splicing events, and the characterization of non-coding RNAs that 
contribute to stress responses (Wang et al., 2009). In poultry, RNA-Seq has been used 
to investigate the transcriptional changes in various tissues, including the liver, small 
intestine, muscle, and brain, under heat stress (Kim et al., 2022; Wu et al., 2024; Zhu 
et al., 2025). HS induces the upregulation of HSPs, which act as molecular chaperones 
to protect cellular proteins from denaturation. The transcriptomic analysis of broilers 
and breeder hens in jejunal mucosa under HS has highlighted key HSPs, including HSP40 
(DNAJA1), HSP70 (HSPA2 and HSPA8), HSP90 (HSP90AA1), and HSP110, as important 
markers of heat stress tolerance (Kim et al., 2022; Zhu et al., 2025). It has been reported 
that genes related to immune responses and glutathione metabolism in the small 
intestine are affected by HS.  Kim et al. (2022) found that upregulated glutathione-S-
transferases (GSTA3 and GSTA4) and downregulated interleukin-1 beta (IL1B) and 
interleukin-1 receptor type 2 (IL1R2) in the jejunal mucosa of heat-stressed broilers, 
which suggests that HS conditions may impair mucosal integrity and functions and 
decrease the immune systems. Moreover, RNA-seq analysis between native and 
commercial chicken breeds to HS response found that the expression of PT1A and 
ANGPTL4 genes in native chickens, and HSP90B1 and HSPA5 genes in commercial 
chickens could be potential candidate genes involved with HS. These genes exhibited 
enriched pathways related to metabolic activity and inflammatory reactions (Barreto 
Sánchez et al., 2022). Hosseinzadeh & Hasanpur (2023) found that under acute HS, the 
endoplasmic reticulum chaperone complex (HSPA5, SDF2L1) was inhibited, and SSR1 
and SEC23B genes were downregulated, suggesting that acute HS may lead to protein 
structure disruption, protein binding, protein transport, protein formation, and 
degradation of misfolded proteins. Furthermore, transcriptome analysis in the jejunal 
mucosa in breeder hens under thermoneutral (23°C) and HS (36°C for 6 h) indicated 
that the DEGs of HSPA2, DNAJA4, HSP90AA1, PDK4, SLC10A2, PPARA, and CD36 were 
associated with steroid biosynthesis, steroid hormone biosynthesis, protein processing 
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in endoplasmic reticulum, the peroxisome proliferator-activated receptor signaling 
pathway, and the adipocytokine signaling pathway, which contribute to a deeper 
understanding of the jejunal mucosal response in breeder hens to acute HS (Zhu et 
al., 2025). Therefore, transcriptome sequencing provides a powerful tool to analyze the 
molecular mechanism of poultry that are exposed to HS conditions, and RNA-seq 
analysis identified key pathways and candidate genes that can be used as indicators to 
monitor acute or chronic HS responses in poultry and may provide strategies for the 
development of heat-resistant strains. 
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CHAPTER III 
TRANSCRIPTOME ANALYSIS OF JEJUNAL MUCOSAL TISSUE IN 

BREEDER HENS EXPOSED TO ACUTE HEAT STRESS 

3.1 Abstract 
Heat stress (HS) severely compromises intestinal barrier function in poultry, 

resulting in significant production losses. This study aimed to explore the molecular 
response of the small intestine to acute HS in breeder hens. Fifty 28-week-old heat-
sensitive breeder hens were raised individually in a cage and randomly assigned to 
control and heat-treated groups (25 hens each). Control group hens were maintained 
at thermoneutral conditions (23°C), and heat-treated group hens were subjected to 
acute HS (36°C for a 6-hour). The heart rate and cloacal temperature were measured 
in all hens. The jejunal mucosa tissues were collected from 12 randomly selected hens 
per group for transcriptomic analysis. The acute HS induced significant physiological 
alterations, with a marked increase in the heart rate and cloacal temperature in hens 
(P = 0.001). Transcriptome analysis revealed 138 genes with altered expression patterns 
under acute HS conditions. Of these, 75 genes, including heat shock proteins (HSPs), 
showed upregulated expression, while 63 genes, including a key bile acid transport 
molecule (SLC10A2), exhibited downregulated expression. Functional analysis through 
gene ontology classification, pathway mapping via the Kyoto encyclopedia of genes 
and genomes, and protein interaction networks identified several important regulatory 
genes in thermal response (HSPA8 and HSPA2), energy homeostasis and fat metabolism 
(PDK4, PPARA, and CD36), glucose transport (SLC2A5), and cholesterol synthesis 
pathway (SQLE, CYP51A1, and HSD17B7). The following genes were identified as 
candidate biomarker genes in the jejunal mucosa for HS response: HSPA2, HSPB9, IL-
18BP, and CD36. Moreover, for the antioxidant trial, one hundred 33-week-old HS hens 
were randomly assigned to thermoneutral (TN; 23 °C); or heat stress (36 °C, 4 h/d from 
week 38 to 52) rooms, with four groups (25 hens each): T1) basal diet in TN zone; T2) 
basal diet under heat stress; T3) basal diet supplemented with synthetic antioxidants 
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under heat stress; and T4) basal diet supplemented with phytogenic antioxidants under 
heat stress. Results showed that either synthetic or phytogenic antioxidant 
supplementation increased the expression of CD36 while decreasing HSPB9, HSPA2, 
and IL18BP in the jejunum of HS hens compared to the heat stress group without 
supplementation (P < 0.05). This study provides insights into the molecular 
mechanisms of heat stress on intestinal function and identifies candidate genes that 
can be targeted by antioxidants to alleviate the effects of heat stress in poultry. 

 
Keywords: Breeder hen, Acute heat stress, Jejunal mucosa, Transcriptome, Dietary 

antioxidant. 

 
3.2 Introduction   

Heat stress (HS) has emerged as an important issue in the poultry production 
industry (Gregory, 2010). HS can be categorized into acute and chronic HS, depending 
on its duration and severity (Saeed et al., 2019). HS adversely affects poultry health 
and performance by impairing development, feed efficiency, reproduction, gut health, 
and immune function, often resulting in high mortality (Kumar et al., 2012; Kim et al., 
2023). The intestine is sensitive to various types of stress, including HS (Tellez Jr et al., 
2017). Chronic HS disrupts the morphology and integrity of the small intestine, resulting 
in reduced jejunal weight, length, and villus height (Garriga et al., 2006), and causes 
systemic inflammation and infection (Elnesr and Abdel-Azim, 2023). Chronic HS can 
induce changes in the intestinal mucosal barrier, increase intestinal permeability, and 
reduce the activity of digestive enzymes such as lipase and trypsin, thereby impairing 
digestion and absorption (Song et al., 2018; Al-Zghoul et al., 2019). These changes were 
also observed in the jejunum of heat-stressed chickens following acute HS. However, 
the molecular mechanisms underlying the jejunal mucosal damage caused by acute 
HS remain unclear. 

At the molecular level, cells coordinate several mechanisms to protect 
themselves from the harmful effects of HS. Heat shock proteins (HSPs) are induced in 
response to HS to protect cells and cellular proteins (Archana et al., 2017). The HSP 
family consists of molecules ranging in size from 10 kDa to more than 100 kDa (Jee, 
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2016). HSP110 has an immune and protein-folding function (Chen et al., 2018). HSP90 
is a family of highly conserved molecular chaperones that play critical functions in 
signal transduction, protein folding, degradation, and morphological evolution (Wegele 
et al., 2004). HSP70 is activated and removes the denatured or abnormal proteins in 
the cell, which could improve cell viability and its resistance to HS (Bhat et al., 2016). 
HSP60 forms a hetero-oligomeric complex that assists in protein assembly (Zuo et al., 
2016). HSP40 is derived from the DnaJ protein family and works as an HSP70 
cochaperone (Hageman et al., 2010). Small heat shock proteins, i.e., HSP25 and HSP27, 
are ATP-independent chaperones that bind unfolded proteins and require HSP70 for 
complete refolding during large-scale unfolding (Hwang et al., 2016; Mackei et al., 2021). 
Among them, HSP70 and HSP90 have been well-studied and are known for their roles 
in protecting and repairing cells and tissues (Gu et al., 2012; Arnal and Lalles, 2016). 
Similar to HSPs, the expression of genes responsible for nutrient transport and lipid 
metabolism is also affected by HS (Goel et al., 2021). For instance, chronic cyclic HS 
has been shown to downregulate glucose transporter (GLUT) 2, 10, 11, and 12 in the 
jejunum of modern broilers while increasing GLUT1, 5, 10, and 11 expressions in wild 
jungle fowls (Abdelli et al., 2021). Previous studies have also demonstrated the 
decreased expression of GLUT2, the cluster of differentiation 36 (CD36), and fatty acid-
binding protein 1, which are crucial for glucose and lipid transport in the jejunum of 
broiler chickens under periodic heat exposure (Sun et al., 2015). However, to the best 
of our knowledge, no study has examined the changes and interactions of these genes 
using genome-wide transcripts in breeder hens exposed to acute HS. 

Various nutritional strategies have been explored to mitigate heat stress effects 
on chickens (Saeed et al., 2019). Vitamins C and E, selenium (Se), L-carnitine, and 
phytogenic help reduce cellular damage and against heat stress (Surai et al., 2018). The 
combined supplementation of Se and vitamin E in broilers exposed to high 
temperatures enhances jejunal tissue accumulation of Se and vitamin E, which in turn 
reduces the expression of HSP90, HSP70, and HSP60 mRNA (Kumbhar et al., 2018). In 
addition, L-carnitine demonstrated antioxidant and anti-inflammatory effects and 
enhanced intestinal histology (Agarwal et al., 2018). Camellia sinensis (green tea) with 
its primary antioxidant catechins and Syzygium aromatum (clove) rich in eugenol 
inhibits the activation of nuclear factor-kB in response to various inflammatory stimuli, 
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which suppresses various pro-inflammatory cytokines expressions (Liu et al., 2020; Pasri 
et al., 2023; Saracila et al., 2023). Our previous study revealed that both synthetic 
antioxidants (a combination of vitamin E, vitamin C, Se, and L-carnitine) and phytogenic 
antioxidants (a combination of clove, green tea pomace, and Vietnamese coriander) 
downregulated HSP70 and HSP90 mRNA expressions in the liver of breeder hens under 
heat stress (Pasri et al., 2024). However, the role of these antioxidants in gut health 
and production, along with the underlying mechanism in heat-stressed chickens, is not 
completely explored. 

Transcriptome sequencing technology (RNA-seq) can accurately and efficiently 
obtain almost all transcripts of specific tissues and reveal subtle changes in the 
differential expression of each gene in the tissue (Haas and Zody, 2010), which allows 
the identification of key genes and molecular regulatory mechanisms. Using RNA-seq, 
a previous study found that genes related to immune responses, glutathione 
metabolism, defense systems, and xenobiotic detoxification were differentially 
expressed in the jejunal mucosa of chronic heat-stressed broilers (Kim et al., 2022). 
Therefore, the current study used RNA-seq to analyze the transcriptome of the jejunal 
mucosa of breeder hens subjected to acute HS, and tracking expression changes of 
selected candidate genes in heat-sensitive breeder hens supplemented with dietary 
antioxidants under HS conditions. The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analysis highlighted several significant pathways, including steroid biosynthesis, 
steroid hormone biosynthesis, protein processing in endoplasmic reticulum, the 
peroxisome proliferator-activated receptor (PPAR) signaling pathway, and the 
adipocytokine signaling pathway. Protein-protein interaction network analysis involves 
two large networks: one containing several upregulated HSPs and genes related to 
energy homeostasis and fat metabolism (pyruvate dehydrogenase kinase 4 [PDK4], 
peroxisome proliferator-activated receptor alpha [PPARA], and CD36) and solute carrier 
family 2 member 5 (SLC2A5), known as a glucose transporter, and the other containing 
downregulated genes related to cholesterol biosynthesis. These findings provide a 
scientific basis for understanding the potential molecular mechanisms by which acute 
HS affects intestinal health. These insights offer valuable clues for developing strategies 
to mitigate HS in chickens. 
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3.3 Materials and methods 
3.3.1 Ethics statement 

The experiments were carried out at the Suranaree University of 
Technology (SUT) farm according to the approved protocol by the Animal Care and 
Use Committee of SUT, Thailand (document no. SUT-IACUC-012/2020).  

3.3.2 Housing, birds, and sample collection 
This study consists of two interconnected experimental trials, the first 

focusing on transcriptomic analysis to examine the gene expression responses to HS 
in heat-sensitive breeder hens, and the second investigating the effects of 
antioxidant supplementation on modulating gene expression alterations induced by 
HS in heat-sensitive breeder hens. 

Trial 1: Transcriptomic study, a total of fifty 22-week-old SUT breeder 
hens, a synthesized line developed for producing Thai indigenous crossbred chickens, 
raised at the SUT farm, were used. Prior to the start of the experiment, the hens were 
individually housed in wire cages measuring 45 × 40 × 40 cm³ (width × length × height) 
and were adapted to a controlled temperature of 23 ± 1°C for 6 weeks. All hens were 
provided with a daily feed allowance of 140 g, formulated following the guidelines of 
the National Research Council (1994) and Aviagen (2016) (containing 2,800 kcal of 
metabolizable energy/kg and 15% crude protein), and were maintained on a 16-hour 
light cycle daily, with water available ad libitum. At 28 weeks of age, the hens were 
randomly divided into control and heat-treated groups, each consisting of 25 hens, 
using a completely randomized design. In the control group, the hens were raised at 
23 ± 1°C with 40–70% relative humidity in an air-conditioned room ([TN] condition), 
while in the heat-treated group, the hens were exposed to HS (i.e., 36 ± 1°C with 67% 
relative humidity) for 6 hours (HS condition). The HS conditions were determined using 
the temperature–humidity index (Duangjinda et al., 2017), and the heat-treated groups 
experienced the HS condition only once. After the hens were exposed to HS for 6 
hours, the cloacal temperature and heart rate were measured in both groups. 
Subsequently, 12 hens in CS and HS conditions were selected and euthanized by 
severing the vein in the neck and dissecting them to collect jejunal mucosa tissues. 
These tissues were collected into RNA protect tissue tubes (Qiagen, Duesseldorf, 
Germany), which were snap-frozen in liquid nitrogen and stored at −80°C until RNA 
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extraction. The results of the transcriptomic analysis in trial 1 will inform the 
subsequent antioxidant study, exploring how dietary antioxidants may modulate these 
marker gene expression changes in heat-sensitive hens. 

Trial 2: Antioxidant study, 100 SUT female breeder hens (33 weeks of age) 
were housed individually in cages and randomly assigned to four treatment groups, 
each consisting of 25 hens, and acclimated for 5 weeks in a TN (23±1°C) room. Group 
1 was maintained in a TN room, while groups 2, 3, and 4 were exposed to an HS room 
for 4 hours daily. The experimental diets were as follows: T1) basal diet under TN, T2) 
basal diet under HS, T3) basal diet supplemented with combined synthetic antioxidants 
(200 mg of vitamin C/kg, 150 mg of vitamin E/kg, 0.30 mg of Se yeast/kg, and 150 mg 
of carnitine/kg) under HS and T4) basal diet supplemented with 1% phytogenic 
antioxidants (a mixture of clove, green tea pomace, and Vietnamese coriander powder) 
under HS. All hens were provided 140 g of feed (15% crude protein, 2800 kcal 
metabolizable energy/kg), as outlined in Table 3.1, with 16 hours of light per day and 
ad libitum access to water throughout the experimental period (38−52 weeks of age). 
At the end of the experiments, all breeder hens were euthanized after exposure to 
36ºC heat for 4 hours. Jejunal mucosal tissue was immediately collected in liquid 
nitrogen and stored at −80°C for subsequent gene expression analysis. This connection 
between the results of the transcriptomic study and the antioxidant study allows us 
to investigate the potential of antioxidant interventions in improving HS tolerance by 
targeting key genes involved in heat-induced cellular damage, gut health, and nutrient 
absorption. Thus, the antioxidant supplementation in trial 2 serves as a strategic 
intervention to address the molecular disruptions identified in trial 1. 
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Table 3.1 Ingredients and chemical composition of the basal diet for trial 2. 
25-50 weeks of age After 50 weeks of age

Ingredients (%) 
  Corn 64.60 63.50 
  Soybean meal, 44 %CP 18.20 16.52 
  Full-fat soybean meal 6.70 9.00 
  Calcium carbonate 8.50 8.90 
  Monocalcium phosphate 0.94 1.00 
  Salt 0.41 0.44 

DL-methionine 0.135 0.134 
L-lysine - - 
L-threonine - - 
1Premix 0.521 0.521 

Calculated compositions (%) 
  Metabolizable energy (kcal/kg) 2,800 2,800 
  Calcium 3.51 3.71 
  Total Phosphorus 0.53 0.54 
  Available phosphorus 0.31 0.32 
  Digestible lysine 0.70 0.70 
  Digestible methionine 0.35 0.35 
  Digestible methionine + Cystine 0.57 0.57 
  Digestible threonine 0.50 0.50 
Analyzed compositions (%) 
  Dry matter 93.06 93.10 
  Crude protein 16.02 16.20 
  Crude fiber 3.06 3.04 
  Ash 11.08 11.66 
  Ether extract 3.35 4.49 

1Premix for breeder hens (0.52%) provided the following (per kg of diet) by withdrawing 
vitamin E and Se; vitamin A, 15,000 IU; vitamin D3, 3,750 IU; vitamin K3, 5 mg; vitamin 
B1, 2 mg; vitamin B2, 9.8 mg; vitamin B6, 4 mg; vitamin B12, 25 mg; pantothenic acid, 
11.04 mg; nicotinic acid, 35 mg; folic acid, 1 mg; biotin, 15.5 µg; choline chloride, 250 
mg; Cu, 2.1 mg; Mn, 84 mg; Zn, 66.5 mg; Fe, 80 mg; I, 1.2 mg. 
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3.3.3   Extraction of total RNA for transcriptome analysis 
Total RNA was isolated from the jejunal mucosal tissue using the RNeasy 

Mini Kit (Qiagen, Hilden, Germany) and purified using a QIAamp spin column (Qiagen), 
according to the manufacturer’s instructions. The purified RNA concentration was 
measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA), and the quality was checked using 1% agarose gel electrophoresis with 
0.5×TAE as a buffer and an electric current of 100 V for 25 min. Three RNA pools were 
generated for each condition group from 12 hens, with each pool consisting of four 
individual jejunal mucosa samples. The pooled samples were utilized to create an 
RNA-seq library. The capillary electrophoresis with a QIAxcel Connect (Qiagen) was used 
to evaluate RNA integrity number (RIN), and RNA samples with a RIN ≥ 7 were used in 
RNA library constructions. 

Total RNA was extracted from 8 jejunal mucosa tissue samples of heat-
sensitive breeder hens from each T1, T2, T3, and T4 by using NucleoSpin® RNA Midi 
kit (MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany) and purified using a QIAamp 
spin column (Qiagen, Hilden, Germany). The extracted RNA from 2 individual jejunal 
mucosa samples was pooled, and 4 replications were generated in each treatment and 
the purity and quantification of RNA were measured, as previously described. 

3.3.4    Library construction and data processing 
Construction of the cDNA library and RNA-seq were performed by BGI Co., 

Ltd. (BGI, Shenzhen, China). Six libraries were tested on the DNBSEQ platform. Sequencing 
data were filtered using SOAPnuke Version v1.5.6 (Cock et al., 2010). Reads containing 
adapters, reads with unknown base N content greater than 5%, and low-quality reads 
(reads with a base quality value less than 15, accounting for more than 20% of the total 
base number of the reads) were removed to obtain clean reads. Subsequently, we used 
HISAT2 v2.1.0 (Kim et al., 2015) to align the clean reads to the chicken reference genome 
(GCF_000002315.6_GRCg6a) and then used RSEM Version v1.3.1 (Li and Dewey, 2011) to 
align the clean reads to the reference gene set.  

3.3.5   Differential gene expression and functional enrichment analyses 
Differential gene expression analysis was performed using DESeq2 (v1.4.5) 

(Love et al., 2014). The differentially expressed genes (DEGs) were identified with fold-
change (FC) of ≥ 1 and adjusted values of P < 0.05. Gene ontology (GO) and KEGG 



64 
 

enrichment analyses on DEGs were performed to explore the gene functions. GO terms 
and KEGG pathways with P < 0.05 were defined as significantly enriched. STRING (Szklarczyk 
et al., 2018) analysis was performed using DIAMOND (v0.8.31) (Buchfink et al., 2015) to 
obtain the interactions between DEGs encoding proteins. Eight genes were selected for 
validation analysis based on the function in HS (heat shock protein family B (small) member 
9 [HSPB9], (heat shock protein family H (Hsp110) member 1 [HSPH1], heat shock 70 kDa 
protein 2 [HSPA2], and DnaJ heat shock protein family (Hsp40) member A4 [DNAJA4]), 
energy homeostasis metabolism (PDK4), signal transduction (calcium/calmodulin-
dependent protein kinase IG [CAMK1G]), and immunity (guanosine triphosphatase-binding 
protein [GBP7] and interleukin18 binding protein [IL18BP]). 

3.3.6   Validation by real-time PCR 
To verify the reproducibility and accuracy of gene expression data in RNA-

Seq of breeder hen CS and HS conditions, quantitative PCR (qPCR) was performed using 
the same RNA samples. For cDNA synthesis, one microgram of RNA from each RNA pool 
was individually reverse-transcribed using the SuperScript III RNAse H-Reverse transcriptase 
kit (Toyobo, Osaka, Japan) with random primers (Promega, Madison, WI, USA), following the 
manufacturer’s protocol. Primers were designed using Primer3 primer-design software 
(https://primer3.ut.ee/) and are shown in Table 3.2. The qPCR was performed using the 
QuantiNova SYBR Green PCR kit (Qiagen, Hilden, Germany), with the reaction conditions set 
as follows: initial heat activation at 94°C for 10 min, followed by 40 cycles of denaturation 
at 95°C for 10 s, annealing at 60°C for 30 s, and final extension at 72°C for 30 s. Amplification 
reactions were performed in triplicate for each gene. The relative quantification of gene-
specific expression was calculated using the 2−∆∆CT method. The glyceraldehyde-3-
phosphate dehydrogenase gene was used as an internal control.  

3.3.7   Statistical Analysis 
The differences in mean heart rate and cloacal temperature between 

treatment groups were assessed using a t-test in SPSS version 27.0 (SPSS Inc.) (Salcedo and 
McCormick, 2020). The gene expression data from T1, T2, T3, and T4 were analyzed using 
analysis of variance (ANOVA) in a completely randomized design (CRD) with SPSS version 
27.0 (SPSS Inc.) (Salcedo and McCormick, 2020). Orthogonal contrasts were performed to 
compare the following conditions: 1) thermoneutral (T1) vs. heat stress (T2, T3, T4); 2) non-
supplementation (T2) vs. supplementation (T3, T4); and 3) synthetic (T3) vs. phytogenic 
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(T4) antioxidants. Tukey’s test was applied to determine significant differences among 
treatments. Statistical significance was considered at P < 0.05. 

Table 3.2 Primer sequences used in real-time PCR. 
Gene Primer sequences Accession No. 
HSPB9 F-5’-CAAGTACGAGGTGCTGAAGCG-3’ NM_033194.3 

R-5’-TGACAGCTCCATCCTTGGCT-3’
PDK4 F-5’-TCCTTCCCTCTCTCCAGTTGA-3’ NM_001199909.3 

R-5’-CATATCCAAAGCCAGCAAGAGG-3’
DNAJA4 F-5’-AGTTGCTGCGCTGTCAGTAT-3’ NM_ 040680548.2 

R-5’-AGTTGGTTCTCAGCTGTGTGA-3’
HSPH1 F-5’-CCCAGATGTCAAGAAAACAAGTGA-3’ NM_ 001159698.2 

R-5’-AGCTTCAATAGGCAGTTCCACA-3’
HSPA2 F-5’-CCGTGGAGTTCCTCAGATCG-3’ NM_001006685.1 

R-5’-GCTAAGGCGACCCTTGTCAT-3’
IL18BP F-5’-CTTCTGCTGCCACTGCTCT-3’ XM_015280902.4 

R-5’-CTCACGTTGCTGCCCATCT-3’
GBP7 F-5’-CCTGGAGAACCTGCACTACG-3’ NM_145545.4 

R-5’-CCACACGAAGGTTGGGAAGA-3’
CAMK1G F-5’-CCCACCCGATTATACAGGGC-3’ XM_040652982.2 

R-5’-CTGGTTGTCTGGCGATCCAT-3’
GAPDH F-5’-AGAACATCATCCCAGCGT-3’ K01458 

R-5’-AGCCTTCACTACCCTCTTG-3’
Abbreviations: HSPB9, heat shock protein family B (small) member 9; PDK4, pyruvate 
dehydrogenase kinase 4; HSPA2, heat shock 70kDa protein 2; HSPH1, heat shock 
110kDa protein 1; DNAJA4, heat shock 40kDa protein (HSP40); IL18BP, interleukin-18 
(IL-18); GBP7, guanylate-binding protein 7; CAMK1G, calcium/calmodulin-dependent 
protein kinase 1G; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. 
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3.4 Results 
3.4.1 Heart rates and cloacal temperature of breeder hens 

The heart rate and cloacal temperature in breeder hens subjected to acute 
HS treatment were significantly higher compared to those in hens raised under CS (P = 
0.001) (Table 3.3). When breeder hens were challenged with 6 hours of heat exposure, the 
average heart rate and cloacal temperature were 236 times/min and 42.9°C for breeder 
hens under HS, and 198 times/min and 40.8°C for breeder hens under CS, respectively. 

Table 3.3  Heart rates and cloacal temperature of breeder hens under thermoneutral 
and heat stress conditions1. 

Conditions Heart rate (times/min) Cloaca temperature (°C) 
Thermoneutral 198.3b 40.8b

Heat stress 236.0a 42.9a 
Pooled SEM 5.8 0.1 

1Values are means from 25 breeder hens (n = 25). 
a,b Values within each column with different superscripts are significantly different (P < 0.05).

3.4.2 Summary of the raw RNA-seq reads 
A comparative RNA-seq analysis of the jejunal mucosal transcriptomes 

from the CS and HS groups was conducted to investigate the global response of the 
jejunal mucosal transcriptome to acute HS in breeder hens. The RNA-seq results for 
the six jejunal mucosa samples are presented in Table 3.4. Raw data reads ranged from 
40.39 million to 45.44 million, averaging 43.73 million reads per sample. After filtering 
out low-quality reads, contamination, and other artifacts from the raw data, clean reads 
totaled between 39.33 million and 44.23 million, averaging 42.53 million clean reads 
per sample. The Q20 score exceeded 97%, indicating high sequencing quality, and the 
GC content of the clean reads ranged from 47.01% to 47.51%. The total mapping rate 
ranged from 94.90% to 95.75%, with an average of 95.50%. 
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Table 3.4 RNA-sequencing reads and mapping rates in the jejunal mucosa in breeder hens. 

Sample1 
Raw Reads 
(million) 

Clean 
Reads 

(million) 

Clean 
Reads Q202 

(%) 

GC 
content 

(%) 

Total 
Mapping (%) 

CS1 45.44 44.05 97.84 47.41 95.75 
CS2 45.44 44.23 97.85 47.51 94.90 
CS3 45.44 44.08 97.72 47.29 95.68 
HS1 40.39 39.33 97.91 47.01 95.49 
HS2 40.78 39.76 97.84 47.13 95.55 
HS3 44.90 43.70 97.91 47.24 95.65 

Average 43.73 42.53 97.85 47.27 95.50 
1Each sample consists of four individual jejunal mucosa of breeder hens under 
thermoneutral conditions (CS) (n = 12) and heat stress conditions (HS) (n = 12).
2Q20 indicates the percentage of bases with a Phred value ≥ 20. 

3.4.3 DEGs analysis 
The overall distribution of DEGs was visualized using a volcano plot (Figure 

3.1). In total, 138 DEGs were identified, with 75 upregulated and 63 downregulated 
genes in hens exposed to acute HS. Detailed information concerning the DEGs is shown 
in Table S3.1. Among these, seven HSP genes, heat shock protein family B (small) 
member 9 (HSPB9), HSPA2, HSPH1, heat shock protein 90 alpha family class A member 
1 (HSP90AA1), heat shock protein family A (Hsp70) member 8 (HSPA8), DNAJA4, and 
DnaJ heat shock protein family (Hsp40) member A1 (DNAJA1) were identified. Table 3.5 
shows the top 20 upregulated and downregulated DEGs. 
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Figure 3.1  Volcano plot of differentially expressed genes in the jejunal mucosa in 
heat-stressed breeder hens. Genes meeting the conditions of adjusted P (q 
value) < 0.05 and |log2 FC| ≥ 1 are shown as significantly differentially 
expressed genes (DEGs), with red and green dots representing upregulated 
and downregulated genes, respectively. Gray dots represent insignificant 
DEGs. The x and y axes of the volcano plots show the log2 fold changes in 
breeder hens under heat stress conditions (HS) (n = 12) compared to 
thermoneutral conditions (CS) (n = 12) and –log10 q value, respectively. 
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Table 3.5  Top 20 upregulated and downregulated differentially expressed genes in 
the jejunal mucosa in heat-stressed breeder hens. 

Gene ID Gene Symbol log2 fold change Qvalue1 Regulated2 

772158 - 8.1468 0.0054 Up 

428310 HSPB9 7.7253 0.0009 Up 

423504 HSPA2 4.3191 0.0272 Up 

107051217 - 3.4531 0.0205 Up 

425711 C2H8ORF22 3.0249 0.0016 Up 

415360 DNAJA4 2.9905 0.0317 Up 

420943 ABCA13 2.8216 0.0077 Up 

420570 PDK4 2.7599 0.0009 Up 

100857694 FMO5 2.5097 0.0002 Up 

418917 HSPH1 2.4235 0.0344 Up 

424391 MYOC 2.3367 0.0022 Up 

423463 HSP90AA1 2.1537 0.0240 Up 

396041 SLC16A8 2.0977 0.0093 Up 

418800 PCDH9 2.0949 0.0054 Up 

107054090 - 2.0581 0.0001 Up 

112530324 - 1.8870 0.0291 Up 

425431 - 1.8125 5.34E−08 Up 

776543 FANCD2OS 1.7896 0.0337 Up 

420321 NDRG1 1.7828 5.20E−07 Up 

427907 SSTR3 1.6020 0.0038 Up 
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Table 3.5 (continued). 

Gene ID Gene Symbol log2 fold change Qvalue1 Regulated2 

769715 XRRA1 −7.2383 4.18E−05 Down 

421322 DNAH14 −2.9693 3.06E−06 Down 

428018 SLC10A2 −2.4798 0.0020 Down 

418544 - −2.3208 9.43E−07 Down 

770450 - −2.0644 0.0123 Down 

418167 USP18 −2.0429 2.38E−06 Down 

107055301 NR1D1 −1.9357 9.45E−04 Down 

429696 GBP7 −1.9264 1.02E−08 Down 

107050574 - −1.8605 0.0489 Down 

112531455 - −1.8422 0.0077 Down 

419859 CAMK1G −1.8188 0.0163 Down 

770663 SMPD2 −1.8140 1.58E−04 Down 

415409 DYX1C1 −1.7909 0.0024 Down 

112531351 - −1.7355 0.0411 Down 

112533303 - −1.6935 0.0012 Down 

428187 CA6 −1.6820 1.60E−05 Down 

418775 CLYBL −1.6476 8.40E−04 Down 

107052690 - −1.6059 0.0057 Down 

112531454 - −1.6048 9.81E−04 Down 

420459 IDI1 −1.5727 6.55E−05 Down 
1Q-value is the corrected P-value. 
2Upregulated and downregulated genes were detected in the jejunal mucosa of 
breeder hens under heat stress conditions (n = 12) compared to thermoneutral 
conditions (n = 12). 
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3.4.4 GO and KEGG pathway analysis of DEGs 
Functions and pathways of the 138 DEGs were assessed using GO and 

KEGG pathway analyses. GO analysis categorized the DEGs into biological processes 
(BP), molecular functions (MF), and cellular components (CC), revealing enrichment 
in 352 GO terms, as presented in Table S3.2. A total of 213 GO terms were significantly 
enriched in the BP category. The top five significant GO terms within the BP category 
were responses to heat (P = 9.10E–08), cholesterol biosynthetic process (P = 3.77E–
07), response to organonitrogen compounds (P = 5.47E–06), sterol biosynthetic 
process (P = 9.77E–06), and protein refolding (P = 6.37E–05). In the MF category, 105 
GO terms were significantly enriched. Of these, the top five GO terms were unfolded 
protein binding (P = 1.38E–06), C3HC4-type RING finger domain binding (P = 2.19E–
06), heat shock protein binding (P = 2.56E–06), oxidoreductase activity, acting on 
paired donors, with incorporation or reduction of molecular oxygen (P = 7.89E–06), 
and iron ion binding (P = 2.68E–04). In the CC category, 34 GO terms were significantly 
enriched. The top five GO terms were nucleosome (P = 0.0011), Prp19 complex (P = 
0.0035), myelin sheath (P = 0.0105), receptor complex (P = 0.0118), and 
ribonucleoprotein complex (P = 0.0118). The top 20 most significant GO terms are 
shown in Figure 3.2. KEGG pathway analysis of the jejunal mucosa identified nine 
significant pathways: steroid biosynthesis (P = 1.36E–06), terpenoid backbone 
biosynthesis (P = 0.0013), steroid hormone biosynthesis (P = 0.0080), protein processing 
in endoplasmic reticulum (P = 0.0087), nitrogen metabolism (P = 0.0160), butanoate 
metabolism (P = 0.0308), PPAR signaling pathway (P = 0.0357), adipocytokine signaling 
pathway (P = 0.0372), and DNA replication (P = 0.0492) (Table 3.6). 
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Figure 3.2  Top 20 enriched gene ontology terms of differentially expressed genes in 
jejunal mucosa in heat-stressed breeder hens. A: Biological process, B: 
Molecular function, and C: Cellular component. The circle size in each term 
corresponds to the number of genes. The circle's color goes from blue to 
red, indicating a lower P value. Terms were detected from differentially 
expressed genes in the jejunal mucosa of breeder hens under heat stress 
conditions (n = 12) compared to thermoneutral conditions (n = 12). 
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Table 3.6  Kyoto encyclopedia of genes and genomes pathways possibly affected by 
heat stress in jejunal mucosa in breeding hens. 

Pathway Term Count P value Gene Symbols1 

gga00100: Steroid 
biosynthesis 

5 1.36E–06 
LOC100857622↓, SQLE↓, 

CYP51A1↓, FDFT1↓, 

HSD17B7↓ 
gga00900: Terpenoid 
backbone biosynthesis 

3 0.0013  HMGCS1↓, IDI1↓, FDPS↓ 

gga00140: Steroid hormone 
biosynthesis 

3 0.0080 
CYP3A5↑, CYP7B1↑, 

HSD17B7↓ 

gga04141: Protein processing 
in endoplasmic reticulum 

6 0.0087 
HSPA8↑, HSPH1↑, 

HSP90AA1↑, HSPA2↑,  

LOC425431↑, DNAJA1↑ 
gga00910: Nitrogen 
metabolism 

2 0.0160 CA2↑, CA6↓ 

gga00650: Butanoate 
metabolism 

2 0.0308 HMGCS1↓, AACS↓ 

gga03320: Peroxisome 
proliferator-activated 
receptor signaling pathway 

3 0.0357 PPARA↑, HMGCS1↓, CD36↑ 

gga04920: Adipocytokine 
signaling pathway 

3 0.0372 IRS2↑, PPARA↑, CD36↑ 

gga03030: DNA replication 2 0.0492 RFC5↓, MCM5↓ 
1Up and down arrows indicate the upregulated and downregulated genes, respectively, 
in the jejunal mucosa in heat-stressed breeder hens. 

3.4.5 Protein interaction analysis 
In this study, we used protein–protein interaction (PPI) analysis to explore 

potential functional relationships and interactions among proteins encoded by DEGs. 
Six networks were identified, including two large networks, each containing 10 or more 
proteins (Figure 3.3). The largest network included several HSPs and proteins whose 
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genes were identified in KEGG pathways (PPARA, CD36, carbonic anhydrase 6, and 
mini-chromosome maintenance complex component 5) (Table 3.5). Three other 
networks contained some of the top 20 upregulated and downregulated DEGs (ATP 
binding cassette subfamily A member 13, N-myc downstream regulated 1, ubiquitin 
specific peptidase (USP18), and isopentenyl-diphosphate delta isomerase 1), as listed 
in Table 3.6. 

Figure 3.3  Protein–protein interaction network of differentially expressed genes in the 
jejunal mucosa in heat-stressed breeder hens. The color of the 'lines' 
becoming greener indicates a greater number of connected genes and 
associations with other genes. The size of the circle represents the values 
of log2 fold change. Red and blue nodes indicate the upregulated and 
downregulated genes, respectively.  

3.4.6 Validation of RNA-seq results by real-time PCR 
We validated the expression levels of six upregulated transcripts (HSPB9, 

PDK4, HSPA2, HSPH1, DNAJA4, and IL18BP) and two downregulated transcripts (GBP7 
and CAMK1G) in the jejunal mucosa for the validation by qPCR (Figure 3.4). All genes 
showed similar expression trends in both the qPCR and RNA-seq. These results 
demonstrated the reliability and accuracy of our RNA-seq data in this study. 
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Figure 3.4  Quantitative polymerase chain reaction validation of 8 differentially expressed 
genes identified using RNA-sequencing. The x-axis represents the genes, and 
the y-axis represents their mRNA expression levels expressed in fold-change 
values. Expression levels determined via quantitative polymerase chain 
reaction (qPCR) and RNA-sequencing (RNA-seq) are represented by black and 
white fill columns, respectively. Expression levels were examined in jejunal 
mucosae of breeder hens under thermoneutral conditions (n = 12) and heat 
stress conditions (n = 12).  

3.4.7 Effect of dietary antioxidants on altering gene markers in jejunal 
mucosal tissue 
To evaluate whether antioxidants could mitigate the adverse effects of 

HS by modulating the expression of candidate genes identified from RNA-seq, such as 
HSPB9, HSPA2, IL18BP, and CD36. We investigated the impact of antioxidant 
supplementation in the form of synthetic (a combination of vitamin C, vitamin E, Se, 
and L-carnitine) and phytogenic substances (a combination of clove, green tea pomace, 
and Vietnamese coriander) in HS breeder hens’ diets on altering these gene markers in 
the jejunum, is shown in Table 3.7. Based on orthogonal contrasts, the HS challenge 
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significantly altered the mRNA expression in the jejunal mucosa of genes related to 
HSPs (HSPB9, HSPA2) and fat metabolism (CD36) compared to the TN group (P < 0.05). 
Either synthetic or phytogenic antioxidant supplementation significantly increased the 
expression of CD36, while decreasing HSPB9, HSPA2, and IL18BP compared to the heat-
stressed group without supplementation (P < 0.05). Tukey’s multiple comparison tests 
indicated that the expression levels in heat stress non-supplementation significantly 
increased the expression of HSPB9, HSPA2, and IL18BP compared to the TN condition 
(P < 0.05). Either synthetic or phytogenic antioxidant supplementation significantly 
increased the expression of CD36 compared to the TN condition (P < 0.05). 

Table 3.7  Effect of dietary antioxidant supplementation on relative gene markers in 
jejunal mucosa in breeder hens under heat stress conditions. 

Items 
Treatments1 Pooled 

SEM 
Contrasts2 

T1 T2 T3 T4 1 2 3 
HSPB9 0.91b 1.63a 0.95b 0.90b 0.083 0.002 <0.001 0.938 
HSPA2 0.63b 1.57a 0.67b 0.74b 0.107 0.003 <0.001 0.926 
IL18BP 1.55b 2.17a 1.56b 1.49b 0.091 0.205 0.004 0.976 
CD36 1.09b 1.29b 2.03a 1.92a 0.112 <0.001 <0.001 0.193 

a-bMeans within each row with different superscripts are significantly different (P < 0 .05).
1T1, thermoneutral zone ( 23±1°C)  +  basal diet without supplementation; T2, heat stress
condition (36±1°C, 4 h/day) + basal diet without supplementation; T3, heat stress condition
(36±1°C, 4 h/day) + basal diet with synthetic antioxidants; T4, heat stress condition (36±1°C,
4 h/day) + basal diets with phytogenic antioxidants.
2Orthogonal contrasts: 1= thermoneutral (T1) vs. heat stress condition (T2, T3, T4) ; 2, non-
supplement ( T2)  vs. supplement ( T3, T4) ; 3, synthetic antioxidants ( T3)  vs. phytogenic
antioxidants (T4). Abbreviation: HSPB9, heat shock protein family B (small) member 9; HSPA2,
heat shock protein family A (Hsp70) member 2; CD36, cluster of differentiation 36; IL18BP,
interleukin 18 binding protein.
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3.5 Discussion 
Chickens cope with higher body temperatures by increasing their heart rate and 

cardiac output, which facilitates the transfer of large amounts of blood to the skin 
capillaries (Yahav, 2009; Chang et al., 2018). The elevated heart rate and body 
temperature are physiological stress responses in heat-stressed poultry, and cloacal 
temperature is an overall indicator of these reactions (Cândido et al., 2020). Our results 
indicated a significant increase in heart rate and cloacal temperature in breeder hens 
subjected to HS. High ambient temperatures can impair intestinal health, damage the 
intestinal mucosal barrier, and reduce the digestion and absorption of nutrients by breeder 
hens (Goel et al., 2021). We performed RNA-seq analysis on the jejunal mucosa to further 
characterize the molecular changes occurring in heat-stressed breeder hens and gain a 
comprehensive understanding of the molecular mechanisms underlying the effects of 
acute HS on the intestinal health of breeder hens. RNA-seq analysis revealed 138 DEGs, 
with 75 upregulated and 63 downregulated DEGs, in heat-stressed breeder hens.  

HSPs are produced in response to stressors, such as high temperature, and play 
a crucial role in protecting the gut epithelium from oxidative stress and inflammation 
(Liu et al., 2014). In the present study, all the detected HSP transcripts (HSPB9, HSPA2, 
DNAJA4, HSPH1, HSP90AA1, and HSPA8) were upregulated in the jejunal mucosa of 
heat-stressed breeder hens. Previous studies have shown the upregulation of various 
HSPs, including HSP40 (DNAJA1), HSP70 (HSPA2 and HSPA8), and HSP90 (HSP90AA1) in 
the jejunal mucosa of chronically heat-stressed broiler chickens (Kim et al., 2022). 
Among the upregulated HSP transcripts in our study, the HSPB9 transcript was the most 
upregulated (FC = 7.73), followed by HSPA2 and DNAJA4 (FC = 4.32 and 2.99, 
respectively). HSPB9, also known as HSP25, belongs to the small HSP family and 
functions by stabilizing unfolded proteins and preventing their precipitation within cells 
(Katoh et al., 2004). Moreover, HSPA2, a 70 kDa protein, has been linked to mRNA 
expression levels and heat tolerance and can serve as an effective marker for the 
selection of heat-tolerant chickens. Under stressful conditions, HSP70 protects cells 
from damage by enhancing protein expression (Oyake et al., 2006; Zhong et al., 2010). 
HSP70 can reduce cell damage and protect the intestinal mucosa from HS damage by 
improving the antioxidant capacity of chickens and inhibiting lipid peroxidation (Gu et 
al., 2012; Mountzouris et al., 2020). Furthermore, overexpression of HSP70 may increase 
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intestinal alkaline phosphatase activity, suggesting that it plays a key role in maintaining 
normal intestinal barrier function (Hao et al., 2012). The HSP40 (DnaJ HSP) family is a 
key molecular chaperone in the HSP superfamily. As an auxiliary molecular chaperone 
to HSP70, HSP40 not only regulates the ATPase activity of HSP70 but also promotes 
the binding activity of HSP70 with protein substrates, thereby increasing the active 
domain of HSP70 (Hageman et al., 2010). Previous studies have indicated that 
overexpression of HSP40 may be partially responsible for increased thermotolerance 
in animals (Shi et al., 2019). In the present study, the HSP90 transcript (HSP90AA1) was 
upregulated in the jejunal mucosal tissue of heat-stressed breeder hens (FC = 2.15). As 
an ATP-dependent molecular chaperone, HSP90 binds to ATP and hydrolyzes it at its 
N-terminus (Meyer et al., 2003). Previous studies have shown that HSP90 levels in the 
jejunum and ileum increased significantly after broiler chickens were continuously 
exposed to a high-temperature environment at 39°C for 8 hours daily for 5 days 
(Varasteh et al., 2015). Moreover, the expression of HSP90 in the intestinal mucosa of 
silky chickens was upregulated under HS conditions (Liu et al., 2016). These findings 
suggested that breeder hens alleviate HS by inducing HSP70 and HSP90 expression, 
and that the expression levels of HSP70 and HSP90 can be used as indicators of the 
intestinal health of heat-stressed breeder hens. In addition to the upregulation of HSPs, 
the expression of PDK4 is also upregulated in the jejunal mucosa of heat-stressed 
breeder hens (FC = 2.76). The protein encoded by the PDK4 gene is a member of the 
pyruvate dehydrogenase kinase family and plays an important role in regulating 
lipolysis, glycolysis, and energy homeostasis metabolism (Honda et al., 2017; Wen et 
al., 2021; Forteza et al., 2023). PDK4 regulates the irreversible conversion of pyruvate 
to acetyl-CoA by affecting pyruvate dehydrogenase complex activity. PDK4 expression 
is upregulated in the liver and breast muscle of broilers under HS (Lu et al., 2017; 
Barreto Sánchez et al., 2022). The elevated mRNA levels of PDK4 correspond to 
increased lactic dehydrogenase activity and reduced citrate synthase activity, 
suggesting that glucose flow into the tricarboxylic acid cycle is diminished and that the 
cell relies on anaerobic glycolysis (Zhang et al., 2012; Lu et al., 2017). The upregulation 
of PDK4 in the jejunal mucosa of heat-stressed breeder hens in this study suggested 
that HS may rely on anaerobic glycolysis and affect glucose uptake, leading to energy 
deficiency and potentially causing further damage to the jejunal mucosa, as previously 
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reported by Garriga et al. (2006). However, further measurements of jejunal morphology 
are needed to determine whether the mRNA level of PDK4 can be used as an indicator 
of intestinal health under HS in chickens. 

Genes associated with nutrient absorption and transport are downregulated in 
the jejunum of heat-stressed chickens (Sun et al., 2015). In this study, breeder hens 
raised under HS conditions showed decreased expression of solute carrier family 10 
member 2 (SLC10A2) in the jejunum mucosa (FC = −2.48). SLC10A2 and solute carrier 
family 10 member 1 are major members of the solute carrier family 10, also known as 
the Na+-dependent bile acid (BA) transporter family. BA acts as an emulsifier that 
enhances fat digestibility by improving micelle formation and aiding the absorption of 
fat-soluble nutrients in the intestinal lumen (Yin et al., 2021a). BA is primarily 
synthesized in the liver and reabsorbed in the ileum (Jia et al., 2021; Cai et al., 2022). 
SLC10A2 plays an essential role in the absorption of BA from the intestinal lumen 
(Miyata et al., 2011) and is expressed on the apical brush border membrane of ileal 
epithelial cells (Shneider, 2001). Markedly high expression levels of SLC10A2 have been 
found in the ileum of chickens, whereas very low expression levels have been detected 
in the jejunum (Nakao et al., 2015), suggesting that the main role of SLC10A2 in the 
jejunum is the transport of BA, rather than its absorption. Chronic HS disrupts the 
homeostasis of BA metabolism in broiler chickens, and several genes related to BA 
metabolism in the liver and ileum are altered; however, it has no significant effect on 
the expression level of SLC10A2 in the ileum (Zhang et al., 2023). These findings 
suggested that acute HS reduces the absorption of fat-soluble nutrients associated with 
BA into the jejunal mucosa. BA as a nutritional strategy has some potential to alleviate 
HS (Yin et al., 2021b; Li et al., 2023). SLC10A2, which was downregulated in the present 
study, may be involved in HS alleviation in the jejunum.  

Biological processes within cells rely on the coordination of various gene systems. 
GO analysis of genes can provide a deeper understanding of their biological functions. 
In this study, 138 DEGs were significantly enriched among 352 GO terms. A previous 
transcriptome study on jejunal mucosal tissue in broilers subjected to chronic HS 
reported significant enrichment of 16 GO terms (Kim et al., 2022), of which we identified 
8 GO terms (response to heat, protein refolding, progesterone receptor binding, ATP 
binding, ATPase activity, extracellular space, receptor complex, and extracellular 
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region). These findings suggested that acute HS affects many functions in breeder hens 
and that the eight GO terms detected in both HS conditions may play an important role 
in the adaptive response to HS in the jejunal mucosa of breeder hens. 

Furthermore, KEGG pathway analysis identified nine pathways affected by acute 
HS in the jejunal mucosal tissues of breeder hens. A previous study on the jejunal 
mucosa of broilers under chronic HS reported six KEGG pathways related to immune 
signaling and energy metabolism, including cytokine-cytokine receptor interaction, 
glutathione metabolism, influenza A, NOD-like receptor signaling pathway, neuroactive 
ligand–receptor interaction and protein processing in endoplasmic reticulum (Kim et 
al., 2022). Of the six KEGG pathways identified in a previous study, we identified only 
protein processing in endoplasmic reticulum with upregulated HSPs (HSPA8, HSPH1, 
HSP90AA1, HSPA2, and DNAJA1). HS disrupts the function of the endoplasmic 
reticulum, which is crucial for the processing and folding of cellular proteins (Tokutake 
et al., 2022). Therefore, upregulation of HSPs in the jejunal mucosa may initiate an 
unfolded protein response, clearing misfolded proteins to protect the cell. These 
findings suggested that protein processing in endoplasmic reticulum is a key pathway 
involved in acute and chronic HS in breeder hens. 

In the present study, three KEGG pathways involved in sequential reactions were 
identified (terpenoid backbone biosynthesis, steroid biosynthesis, and steroid hormone 
biosynthesis) (Figure S3.1). Among these pathways, the steroid biosynthesis pathway 
was the most significant (P = 1.36E–06) and cholesterol is the final product of this 
pathway. Cholesterol is an important component of the membrane and plasma 
lipoproteins of vertebrates and regulates membrane fluidity and permeability (Chen et 
al., 2023). The steroid biosynthesis pathway with downregulated genes identified in this 
study may decrease cholesterol content and affect membrane fluidity and 
permeability in the jejunum of heat-stressed breeder hens. However, in the serum and 
liver, HS exposure increases total cholesterol levels (Lan et al., 2022). Cholesterol is 
also a precursor of steroid hormones and BA (Chen et al., 2023). Cortisol (a 
glucocorticoid) and corticosterone are steroid hormones derived from cholesterol and 
are considered the main stress hormones in birds (Oluwagbenga et al., 2022). 
Oluwagbenga and Fraley (2023) have reported that the effects of HS on the bursa, 
spleen, and thymus of birds can be verified by measuring cortisol levels. It can be 
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inferred that the effect of HS on the small intestine can also be verified using cortisol 
as an HS indicator. However, there are no previous reports on cholesterol and cortisol 
levels and steroid and steroid hormone biosynthesis capacity of the jejunum in 
chickens under HS. The actions of the terpenoid backbone, steroid, and steroid 
hormone biosynthesis pathways, along with many downregulated DEGs in the jejunum 
of breeder hens under acute HS, remain unknown. 

The PPAR signaling pathway is considered a key pathway that promotes fatty acid 
oxidation and enhances cellular energy metabolism (Ni et al., 2022). Adipocytokine 
signaling is regularly utilized as a mechanism for stress adaptation by activating energy 
metabolism in response to HS in broilers (Ma et al., 2021). In this study, we identified 
that the PPAR and adipocytokine signaling pathways were affected by acute HS, 
including two upregulated genes (PPARA and CD36) in the jejunal mucosa tissue of 

heat-stressed breeder hens. The PPAR family comprises three isoforms (α, γ, and β/δ), 
all of which play significant roles in animal lipid metabolism and energy metabolism 

(Wahli and Michalik, 2012). Of these, PPARα plays an important role in fatty acid 

oxidation and synthesis (Nguyen et al., 2008). The mRNA expression levels of PPARα 
in the liver and breast muscles of chickens raised under HS (31 ± 1°C) for 14 days were 
decreased compared with those chickens raised under normal temperature (21 ± 1°C) 
(Li et al., 2024). Previous research indicated that chronic HS altered the expression of 

lipid metabolism-related genes, including downregulated PPARα genes in the liver of 
laying hens, suggesting disturbances in lipid metabolism and induction of fat deposition 
(Yin et al., 2023). These findings indicated the importance of the PPARA gene in lipid 
metabolism, and the upregulation of this gene in jejunal mucosa under acute HS may 
reduce fat deposition. CD36 is involved in fatty acid uptake and transport. 
Downregulation of CD36 expression in the jejunal tissue of Arbor Acres broilers after 7 
days of exposure to 32 ± 1°C for 10 hours daily was reported (Sun et al., 2015). Abdelli 
et al. (2021) reported that CD36 gene expression was unchanged in modern broiler 
chickens subjected to 26 days of chronic HS (36°C for 8 hours daily); however, it was 
upregulated in their ancestor heat-tolerant wild jungle fowl. These findings suggested 
that CD36 gene expression was affected by HS and specific strains of experimental 
birds, and the upregulation of CD36 genes in this study may be an early response to 
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acclimatization to HS. Future studies are required to determine the associations 
between mRNA of PPARA and CD36 levels and lipid deposition or fatty acid uptake and 
transport functions to use as an indicator of intestinal health of heat-stressed chickens. 

PPI network analysis revealed the two largest networks. Within the network 
containing HSP, we identified SLC2A5, whose mRNA was downregulated and encodes 
GLUT5. GLUT5 is essential for absorbing glucose and fructose from the intestinal lumen 
into the cytosol (Barone et al., 2009). The reduction in GLUT5 expression under HS 
conditions may lead to decreased levels of glucose in the jejunal cytosol. In addition 
to SLC2A5, other genes related to nutritional metabolism (PPARA and CD36 in fat 
metabolism and PDK4 in energy homeostasis) were also implicated in this network. 
Previous studies have consistently demonstrated that many HSP-encoding genes are 
upregulated during HS and respond to HS by increasing their transcription and 
translation (Lara and Rostagno, 2013; Kahl et al., 2015). Our results suggested that HS 
affects various metabolic pathways related to nutrient absorption and utilization in the 
jejunum and that the upregulation of HSPs improves these nutritional functions in heat-
stressed breeder hens. However, the mutual regulatory relationships in this network in 
the jejuna of heat-stressed breeder chickens require further investigation. The second-
largest network consisted of 11 transcripts, 7 of which were involved in three KEGG 
pathways representing a series of cholesterol-related responses. In addition, PPI 
analysis revealed a network containing 2'-5'-oligoadenylate synthetases like (OASL), MX 
dynamin like GTPase1 (MX1), and ubiquitin-specific peptidase 18 (USP18). Previous 
studies have reported that radical S-adenosyl methionine domain containing 2, OASL, 
epithelial-stromal interaction 1, cytidine/uridine monophosphate kinase 2, interferon 
induced with helicase C domain 1, interferon-induced protein with tetratricopeptide 
repeats 5, USP18, MX1, and signal transducer and activator of transcription 1 may 
contribute to the jejunal morphology in broilers (Li et al., 2022). Our results suggested 
that these genes (OASL, MX1, and USP18) could serve as valuable markers for assessing 
jejunal morphology in breeder hens with acute HS. 

In this study, either synthetic or phytogenic antioxidant supplementation 
significantly altered gene expression patterns compared to the non-supplemented HS 
groups. Specifically, both antioxidant types increased CD36 expression while 
simultaneously decreasing the expression of HSPs (HSPA2 and HSPB9) and IL18BP in 
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the jejunum of heat-stressed hens. This finding is particularly significant given that CD36, 
a transmembrane protein receptor, plays a crucial role in dietary lipid absorption 
through its involvement in fatty acid uptake and transport (Chen et al., 2001). The 
modulation of CD36 expression is especially relevant in the context of HS, as ROS can 
induce structural modifications in macromolecules, such as fatty acids and glucose 
(Grüning et al., 2011). These oxidized products can subsequently interfere with normal 
glucose and lipid absorption and transport processes in the small intestine (Vital et al., 
2018). Previous research has demonstrated that HS conditions lead to downregulated 
CD36 expression in the jejunum of wild jungle fowl (Abdelli et al., 2021), making the 
antioxidant-induced upregulation observed in this study particularly noteworthy. 
Previous research has demonstrated that antioxidants such as Vitamin E and lycopene 
increase mRNA and protein expression levels of CD36 (Meng et al., 2022). The observed 
upregulation of CD36 through antioxidant supplementation may enhance lipid 
homeostasis and mitigate heat stress-induced damage in breeder hens' jejunal tissue. 
The heat shock protein HSP70 (HSPA2) plays a crucial protective role during HS, with 
its expression typically induced to shield cells from temperature-related damage 
(Zhong et al., 2010). The observed reduction in both HSP70 and HSPB9 expression 
following antioxidant supplementation likely represents a balanced cellular response, 
and preservation of excessive activation of stress-related pathways while maintaining 
necessary protective functions (Chung et al., 2017). Various antioxidants like vitamins C 
and E, selenium, and L-carnitine have been demonstrated to reduce oxidative stress, 
potentially decreasing the need for elevated HSPs (HSP70 and HSP90) expression (Girisa 
et al., 2024; Khan et al., 2024). This is supported by findings that vitamins E, C, and Se 
supplementation downregulated the expression of HSP70 and HSP90 in the jejunum 
of heat-stressed broilers (Calik et al., 2022). HS significantly impacts gene expression in 
poultry, as evidenced by the downregulation of CD36 in the jejunum of wild jungle 
fowl (Abdelli et al., 2021). During HS conditions, the expression of HSPA2 and HSPB9 
becomes dysregulated, leading to cellular stress and tissue dysfunction. IL18BP is a key 
regulator of the immune response, specifically by inhibiting the activity of interleukin-
18 (IL-18), a cytokine involved in inflammation and immune activation (Ihim et al., 
2022). Under HS conditions, pro-inflammatory cytokines, including IL-18, are elevated, 
contributing to systemic inflammation and immune dysfunction. Notably, dietary 
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supplementation such as vitamin E and Se has been shown to decrease the mRNA 

levels of multiple pro-inflammatory cytokines, including IL-18, IL-6, and TNFα in the 
jejunal mucosa of heat-stressed broilers (Calik et al., 2022). This reduction in 
inflammatory markers suggests that antioxidants effectively alleviate HS-induced 
inflammation (Liu et al., 2021). The beneficial effects of antioxidants extend beyond 
inflammation control. By modulating IL-18 signaling pathways, antioxidants help reduce 
chronic inflammation and enhance immune system functionality in heat-sensitive hens. 
The observed changes in gene expression – especially, the upregulation of CD36 and 
downregulation of HSP70, HSPB9, and IL18BP – demonstrate how antioxidants 
comprehensively influence lipid metabolism, cellular stress responses, and immune 
regulation. These molecular adaptations support the use of dietary antioxidants as an 
effective strategy to mitigate HS-induced negative effects in heat-sensitive breeder 
hens, potentially leading to improved health outcomes and enhanced productivity. 

3.6 Conclusions 
The present study evaluated the transcriptome of the jejunal mucosal tissue of 

breeder hens exposed to acute HS and identified 138 DEGs. We found that the steroid 
biosynthesis pathway, steroid hormone biosynthesis pathway, protein processing in 
endoplasmic reticulum, PPAR signaling pathway, and adipocytokine signaling pathway 
were significantly enriched. KEGG pathway and PPI analyses showed that acute HS may 
affect energy metabolism, fat metabolism, and glucose transport in the jejunal mucosa 
of breeder hens and that heat-stressed hens restore the damage caused by HS to the 
jejunal mucosa by increasing the expression of HSPs. Nine candidate genes, including 
HSPA2, HSPB9, DNAJA4, HSP90AA1, PDK4, SLC10A2, PPARA, IL-18BP, and CD36, may play 
key roles in the regulation of the jejunal mucosa of breeder hens with acute HS. Our 
results contribute to a deeper understanding of the jejunal mucosal response in 
breeder hens to acute HS. The HSPB9, HSPA2, IL-18BP, and CD36 genes may serve as 
potential gene markers for heat stress effects in the jejunal mucosal tissue of HS 
breeder hens. Furthermore, supplementation with synthetic and phytogenic 
antioxidants has the potential to modulate the expression of HSPB9, HSPA2, IL-18BP, 
and CD36 genes in the jejunal mucosal tissue of breeder hens exposed to HS, which 
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indicates the ability of breeder hens to alleviate HS effects. These findings enhance 
our understanding of the molecular mechanisms underlying heat stress in breeder 
hens. The identification of these gene markers can provide valuable insights for 
developing guidelines on the use of dietary antioxidants to alleviate the effects of HS 
and protect gut health in the jejunal mucosa of breeder hens under HS. However, given 
that these transcriptome data are preliminary, further investigation is required to 
explore the functions of the DEGs. One limitation of this study is that we did not 
measure the indicators of oxidative stress and immune status, such as levels of reactive 
oxygen species, reactive nitrogen species, or differential white blood cell count. In the 
future, this information will be needed to validate how HS affects productivity. 
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CHAPTER IV 
EFFECT OF HEAT STRESS ON TRANSCRIPTOME PROFILING 

ANALYSIS AND PROTECTIVE EFFICACY OF DIETARY 
ANTIOXIDANTS IN JEJUNAL MUCOSAL TISSUE IN BREEDER HENS 

4.1 Abstract 
Heat stress impairs intestinal integrity in poultry, disrupting nutrient digestion and 

absorption, but the molecular mechanisms remain unclear. This study aimed to 
examine the gene expression profile in the jejunum of heat-adapted (HA) and heat-
sensitive (HS) breeder hens under heat stress (36°C for a 6-h). Fifty 28-week-old breeder 
hens were randomly assigned to HA and HS groups (25 hens each). After exposure to 
heat stress for 6 hours, jejunal mucosa samples were collected for RNA sequencing 
(RNA-seq). RNA-seq analysis identified 284 differentially expressed genes (DEGs), with 
155 genes upregulated and 129 downregulated in the HS group compared to the HA 
group. Gene ontology (GO) analysis revealed significant enrichment in 555 GO terms. 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis identified five 
pathways enriched in upregulated DEGs (VEGF signaling pathway, MAPK signaling 
pathway, steroid biosynthesis, neuroactive ligand-receptor interaction, and cell cycle) 
and one pathway enriched in downregulated DEGs (cell adhesion molecules). Protein-
protein interaction (PPI) network identified key genes (PLK1, CDC7, CDC20, HSPA2, IL6, 
SLC22A19A, LBFABP, and SLC2A2), involved in cell division, immune function, energy, 
lipid metabolism, and nutrient transport. Nine candidate genes, including HSPB9, 
HSPA2, RAG2, CD36, CLDN15, LBFABP, SLC22A19A, SLC2A2, and IL18BP, may play key 
roles in the regulation of the jejunal mucosa of breeder hens with acute heat stress. 
The findings suggest that acute heat stress might affect the cell cycle, immunity, and 
organic acid, glucose, and amino acids transport mechanisms in the jejunal mucosa of 
breeder hens. The upregulation of HSPs appears to serve as a protective mechanism, 
potentially preserving intestinal nutrient processing capacity under acute heat stress. 
These findings provide foundational knowledge for further investigation into the 
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molecular mechanisms governing heat stress responses in avian intestinal function and 
may inform strategies for maintaining gut health in commercial poultry operations 
exposed to environmental challenges. 

Keywords: Transcriptome analysis; Breeder hen; Heat stress; Jejunal mucosa. 

4.2 Introduction 
As global ambient temperatures rise, heat stress has emerged as a prevalent 

environmental stressor with significant impacts on animal growth and health. Among 
livestock, poultry are particularly sensitive to elevated temperatures due to their 
limited capacity to regulate heat loss through evaporation (Cahaner, 2008). Heat stress 
induces multiple adverse effects, including growth retardation, oxidative stress, and 
intestinal inflammation, leading to serious problems in poultry production (Wang et al., 
2022; Yang et al., 2024). Moreover, heat stress can damage intestinal integrity and 
barrier function, which in turn initiates an inflammatory response and affects nutrient 
absorption and transport (Pearce et al., 2013; Varasteh et al., 2015). Previous study has 
reported that heat stress-induced reduction in mesenteric blood flow causes intestinal 
epithelial damage (Zhang et al., 2020), subsequently alternating the absorption and 
transport of essential nutrients such as glucose, amino acids, and lipids in the jejunum 
of chickens (Sun et al., 2015; Wang et al., 2022). However, there remains limited 
information regarding the specific effects of heat stress on jejunal barrier function, 
nutrient transport mechanisms, and immune responses in breeder hens. 

The intestine, particularly the jejunum, plays a crucial role in nutrient digestion 
and absorption, is recognized as the primary target of heat stress (Chauhan et al., 2021). 
In response to heat stress, cells activate protective mechanisms, notably through the 
upregulation of heat shock proteins (HSPs) (Beere, 2004). The HSPs are essential for cell 
survival under stress conditions and maintain cellular homeostasis by preventing 
protein misfolding and facilitating the removal of damaged proteins (Gupta et al., 2010). 
Among HSPs, HSP70 and HSP90 are the most extensively studied and serve as 
biomarkers of cellular stress (Yu et al., 2021). Research has shown that heat stress 
upregulates the expression of HSP70 mRNA in the jejunal mucosa (Hao et al., 2012), 
activates the intestinal MAPK signaling pathway, and mitigates both structural and 
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oxidative damage to the intestinal mucosa induced by high temperature (Yu et al., 
2021). In addition, heat stress regulates genes involved in nutrient absorption and 
transport (Goel et al., 2021). Studies have demonstrated that heat stress significantly 
reduces the expression levels of key transport proteins, including glucose transporter 
2 (GLUT-2), fatty-acid-binding protein (FABP), and cluster of differentiation 36 (CD36) 
(Sun et al., 2015). Furthermore, heat stress has been shown to impair immune 
responses in the small intestine (Farag and Alagawany, 2018), with heat stress leading 

to increased expression of interleukin-6 (IL6), and tumor necrosis factor-alpha (TNF-α) 
in the jejunum of broilers (Al-Zghoul et al., 2019). However, there is limited data on 
how heat stress affects changes and interactions in genes related to immune function, 
intestinal barrier, and nutrient transport in breeder hens. 

Genetics plays a critical role in shaping the host's response to heat stress in 
poultry (Felver-Gant, 2012). Indigenous chicken breeds in tropical regions, such as the 
slow-growing Thai native chicken Leung Hang Khao (Katemala et al., 2022), have been 
shown to exhibit greater tolerance to heat stress compared to other breeds (Soleimani 
and Zulkifli, 2010). Moreover, fast-growing broilers are more susceptible to heat stress 
than slow-growing broiler strains (Yunis and Cahaner, 1999). Previous studies have 
reported that gene identification based on breed-specific expression in commercial and 
Indigenous chickens revealed candidate genes and molecular pathways related to 
metabolism, immune system, and heat stress response (Perini et al., 2020; Sadr et al., 
2023). However, the impact of heat stress on the gut health of commercial and 
Indigenous breeder hens remains unclear.  

Transcriptomic technology provides valuable insights into the adaptation 
mechanisms of resilient breeds (Shashank et al., 2024) and aids in comparing the 
transcriptome profile among breeds (Pareek et al., 2019). In our previous study using 
RNA-seq, we identified DEGs associated with steroid biosynthesis, terpenoid backbone 
biosynthesis, steroid hormone biosynthesis, endoplasmic reticulum protein processing, 
PPAR signaling pathway, and DNA replication in the jejunal mucosa of HS breeder hens 
under acute heat stress (Zhu et al., 2025). However, there is limited research on the 
molecular mechanisms by which heat stress affects the intestinal health of both HA 
and HS breeder hens. Therefore, this study aims to investigate the physiological 
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responses of HA and HS breeder hens under heat stress, identify candidate biomarkers 
for genetic selection to enhance heat tolerance. 

4.3 Materials and methods 
4.3.1 Ethics statement 

    The experiments were carried out at the Suranaree University of 
Technology (SUT) farm according to the approved protocol by the Animal Care and 
Use Committee of SUT, Thailand (document number SUT-IACUC-012/2020). 

4.3.2 Housing, birds, and sample collection 
A total of fifty HS breeds (SUT breeder hens) and HA breeds (Leuang Hang 

Kao breeder hens) at 22 weeks of age, 25 hens per strain, were raised in individually 
housed in cages with a size of 40 × 45 × 40 cm3 (width × depth × height) and acclimated 
for 5 weeks in thermoneutral (23±1°C) room by using air conditioner. Leuang Hang Kao 
breeder hens are a Thai native breed, SUT breeder hens represent a synthesized 
commercial line developed for producing Thai indigenous crossbred chickens. The 
breeder hens were fed 140 g/day of corn-soy basal diets, formulated following the 
guidelines of the National Research Council 1994 (NRC, 1994) and Aviagen (2016) 
recommendations (2,800 kcal of metabolizable energy/kg and 15% crude protein), with 
water available ad libitum, and were maintained on a 16-hour light cycle daily. At 28 
weeks of age, the hens were divided into two groups, i.e., HA and HS groups, each 
consisting of 25 hens, using a completely randomized design. All breeder hens were 
moved to a heat stress room with a controlled temperature at 36 °C with a humidity 
of 40-70% for 6 hours using a gas heater with thermostat-controlled equipment 
according to the modified method (Duangjinda et al., 2017). After the hens were 
exposed to heat stress for 6 hours, 12 breeder hens from each strain were randomly 
selected and euthanized by severing the vein in the neck and dissecting them to 
collect jejunal mucosa tissues. These tissues were collected into RNA protect tissue 
tubes (Qiagen, Duesseldorf, Germany), which were snap-frozen in liquid nitrogen and 
stored at −80°C until further transcriptome analysis and gene validation analysis.  

4.3.3 Extraction of total RNA 
Total RNA was extracted from 12 jejunal mucosal tissue samples from 

each strain (HA and HS breeds) using the RNeasy Mini Kit (Qiagen, Hilden, Germany) and 
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subsequently purified with a QIAamp spin column (Qiagen), following the 
manufacturer's protocol. The RNA concentration was determined using a NanoDrop ND-
1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and its quality 
was assessed through 1% agarose gel electrophoresis, employing 0.5× TAE buffer and 
an electric current of 100 V for 25 min. The three pooled RNA samples (each pool 
consisting of four individual jejunal mucosa samples) from each strain were used to 
construct an RNA-seq library. Capillary electrophoresis using a QIAxcel Connect (Qiagen) 
system was employed to assess the RNA integrity number (RIN), with RNA samples 
having a RIN ≥ 7 selected for long RNA library construction. 

4.3.4 Library construction and data processing 
The cDNA library construction and RNA-seq were conducted by BGI Co., 

Ltd. (BGI, Shenzhen, China). Six libraries were sequenced on the DNBSEQ platform. 
Sequencing data were processed using SOAPnuke Version v1.5.2 (Cock et al., 2010) to 
generate clean reads. The clean reads were then aligned to the chicken reference 
genome (GCF_000002315.6_GRCg6a) using HISAT2 v2.0.4 (Kim et al., 2015), and gene 
expression levels were calculated using RSEM Version v1.2.8 (Li and Dewey, 2011). 

4.3.5 Differentially expressed gene screening and functional enrichment  
 Differential gene expression was analyzed using DESeq2 (v1.4.5) (Love et al., 
2014). Differentially expressed genes (DEGs) were identified based on a fold-change (FC) of 
≥ 1 and an adjusted value of P < 0.05. Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment analyses were conducted, with GO terms 
and KEGG pathways having P < 0.05 considered significantly enriched. 

4.3.6 Validation of DEGs and marker genes via quantitative polymerase 
chain reaction (qPCR) 
The primer sequences for heat shock protein family B (small) member 9 

(HSPB9) and heat shock protein family A (Hsp70) member 2 (HSPA2), cluster of 
differentiation 36 (CD36), claudin 15 (CLDN15), recombination activating gene 2 (RAG2), 
interleukin 18 binding protein (IL18BP), and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) are presented in Table 4.1. Design qPCR-specific primers using NCBI's online 
primer design software (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). These 
genes were analyzed in the jejunal mucosa tissues of HA and HS breeder hens using 
quantitative real-time polymerase chain reaction (qRT-PCR). Then, the cDNA samples 
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from HA and HS breeds, T1, T2, T3, and T4, were used to analyze the DEGs validation 
and marker gene confirmation. For reverse transcription, 2 µg of total RNA from each 
sample was used with the SuperScript III RNase H-Reverse Transcriptase Kit (Toyobo, 
Osaka, Japan) and random primers (Promega, Madison, WI, USA), following the 
manufacturer’s instructions. RT-qPCR was performed using the QuantiNova SYBR Green 
PCR Kit (Qiagen, Hilden, Germany). Briefly, the 10 µL reaction mix was prepared 
containing 5 µL of SYBR Green, 0.4 µL of forward primer, 0.4 µL of reverse primer, 2 µL 
of cDNA, and 2.2 µL of nuclease-free water. The parameters of PCR cycles included 
the following phases: initial heat activation at 94°C for 10 min, followed by 40 cycles 
of denaturation at 95°C for 10 s, annealing at 60°C for 30 s, and final extension at 72°C 
for 30 s. Relative gene expression was quantified using the 2−∆∆CT method, with GAPDH 
as the internal control. 

Table 4.1 Primer sequences used for real-time PCR. 
Gene Primer sequences Gene accession number 
CLDN15 F-5’-AATATACTCGAGGGCCCATGT-3’ XM_040679248.2 

R-5’-AAATCCTCCCGTGACAGCAA-3’
RAG2 F-5’-CTGCTTCTTCCAACAGATACCG-3’ XM_040700890.2 

R-5’-CAGGATCTCTTCGGCCATCC-3’
IL18BP F-5’-CTTCTGCTGCCACTGCTCT-3’ XM_015280902.4 

R-5’-CTCACGTTGCTGCCCATCT-3’
CD36 F-5’-CAACCTCGCTGTTGTTGCTG-3’ NM_001030731.1 

R-5’-GGTCCAAGGGAAAGGGAACC-3’
HSPB9 F-5’-CAAGTACGAGGTGCTGAAGCG-3’ NM_001010842.3 

R-5’-TGACAGCTCCATCCTTGGCT-3’
HSPA2 F-5’-CCGTGGAGTTCCTCAGATCG-3’ NM_001006685.1 

R-5’-GCTAAGGCGACCCTTGTCAT-3’
GAPDH F-5’- AGAACATCATCCCAGCGT-3’  K01458 

R-5’- AGCCTTCACTACCCTCTTG-3’
F, forward; R, revers; HSPB9, heat shock protein family B (small) member 9; HSPA2, heat 
shock protein family A (Hsp70) member 2; CD36, cluster of differentiation 36; CLDN15, 
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claudin 15; RAG2, recombination activating gene 2; IL18BP, interleukin 18 binding 
protein; and GAPDH, glyceraldehyde-3-phosphate dehydrogenase.  

4.4 Results 
4.4.1 Quality of RNA-Seq reads 

RNA sequencing libraries were prepared from the jejunal mucosa of HA 
and HS breeder hens and sequenced on the DNBSEQ platform. The RNA-seq data 
quality metrics are presented in Table 4.2. RNA-seq of jejunal samples from HA and HS 
breeder hens yielded an average of 43.52 million raw reads and 42.30 million clean 
reads per sample. The sequencing quality was high, with Q20 and Q30 percentages 
exceeding 97.76% and 93.13%, respectively. GC content across all samples ranged from 
46.76% to 47.41%. Alignment of clean reads to the chicken reference genome resulted 
in mapping rates of 95.38% to 95.82%.   

Table 4.2  RNA-sequencing metrics for jejunal mucosa transcriptome analysis of HA 
and HS breeder hens under heat stress. 

Sample1 Raw 
reads 
(M) 

Clean 
Reads 
 (M) 

Clean 
Bases 
 (GB) 

Q20 
(%)2 

Q30 
(%)2 

GC 
content 
(%) 

Total 
Mapping 
 (%) 

HA1 45.44 44.09 6.61 98.06 94.05 47.14 95.38 
HA2 44.15 43.06 6.46 97.76 93.13 46.76 95.82 
HA3 45.44 43.85 6.58 97.89 93.68 47.41 95.66 
HS1 40.39 39.33 5.93 97.91 93.64 47.01 95.49 
HS2 40.78 39.76 5.96 97.84 93.38 47.13 95.55 
HS3 44.94 43.73 6.56 97.91 93.65 47.24 95.65 
Average 43.52 42.30 6.35 97.90 93.59 47.12 95.59 
1Jejunal mucosa samples from four individual hens were pooled for each of the three 
replicates (n=3) in both HA and HS groups under heat stress 
2Q20 and Q30 indicate the percentage of bases with P value ≥ 20 and 30, respectively. 

4.4.2 Differentially expressed genes analysis 
To identify differentially expressed genes (DEGs) in the jejunal mucosa of 

HA and HS breeder hens under heat stress, RNA-sequencing and subsequent 
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bioinformatic analysis were performed. Principal component analysis (PCA) of jejunal 
mucosa transcriptomics revealed a clear separation between HA and HS hens, 
indicating distinct mRNA expression profiles (Figure 4.1A). Hierarchical clustering of DEGs, 
based on FPKM values, further confirmed this separation, with samples clustering by groups 
and distinct gene expression patterns observed between HA and HS hens (Figure 4.1B). A 
total of 15,258 genes were identified across both groups. Of these, 397 genes were 
uniquely expressed in the HA group, and 347 genes were uniquely expressed in the HS 
group (Figure 4.2A). Differential expression analysis identified 284 DEGs, with 155 up-
regulated and 128 down-regulated DEGs in HS compared to HA (Figure 4.2B and Table 
S4.1). Upregulated genes in HS hens included HSPB9, RAG2, HSPA2, and heat shock protein 
family B (small) member 1 (HSPB1), while downregulated genes included CLDN15 and liver 
basic fatty acid binding protein (LBFABP). 
 
A 
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Figure 4.1  DEGs analysis in jejunal mucosa between HA and HS breeder hens under 
heat stress. (A) PCA of DEGs. Blue and orange nodes represent individuals 
from HA and HS breeder hens, respectively. (B) Hierarchical clustering 
heatmap of DEGs. Each row represents DEGs, and the column represents 
the sample name. The color gradient from blue to red indicates log2 fold-
change values, with red representing upregulated genes and blue 
representing downregulated genes.  

A 
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Figure 4.2  DEGs analysis was performed on jejunal mucosa tissues between HA and 
HS breeder hens under heat stress. (A) Venn diagram illustrating the 
distribution of DEGs identified in the jejunal tissues. (B) Volcano plot 
displaying the DEGs between the HA and HS groups. Red and green dots 
represent significantly upregulated and downregulated genes, respectively 
(adjusted P < 0.05, |log2 FC| ≥ 1). Gray dots indicate genes that did not 
significance threshold. The x-axis represents log2 fold-changes, and the y-
axis shows log10 (adjusted P-value). 

4.4.3 Gene ontology (GO) annotation analyses of DEGs 
To elucidate the molecular mechanism underlying heat stress, GO 

annotation analysis was performed on the DEGs. The analysis categorized the DEGs into 
three main functional groups: biological processes (BP), molecular functions (MF), and 
cellular components (CC). The analysis revealed significant enrichment in 555 GO terms 
(P < 0.05, log2 FC ≥ 1), comprising 371 BP, 110 MF, and 74 CC (Figure 4.3, Table S4.2). 
Within the BP category, including cell division, chromosome segregation, cell cycle, 
fructose transmembrane transport, and response to heat pathway. The MF revealed 
prominent enrichment in various transport-related activities, especially microtubule 



105 

binding, fructose transmembrane transport, short-chain fatty acid transmembrane 
transport, glucose transmembrane transport, and neutral amino acid transmembrane 
transport, etc. In terms of CC, the DEGs were predominantly enriched in chromosomes, 
centromeric regions, extracellular space, brush border membrane, plasma membrane, 
and extracellular regions, etc.  

A B 

C 

Figure 4.3  Functional enrichment analysis of identified DEGs in jejunal mucosa 
between HA and HS breeder hens. The top 20 enriched GO terms of DEGs 
are shown for (A) biological process, (B) molecular function, and (C) cellular 
component categories. The x-axis represents the richness ratio, and the y-
axis shows the functional categories. 
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4.4.4 KEGG pathway analyses of DEGs 
To identify the biological pathways involved in breeder hens under heat 

stress, the DEGs from both groups were mapped to the KEGG pathway database. KEGG 
pathway enrichment analysis revealed significant alterations in multiple signaling 
cascades following acute heat stress exposure. The analysis identified six significantly 
enriched pathways (P < 0.05, log2 FC ≥ 1): VEGF signaling pathway, MAPK signaling 
pathway, cell adhesion molecules, steroid biosynthesis, neuroactive ligand-receptor 
interaction, and cell cycle (Table 4.3). These enriched pathways suggested a complex 
cellular response to acute heat stress, involving multiple regulatory mechanisms and 
cellular processes.  

Table 4.3  Significantly enriched KEGG pathways in jejunal mucosa tissues between 
HA and HS breeder hens under heat stress. 

KEGG1 Pathway Term  Count  P value Gene Symbols2 
gga04370: VEGF signaling 
pathway 

2 7.82E–03 HSPB1↑, PLA2G4EL2↑ 

gga04010: MAPK signaling 
pathway 

3 0.0208 HSPH1↑, HSPA2↑, 

PLA2G4EL2↑ 
gga04514: Cell adhesion 
molecules 

2 0.0345 HLA-F10AL4↓, 

CLDN15↓  
gga00100: Steroid biosynthesis 1 0.0413 LIPML5↑ 
gga04080: Neuroactive ligand-
receptor interaction 

3 0.0430 TAC1↑, HTR1B↑, RLN3↑ 

gga:04110 Cell cycle 5 0.0483 BUBIB↑, CDK1↑, PLK1↑, 

CDC7↑, CAC20↑ 
1KEGG, Kyoto Encyclopedia of Genes and Genomes 
2Up and down arrows (↑↓ ) indicate upregulated and downregulated genes, 
respectively, in jejunal mucosa between HA and HS breeder hens under heat stress. 
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4.4.5 Protein-protein interaction network analysis of DEGs 
Protein-protein interaction (PPI) network analysis for the DEGs identified 

three distinct networks. The largest network comprised 30 protein-coding genes, with 
CDK1, PLK1, CDC7, and CDC20 positioned as core nodes. These core proteins showed 
primary enrichment in the cell cycle pathway within the jejunum (Table 4.3 and Figure 
4.4). Notably, most proteins in this network were upregulated, as indicated by red 
nodes, with a few exceptions, such as KIF33 and CDK18, shown in blue. The second 
network contained 13 interaction proteins, including HSPA2 and IL6, all of which were 
upregulated (red nodes). The third network consisted of 10 proteins, all of which were 
downregulated (blue nodes), with SLC22A13L serving as the core node of the network. 

Figure 4.4  PPI network of DEGs in jejunal mucosa between HA and HS breeder hens 
under heat stress. The size of the circle represents the values of log2 fold 
change. Red and blue nodes indicate the upregulated and downregulated 
genes, respectively. 

4.4.6 Validation of DEGs and marker genes by real-time PCR 
To validate the RNA-seq results, six DEGs with representative function or 

notably altered expression profiles in response to acute heat stress were selected for 
quantitative polymerase chain reaction (qPCR) analysis. The validation included four 
upregulated genes (HSPB9, RAG2, HSPA2, and IL18BP) and two downregulated genes 
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(CLDN15 and CD36) in the jejunal mucosa between HA and HS breeder hens (Figure 
4.5). The expression patterns were observed through qPCR (Figure 4.5). The expression 
patterns observed through qPCR were consistent with RNA-seq data. 

Figure 4.5  Expression of 6 DEGs was detected using either RNA-seq or RT-qPCR. The 
x-axis represents the genes, and the y-axis represents their mRNA
expression levels expressed in fold-change values. Expression levels
determined via qPCR and RNA-seq are represented by black and white fill
columns, respectively. HSPB9, heat shock protein family B (small) member
9; HSPA2, heat shock protein family A (Hsp70) member 2; CD36, cluster of
differentiation 36; CLDN15, claudin 15; RAG2, recombination activating gene
2; IL18BP, interleukin 18 binding protein.

4.5 Discussion 
The small intestine plays a crucial role in the digestion and absorption of dietary 

nutrients (Madara, 1991). However, heat stress can compromise the structural integrity 
of the intestinal mucosa (Habashy et al., 2017), impair nutrient absorption and transport 
(Brake, 1998), and downregulate genes involved in processes (Sun et al., 2015). To 
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evaluate these effects, jejunal mucosal tissue from HA and HS breeder hens was 
selected for RNA-Seq analysis. This analysis identified 284 DEGs, including 155 
upregulated and 129 downregulated genes, between the two groups, and identified 
some candidate genes, including HSPB9, HSPA2, RAG2, IL18BP, CLDN15, and CD36. Heat 
stress challenge significantly altered the mRNA expression of HSPB9, HSPA2, and CD36 
compared to the TN group, whereas either synthetic or phytogenic antioxidant 
supplementation significantly increased the expression of CD36, while decreasing 
HSPB9, HSPA2, and IL18BP compared to the heat-stressed group without supplementation. 
By linking the transcriptomic findings with the antioxidant study, we aim to explore how 
dietary interventions can alleviate the adverse effects of HS on gene expression and 
intestinal health. These findings suggest that antioxidant supplementation can alleviate 
these molecular disruptions caused by heat stress, providing potential dietary 
interventions to enhance heat tolerance in poultry. 

The primary defense against heat stress involves HSPs, which function as 
intracellular molecular chaperones by binding to misfolded proteins and preventing 
their aggregation (Wang et al., 2020; Johnston et al., 2021). Recent research has 
identified significant differences in HSP expression patterns between HA and HS breeds, 
particularly in the jejunal mucosa tissue under heat-stress conditions. This study reveals 
the upregulation of several key HSP family members, including HSPA2 (HSP70), HSPB1 
(HSP27), and HSPB9 (HSP25). The expression of HSPA2 (HSP70) was significantly 
upregulated, with a fold change of 4.4 being observed under acute heat stress 
conditions. This finding was consistent with previous studies by Kim et al. (2022) and 
Zhu et al. (2025), where HSPA2 upregulation was also documented in heat-stressed 
poultry. HSPB9 (HSP25) expression patterns were characterized by an initial low 
expression followed by a gradual increase over time (Xu et al., 2019). The protein’s 
role as a molecular chaperone was confirmed through its involvement in cellular 
homeostasis maintenance and protein denaturation prevention. HSPB1 was also found 
to be elevated in the jejunal mucosa. Its functionality was demonstrated through 
multiple protective mechanisms, including protein stability maintenance and oxidative 
stress protection (Rogalla et al., 1999; Santoro, 2000). The protein’s interaction with 
cytosolic cytochrome C was observed to regulate apoptotic pathways (Vidyasagar et 
al., 2012), while its involvement in lipid clearance was also documented (Na et al., 
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2018). Both HSPB1 and HSPB2 were observed to form large multimeric complexes that 
were involved in preventing protein aggregation and maintaining cytoskeletal integrity 
during heat stress (Georg et al, 2020). In addition to HSP-related changes, immune 
response modifications were detected through the upregulation of the RAG2 gene in 
heat-stressed breeder hens' jejunal tissue. The gene’s involvement in V(D)J 
(recombination and lymphocyte development was confirmed (Ru et al., 2015), 
suggesting its role in maintaining immune function under heat stress conditions. An 

indirect activation of PPAR-γ by RAG2 was also observed, which was associated with 
increased adipogenesis in the jejunum of heat-stressed breeder hens (Gellert, 2007). 
These molecular adaptations were found to be more pronounced in HA breeds 
compared to HS breeds, indicating the development of a more sophisticated cellular 
protection system in the former group. The observed changes were noted to 
encompass multiple aspects of cellular function, including protein stability 
maintenance, metabolic regulation, and immune system functionality.  

Heat stress has emerged as a critical factor compromising intestinal barrier 
integrity in poultry production (Song et al., 2014). The intestinal barrier is maintained 
by tight junction proteins such as occludin (OCLN) and claudin (CLDN), which regulate 
paracellular permeability and are essential for maintaining gut health (Lee, 2015). Our 
transcriptomic analysis revealed that claudin 15 (CLDN15) gene expression was 
significantly downregulated (FC = −3.74) in the jejunal mucosa of heat-stressed breeder 
hens. CLDN15 serves as a critical tight junction protein that forms a cation-selective 
channel, facilitating Na+-dependent nutrient transport and maintaining Na+ 
homeostasis (Wada et al., 2013). This Na+ gradient is fundamental for various transport 
processes, indicating that Na+-dependent uptake of bile acids into enterocytes (Keating 
and Keely, 2009) and the absorption of essential nutrients such as glucose and amino 
acids (Nakayama et al., 2020). Moreover, CLDN15 has been shown to promote the 
proliferation of intestinal cryptic cells (Tamura et al., 2008), which are vital for 
continuous epithelial renewal and barrier maintenance. The heat stress-induced 
downregulation of CLDN15 suggests a compromised intestinal barrier function that may 
significantly impair nutrient absorption and utilization in breeder hens.  

Heat stress effects extend beyond barrier functions to impact lipid metabolism 
and transport mechanisms in the intestine (Goel et al., 2021). Fatty acid-binding 
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proteins (FABPs) are crucial facilitators of long-chain fatty acid uptake and transport 
from intestinal chyme into intestinal epithelial cells, where they support triglyceride 
synthesis (Prows et al., 1995). Our findings demonstrated significant downregulation (FC 
= -2.42) of liver basic fatty acid-binding protein (LBFABP) in the jejunal mucosa of heat-
stressed breeder hens, aligning with previous studies reporting decreased FABP 
expression in heat-stressed chicken intestine (Sun et al., 2015; Al-Zghoul et al., 2019). 
While LBFABP (also known as FABP10) is dominantly expressed in liver tissue (Murai et 
al., 2009), its presence in intestinal tissue plays a vital role in the efflux and transport 
of various lipids, including cholesterol and bile acids (Nichesola et al., 2004; McIntosh 
et al., 2012). Recent research has further emphasized LBFABP's significance in energy 
and lipid metabolism (Sun et al., 2023). Heat stress compromises intestinal barrier 
integrity in broilers (Song et al., 2013). The downregulation of LBFABP expression during 
heat stress can be attributed to heat-induced structural damage to the intestine 
epithelial and subsequent cell loss (Garriga et al., 2006). This damage disrupts both 
lipid re-esterification within intestinal cells and their transport through the lymphatic 
system, reducing long-chain fatty acid absorption, decreased plasma triglyceride levels, 
and compromised energy availability in chickens (Xie et al., 2015). The reduced lipid 
absorption capacity in the jejunum, caused by LBFABP downregulation, potentially 
creates an energy deficit that threatens metabolic homeostasis in breeder hens. 
Furthermore, the compromised intestinal barrier function may exacerbate these effects 
by allowing increased translocation of harmful substances into the bloodstream 
(Schreier et al., 2022). Further research directions should focus on elucidating the 
molecular mechanism underlying heat stress-induced LBFABP downregulation and 
developing targeted nutritional or management interventions to mitigate these effects. 
Understanding these mechanisms could lead to more effective strategies for 
maintaining intestinal function and barrier integrity during periods of heat stress, 
ultimately improving the productivity and welfare of breeder hens. 

GO analysis of transcriptomic data revealed significant enrichment in 555 GO 
terms in the jejunal mucosa of heat-stressed breeder hens. Three GO terms- response 
to heat, extracellular space, and extracellular region were particularly noteworthy, as 
they align with findings from Kim et al. (2022) in their analysis of chronic heat stress 
responses in hen jejunal mucosa. In addition, the comparison between HA and HS hens 
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highlighted GO terms related to fructose and glucose transmembrane transport, brush-
border membrane, and motor activity in the jejunum. These findings are particularly 
relevant given that the jejunum is the primary site for the absorption of amino acids, 
carbohydrates, and fatty acids (Montoro-Huguet et al., 2021; McQuilken, 2024), with 
these molecules being transported across the intestinal brush border membrane via 
specific transporters (Shibata et al., 2020). 

KEGG pathway analysis revealed six enriched pathways influenced by acute HS 
in the jejunal mucosal tissues of breeder hens (Table 4). Notable among these were 
the vascular endothelial growth factor (VEGF) signaling pathways and neuroactive 
ligand-receptor interaction, which have been previously identified in heat-stressed and 
immune-stressed broilers' jejunum (Kim et al., 2022; Hu et al., 2024). The VEGF signaling 
pathway plays a crucial role in maintaining metabolic homeostasis, cell proliferation, 
migration, and vascular architecture (Malila et al., 2024). Heat stress-induced intestinal 
mucosal damage leads to intestinal hypoxia and triggers VEGF regulation through 

hypoxia-inducible factor-1α (HIF-1α) activation (Li et al., 2024). While VEGF signaling 
promotes angiogenesis to restore oxygen and nutrient delivery to heat-stressed tissues, 
excessive VEGF activity under prolonged heat stress can lead to vascular 
hyperpermeability and enhanced tissue inflammation (Huang et al., 2017). In addition, 
VEGF signaling may suppress T cell development, potentially contributing to immune 
suppression under heat-stress conditions (Ohm et al., 2003).  

The mitogen-activated protein kinase (MAPK) signaling pathway emerged as 
another significant pathway affected by acute heat stress in the jejunal mucosa, 
particularly differing between HA and HS breeder hens. This pathway’s activation during 
heat stress in the broiler jejunal has been previously documented (Huang et al., 2024). 
MAPK signaling regulates various physiological functions, including oxidative stress 
responses, inflammation, cell multiplication, apoptosis, and autophagy (Murai et al., 
2010; Liu et al., 2022). Our analysis revealed the upregulation of two HSPs, HSPH1 and 
HSPA2, within the MAPK signaling pathway. HSPH1, a member of the Hsp110 family, 
shows increased expression to prevent cell death and promote survival under heat-
stress conditions (Balakrishnan et al., 2023). Similarly, HSPA2, encoding an HSP70 family 
member, helps alleviate structural and oxidative damage to intestinal mucosa during 
heat stress (Hao et al., 2012). Previous research has shown that heat stress upregulates 
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HSP70 expression in chicken jejunal mucosa and activates the intestinal MAPK signaling 
pathway, suggesting a protective mechanism through MAPK signaling pathway 
activation (Yu et al., 2021). The coordinated upregulation of HSPH1 and HSPA2 
represents an important adaptive response to heat stress, with HSPH1 promoting cell 
survival and HSPA2 mitigating intestinal mucosal damage through MAPK pathway 
activation. These molecular responses appear to be critical for heat stress adaptation 
in breeder hens. Furthermore, the potential roles of HSPA2 and HSPH1 in the 
modulation of immune function under heat stress conditions warrant further 
investigation, as their involvement in immune regulation may represent an important 
aspect of the heat stress responses (Beere, 2004).  

PPI network analysis revealed several up-regulated cell cycle-related genes in 
the jejunum of heat-stressed breeder hens, including CDK1, PLK1, CDC7, and CDC20. 
Cyclin-dependent kinase 1 (CDK1), a key member of the cyclin-dependent kinase 
family, is a serine/threonine kinase that influences both the Wnt and fibroblast growth 
factor signaling pathways, thereby affecting cell proliferation (Yang et al, 2020; Wang et 
al., 2023; Liu et al., 2023). The polo-like kinase 1 gene (PLK1), another serine/threonine 
kinase, regulates cell division and DNA replication, with its overexpression enabling cells 
to bypass cell cycle checkpoints (Van Vugt et al., 2004).  Through interaction with cell 
division cycle 7 (CDC7), PLK1 induces diaphragm formation and mitotic exit (Donaldson 
et al., 2001). CDC7 serves as a critical cell cycle regulator, as demonstrated in studies 
showing that its inactivation leads to S-phase arrest and P53-dependent apoptosis in 
mouse embryonic stem cell culture (Kim, 2002). Notably, previous research in Illinois 
broilers under heat stress also reported upregulation of PLK1, CDC7, and CDC20 (Zhang 
et al., 2017), suggesting a conserved response to heat stress across different chicken 
breeds. These findings suggest that PLK1, CDC7, and CDC20 play pivotal roles in cellular 
adaptation to heat-induced DNA damage, with increased expression of polo-like kinases 
between HA and HS breeder hens potentially reducing cell-cycle arrest and apoptosis 
under heat stress. The second largest network identified comprised 13 upregulated 
genes, with HSPA2 and interleukin-6 (IL6) emerging as key core nodes related to the 
immune response, showing 6 and 5 interactions, respectively. HSPs are intricately linked 
to immune system functions (Tsan and Gao, 2009). In particular, HSP70 (HSPA2) induces 
calcium flux, exhibits high-affinity binding to the plasma membrane, and activates 
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nuclear factor (NF)-κB (Asea et al., 2000). The pro-inflammatory cytokine IL6 plays an 
important role in innate and acquired immunity (Wigley and Kaiser, 2003). Multiple 
studies have indicated increased IL6 expression following heat stress exposure 
(Varasteh et al., 2015), including elevated levels in the jejunal mucosae of thermal 
manipulation chicks under chronic heat stress (Al-Zghoul and Mohammad Saleh, 2020). 
The relationship between HSPA2 and IL-6 is particularly noteworthy. While elevated IL-
6 levels may be associated with increased HSPA2 expression, the upregulation of HSP70 
serves as a protective mechanism by inhibiting pro-inflammatory cytokine expression 
(Yoo et al., 2000; Stocki and Dickinson, 2012). Research has shown that heat shock 
factor (HSF) induces both HSP70 and IL-6 expression in heat-stressed chickens, 
suggesting IL-6 may act as a heat-shock gene (Prakasam et al., 2013). These findings 
indicate that heat stress suppresses innate immunity in the jejunal mucosa of breeder 
hens while simultaneously triggering protective mechanisms through HSPA2 
upregulation. The concurrent elevation of IL6 expression suggests an inflammatory 
response, likely resulting from heat-induced tissue damage. 

In addition, PPI analysis highlighted a network of ten downregulated DEGs 
associated with nutrient transport and metabolism, such as SLC22A13L, LBFABP, 
SLC2A2, and SLC6A19, consistent with previous reports of reduced nutrient absorption 
and transport gene expression in heat-stressed animals (Sun et al., 2015). Solute carrier 
family 22 member 13 (SLC22A13L), also known as organic anion transporter 10 (OAT10) 
(Vávra et al., 2024), is predominantly expressed in the apical membrane of proximal 
tubules in the kidneys. This transporter mediates urate reabsorption through the 
exchange of organic anions such as urate, nicotinate, and orotate for OH-anions or 
organic anions like lactate (Bahn et al., 2008; Toyoda et al., 2022). The downregulation 
of SLC22A13L in heat-stressed chicken jejunum may disrupt ion transport balance and 
metabolic regulation, potentially compromising nutrient absorption, cellular function, 
and tissue homeostasis (Garriga et al., 2006). This reduction could represent a 
protective mechanism to minimize cellular damage from oxidative stress or impaired 
cellular metabolism. The glucose transport gene SLC2A2 (GLUT2) plays a role in 
glucosamine transport necessary for glycosaminoglycan biosynthesis (Uldry et al., 
2002). Previous research in broiler jejunum has demonstrated reduced GLUT2 
expression under heat stress (Sun et al., 2015), suggesting disrupted intestinal glucose 
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transport. Similarly, solute carrier family 6 member 19 (SLC6A19), located in the apical 
membrane, encodes the B0AT protein responsible for high-affinity amino acid transport 
through electroneutral exchange coupled with the sodium co-transport (Bröer, 2008). 
The reduction in SLC6A19 expression under heat stress conditions may result in 
decreased amino acid levels in the jejunal apical membrane. These findings suggest 
that the downregulation of nutrient transport and metabolism genes in heat-stressed 
breeder hen jejunum may lead to impaired nutrient absorption, metabolic regulation, 
and cellular function. Additional research is needed to elucidate the precise 
mechanisms governing transporter regulation under heat stress conditions.  

4.6 Conclusion 
In this study, we identified 155 DEGs that were up-regulated and 128 DEGs that 

were down-regulated in the jejunal mucosa tissue between HA and HS breeder hens 
under heat stress using RNA-seq. Twelve DEGs associated with HSP, immune response, 
intestinal barrier integrity, lipids, organic acid, glucose, and amino acids transport, 
including HSPB9, HSPA2, HSPB1, RAG2, IL6, IL-18BP, CLDN15, LBFABP, CD36, SLC22A13L, 
SLC2A2, and SLC6A19 may play key roles in the regulation of jejunal mucosa of breeder 
hens under acute heat stress. The identified DEGs are associated with key processes 
related to response to heat, cell division, and glucose and amino acids transport. KEGG 
pathway enrichment analysis revealed that the main biological pathways were related 
to the VEGF signaling pathway, MAPK signaling pathway, cell adhesion molecules, 
neuroactive ligand-receptor interaction, and cell cycle. KEGG pathway and PPI analyses 
showed that acute heat stress may affect the cell cycle, immunity, and organic acid, 
glucose, and amino acids transport in the jejunal mucosa of breeder hens and that 
heat-stressed hens increase the expression of HSPs as a protective mechanism for their 
cells. The identified key pathways and candidate genes can be used as indicators to 
monitor acute HS responses in breeder hens and may inform strategies for developing 
heat-tolerant strains. 
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CHAPTER V 
DIETARY SYNTHETIC AND PHYTOGENIC ANTIOXIDANTS 

MODULATE JEJUNAL MUCOSA GENE EXPRESSION, CECAL SHORT-
CHAIN FATTY ACIDS CONCENTRATION, AMMONIA PRODUCTION, 

AND MICROBIOTA IN HEAT-STRESSED BREEDER HENS  

5.1 Abstract 
This study aimed to investigate the efficacy of synthetic antioxidants (a 

combination of vitamin E, vitamin C, selenium, and L-carnitine) and phytogenic 
antioxidants (a combination of clove, green tea pomace, and Vietnamese coriander) on 
the expression of the genes related to antioxidant capacity, immunity, and heat shock 
proteins (HSPs), cecal short-chain fatty acids (SCFAs), ammonia productions, and 
microbiota of heat-stressed (HS) breeder hens. One hundred hens were randomly 
assigned to either a thermoneutral (TN; 23 °C) or an HS room (HS; 36°C, 4 h/d from 
week 38 to 52). All hens were randomly allotted to four groups (25 hens each): T1) 
basal diet in TN zone; T2) basal diet under HS; T3) basal diet supplemented with 
synthetic antioxidants under HS; and T4) basal diet supplemented with phytogenic 
antioxidants under HS. Compared to heat-stressed hens, both synthetic and phytogenic 
antioxidant sources increased jejunum antioxidant (SOD and GSH-Px), tight-junction 
protein (CLDN1), and anti-inflammatory cytokine (IL-10) gene expression, and cecal 
concentrations of acetate, propionate, butyrate, isobutyrate, isovalerate, and total 
SCFAs, while decreasing the expression of HSPs (HSP70 and HSP90), immunity-related 

genes (IL-6, TNF-α, NF-κB, and TLR4), and ammonia production (P < 0.05). The 
abundance of SCFA-producing bacteria, including Firmicutes, Lachnospiraceae, 
Ruminococcaceae, and Megamonas, increased in the HS group receiving synthetic and 
photogenic antioxidants compared to the HS group without supplementation. PICRUSt2 
analysis revealed enriched metabolic pathways of bacterial chemotaxis, thiamine 
metabolism, and lysine biosynthesis in HS hens receiving both antioxidant sources. 
Spearman correlation analysis showed that the abundances of Lachnospiraceae, 
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Ruminococcaceae, and Megamonas, were shown to be positively correlated with the 
expression of SOD and IL-10, the concentration of butyrate, isobutyrate, and total SCFA, 
whereas negatively correlated with the expression of HSP70 in heat-stressed breeder 
hens. In conclusion, either synthetic or photogenic antioxidants effectively alleviated 
HS in breeder hens by enhancing antioxidant capacity, regulating immune responses, 
increasing SCFA concentrations, reducing ammonia levels, and modulating cecal 
microbiota composition, offering potential strategies to mitigate HS effects in poultry. 

Keywords:  Antioxidant, Breeder hen, Heat stress, Immunity, Microbiota. 

5.2 Introduction 
Heat stress (HS) severely affects chicken health, welfare, and productivity, 

particularly in tropical and subtropical regions (Khan et al., 2023). Elevated body 
temperature during HS causes intestinal ischemia and epithelial damage, compromising 
intestinal barrier integrity, leading to increased permeability, triggering inflammation, 
and disrupting microbiota composition, ultimately impairing intestinal health and 
immune function (Zhao et al., 2023). HS also induces excessive reactive oxygen species 
(ROS) generation, creating oxidative stress (OS) that damages cellular components and 
disrupts redox homeostasis (Reith et al., 2022; Zhao et al., 2023).  

Various strategies-nutritional, managerial, and genetic-have been proposed to 
alleviate HS effects, with dietary intervention emerging as a particularly cost-effective 
approach (Saeed et al., 2019). Antioxidant supplementation combines vitamins E and 
C, minerals such as selenium (Se), manganese, and zinc, as well as phytogenic bioactive 
compounds, demonstrating synergistic efficacy in enhancing antioxidant activity, 
reducing OS, strengthening immune function, and gut dysbiosis regulation (Ghazi Harsini 
et al., 2012; Kumbhar et al., 2018), and mitigating HS and lipid peroxidation in poultry 
(Leskovec et al., 2019). In addition, L-carnitine, a potent antioxidant, plays a crucial role 
in scavenging free radicals and protecting tissues from ROS-induced oxidative damage 
(Agarwal et al., 2018). Studies have shown that L-carnitine supplementation improves 
antioxidant activity (Çetin and Güçlü, 2020), enhances intestinal histology, modulates 
gut microbiota, reduces harmful bacteria populations, and promotes Lactobacilli 
growth in both laying hens and broilers under high stocking density (Eskandani et al., 
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2022). Phytogenic compounds, rich in bioactive chemicals like polyphenols and 
flavonoids, are gaining attention for their stress-reducing properties (Shehata et al., 
2022) and their ability to improve antioxidant enzyme (superoxide dismutase [SOD], 

glutathione peroxidase [GPx], and catalase [CAT]) activity by inhibiting NF-κB activation 
and reducing ROS production, and balance intestinal microbiota (Abd El-Hack et al., 
2020). Among the herbs of interest, Camellia sinensis (green tea) with its primary 
antioxidant catechins (particularly epigallocatechin gallate), Syzygium aromatum 
(clove) rich in eugenol, and Persicaria odorata (Vietnamese coriander) containing gallic 
acid, quercetin have shown potential as feed additives to mitigate HS, offering several 
beneficial functions (Erener et al., 2011; Hosseinzadeh et al., 2014;  El-Maati et al., 2016; 

Arif et al., 2022; Aziz‐Aliabadi et al., 2023; Saracila et al., 2023). Pasri et al. (2023) 
reported that bioactive compounds from clove, green tea pomace, and Vietnamese 
coriander rich in phenolics and total flavonoid content (including eugenol, gallic acid, 
catechin, ellagic acid, quercetin, and kaempferol) demonstrated synergistic antioxidant 
activity in vitro by effectively scavenging free radicals without cytotoxicity. Our previous 
study revealed that both synthetic antioxidants (a combination of vitamin E, vitamin C, 
Se, and L-carnitine) and phytogenic antioxidants (a combination of clove, green tea 
pomace, and Vietnamese coriander) enhanced free radical scavenging, upregulated 

SOD, CAT, and GSH-Px mRNA and downregulated NF-κB, HSP70, and HSP90 mRNA 
expressions in the liver of breeder hens under HS (Pasri et al., 2024).   

This study focuses on these two antioxidant sources in relation to gut health, as 
the gut is the primary organ affected by HS, which subsequently influences other 
physiological systems. The jejunum serves as the most heat-sensitive section, whereas 
HS modulates the expression of heat shock proteins (HSPs), i.e., HSP70 and HSP90, 
along with inflammatory markers including nuclear factor kappa B (NF-kB), interleukin 

6 (IL-6), tumor necrosis factor-alpha (TNF-α), toll-like receptor 4 (TLR4), and tight 
junction (TJ) proteins (claudin-1 [CLDN1], and zonula occludens-1 [ZO1]) in the jejunum 
(Santos et al., 2019). In addition, HS affects the abundance and composition of cecal 
microbiota. In chickens, Firmicutes, Bacteroidetes, and Actinobacteria dominate the 
cecal microflora (Wen et al., 2021). Previous studies have reported that HS decreased 
the relative abundance of Firmicutes and Ruminococcus, whereas the relative 
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abundance of Bacteroidetes was reduced in the cecum of broilers (Fang et al., 2023; 
Oetomiloye et al., 2024). Furthermore, modifications in the composition of gut 
microbiota typically result in changes to intestinal SCFA levels (D’Alessandro et al., 
2024). The impact of HS on immune responses, antioxidant properties, intestinal barrier 
function, and cecal microbiota in chickens has been well documented; however, little 
is known about the supplementation with synthetic and phytogenic antioxidants on 
mechanisms of molecular regulation in the jejunum and changes in the cecal intestinal 
microbiota. Therefore, this study aimed to investigate the efficacy of two sources of 
antioxidants-synthetic (a combination of vitamin E, vitamin C, Se, and L-carnitine) and 
phytogenic (a combination of clove, green tea pomace, and Vietnamese coriander) -in 
breeder hens’ diets on gut health parameters, including expression of antioxidants, HSPs, 
immunity, and TJ protein genes, cecal short-chain fatty acids (SCFAs) concentration, 
ammonia production, and cecal microbiota under HS conditions. Moreover, our results 
provide a new perspective on the adverse effects of HS in chickens.  

5.3 Materials and methods 
5.3.1 Ethics statement 

The experiment was carried out at the Suranaree University of Technology 
(SUT) farm according to the approved protocol by the Animal Care and Use Committee 
of SUT, Thailand (document no. SUT-IACUC-012/2020). 

5.3.2 Housing, birds, and experimental diets 
A total of one hundred 33-week-old SUT breeder hens, a synthesized line 

developed as commercial female breeders, were raised at the SUT farm and used in 
this study. Prior to the start of the experiment, the hens were individually housed in 
wire cages with a size of 40 × 45 × 40 cm3 (length × width × height) and acclimated to 
a controlled temperature of 23 ± 1°C for 5 weeks (33-38 week of age). After the 
acclimation period, the hens were equally divided into four treatments (T1, T2, T3, and 
T4), each consisting of 25 hens, using a completely randomized design at 38 weeks of 
age. Throughout the experimental period from 38 to 52 weeks of age, the control group 
(T1) remained in the thermoneutral (TN) conditions at 23 ± 1°C with a relative humidity 
of 40−70%, regulated by an air conditioner system. Conversely, the T2, T3, and T4 
groups were relocated to an HS room, where they were subjected to an elevated 
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temperature of 36 ± 1°C with approximately 40% relative humidity for 4 consecutive 
hours daily (1 pm – 5 pm), in accordance with established temperature and humidity 
stress index (Mirzaie et al., 2018; Roushdy et al., 2018). The HS room was maintained 
using a gas heater (liquefied petroleum gas) with thermostat-controlled equipment to 
regulate temperature. After completing heat treatment each day, the hens were 
returned to their original conditions for the same as the TN. The experimental diets 
were as follows: T1) basal diet under TN, T2) basal diet under HS, T3) basal diet 
supplemented with synthetic antioxidant combination (200 mg vitamin C/kg, 150 mg 
vitamin E/kg, 0.30 mg Se yeast/kg, and 150 mg L-carnitine/kg) under HS, as 
recommended by Ross 308 parent standards (Aviagen, 2021) and previous studies 
(Çetin and Güçlü, 2020; Shakeri et al., 2020), and T4) basal diet supplemented with 1% 
phytogenic antioxidant (a mixture of cloves, green tea pomace, and Vietnamese 
coriander powder in a ratio of 1:1:1/v: v: v) under HS (Pasri et al., 2023). Diets were 
formulated to meet nutritional requirements according to the recommendations of the 
National Research Council (1994) and Ross 308 parent stock standard 
recommendations (Aviagen, 2021), containing 15% CP and 2800 kcal ME/kg with 
calcium levels of 3.51%. The ingredient composition and calculations were previously 

reported by Pasri et al. (2024) (Table 5.1). All hens received 140 g daily feed (∼20-21 

g/hen/day of CP and ∼392 kcal ME /hen/day) and a 16 h light cycle, with water 
provided ad libitum. At the end of 52 weeks of age, 6 breeder hens in each group were 
randomly selected and euthanized, and jejunal mucosal tissues were collected, 
immediately frozen in liquid nitrogen, and stored at −80°C for subsequent gene 
expression analysis. Cecal digesta from both sides of the breeder hens was aseptically 
collected: the right for microbial analysis and the left for SCFAs and ammonia analysis, 
then frozen at −20°C until analysis. 
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Table 5.1 Ingredients and chemical composition of the basal diet. 

25-50 weeks of age After 50 weeks of age
Ingredients (%) 
Corn 64.60 63.50 
Soybean meal, 44 %CP 18.20 16.52 
Full fat soybean meal 6.70 9.00 
Calcium carbonate 8.50 8.90 
Monocalcium phosphate 0.94 1.00 
Salt 0.41 0.44 
DL-Methionine 0.135 0.134 
L-Lysine - - 
L-Threonine - - 
Premix 0.521 0.521 
Analyzed compositions (%)
Dry matter 93.06 93.10 
Crude protein 16.02 16.20 
Crude fiber 3.06 3.04 
Ash 11.08 11.66 
Ether extract 3.35 4.49 
Calculated compositions (%)
Metabolizable energy (kcal/kg) 2,800 2,800 
Calcium 3.51 3.71 
Total Phosphorus 0.53 0.54 
Available phosphorus 0.31 0.32 
Digestible Lysine 0.70 0.70 
Digestible Methionine 0.35 0.35 
Digestible Methionine + Cystine 0.57 0.57 
Digestible Threonine 0.50 0.50 

1Premix for breeder hens (0.52%) provided the following (per kg of diet) by withdrawing 
vitamin E and Se; vitamin A, 15,000 IU; vitamin D3, 3,750 IU; vitamin K3, 5 mg; vitamin B1, 2 
mg; vitamin B2, 9.8 mg; vitamin B6, 4 mg; vitamin B12, 25 mg; pantothenic acid, 11.04 mg; 
nicotinic acid, 35 mg; folic acid, 1 mg; biotin, 15.5 µg; choline chloride, 250 mg; Cu, 2.1 mg; 
Mn, 84 mg; Zn, 66.5 mg; Fe, 80 mg; I, 1.2 mg.  
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5.3.3 Jejunal mucosa gene expression 
Total RNA was extracted from jejunal mucosal tissue, using the RNeasy 

Mini Kit (Qiagen, Hilden, Germany) and purified using a QIAamp spin column (Qiagen, 
Hilden, Germany). RNA concentration was measured using a NanoDrop ND-1000 
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and quality assessed 
via 1% agarose gel electrophoresis in 0.5×TAE buffer at 100 V for 25 min. One 
microgram of total RNA was used for cDNA synthesis with QuantiTect Reverse 
Transcription Kit (Qiagen, Hilden, Germany) and random primers (Promega, Madison, WI, 
USA), following the manufacturer’s protocol. Real-time polymerase chain reaction (PCR) 
was performed using the QuantiNova SYBR Green PCR kit (Qiagen, Hilden, Germany) 
and analyzed in triplicate as described by Humam et al. (2019). For real-time PCR, the 
master mix for each reaction (8 µL) included 5 µL of SYBR Green, 0.4 µL of forward 
primer, 0.4 µL of reverse primer, and 2.2 µL of nuclease-free water, with 2 µL of cDNA 
samples added to a 96-well microplate. The mRNA abundance of oxidative stress-
related genes (superoxide dismutase [SOD], glutathione peroxidase [GSH-Px]), heat 
shock protein  ([HSP]70 and HSP90), immune-related genes (interleukin [IL]-6, IL-10, 

tumor necrosis factor-alpha [TNFα], nuclear factor-κB [NF-κB], Toll-like receptor 
[TLR]4), and TJ proteins (claudin-1[CLDN1], zona occludens [ZO]-1) was determined by 
real-time quantitative PCR (RT-qPCR) using a CFX96 real-time PCR system (BioRad, 
Hercules, CA). The primer sequences for these genes are presented in Table 5.2. The 
RT-qPCR program, with the reaction conditions set as follows: initial heat activation at 
94°C for 10 min, followed by 40 cycles of denaturation at 95°C for 10 s, annealing at 
60°C for 30 s, and final extension at 72°C for 30 s. Relative gene expression was 
calculated using a comparative method 2-∆∆CT (Livak and Schmittgen, 2001) with the 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the internal control.  
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Table 5.2 Primer sequences used for real-time PCR. 
Gene Primer sequences1 Accession No. 
SOD F-5’-CACTGCATCATTGGCCGTACCA-3’ NM_205064.1 

R-5’-GCTTGCACACGGAAGAGCAAGT-3’
GSH-Px F-5’-GCTGTTGCCTTCCTGAGAG-3’ NM_001277853.1 

R-5’-GTTCCAGGAGACGTCGTTGC-3’
HSP70 F-5’-GATCTGGGCACCACGTATTCT-3’ FJ217667.1 

R-5’-GGTTCATTGCCACTTGGTTCTT-3’
HSP90 F-5’-ACACATGCCAACCGCATTTA-3’ NM_001109785.1 

R-5’-CCTCCTCAGCAGCAGTATCA-3’
IL-6 F-5’-CAAGGTGACGGAGGAGGAC-3’ AJ309540 

R-5’-TGGCGAGGAGGGATTTCT-3’
IL-10 F-5’-GGAGCTGAGGGTGAAGTTTTGA-3’ NM_001004414.2 

R-5’-GACACAGACTGGCAGCCAAA-3’

TNF-α F-5’-CCCCTACCCTGTCCCACAA-3’ NM_204267.1 

R-5’-TGAGTACTGCGGAGGGTTCAT-3’
TLR4 F-5’-CCCACACACCTGCCTACATGAA-3’ NM_001030693 

R-5’-GGATGGCAAGAGGACATATCAAA-3’
NF-kB F-5’-GAAGGAATCGTACCGGGAACA-3’ NM_205134 

R-5’--CTCAGAGGGCCTTGTGACAGTAA-3’
ZO-1 F-5’-GGAGTACGAGCAGTCAACATAC-3’ XM_413773 

R-5’-GAGGCGCACGATCTTCATAA-3’
CLDN1 F-5’-GATCCAGTGCAAGGTGTACGA-3’ NM_001013611 

R-5’-AAAGACAGCCATCCGCATCT-3’
GAPDH F-5’-GGTGGTGCTAAGCGTGTTAT-3’ K01458 

R-5’-ACCTCTGCCATCTCTCCACA-3’

5.3.4 Short-chain fatty acids (SCFAs) and ammonia analysis 
The concentrations of SCFAs (acetic acid, propionic acid, butyric acid, 

isobutyric acid, valeric acid, and isovaleric acid) were analyzed using a modified 
procedure (Mookiah et al., 2014). The cecal digesta were treated with 24% 
metaphosphoric acid in 1.5 M H2SO4 (the sample-to-solution ratio was 1:1), and 
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vortexed to ensure thorough mixing. The samples were left at room temperature 
overnight, then centrifuged at 10,000 × g at 4°C for 20 min, the supernatant was 
collected for analysis. The supernatants were analyzed by gas chromatography (Agilent 
7890B; Agilent Technologies, Santa Clara, CA) using flame ionization detection (FID) with 
nitrogen as the carrier gas. A fused silica capillary column (0.32 mm × 25 m; CP-Sil 5 
CB, J&W GC Column, Agilent Technologies, Santa Clara, CA) was used for the analysis. 
SCFAs were analyzed using 4-methylvaleric acid (Alfa Aesar, Heysham, UK) as an 
internal standard. The external standards for SCFA peak identification included a 
volatile acid mixture (C1–C7, 10 mM each in water, Supelco, Bellefonte, PA). 

The ammonia content of cecal digesta was determined using a modified 
procedure (Willis et al., 1996). A total of 175 mg of sample was added to a 
polypropylene test tube, followed by the addition of 25 mL of 5% lithium carbonate 
(Li2CO3, Sigma-Aldrich, St Louis, MO). After vortexing, the mixture was centrifuged at 
10,000 × g at 4°C for 15 min. 500 µL of supernatant was transferred to a 15 mL tube, 
then mixed with 4 mL of salicylate reagent and 1 mL of hypochlorite reagent by brief 
vortexing. The mixture was incubated at room temperature for 30 min, then 
absorbance was measured at 685 nm using a microplate reader (Multiskan GO, Thermo 
Fisher Scientific, Waltham, MA), and compared to a standard ammonia calibration curve. 

5.3.5 DNA extraction and microbiome analysis 
DNA was extracted from cecal digesta using MagPure Stool DNA KF Kit B 

(MAGEN, Guangzhou, China) following the manufacturer’s instructions. DNA purity was 
verified by 0.8% agarose gel electrophoresis and quantified using a Qubit 2.0 
Fluorometer (Toyobo, Osaka, Japan). Library preparation was performed using the 2 × 
Phanta Max Master Mix kit (VAZYME, Guangzhou, China), and sequencing was 
conducted on a DNBSEQ-G400 platform at BGI Genomics Co., Ltd. (Shenzhen, China) 
targeting the V3-V4 region of the 16S rRNA gene. The amplification primer sequences 
were 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-
3’) (Liu et al., 2022). High-quality clean reads are generated by filtering raw data to 
remove low-quality bases, adapter contamination, ambiguous bases, low-complexity 
reads, and reads reduced to less than 75% of their original length (He et al., 2013). 
Sequence splicing was conducted with FLASH software (v1.2.11) by assembling paired-
end reads into single sequences based on the overlap, generating tags in highly variable 
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regions (Magoč and Salzberg, 2011). The spliced tags were clustered into operational 
taxonomic units (OTUs) using USEARCH (v7.0.1090), with clustering at a 97% similar 
threshold via UPARSE (Edgar, 2013). Chimeras were filtered using UCHIME (v4.2.40) 
(Edgar et al., 2011). All tags were aligned to representative OTU sequences using 
USEARCH’s global method to obtain sample abundance statistics. Representative out 
sequences were aligned with a reference database using RDP Classifier (v2.2) (Wang et 
al., 2007) for species annotation, with sequence identity set to 0.6. Alpha and beta 
diversity were evaluated using mothur software (v.1.31.2) (Schloss et al., 2009) and QIIME 
(v1.80) (Lozupone et al., 2011), respectively. Distinctive taxa among treatment groups 
were identified using linear discriminant analysis effect size (LEfSe), on the Galaxy/Hutlab 
workflow platform (Segata et al., 2011). Phylogenetic investigation of communities by 
reconstruction of unobserved states 2 (PICRUSt2) (v2.3.0-b) (Douglas et al., 2019) was 
used to predict microbial community functional abundance based on marker gene 
sequencing profiles, using a threshold of relative abundance > 1% and P < 0. 05.  

5.3.6 Statistical analysis 
Data for gene expression, SCFAs, and ammonia analysis were analyzed 

using SPSS software (version 27.0). All data values are presented as mean ± SEM. 
Orthogonal contrasts compared: 1) TN vs. HS conditions; 2) non-supplement vs. 
supplement; and 3) synthetic vs. phytogenic antioxidants. Additionally, Tukey’s 
multiple comparison test was used to assess significant differences among treatments. 
Values were considered statistically different at P < 0.05. Alpha diversity analysis was 
calculated based on the Coverage, Chao1 index, Shannon index, and Simpson index. 
Significant differences in alpha diversity among different groups were calculated based 
on Kruskal-Wallis’s test, where a significant difference level was set at P < 0.05. Beta 
diversity was calculated using unweighted UniFrac distance, with statistical comparisons 
among groups performed by permutational multivariate ANOVA. Figures were 
generated in GraphPad Prism (Graph Pad Software Inc., San Diego, CA). Predicted KEGG 
pathways' functional differences were analyzed by the Wilcoxon signed-rank test using 
R (v3.4.1) software. Spearman rank correlation analysis assessed the relationship 
between microbiota and other parameters.  
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5.4 Results 
5.4.1 Jejunal mucosa gene expression 

The effect of dietary synthetic and phytogenic antioxidant supplementation 
in breeder hen under HS conditions on gene expression related to antioxidant enzymes, 
HSPs, inflammatory mediators, and TJ proteins is shown in Table 5.3. Based on 
orthogonal contrasts, the HS challenge significantly altered the mRNA expression in the 
jejunal mucosa of genes related to antioxidant enzymes (SOD, GSH-Px), HSPs (HSP70, 
HSP90), immunity (IL-6, IL-10), and TJ proteins (ZO-1, CLDN1) compared to the TN group 
(P < 0.05). Either synthetic or phytogenic antioxidants supplementation significantly 
increased the expression of SOD, GSH-Px, IL-10, and CLDN1, while decreasing HSP70, 

HSP90, IL-6, TNF- α, NF-κB, and TLR4 compared to the HS group without 
supplementation (P < 0.05). Phytogenic antioxidant supplementation significantly 
increased the expression of GSH-Px compared to synthetic antioxidant 
supplementation under HS (P < 0.05). Interestingly, Tukey’s multiple comparison tests 
indicated that the expression levels of SOD, GSH-Px, and IL-10 were significantly higher 
in both supplemented groups compared to the TN group (P < 0.05).  

5.4.2 Cecal short-chain fatty acids (SCFAs) concentrations and ammonia 
production in cecal digesta 
The effect of dietary antioxidant supplementation on the concentrations 

of cecal SCFAs and ammonia production in breeder hen exposed to HS conditions is 
presented in Table 5.4. Orthogonal contrasts revealed that under HS, dietary 
supplementation with either synthetic or phytogenic antioxidants significantly 
increased the concentrations of acetic acid, propionic acid, butyric acid, isobutyric acid, 
valeric acid, isovaleric acid, and total SCFAs while decreasing ammonia production 
compared to the HS group without supplementation (P < 0.05). No significant 
differences in SCFA profiles were observed between the antioxidant sources (P > 0.05). 
Tukey’s multiple comparison tests indicated that phytogenic antioxidant supplementation 
significantly increased acetic acid, butyric acid, and total SCFA concentrations while 
decreasing ammonia production, whereas synthetic antioxidant supplementation 
significantly increased isovaleric acid concentrations compared to the TN group (P < 
0.05).  
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Table 5.3  Effect of antioxidant supplementation in breeder hen diets under heat 
stress conditions on gene expression related to the antioxidant enzymes, 
heat shock proteins, immunity, and tight junction proteins. 

Items 
Treatments1 Pooled 

SEM 

Contrasts2 

T1 T2 T3 T4 1 2 3 

Antioxidant enzymes 
  SOD 0.85b 0.64c 1.53a 1.58a 0.117 0.009 <0.001 0.814 
  GSH-Px 1.05c 0.75c 1.51b 1.85a 0.117 0.014 <0.001 0.025 
Heat shock proteins 
  HSP70 1.43b 2.48a 0.81c 0.70c 0.184 0.037 <0.001 0.066 
  HSP90 1.08b 1.94a 1.14b 1.07b 0.107 0.041 <0.001 0.647 
Inflammatory 
  IL-10 1.22b 1.51b 1.97a 2.08a 0.098 <0.001 <0.001 0.410 
  IL-6 1.54b 2.67a 1.58b 1.59b 0.138 0.028 <0.001 0.932 

  TNF-α 1.29b 1.99a 1.22b 1.11b 0.161 0.281 <0.001 0.555 

  NF-κB 1.16b 1.84a 0.96b 1.02b 0.113 0.514 <0.001 0.797 

  TLR4 0.95b 1.75a 0.96b 0.82b 0.121 0.253 0.001 0.555 
Tight junction proteins 
  ZO-1 1.81a 1.26b 1.63ab 1.54ab 0.076 0.048 0.059 0.599 
  CLDN1 1.80a 0.90b 1.50a 1.68a 0.108 0.016 0.001 0.379 

a-cMeans within each row with different superscripts are significantly different (P < 0 .05). 
1T1, thermoneutral zone (23±1°C) + basal diet; T2, heat stress (36±1°C, 4 h/day) + basal 
diet; T3, heat stress (36±1°C, 4 h/day) + basal diet with synthetic antioxidants; T4, heat 
stress (36±1°C, 4 h/day) + basal diets with phytogenic. 
2Orthogonal contrasts: 1, thermoneutral (T1) vs.  heat stress conditions (T2, T3, T4); 2, non- 
supplement (T2) vs. supplement (T3, T4); 3, synthetic (T3) vs. phytogenic antioxidants (T4). 
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Table 5.4  Effect of antioxidant supplementation in breeder hen diets under heat 
stress conditions on cecal short-chain fatty acids and ammonia 
concentrations 

Items 
Treatments1 Pooled 

SEM 

Contrasts2 

T1 T2 T3 T4 1 2 3 

Short-chain fatty acids (µmol/g of cecal content) 

  Acetate 25.38b 17.25c 30.74ab 33.36a 1.444 0.301 <0.001 0.207 

Propionate   9.51a   4.18b 12.55a 12.15a 0.864 0.928 <0.001 0.800 

  Butyrate   3.80bc   2.67c  4.42ab  5.31a 0.253 0.395 <0.001 0.074 

Isobutyrate   1.23a   0.84b  1.41a  1.38a 0.055 0.829   0.037 0.087 

  Valerate   1.16ab   1.08b  1.28a  1.23a 0.028 0.479   0.010 0.477 

Isovalerate   1.14bc   1.05c  1.43a  1.40ab 0.458 0.061 <0.001 0.757 

Total SCFA 42.2b 27.07c 51.82ab 54.82a 2.533 0.417 <0.001 0.402 

Ammonia production (mg/g of cecal digesta) 

  1.02ab   1.07a  0.84bc   0.79c 0.034 0.079   0.002 0.534 
a-cMeans within each row with different superscripts are significantly different (P < 0 .05).
1T1, thermoneutral zone (23±1°C) + basal diet; T2, heat stress (36±1°C, 4 h/day) + basal
diet; T3, heat stress (36±1°C, 4 h/day) + basal diet with synthetic antioxidants; T4, heat
stress (36±1°C, 4 h/day) + basal diets with phytogenic.
2Orthogonal contrasts: 1, thermoneutral (T1) vs.  heat stress conditions (T2, T3, T4); 2, non- 
supplement (T2) vs. supplement (T3, T4); 3, synthetic (T3) vs. phytogenic antioxidants (T4).

5.4.3 Microbial alpha and beta diversity analysis 
High-throughput 16S rRNA gene sequencing was performed to determine 

the effect of dietary synthetic and phytogenic antioxidants on the cecal microbiome 
of breeder hens under HS. In this study, Kruskal-Wallis’s test revealed that the HS group 
without supplementation exhibited significantly higher Coverage indices compared to 
the TN group (P = 0.003), while supplementation with either synthetic or phytogenic 
antioxidant sources significantly lowered the Coverage indices compared to the HS 
group without supplementation (P = 0.003) (Figure 5.1A). Based on the Kruskal-Wallis’s 
test showed that breeder hens exposed to the HS group without supplementation had 
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a significantly lower Chao1 richness index compared to the TN group (P = 0.003), 
however, dietary supplementation with either synthetic or phytogenic antioxidants 
restored the Chao1 index to levels similar to the TN group (P > 0.05) (Figure 5.1A). No 
significant differences were observed in Shannon diversity and Simpson index among 
all treatment groups (P > 0.05) (Figure 5.1A). In addition, the beta diversity of the cecal 
microbial composition among treatment groups was visualized using a principal 
coordinate analysis plot based on the unweighted UniFrac distances (Figure 5.1B). 
Permutational multivariate ANOVA showed that samples in the HS group without 
supplementation were separated from the TN group and the HS group receiving 
synthetic and phytogenic antioxidants (P = 0.0001). 

A 
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Figure 5.1 Effects of antioxidant supplementation in heat-stressed breeder hen diets 

under heat stress on microbial alpha diversity metrics (Coverage, Chao 1, 
Shannon entropy, and Simpson's index) (A), and principal coordinate 
analysis in heat-stressed hens (B).  

  a-b Means the effect of treatment was statistically different at P < 0.05. 
T1, thermoneutral zone (23±1°C) + basal diet; T2, heat stress (36±1°C, 4 h/day) + basal 
diet; T3, heat stress (36±1°C, 4 h/day) + basal diet with synthetic antioxidants; T4, heat 
stress (36±1°C, 4 h/day) + basal diets with phytogenic. 
 

5.4.4 Cecal microbial enrichments 
Differential abundance analysis was performed using MetaStat to 

determine significant differences in microbial composition among treatment groups. 
The relative abundance of cecal microbiota at the phylum, family, and genus levels 
among the treatment groups is presented in Figure 5.2. At the phylum level, Firmicutes 
and Bacteroidetes were identified as the predominant phyla across all treatment 
groups (Figure 5.2A). In the TN, Firmicutes and Bacteroidetes comprised 62.89% and 
27.60% of the total abundance, respectively. HS altered these proportions to 54.83% 
Firmicutes and 34.57% Bacteroidetes. However, supplementation with synthetic 
antioxidants increased Firmicutes to 69.37% while reducing Bacteroidetes to 23.75%. 
Similarly, phytogenic antioxidant supplementation resulted in 73.10% and 18.67%, 
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respectively. Among the most abundant phyla, Tukey’s multiple comparison tests 
revealed significant differences in three major groups. Compared to the HS group 
without supplementation, dietary supplementation with either synthetic or phytogenic 
antioxidants significantly increased the relative abundance of Firmicutes (P = 0.003) 
while decreasing Bacteroidetes (P = 0.004), reaching levels similar to the TN group (P > 
0.05).  In addition, either synthetic or phytogenic antioxidants showed a significantly 
lower relative abundance of Spirochaetes compared to the TN group (P = 0.016).  

The cecal bacterial communities at family level were dominated by 
Lachnospiraceae, Bacteroidaceae, and Ruminococcaceae, with distinct proportions 
observed across treatment groups: TN (25.21%, 12.15%, and 9.12%, respectively), HS 
(31.48%, 13.70%, and 6.45%, respectively), HS+ synthetic antioxidants (36.48%, 11.94%, 
and 11.43%, respectively), and HS+ phytogenic antioxidants (37.89%, 8.51%, and 
11.13%, respectively) groups (Figure 5.2B). Among the top ten most abundant bacterial 
families, taxonomic analysis using ANOVA showed that under HS, either synthetic or 
phytogenic antioxidant supplementation significantly increased the relative abundance 
of Lachnospiraceae (P = 0.016) and Ruminococcaceae (P = 0.006), and decreased the 
relative abundance of Coriobacteriaceae (P = 0.037).  

At the genus level, the taxon-based analysis revealed that the cecal 
bacterial communities were predominantly composed of Bacteroides, Ruminococcus2, 
and Romboutsia, with distinct proportions observed across the treatments group: TN 
(12.15%, 7.75%, and 10.35%, respectively), HS (13.69%, 8.81%, and 4.35%, respectively), 
HS+ synthetic antioxidants (11.94%, 9.88%, and 4.99%, respectively), and HS+ 
phytogenic antioxidants (8.51%, 11.63%, and 4.07%,  respectively) groups (Figure 5.2C). 
Among the top ten most abundant bacterial genera, taxonomic analysis using ANOVA 
showed that under HS, either synthetic or phytogenic antioxidant supplementation 
significantly increased the relative abundance of Megamonas, with higher abundance 
observed in the TN group compared to the HS group without supplementation (P = 
0.036). 

Linear discriminant analysis effect size (LEfSe) analysis with a threshold 
LDA score > 3.0 was performed to identify differential taxonomic biomarkers in the 
cecal microbiota across treatment groups. The analysis revealed that breeder hens 
raised under TN conditions exhibited a significantly higher relative abundance of several 
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bacterial taxa, including p_Spirochaetota, c_Spirochaetia, o_Spirochaetales, 
f_Spirochaetaceae. In addition, the HS group without supplementation increased the 
relative abundance of o_Coriobacteriales, f_Coriobacteriaceae, g_Odoribacter, 
g_Rheinheimera, f_Chromatiaceae, and f_Leuconostocaceae. Among the HS group, 
synthetic antioxidant treatment enhanced the relative abundances of 
f_Ruminococcaceae, g_Pseudoflavonifractor, and g_Clostridium_XVIII. Similarly, 
phytogenic antioxidants increased the relative abundances of g_Ruminococcus2 and 
o_Aeromonadales (Figure 5.3). 
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B 
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Figure 5.2  Effect of antioxidant supplementation in heat-stressed breeder hen diets 
on the relative abundance of microbiota and top 10 taxa in terms of 
phylum (A), family (B), and genus level (C).  

a-b Means the effect of treatment was statistically different at P < 0.05.
T1, thermoneutral zone (23±1°C) + basal diet; T2, heat stress (36±1°C, 4 h/day) + basal
diet; T3, heat stress (36±1°C, 4 h/day) + basal diet with synthetic antioxidants; T4, heat
stress (36±1°C, 4 h/day) + basal diets with phytogenic.

Figure 5.3  Effect of antioxidant supplementation in heat-stressed breeder hen diets 
on gut microbiota.  

Abbreviation: p, phylum; o, order; g, genus; c, class; f, family.  
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a-b Means the effect of treatment was statistically different at P < 0.05.
T1, thermoneutral zone (23±1°C) + basal diet; T2, heat stress (36±1°C, 4 h/day) + basal
diet; T3, heat stress (36±1°C, 4 h/day) + basal diet with synthetic antioxidants; T4, heat
stress (36±1°C, 4 h/day) + basal diets with phytogenic.

5.4.5 Functional prediction of cecal microbiota 
A phylogenetic investigation of communities by reconstruction of 

unobserved states (PICRUSt) analysis was performed to examine level 3 KEGG pathways 
and predict functional alterations in the cecal microbiota. HS group without 
supplementation significantly upregulated several metabolic pathways, including 
carbohydrate metabolism (fructose and mannose metabolism, galactose metabolism, 
and glycolysis/gluconeogenesis), amino acid metabolism (alanine, aspartate, and 
glutamate metabolism), energy metabolism (carbon fixation in photosynthetic 
organisms), metabolism of cofactors and vitamins (one carbon pool by folate, 
nicotinate and nicotinamide metabolism), and biosynthesis of secondary metabolites 
(streptomycin biosynthesis) (P < 0.05) (Figure 5.4A). Conversely, the HS group without 
supplementation significantly downregulated bacterial chemotaxis (P < 0.05). Dietary 
supplementation with either synthetic or phytogenic antioxidants under HS conditions, 
the altered nicotinate and nicotinamide metabolism, streptomycin biosynthesis, 
carbon fixation in photosynthetic organisms, and one carbon pool by folate functions 
(Figure 5.4B and 5.4C). Most notably, both antioxidant treatments significantly 
upregulated bacterial chemotaxis, thiamine metabolism, and lysine biosynthesis 
pathways and downregulated biosynthesis of vancomycin group antibiotics and folate 
biosynthesis (P < 0.05).  
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Figure 5.4 Predicted functions of cecal microbiota in heat-stressed breeder hens 

receiving dietary antioxidants at KEGG level 3 among the different groups: 
differentially regulated metabolic pathways in T1 vs. T2 (A), T2 vs. T3 (B), 
T2 vs. T4 (C). 

T1, thermoneutral zone (23±1°C) + basal diet; T2, heat stress (36±1°C, 4 h/day) + basal 
diet; T3, heat stress (36±1°C, 4 h/day) + basal diet with synthetic antioxidants; T4, heat 
stress (36±1°C, 4 h/day) + basal diets with phytogenic. 
 

5.4.6 Correlations between microbiota and measurement parameters  
 According to Spearman's correlation heat map analysis, the differentially 
enriched family Lachnospiraceae and Ruminococcaceae were positively correlated 
with butyric acid, isobutyric acid, and total SCFA concentrations (P < 0.05) (Figure 5.5A). 
Moreover, Lachnospiraceae and Ruminococcaceae were positively correlated with the 
expression of antioxidant-related genes SOD and GPx, and IL-10, whereas they 
negatively correlated with the HSP genes HSP70 (P < 0.05). Conversely, the differentially 
enriched family Coriobacteriaceae was positively correlated with the expression of 

inflammation-related genes (HSP70, HSP90, IL-6, TNF-α, NF-κB, and TLR4), whereas it 
negatively correlated with propionic acid, isobutyric acid, valeric acid, and total SCFA 
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concentrations, and the expression of antioxidant-related genes SOD and GPx (P < 0.05) 
(Figure 5.5A). In addition, the differentially enriched genus Megamonas exhibited a 
positive correlation with the concentration of acetic acid, butyric acid, isobutyric acid, 
isovaleric acid, and total SCFA and the expression of antioxidant-related genes SOD 
and anti-inflammatory cytokines (IL-10) (P < 0.05) (Figure 5.5B). In contrast, Megamonas 
had a negative correlation with the expression of pro-inflammatory-related genes (TNF-

α and NF-κB) and heat stress-related genes (HSP70) in the jejunum (P < 0.05).  

A 

B 

Figure 5.5 Spearman correlation analysis between different parameters and cecal 
microbial composition at the genus levels in heat-stressed breeder hens 
among the treatment groups. The row names represent the genera, and 
the column names represent the different parameters. The red and blue 
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squares represent the positive and negative correlation, respectively, with 
the shade of color indicating the level of correlation. Family (A), Genus (B). 
* P < 0.05, ** P < 0.01, *** P < 0.001.

5.5 Discussion 
HS causes excessive ROS production, which ultimately disturbs the balance of 

the oxidative state and induces OS, compromises intestinal barrier integrity, impairs 
immune responses, and damages cells and tissues, leading to decreased performance, 
compromised welfare, and increased mortality and pathogen susceptibility in poultry 
(Chen et al., 2018; Humam et al., 2019; Emami et al., 2020; Lian et al., 2020; Calik et 
al., 2022). Therefore, it is crucial to mitigate HS in broilers through sustainable strategies. 
This study found that the HS group without supplementation challenge significantly 
altered the expressions of antioxidants enzymes (SOD), HSPs (HSP70 and HSP90), 

immune-related genes (IL-6, TNF- α, NF-κB, and TLR4), and TJ proteins (ZO-1 and 
CLDN1) in jejunal mucosa in breeder hens. However, either synthetic or phytogenic 
antioxidants supplementation significantly increased the expression of antioxidant 
enzymes (SOD and GSP-Px), immune-related (IL-10), and TJ proteins (CLDN1), whereas 
significantly decreased HSPs (HSP70 and HSP90) and pro-inflammatory cytokines (IL-6, TNF- 

α, NF-κB, and TLR4). Further, both types of dietary antioxidants increase cecal acetic acid, 
propionic acid, butyric acid, isobutyric acid, valeric acid, isovaleric acid, and total SCFA 
concentrations, while also decreasing ammonia production in breeder hens under HS. This 
study demonstrates that both synthetic and phytogenic antioxidants could be beneficial 
supplements in breeder hens for combating the negative effects of HS. 

In this study, we found that the HS group without supplementation had lower 
SOD and higher HSP70 levels compared to the TN conditions. HS-induced signaling 
pathways result in the upregulation of HSP70 and SOD through the HS-associated 
increase in ROS level (Banerjee Mustafi et al., 2009). Dietary supplementation with 
synthetic and phytogenic antioxidants had higher SOD and lower HSP70 levels 
compared to the HS group without supplementation and the TN condition in our study. 
Previous studies reported that either synthetic or phytogenic antioxidant supplementation 
exhibited higher antioxidant capacity, and upregulated the expression of SOD and GSP-Px 
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while downregulated HSP70 expression in the liver of breeder hens under HS, as 
evidenced by increased 2,2-diphenyl-1-picrylhydrazyl (DPPH), ferric reducing 
antioxidant power (FRAP), and 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) 
(ABTS) radical scavenging activities, and lower malondialdehyde (MDA) level in the liver 
compared to the HS group without supplementation (Pasri et al., 2023). Moreover, ROS 
levels are difficult to directly measure with high accuracy and precision because of 
their short half-life and quick reactivity with components that regulate redox states. A 
practical substitute method for determining OS in clinical samples is the indirect 
measurement of ROS by looking at the oxidative damage these radicals cause to the 
lipids, proteins, and nucleic acids of the cells (Gáspár, 2011). Synthetic antioxidants 
vitamins C and E have strong reactivity as electron (vitamin C) or hydrogen (vitamin E) 
donors to free radical oxidants, which avert oxidative damage to cells and tissues 
(Zwolak, 2020). The highly conjugated system, numerous hydroxyl groups, and aromatic 
structural features of phytogenic antioxidants (polyphenols) enable them to neutralize 
ROS or inhibit cellular OS and prevent oxidative damage to biomolecules (proteins, 
lipids, and DNA) (Checa and Aran, 2020). These findings suggest that both types of 
antioxidants may effectively eliminate excess ROS to prevent oxidative damage. 
Interestingly, in the present study, no significant differences were observed in the 

expression of pro-inflammatory-related genes (IL-6, TNF-α, NF-kB, and TLR4) and 
intestinal barrier-related genes (ZO-1 and CLDN1) between the HS groups receiving 
antioxidant supplementation and the TN condition, indicating that the ROS levels in 
the HS group with supplementation were comparable to those in the TN condition. 
Similarly, other studies have reported that supplementation with dietary vitamins E, C, 
and Se (Calik et al., 2022), microalgae (Chaudhary et al., 2023), dried plum  (Wasti et 
al., 2021), and both synthetic and phytogenic sources (Pasri et al., 2024) did not result 

in significant differences in the mRNA abundance of IL-6, TNF-α, NF-kB, TLR4, ZO-1, 
and CLDN1 in several tissues in heat-stressed chickens compared to the TN condition. 
This may be attributed to the reduction of ROS by antioxidant sources in the HS group 
with supplementation. Although the current study did not measure ROS production in 
tissues, both synthetic and phytogenic antioxidant sources increased radical scavenging 
activities (DPPH, ABTS, and FRAP) and decreased MDA levels in the yolk and liver (Pasri 
et al., 2023). Thus, further measurements of ROS production in tissues to directly 
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correlate antioxidant supplementation with the modulation of gene expression, to 
better understand the underlying mechanisms of HS mitigation.  

Our study also demonstrated that phytogenic antioxidants more effectively 
upregulate GSH-Px gene expression than synthetic antioxidants. This may be due to 
synthetic antioxidants containing only one type of Se, the key precursor for GSH-Px 
synthesis, while phytogenic antioxidants in cloves, green tea pomace, and Vietnamese 
coriander include a range of polyphenols with antioxidant properties. Although studies 
on the combined use of vitamin E, vitamin C, Se, and L-carnitine are limited, several 
studies have reported the synergistic effects of vitamin E, vitamin C, and Se (Shakeri et 
al., 2020; Calik et al., 2022), which enhance the effectiveness of the antioxidant defense 
system. In the body's antioxidant defense system, vitamin E safeguards cells and 
membranes from OS (Gao et al., 2010), supported by vitamin C which restores vitamin 
E and combats HS (Sahin et al., 2003). In addition, Se plays a vital role by enabling GSH-
Px activity (Habibian et al., 2015). SOD and GSH-Px work synergistically to provide a 
robust defense against OS; SOD converts harmful superoxide radicals (O2-) into less 
harmful hydrogen peroxide, which GSH-Px then neutralizes (Surai et al., 2018). L-
carnitine complements this system by scavenging free radicals, enhancing fatty acid 
metabolism, and regulating antioxidant enzyme activity, thereby improving overall 
health and performance under OS (Jia et al., 2014). Therefore, the combined use of 
vitamin E, vitamin C, Se, and L-carnitine exhibits antioxidant activity against ROS, 
potentially through hydrogen atom transfer and single electron transfer mechanisms. 
In addition, phytogenic antioxidants, particularly polyphenols, effectively reduce OS by 
regulating antioxidant gene expression through indirect mechanisms such as chelating 
transition metals and promoting the dissociation of the Kelch-like ECH-associated 
protein 1(Keap1)-Nrf2 complex leading to increased expression of key antioxidant 
enzymes like SOD, CAT, and GSH-Px (Di Meo et al., 2013; Lee et al., 2016). Pasri et al. 
(2023) reported that cloves, green tea, and Vietnamese coriander are rich sources of 
antioxidant polyphenols, including eugenol, gallic acid, catechins, ellagic acid, 
quercetin, and kaempferol. Hence, phytogenic antioxidants may be rich in bioactive 
compounds such as polyphenols, which can inhibit the production of ROS to alleviate 
OS in heat-stressed breeder hens, ultimately strengthening their antioxidant defense 
system. As expected, we observed significantly higher HSP90 levels in the HS group 
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without supplementation, whereas dietary supplementation with synthetic and 
phytogenic antioxidants significantly reduced HSP90 levels and increased IL-10 levels 
compared to the HS group without supplementation. HS triggers ROS production in 
chickens, activating the p38 mitogen-activated protein kinase pathway and inducing 
heat shock gene transcription, increasing HSP production in response to stress (Banerjee 
Mustafi et al., 2009). Previous studies have reported that dietary antioxidant 
supplementation with vitamin E, Se, and betaine significantly downregulated HSP70 
and HSP90 mRNA levels in the liver and jejunal tissues of heat-stressed broilers 
(Alhotan et al. 2021; Calik et al., 2022). Moreover, the upregulation of IL-10 can protect 
cells from the damaging effects of OS by promoting the production of anti-
inflammatory cytokines, aiding innate immunity in clearing pathogens, and providing 
cellular protection (Fayed et al., 2024). These findings imply that both antioxidant 
sources can mitigate HS-induced OS, inflammation, and intestinal barrier disruption by 
enhancing the endogenous antioxidant system, reducing ROS production, and 
regulating IL-10 expression. 

In this study, we found that the concentrations of acetic acid, propionic acid, 
isobutyric acid, and total SCFA were significantly decreased in the HS group without 
supplementation compared to the TN group. However, among the HS group, dietary 
supplementation with either synthetic or phytogenic antioxidants increased the 
concentrations of acetic acid, propionic acid, butyric acid, isobutyric acid, valeric acid, 
isovaleric acid, and total SCFAs. Previous studies have shown HS reduced cecal 
propionic acid and total SCFA concentrations in broilers, whereas supplementation 
with dried plum significantly increased acetic acid, propionic acid, and total SCFA levels 
(Wasti et al., 2021). SCFAs are crucial for maintaining intestinal health in birds, by 
contributing to epithelial integrity, immune regulation, energy metabolism, pH balance, 
and pathogen defense (Ojo et al., 2021). These metabolites primarily generate energy 
through gluconeogenesis and glycolysis, providing vital energy to intestine epithelial 
cells and promoting epithelial repair and regeneration (Jha et al., 2019). Among SCFAs, 
acetic acid, and butyric acid concentrations were significantly higher in the HS groups 
receiving phytogenic antioxidants than in TN conditions and HS conditions without 
supplementations. Acetic acid suppresses intestinal apoptosis and promotes mucin 
production (Liu et al., 2017), inflammasome activation (Macia et al., 2015), and 
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intestinal barrier integrity (Nowarski et al., 2015). Butyric acid is particularly significant 
for inhibiting intestinal pathogen colonization, maintaining balanced intestinal flora 
(Borda-Molina et al., 2021), and enhancing intestinal barrier function (Mathewson et al., 
2016). Therefore, our findings suggest that either synthetic or phytogenic antioxidants 
increased the production of SCFAs, and alleviated gut inflammation, thereby promoting 
intestinal health in heat-stressed breeder hens.  

In addition, ammonia emissions in poultry primarily result from the fermentation 
of nitrogen-containing substances by cecal microorganisms and the metabolism of urea 
and uric acid (Singer, 2003). In this study, we found that under HS, either synthetic or 
phytogenic antioxidant supplementation significantly decreases the ammonia 
production in the cecal digesta of breeder hens. Polyphenols from phytogenic 
antioxidants directly inhibit microbial urease activity, reducing the hydrolysis of urea to 
ammonia in the ceca (Yu et al., 2021). It has been reported that urease could hydrolyze 
urea into CO32- and NH4+, and NH4+ could release NH3 (Wei et al., 2022). Okrathok et 
al. (2023) have reported that dietary fiber from cassava pulp reduced the production 
of ammonia in the caecum of broilers by inhibiting uric acid-degrading bacterial 
enzymes. In addition, the ammonia content is related to the digestibility of nutrients 
(Yan et al., 2011; Jeong and Kim, 2014), because the increase in digestibility may reduce 
the substrate for microbial fermentation in the large intestine, which consequently 
decreases the ammonia content. Moreover, studies have shown that synthetic 
antioxidants and polyphenols may regulate the microbiota composition, and higher 
SCFA-producing bacterial populations like Lachnospiraceae and Ruminococcaceae, 
result in decreasing cecal pH, creating an environment less favorable for ammonia 
production and enhancing the absorption of nitrogenous compounds into the 
bloodstream (Yang et al., 2020; Elling Staats et al., 2022). The data indicate that 
synthetic and phytogenic antioxidants could reduce ammonia production by inhibiting 
urease activity and enhancing SCFA-producing bacteria (lower cecal pH). However, 
further tests, such as measuring urea, uric acid, urease activity, pH, and nutrient 
digestibility are needed to clarify the mechanism behind the changes in cecal ammonia 
concentrations in breeder hens under HS, future research could explore the specific 
mechanisms by which synthetic and phytogenic antioxidants modulate microbial 
urease activity. 
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The unique anatomy of the poultry gut, characterized by a shorter intestinal tract 
and rapid digesta transit, distinctly influences microbial diversity (Pan and Yu, 2014). In 
this study, Firmicutes and Bacteroidetes were the dominant phyla across different 
treatments in the cecum of breeder hens. This finding aligns with the previous study 
on the cecal content microbiota of laying hens (Xing et al., 2019). Moreover, our study 
revealed that either synthetic or phytogenic antioxidant supplementation significantly 
increased Firmicutes abundance and decreased Bacteroidetes abundance under HS. 
Firmicutes, which include many beneficial genera for gut health, are major contributors 
to SCFA production, which reduces gut pH. This acidic environment benefits Firmicutes 
but may hinder certain Bacteroidetes, resulting in their decreased abundance (Xiao et 
al., 2017; Qin et al., 2023), this may explain why the HS groups receiving antioxidant 
sources reduced the Bacteroidetes abundance in this study. In addition, Firmicutes 
decompose polysaccharides that cannot be digested by the host in the intestinal tract, 
promoting the digestion and absorption of nutrients by the body (Medinger et al., 2010; 
Lozupone et al., 2012; Johnson et al., 2015). Bacteroidetes play a key role in 
carbohydrate metabolism by breaking down sugars into SCFA, which are subsequently 
absorbed and utilized by the gut (Johnson et al., 2015). Bacteroidetes, Firmicutes, and 
Actinobacteria are the 3 major phyla that inhabit the human large intestine, and these 
bacteria possess a fascinating array of enzymes that can degrade complex dietary 
substrates (Scott et al., 2013). In humans, the ratio of Firmicutes to Bacteroidetes (F/B) 
is known to be correlated with obesity. Obese children reportedly have a higher F/B 
ratio (Bervoets et al., 2013). Huang et al. (2021) found that the high feed efficiency 
group had a higher cecal F/B ratio than the low feed efficiency group in commercial 
yellow broilers, which may propose that the changes in the relative abundance of 
Firmicutes and Bacteroidetes may be linked to feed efficiency. In this study, the F/B 
ratios of chicken under TN conditions and HS without supplementation are 2.27 and 
1.56, respectively. The increased F/B ratios were observed in the chickens 
supplemented with synthetic (2.92) and phytogenic (3.92) antioxidants under HS. This 
suggests that both antioxidant sources may increase feed efficiency in heat-stressed 
breeder hens. At the family level, either synthetic or phytogenic antioxidant 
supplementation increased the relative abundance of Ruminococcaceae and 
Lachnospiraceae, while decreasing the relative abundance of Coriobacteriaceae 
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compared to the HS group without supplementation in this study, consistent with 
previous findings (Calik et al., 2022; Fang et al., 2023; Oretomiloye and Adewole, 2024). 
Ruminococcaceae represent major butyrate producers. The majority of 
Ruminococcaceae produce butyrate by carbohydrate fermentation via the conversion 
of two acetyl-CoA molecules into crotonyl-CoA (Eeckhaut et al., 2016; Esquivel-
Elizondo et al., 2017; Medvecky et al., 2018). Although some Lachnospiraceae, e.g., 
Eubacterium hallii, Clostridium lactatifermentans, Clostridium saccharolyticum, 
Clostridium clostridioforme or Roseburia hominis can produce butyrate from acetyl-
CoA, representatives of this family do represent the most important butyrate producers 
(Medvecky et al., 2018). Since vegetative cells of Ruminococcaceae and 
Lachnospiraceae are highly sensitive to oxygen, these bacteria are among the first ones 
to disappear from gut microbiota during inflammatory diseases due to the production 
of reactive oxygen species by macrophages and granulocytes (Winter et al., 2010; 
Thiennimitr et al., 2011). In most cases, the decrease of Ruminococcaceae and 
Lachnospiraceae is therefore not the cause of the inflammation but its consequence 
(Medvecky et al., 2018). Coriobacteriaceae is involved in periodontitis and other 
zoonotic diseases (Pandit et al., 2018). At the genus level, either synthetic or phytogenic 
antioxidant supplementation increased the relative abundance of Megamonas 
compared to the HS group without supplementation. Megamonas have also been 
shown to utilize amino acids or carbohydrates to produce acetic acid, which plays a 
crucial role in intestinal energy supply, maintenance of the intestinal mucosal barrier, 
and regulation of intestinal motility (Biasato et al., 2020; Feng et al., 2023). Moreover, 
Megamonas effectively colonizes the broiler intestine and inhibits Salmonella growth 
in vitro (Yadav et al., 2021; Poudel et al., 2022), which warrants further investigation of 
its role in this genus in the chicken gastrointestinal tract.  In healthy conditions, the gut 
lumen maintains an anoxic environment, however, under HS, ROS overproduction can 
result in injury to membrane permeability with the invasion of facultative anaerobic 
bacteria (Tomasello et al., 2016; Dam et al., 2019). Whereas both synthetic and 
phytogenic antioxidants have been shown to have ROS-scavenging properties that 
mitigate OS, maintain the hypoxic environment of the intestinal lumen, and are 
beneficial in promoting symbiotic gut microbiome communities (Sahin et al., 2012; 
Wang et al., 2020; Erener et al., 2011; El-Saber Batiha et al., 2020; Basit et al., 2020). 
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LEfSe analysis revealed that Coriobacteriaceae (at the family level) and 
Coriobacteriales (at the order level) were enriched in the HS group without 
supplementation. Dietary synthetic and phytogenic antioxidant supplementation 
significantly enriched Ruminococcaceae (at the family level) and Ruminococcus2 (at 
the genus level), respectively, in the heat-stressed breeder hens. The results of the 
LEFSe analysis were in agreement with the results of gut microbial abundance, 
indicating these bacteria can be microbiota biomarkers. Therefore, the increase in the 
abundance of SCFA-producing bacteria, including Firmicutes, Lachnospiraceae, 
Ruminococcaceae, and Megamonas by both antioxidant sources despite the HS 
challenge indicates that both synthetic and phytogenic antioxidants can mitigate HS-
impaired ceca microbiota balance and contribute to gut health and function in heat-
stressed chickens. These combined results may explain the significant increase in SCFA 
levels. In this study, the abundance of Lachnospiraceae, Ruminococcaceae, 
Megamonas, and Coriobacteriaceae in the cecum was found to be either positively or 
negatively correlated with the expression of SOD, HSP70, and the concentrations of 
isobutyric acid and total SCFAs, suggesting that these microbiota may serve as potential 
indicators for heat-stressed chickens. However, further research is needed to explore 
the cause of the trend between these microbiota and SOD, HSP70 expression, 
isobutyric acid, and total SCFA concentrations. 

KEGG was used to predict the metabolic function changes in the microbial 
community. In this study, PICRUSt 2 analysis revealed that the HS group without 
supplementation significantly suppressed bacterial chemotaxis compared to TN 
conditions. Previous studies demonstrated that HS significantly downregulated 
bacterial chemotaxis compared to TN condition, whereas purple sweet potato 
anthocyanins and vitamin E, Se significantly increased bacterial chemotaxis subjected 
to HS (Calik et al., 2022; Fang et al.,2023), which agrees with our finding. Additionally, 
either synthetic or phytogenic antioxidants significantly upregulated bacterial 
chemotaxis, lysine biosynthesis, and thiamine metabolism in heat-stressed breeder 
hens compared to non-supplemented HS conditions. In butyrate synthesis, the 
glutamate, succinate, and lysine pathways have been identified (Bui et al., 2015). Based 
on the distribution of genes in intestinal metagenome libraries, the acetyl-CoA pathway 
was found to be the most prevalent, followed by the lysine pathway (Vital et al., 2014). 
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In addition, previous studies reported some gut commensal bacteria (including 
members of Eubacterium) can produce butyrate from lysine, although no gut microbe 
is known to contain the complete pathway (Bui et al., 2015). Rychlik, (2020) indicated 
that Flavonifractor and Pseudoflavinofractor can produce butyrate also by lysine 
fermentation or by reduction of succinate. In this study, LEfSe analysis revealed that 
supplementation with synthetic antioxidants enhanced the relative abundances of 
Pseudoflavonifractor, and at the KEGG module level, higher enrichment of lysine 
biosynthesis pathways of the HS group receiving synthetic antioxidants. Therefore, 
synthetic antioxidants may enhance butyrate production by increasing the abundance 
of Pseudoflavonifractor and upregulating the lysine biosynthesis pathway, which is 
crucial in reducing inflammation and maintaining gut epithelial health. Furthermore, 
thiamine is involved in functions of multiple enzymes necessary for the metabolism of 
carbohydrates, fatty acids, and amino acids (Rudzki et al., 2021). Magnusdottir et al. 
(2015) determined that Firmicutes cannot synthesize thiamine monophosphate, 
whereas thiamine biosynthesis is predominantly observed in Bacteroidetes and 
Fusobacteria. A previous study reported that certain propionate-producing bacteria 
synthesize thiamine or its precursors, and the primary pathway for propionate 
production is the succinate pathway, which is utilized by Bacteroidetes to convert 
carbohydrates into propionate (Louis et al., 2014). Taken together, these findings 
suggest that the altered thiamine metabolism by both antioxidant sources may be 
related to the decreasing relative abundance of Bacteroidetes in the cecum and may 
influence propionate production. 

 

5.6  Conclusion 
HS challenge induced multiple detrimental effects, including upregulated mRNA 

levels of HSPs and pro-inflammatory cytokines, downregulated antioxidant enzymes 
and barrier-related genes, decreased cecal SCFA concentrations, altered cecal 
microbiota composition, and reduced ammonia production. However, dietary 
supplementation with either synthetic antioxidants (vitamins C and E, Se, and L-
carnitine) or phytogenic antioxidants (clove, green tea pomace, and Vietnamese 
coriander) effectively mitigated these negative effects by enhancing antioxidant status, 
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modulating immune-related and TJ genes (IL-10, IL-6, TNF-α, NF-κB, TLR4, and CLDN1) 
expression, increasing cecal SCFA concentrations, reducing ammonia production, and 
enhanced beneficial bacteria of cecal microbiota. These findings suggest that either 
synthetic or phytogenic antioxidants could potentially be utilized as a natural and 
effective dietary supplement to alleviate HS-induced adverse effects on the gut health 
of breeder hens. The findings of this study have to be seen in light of one limitation: 
HS is thought to impair mitochondrial metabolic capacity, leading to excessive ROS 
production, which disrupts the oxidative balance and triggers OS. This excess ROS 
further contributes to cellular and tissue damage. However, ROS production and OS 
damage were not measured in this study. Therefore, the indicators of OS, such as 
protein carbonyl content and thiobarbituric acid reactive substances measurements, 
are required in future experiments. 
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CHAPTER VI  
OVERALL CONCLUSION AND IMPLICATION 

6.1 Overall conclusion 
Heat stress (HS) in poultry causes significant economic losses and threatens 

poultry health and welfare globally. This study used transcriptomic techniques to 
identify mechanisms and gene markers in jejunal mucosal tissue of heat-adapted and 
heat-sensitive breeder hens to enhance chicken thermotolerance. Moreover, the study 
evaluated the effectiveness of either synthetic (a combination of vitamin E, vitamin C, 
Se, and L-carnitine) or phytogenic (a combination of clove, green tea pomace, and 
Vietnamese coriander) antioxidants in heat-sensitive breeder hens to determine their 
potential in alleviating HS. The main results are summarized as follows: 

6.1.1 In heat-sensitive breeder hens under acute HS, 138 DEGs were identified, 
enriched in pathways including steroid biosynthesis, protein processing in endoplasmic 
reticulum, PPAR signaling, and adipocytokine signaling. Acute HS affected energy 
metabolism, fat metabolism, and glucose transport in the jejunal mucosa. The different 
expressions of HSPB9, HSPA2, IL-18BP, and CD36 genes have the potential to serve as 
gene markers indicative of HS effects in the jejunal mucosal tissue of heat-sensitive 
breeder hens. Furthermore, supplementation with either synthetic or phytogenic 
antioxidants induced upregulation of CD36 and downregulation of HSPB9, HSPA2, and 
IL18BP, which improved intestinal health by enhancing immune response, lipid and 
energy metabolism in breeder hens, thereby repairing HS damage in breeder hens. 

6.1.2 Comparative analysis between heat-adapted and heat-sensitive breeds 
revealed 284 differentially expressed genes (DEGs) associated with response to heat, 
cell division, and transport of glucose and amino acids. Key pathways included VEGF 
signaling, MAPK signaling, steroid biosynthesis, cell adhesion molecules, neuroactive 
ligand-receptor interaction, and cell cycle. KEGG pathway and PPI analyses showed 
that acute HS may affect the cell cycle (CDK1, PLK1, CDC7, and CDC20), immunity 
(HSPA2, IL6), and organic acid (SLC22A13L), glucose, and fatty acids transport (LBFABP, 
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SLC2A2) in the jejunal mucosa of breeder hens. Heat-stressed hens increase the 
expression of HSPs as a protective mechanism for their cells. These changes might 
indicate that jejunal mucosal tissue was more damaged by HS in heat-sensitive breeder 
hens than in heat-adapted breeder hens. Nine candidate genes, including HSPB9, 
HSPA2, RAG2, CD36, CLDN15, LBFABP, SLC22A19A, SLC2A2, and IL18BP, may play key 
roles in the regulation of the jejunal mucosa of breeder hens with acute HS. 

6.1.3 Antioxidant supplementation effectively alleviated HS negative effects by 
enhancing antioxidant status (SOD, GSH-Px), modulating the expression of immune-

related and tight junction genes (IL-10, IL-6, TNF-α, NF-κB, TLR4, and CLDN1), increasing 
cecal SCFAs concentrations, reducing ammonia production, and enhancing beneficial 
bacteria of cecal microbiota. In addition, both antioxidant sources also changed the 
expression of marker genes (HSPB9, HSPA2, RAG2, CLDN15, IL-18BP, and CD36) identified 
in heat-sensitive breeder hens, contributing to improving intestinal integrity and function 
under thermal challenge. 

6.2 Implication 
6.2.1 The identified gene markers (HSPB9, HSPA2, IL-18BP, and CD36) provide 

molecular targets for selective breeding programs focused on heat tolerance. However, 
validation of these markers across different commercial breeds and production systems 
is required to confirm their universal applicability. 

6.2.2 Both synthetic and phytogenic antioxidants effectively mitigate HS, 
presenting viable dietary strategies for the commercial poultry industry. Future research 
should focus on developing practical on-farm tests for assessing HS susceptibility based 
on identified biomarkers. Additionally, large-scale field trials are necessary to validate the 
effectiveness of these strategies across diverse management systems and environmental 
conditions. 
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Supplementary Table 3.1 Differentially expressed genes (DEGs) in the jejunal mucosal 
tissue in heat-sensitive breeder hens under heat stress. 

Supplementary Table 3.2 Gene Ontology (GO) terms for the differentially expressed 
genes (DEGs) in the jejunal mucosal tissue in heat-sensitive 
breeder hens under heat stress.

Supplementary Table 4.1 Differentially expressed genes (DEGs) in the jejunal mucosal 
tissue between heat-adapted and heat-sensitive breeder 
hens under heat stress. 

Supplementary Table 4.2 Gene Ontology (GO) terms for the differentially expressed 
genes (DEGs) in the jejunal mucosal tissue between heat-
adapted and heat-sensitive breeder hens under heat 
stress. 

QR code for Supplementary files 
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