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			Abstract | Heat stress exert a significant toll on global poultry industry in the context of climate change. While extensive research has delved into the impact on poultry gut health and their productivity caused by heat stress, the fundamental mechanisms associated with heat stress responses and intestinal barrier function, especially in the large intestine, remain inadequately defined. This study aimed to determine histomorphology change and tight junction genes expression in the cecum of chicken exposing to heat stress. Fifty broiler chickens at 14 days old were randomly allocated to the thermoneutral control (TC) treatment and the high ambient temperature (HT) treatment (5 cages of 5 chickens per treatment). The broilers of the TC treatment remained under a constant 26 ± 1°C (mean ± standard deviation), while those of the HT treatment were maintained under a constant high temperature of 35 ± 1°C. At 24 days of age, all chickens were sacrificed, and their cecum were collected for histomorphological observation by HE staining and checking the gene expression of tight junction genes by RT-qPCR. Results showed that chickens in the HT group tended to reduce mucosal length and higher lesion score in cecum (p=0.057). The mRNA expression levels of tight junction genes in the cecum revealed claudin 3 expression increased in the HS treatment (p<0.05), while there was no difference in claudin 1, claudin 2, E-cadherin and ZO-1 expression (p>0.05). Overall, high temperature exposure upregulated claudins gene expression thus reduced intestinal integrity. This caused an increased inflammation and mucosal damage in the cecum of chickens.
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			Introduction

			 

			Recently, our health and wellbeing have been adversely affected by the abnormal increase in global temperature caused by climate change. Animal husbandry is therefore also influenced in numerous ways. This can be seen in the case of broiler chickens, which are particularly susceptible to heat stress because of their elevated metabolic activity and the absence of sweat glands. The adverse consequences of heat stress for broilers, such as impaired growth, diminished feed consumption, reduced feed efficiency, alterations in yield and quality of meat, heightened mortality, and compromised welfare, are extensively reported in the literature (Tabler et al., 2020; Quinteiro-Filho et al., 2010, 2012a). Emerging research provides evidence of heat stress impact on the morphological characteristics of the gastrointestinal tract, leading to reduced crypt depth, mucosal area, and villus height, with subsequent implications for nutrient and toxic substance absorption. The severity of these effects is contingent upon the frequency and duration of heat exposure (Xie et al., 2014). Prolonged heat exposure induces substantial physiological changes in animals, resulting in systemic damages (Mazzoni et al., 2022; Horowitz, 2002). Conversely, brief episodes of heat exposure result in tissue damages and the rapid synthesis of heat shock proteins (Quinteiro-Filho et al., 2012a, b; Nanto-Hara et al., 2020; Tabler et al., 2020).

			 

			The gastrointestinal tract functions as a physical barrier, safeguarding the internal environment against harmful agents. This barrier comprises of an outer mucus layer, the cells lining the intestine, and tight junctions that connect these cells. Tight junctions play a crucial role in forming an uninterrupted intercellular barrier among epithelial cells. This function is essential for maintaining the separation of tissue compartments and regulating the selective passage of solutes through the epithelial layer (Anderson and Van Itallie, 1995). These tight junctions consist of cytoplasmic scaffolding proteins and transmembrane proteins, including occludin and claudins. Claudins play a pivotal role within tight junctions by controlling the permeability of the paracellular barrier, while a cytoplasmic scaffolding protein, ZO-1, interacts with both transmembrane and cytoskeletal proteins (Alan et al., 1998).

			 

			Preserving the integrity of the gut barrier is crucial for promoting overall health and ensuring the efficient production of chickens. Numerous studies have documented that heat stress can lead to significant damages to the intestinal morphology of chickens. Exposure to heat stress conditions for a 24-hour period resulted in a notable reduction in both the ratio of villus height to crypt depth and an increase in the concentration of plasma endotoxin (Nanto-Hara et al., 2020; Tabler et al., 2020). Additionally, heat stress has the potential to impact gut permeability by disrupting tight junction proteins. Previous research has shown that the expression of claudins and ZO-1 in the small intestine was upregulated under heat stress condition (Uerlings et al., 2018; Barekatain et al., 2019). Most studies investigating the effects of heat stress on the integrity of gastrointestinal tract have primarily focused on the small intestine. In contrast, the research focus on the large intestine, critical for water absorption and carbohydrate fermentation, has been relatively limited. The objective of the present study was therefore to investigate the histopathological alterations and the expression profile of tight junction genes in the ceca of broilers upon exposing to heat stress.

			 

			Materials and Methods

			 

			Animals

			One-day-old broiler chickens (MD02) were purchased from Minh Du company (Binh Dinh, Vietnam). These chickens were vaccinated against Marek’s disease at the hatchery, and were fed ad libitum with commercial feed containing 22% crude protein and 3100 Kcal ME of energy. The incubation was carried out at environmental temperature adhering to the recent recommendations for broiler production (0-7 days old: 35oC; 7-14 days old: 30oC). Approval for the ethical aspects of the experiment was granted by the Animal Ethics Committee of Hue University (HUVN0022).

			 

			Experimental design

			Fifty 14-day-old chickens with a similar body weight of 116±2 g (mean±SD) was randomly allocated to two treatments: thermoneutral control – TC (constant temperature of 26 ± 1°C, mean±SD) and high ambient temperature – HT (constant high temperature of 35 ± 1°C, mean±SD). Each treatment had 5 replicates, each replicate consists of 5 chickens per battery cage (60 cm wide and 65 cm deep with a height that goes from 40 cm at the front of the cage to 35 cm at the back). Heat in the HS treatment was produced by brooding lamps connected with automatic temperature controller and heat sensor clocks (future world XH-W3001 10A/220V) to control the temperature in the room. The humidity of 50-60% was controlled in both treatments using dehumidifiers (Sharp DW-D12A-W). The temperature was recorded by a humidity and temperature recorder (LogTag 1178X33, Thomas Scientific). All chickens were sacrificed when they reached 24 days old. One cecum was collected from each chicken and fixed in formalin 10% for further morphological observation by hematoxylin and eosin staining. Meanwhile, the other cecum was immediately stored under -80oC for checking the gene expression of tight junction genes using quantitative RT-qPCR. 

			 

			Histopathological observation 

			To observe the histopathological changes in broilers’ ceca, the middle part of tissues fixed in formalin were separated and then embedded in paraffin. The cecum tissues embedded in paraffin were subsequently sliced at a thickness of 6 μm and underwent de-paraffinization before applying the hematoxylin-eosin (HE) stain. Three specimens with 200 μm intervals were produced for each chicken. The mucosal thickness was evaluated at eight random fields per specimens using light microscopy (Optika, Italy) and Optikam B1 digital camera. A 0 to +4 scoring system was used to evaluate the inflammation levels of ceca (Erben et al., 2014; Ho et al., 2021).

			 

			Gene expression analysis

			The cecum tissues (50 mg) were subjected to total RNA extraction using Freezol Reagent (Nanjing Vazyme Biotech Co., Ltd). A nanodrop lite spectrophotometer 

			Table 1: The sequence of primer pairs used for amplification of target genes.

			
				
					
					
					
					
				
				
					
							Gene name
							
							Primer sequence (5’ to 3’)

						
							Accession No.
					

					
							Forward
							Reverse
							 
					

					
							Claudin-1
							
							AAGGTGTACGACTCGCTGCT

						
							
							CAGCAACAAACACACCAACC

						
							
							NM_001013611.2

						
					

					
							Claudin-2
							
							CCTGCTCACCCTCATTGGAG

						
							
							GCTGAACTCACTCTTGGGCT

						
							
							NM_001277622.1

						
					

					
							Claudin-3
							
							GCCAAGATCACCATCGTCTC

						
							
							CACCAGCGGGTTGTAGAAAT

						
							
							NM_204202.1

						
					

					
							ZO-1 
							
							AAGTGGGAAGAATGCCAAAA

						
							
							GGTCCTTGGATCCCGTATCT

						
							
							XM_015278981.2

						
					

					
							E-cadherin 
							
							TCACGGGCAGATTTCTAT

						
							
							CACGGAGTTCGGAGTTTA

						
							
							NM_001039258.2

						
					

				
			

			

			 

			(Thermo scientific) was used to quantify RNA concentrations. The complementary DNA (cDNA) was reverse transcripted from mRNA of the extracted total RNA by using the FIRE Script RT cDNA Synthesis MIX with oligo (dT) and random primers (Solid Biodyne, Estonia). The products of cDNA preparations were then preserved at −20°C for further amplification. The Quant StudioTM 5 Real-Time PCR System (Thermo Fisher Scientific) was used to specifically amplify intersted genes from the prepared cDNA using real-time reverse-transcriptase quantitative polymerase chain reaction (RT-qPCR). The reactions were performed using the HOT FIREPol® EvaGreen® qPCR Supermix Kit (Solid Biodyne, Estonia). Primers used for cDNA amplification are presented in Table 1. Thermocycler conditions included initial denaturation at 95°C for 1 min; followed by 40 cycles of 95°C for 15 seconds and 60°C for 60 seconds. Twenty-five independent samples from each treatment were analyzed to identify the level of gene expression, with a triplicated repetition for each sample on the same plate. Finally, 2−ΔΔCt technique was employed to detect the relative mRNA level (Livak and Schmittgen, 2001).	

			 

			Statistical analysis

			Statistical analysis was conducted by the Kyplot 5.0 software, and the statistically significant differences was considered at p < 0.05 using the unpaired t-test. Means and standard errors (SE) were also reported.

			 

			Results and Discussion

			 

			Histological observation 

			The morphometrical analysis revealed the reduction of the mucosal thickness in the HS treatment (179 vs 199 µm, respectively for HS and TC treatments) (Figures 1 and 2). However, there was no statistically significant difference of the mucosal length between two treatments (p>0.05) (Figure 2). The lesion score was higher in HS supposed chickens compared to control characterized by inflammatory cells infiltrate to mucosa and submucosa (p=0.057, Figures 1 and 2). 

			 

			Tight junction genes expression

			The expression analysis of tight junction gene using quantitative RT-PCR indicated that the expression of claudin-3 in cecum of chickens was remarkably up-regulated by heat stress. Claudin-1, E-cadherin and ZO-1 expression level was down-regulated after 10 days exposed to heat stress compared to chickens in the TC treatment, however no statistical significance had been found (p>0.05). In contrast, claudin-2 tended to express at higher level in the HS compared to the CT treatment.
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			Figure 1: The histological observations in ceca of chickens shown by HE stains. HE-stained specimens were observed under light microscopy. The arrow indicates inflammatory cells infiltrate to mucosa and submucosa. The double-headed arrows indicate the mucosal length. Bar scale is 50 µm.
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			Figure 2: Mucosal length and lesion score in ceca of broiler chickens exposed with heat stress. The mucosal thickness and lesion score was evaluated under light microscopy in the TC (thermoneutral control) and HS (heat stress). All data are represented as the mean ± SE.

			 

			The morphometrical analysis in the present study showed that chickens tended to reduce the mucosal thickness in the HS treatment, compared to the TC treatment, which are comparable with previous studies. Indeed, histopathological and morphometric changes in the gastrointestinal tracts have been reported in chickens exposed to the heat stress. Numerous publications have documented that heat stress results in a decrease in villi height and an increase in crypt depth, leading to a reduced villi-to-crypt ratio (Burkholder et al., 2008; Deng et al., 2012). Additionally, previously published studies have described a decrease in the area of epithelial cells and an expansion in the width of villi within the mucosa of the duodenum, jejunum, and ileum (Santos et al., 2015). Mucosal damages and morphological changes of chickens exposing to the heat stress is due to the decreased feed intake, and the diminished blood supply which thereby cause reduced availability of oxygen and nutrients.
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			Figure 3: mRNA expression levels of tight junction genes in the ceca of chickens. Amplifications were performed on twenty-five independent samples with triplicate reactions carried out for each sample. The relative mRNA level was calculated using the 2−ΔΔCt method. All data are represented as the mean ± SE. Different letters in the upper of columns represent significantly different (p < 0.05) by unpaired t-test.

			 

			The intestinal epithelial barrier, a thin monolayer of cells, line the gastrointestinal tract and consists of various types of epithelial cells. Among their crucial functions, these cells closely link to the intestinal barrier integrity. This integrity is vital as it permits the selective permeation of essential water, ions, and nutrients, while simultaneously prevents chickens from pathogen infections (Rescigno, 2011). The effective maintenance is supported by tight connections between neighboring epithelial cells. Several proteins, including claudins, occludin, and ZO, play key roles in sealing the paracellular pathway and regulating gate and fence functions. The preservation of intestinal barrier integrity is obviously of paramount significance in broiler production. When this integrity is compromised, a condition known as intestinal barrier dysfunction occurs, thus leading to increased intestinal permeability (Lambert, 2009). The increase of intestinal permeability frequently cause “leaky gut” which is the localized and potentially systemic inflammatory reactions (Quigley, 2016; Mu et al., 2017; Chelakkot et al., 2018; Pham et al., 2021). Hyperthermia, induced by high temperatures, causes changes in tight junction proteins. These changes often result in increased permeability of tight junctions due to alterations in the expression of tight junction genes. In this study, it was found that prolonged exposure to heat stress led to an upregulation of claudin-2 and claudin-3 expression in the ceca of chickens. Claudins, with multiple claudin isoforms, regulate the paracellular pathway, with each potentially fulfills a distinct function. Preserving a delicate equilibrium among these isoforms is essential for upholding the integrity of paracellular pathways, as fluctuations in their abundance can result in various impacts on the intestinal barrier (Findley and Koval, 2009). Our findings align with previous research in pigs examining the adverse effect of heat stress on the expression of tight junction genes in the ileum, in which the increase of claudin-3 gene expression has been observed in heat-exposed animals, however no significant difference in claudin-1 gene expression were noted (Pearce et al., 2013). Additionally, Barekatain et al. (2019) noted a correlation between enhanced paracellular transport of FITC-d through the intestinal epithelium and increased claudin-3 gene expression in the ileum of chickens. Considering the fact that intestinal epithelial cells and the tight junction proteins are dynamic and subjected to a rapid turnover (Chelakkot, 2018), the upregulation of claudin-3 expression may represent an adaptive response to restore the compromised intestinal barrier upon heat stress. Furthermore, other studies have also suggested that claudin-2, a tight junction protein involving in the formation of paracellular water channels, was highly expressed in leaky epithelial tissues, associated with inflammation (Gunzel and Yu, 2013; Zeissig, 2007; Ahmad, 2014).

			 

			One of the predominant factors contributing to the suboptimal performance of chickens exposed to the heat stress is the provocation of inflammatory processes within the chicken’s gut (Quinteiro-Filho, 2012a). Our findings corroborate this, as we observed a higher lesion score in chickens subjected to HS, compared to the control treatment. This elevated score was characterized by the infiltration of inflammatory cells into the mucosal and submucosal layers of the intestine. Certainly, previous investigations (Quinteiro-Filho et al., 2010, 2012a, b) have also indicated that heat stress has detrimental effects on the integrity of the intestinal barrier. This disruption leads to the elevation of intestinal permeability and the emergence of localized inflammation in poultry. Consequently, there is a noticeable increase in lymphoplasmacytic inflammatory infiltrates observed throughout the entire extent of the intestine.

			 

			Conclusions and Recommendations

			 

			Overall, high temperature exposure upregulated claudins gene expression thus reduced intestinal integrity. This caused an increased inflammation and mucosal damage in the cecum of chickens. Therefore, it is important to maintain the thermoneutral zone of chicken flocks to protect the cecum, thereby promoting overall health and ensuring the efficient production of chickens.
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Abstract | Heat stress exert a significant toll on global poultry industry in the context of climate change. While
extensive research has delved into the impact on poultry gut health and their productivity caused by heat stress, the
fundamental mechanisms associated with heat stress responses and intestinal barrier function, especially in the large
intestine, remain inadequately defined. This study aimed to determine histomorphology change and tight junction
genes expression in the cecumn of chicken exposing to heat stress. Fifty broiler chickens at 14 days old were randomly
allocated to the thermoneutral control (TC) treatment and the high ambient temperature (HT) treatment (5 cages
of 5 chickens per treatment). The broilers of the TC treatment remained under a constant 26 + 1°C (mean + standard
deviation), while those of the HT treatment were maintained under a constant high temperature of 35 = 1°C. At 24
days of age, all chickens were sacrificed, and their cecum were collected for histomorphological observation by HE
staining and checking the gene expression of tight junction genes by RT-qPCR. Results showed that chickens in the
HT group tended to reduce mucosal length and higher lesion score in cecum (#=0.057). The mRNA expression levels
of tight junction genes in the cecum revealed claudin 3 expression increased in the HS treatment (p<0.05), while
there was no difference in claudin 1, claudin 2, E-cadherin and ZO-1 expression (»>0.05). Overall, high temperature
exposure upregulated claudins gene expression thus reduced intestinal integrity. This caused an increased inflammation
and mucosal damage in the cecum of chickens.
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