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 HSPBO,
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.
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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-Q()
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 x 45 x 40 cm? (width x depth x 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 QlAamp 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 0.5x 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 QlAxcel 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 (gqPCR)
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 gPCR-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 (gRT-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 pg of total RNA from each
sample was used with the SuperScript Il RNase H-Reverse Transcriptase Kit (Toyobo,
Osaka, Japan) and random primers (Promega, Madison, WI, USA), following the
manufacturer’s instructions. RT-gPCR was performed using the QuantiNova SYBR Green
PCR Kit (Qiagen, Hilden, Germany). Briefly, the 10 pL reaction mix was prepared
containing 5 pL of SYBR Green, 0.4 L of forward primer, 0.4 uL of reverse primer, 2 uL
of cDNA, and 2.2 pL 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 274" 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%. Alisnment 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.

Sample’  Raw Clean Clean Q20 Q30 GC Total
reads Reads Bases (%)? (%)*  content Mapping
(M) M) (GB) (%) (%)
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 9338 47.13 95.55
HS3 44.94 43.73 6.56 97.91 93.65 47.24 95.65
Average 4352 42.30 6.35 97.90 9359 47.12 95.59

!Jejunal 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
Q20 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).
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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.
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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
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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.
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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.

KEGG! Pathway Term Count Pvalue  Gene Symbols?
¢ga04370: VEGF signaling 2 7.826-03  HSPB1T, PLA2GAEL2T
pathway

¢ga04010: MAPK signaling 3 0.0208 HSPH1T, HSPA2T,
pathway PLA2GAEL2]

¢ga04514: Cell adhesion 2 0.0345 HLA-F10AL4 |,
molecules CLDNlS,l,

gga00100: Steroid biosynthesis 1 0.0413 LIPML5T

gga04080: Neuroactive ligand- 3 0.0430 TAC1T, HTR1BT, RLN3T

receptor interaction

gga:04110 Cell cycle 5 0.0483 BUBIBT, CDK1T, PLK1T,
coC7t, CAC207

'KEGG, Kyoto Encyclopedia of Genes and Genomes

2Up and down arrows ( T l ) 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.
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Figure 4.4 PPl 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 (gPCR) 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 gPCR (Figure 4.5). The expression
patterns observed through gPCR were consistent with RNA-seq data.
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Figure 4.5 Expression of 6 DEGs was detected using either RNA-seq or RT-gPCR. The
x-axis represents the genes, and the y-axis represents their mRNA
expression levels expressed in fold-change values. Expression levels
determined via gPCR 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,,



110

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-Y 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-1Q (HIF-1Q0) 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)-KB (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 highlichted 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)
(Vavra 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 BOAT protein responsible for high-affinity amino acid transport
through electroneutral exchange coupled with the sodium co-transport (Broer, 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 PPl 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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