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Abstract

:

Simple Summary


Assessment of poultry welfare is very crucial for sustainable production in the tropics. There is a demand for alternatives to plasma corticosterone levels as they have received much criticism as an unsuitable predictor of animal welfare due to inconsistency. In this study, we noticed no effect of age on plasma corticosterone (CORT) although it was altered by CORT treatment. However, growth performances and organ weight were affected by CORT treatment and age. The broad sense evaluation of telomere length in this study revealed that telomere length in the blood, muscle, liver and heart was shortened by chronic stress induced by corticosterone administration. The expression profile of the telomere regulatory genes was altered by chronic stress. This study informed us of the potential of telomere length and its regulatory genes in the assessment of animal welfare in the poultry sector for sustainable production.




Abstract


This study was designed to characterize telomere length and its regulatory genes and to evaluate their potential as well-being biomarkers. Chickens were fed a diet containing corticosterone (CORT) for 4 weeks and performances, organ weight, plasma CORT levels, telomere lengths and regulatory genes were measured and recorded. Body weights of CORT-fed chickens were significantly suppressed (p < 0.05), and organ weights and circulating CORT plasma levels (p < 0.05) were altered. Interaction effect of CORT and duration was significant (p < 0.05) on heart and liver telomere length. CORT significantly (p < 0.05) shortened the telomere length of the whole blood, muscle, liver and heart. The TRF1, chTERT, TELO2 and HSF1 were significantly (p < 0.05) upregulated in the liver and heart at week 4 although these genes and TERRA were downregulated in the muscles at weeks 2 and 4. Therefore, telomere lengths and their regulators are associated and diverse, so they can be used as novel biomarkers of stress in broiler chickens fed with CORT.
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1. Introduction


Broilers are prone to many welfare issues related to genetic differences and environmental challenges. Monitoring animal genetics and physiological data play a pivotal role in the assessment of their welfare [1]. Thus, there is an increasing demand for reliable biomarkers to monitor the health and well-being of poultry in relation to different environmental stresses. The common conventional well-being biomarkers such as hematological values and plasma corticosterone (CORT) levels are not reliable due to inconsistencies in their results [1,2]. The chronic stressor, CORT, has been observed as the product of the hypothalamic–pituitary–adrenal axis response to stress in birds [3,4,5]. It generates reactive oxygen species (ROS), causing oxidative damage [6]. Many reports show that the elevation of CORT due to stress, be it from plasma or serum, is short-lived due to the biological clock phenomenon and it is known to revert to the normal level after some time [6,7]. However, telomere length and its regulatory genes such as telomerase (chTERT), telomeric repeat transcriptional factor 1 (TRF1), telomeric repeat-containing RNA (TERRA) and heat shock factor 1 (HSF1) have recently been shown to be consistently correlated with stress responses [8,9]. Telomeres are nucleoprotein (TTAGGG repeats) structures located at the ends of chromosomes and are usually eroded when exposed to stresses [10,11]. This could indicate the ability to cope with stressful situations, i.e., adaptations [12] and could predict longevity, reproductive capacity or fitness to survive in birds [13,14]. Telomeres are mainly used to safeguard chromosomes and to protect genomic stability by stopping continuous recombination of cells [15]. Several factors, including oxidative stress, feed restriction, antioxidant, breed, sex, age and stocking density could influence the rate of telomere shortening in chicken [16,17]. Chronic stress and reactive oxygen species (ROS) production induced due to CORT administration have been reported to cause drastic reductions in telomere lengths in wild birds [18,19]. In addition, uncovering the role of the sizes of organs on the telomeric DNA becomes important. Organs with high metabolic rate such as liver, heart, brain, and kidney have been reported to be higher in size at an early age [20]. Implication of increase in sizes of these organs is that high metabolic activities will be triggered and will consequently increase the ROS because of increased resting energy expenditure (REE). Metabolic REE was observed to be higher in children per kilogram body weight and reduces steadily during growth [20]. It has been observed that in the first year of life in humans, organs grow in proportion to body weight, but later organ growth decelerates [21]. Decline in the proportional weight of metabolically active organs results in decrease in REE [22]. Association of organ sizes with telomere length can be a good stress indicator for animal welfare assessment.



Telomere length maintenance and restoration due to stress can be assessed via the expression level of the regulatory genes. Shelterin complex that consists of several subunit proteins is crucial for telomere maintenance and genome integrity. A component of shelterin complex, TRF1, facilitates and supports the recovery of the telomeric DNA during T-loop formation [23,24,25]. In addition, telomerase remains essential in telomere integrity as it attaches nucleotides synthesized from the shelterin genes to the telomeric end to maintain the telomere [26,27]. Telomere lengths were maintained in cancer and stem cells of the germline that expressed high levels of telomerase. However, reduced amounts of telomerase were reported in the somatic cell during stress, leading to progressive shortening of the telomere length [28,29]. The telomere maintenance gene 2 (TELO2) is another gene that exerts its action via telomerase. Though its expression in chicken fed with CORT is not yet known, it has been predicted to perform a vital role in the telomeric DNA-binding activity [30]. Furthermore, the RNA molecule called telomeric repeat-containing RNA (TERRA) was noted as ensuring that very short (or damaged) telomeres are regenerated in humans [31]. This mechanism allows TERRA to repair eroded telomeres so that cells can continue to live and keep regenerating. How HSF1 controls telomerase is unknown to us but it has been reported that human fibroblast showing deficiency in HSF1 experienced telomeric DNA damage [32]. This shows that HSF1 is vital for TERRA and hence telomerase elevation in a cell under influence of stress. Several studies have recently reported on the role of heat shock in stimulating the upsurge of TERRA [33,34].



The reports on how plasma CORT level could be used to predict animal physiology and how it affects traits of economic importance in chicken have been widely criticized [1,7], thus necessitating the current study. We intended to test the hypothesis that CORT administration elevated circulating plasma CORT level and altered telomere length. This study was therefore designed to examine the effects of CORT as a stressor on telomere length, its association with the regulatory genes and how they could be used as novel stress biomarkers in broiler chickens fed with CORT.




2. Materials and Methods


2.1. Animal Management, Housing and Experimental Design


This study was conducted in compliance with the Animal Utilization Protocol approved by the Institutional Animal Care and Use Committee (IACUC) of Universiti Putra Malaysia (approval number: UPM/IACUC/AUP-R019/2018). A total of one hundred (100) male day-old Cobb500 (Leong Hup Farm, Kuala Lumpur, Malaysia) chicks were used for this study and were subjected to 2 × 2 completely randomized factorial design. Chicks were randomly assigned by treatment in groups of 10 into 10 battery cages and subsequently weighed and wing banded. All the cages were placed in a single environmentally controlled chamber. The area of the cages measured 122 cm in length, 91 cm in width and 61 cm in height. The experiment began with initial temperature fixed at 32 °C on day 1 and gradually lowered until it reached day 21. Relative humidity ranged from 70% to 80%. The chickens were vaccinated with infectious bronchitis disease virus and Newcastle disease virus vaccines at day 7 and 14, respectively.




2.2. Diets and Corticosterone Challenge


The diets for the experiment consisted of starter (crumble form) and finisher (pellet form) which were provided ad libitum. The crude protein (CP) of the diet was 21.0% in the starter phase and 19.0% in the finisher phase. Chickens were raised for the first 14 days without CORT feeding (week 2) and then subjected to 30 mg/kg diet CORT feeding [35] on day 15 of age (beginning of week 3) for another 28 days (week 6). The control group consisted of 50 chickens that were given a commercial diet free from CORT (Table 1). The CORT (Abcam, Cambridge, UK) used was an endogenous steroid hormone with an apoptotic-inducing property.



Five hundred mg of CORT was dissolved in 20 mL ethanol for proper solubility before mixing with feed. The CORT mixture was then thoroughly mixed with 16.67 kg feed, producing 30 mg CORT per one kilogram feed. Mixings were repeated at intervals as the diets were being consumed throughout the experiment. Both the CORT and the control group consisted of 5 replicates with 10 chickens each in a cage. Only one level of CORT feeding was used in this study [35].




2.3. Growth Rate Parameters and Animal Sampling


Body weights and feed intakes (FI) of all the chickens were measured weekly using a weighing scale (CAS Corporation, Seoul, Korea). The FI was adjusted for mortality which was registered upon occurrence. The feed conversion ratio (FCR) was calculated as feed/body weight gain. At the end of week 4 and 6 of age, equivalent to 2 and 4 weeks of CORT administration, two (2) chickens were sampled at random from each cage from CORT and control groups for slaughtering. The slaughtering was humanely performed by severing the jugular veins, carotid arteries, trachea, and esophagus with a sharp knife by a single swipe. This sampling was carried out for organ weight measurement, telomeric DNA determination, telomere regulator gene expression and plasma CORT level at week 4 and week 6 (end of second and fourth weeks of CORT administration). The blood samples due to exsanguination were collected into EDTA tubes and stored in ice. The blood samples were stored at −20 °C prior to DNA extraction. Tissue samples (muscle, liver, and heart) were collected, immediately frozen in liquid nitrogen and then transferred into −80 °C until use. The wet weight of organs (heart, gizzard, adipose tissue, liver, and small intestine) was measured using a sensitive weighing scale as absolute weight during each sampling period per group. Their relative weight was calculated as percentage organ weight per body weight accordingly. Tissues from muscle, liver and heart were collected and immediately stored in liquid nitrogen and then transferred into −80 °C freezer.




2.4. Plasma Corticosterone Level Determination


To ensure undisturbed CORT plasma level, randomly selected chickens were carefully captured, weighed, and slaughtered within 3 min before weighing the rest of the chickens. Five (5) mL blood samples were placed into EDTA tubes. The plasma and erythrocyte were separated by centrifuging at 3000 rpm for 30 min at 25 °C and then stored at −80 °C until they were used for hormone assay. Blank, standard and test sample wells were set and run in duplicate, respectively. The enzyme-linked immunosorbent assay (ELISA) protocol described by the manufacturer (Qayee Biotechnology Co. Ltd., Shanghai, China) was employed for this assay. The final measurement was determined by using a spectrophotometer (Multiskan Go, Thermo Scientific, Waltham, MA, USA). Standard concentration and corresponding OD values were used to calculate the samples’ corticosterone concentrations.




2.5. Determination of Telomere Length Using Real-Time Quantitative PCR (qRT-PCR) Analysis


DNA was extracted from the whole blood and tissue samples (muscle, liver and heart) using the blood and tissue DNA innuPREP Mini Kit (Analytik Jena, Jena, Germany) following the recommendations of the manufacturer. The qualities of the DNA extracts were tested using gel electrophoresis and nanodrop (Multiskan Go by Thermo Scientific, USA). Samples with 1.8–2.0 (260/280 ratio) values were stored in a −20 °C freezer prior to the telomeric length determination analysis. For the discovery of the telomere length, the primers were adopted from an available report [36] (Table 2). The housekeeping gene, glyceraldehyde-3-phosphatase (GAPDH) [37] primer sequences were designed and sequenced using information contained in Genbank (NCBI) specific to chicken (Table 2). The primers were tested with DNA amplified using MyTaq Red Mix (Bioline, London, UK) with the aid of the polymerase chain reaction (PTC-100TM, Marshall Scientific, New Hampshire, USA) before being run for the qPCR analysis. Twenty nanograms of DNA template was used for both the telomere and the GAPDH reactions. The forward and reverse primer concentrations for both telomere and GAPDH were 2 µM of each. The primers were mixed with 10 µL SensiFAST SYBR No-ROX qPCR master mix (Bioline, London, UK) for total volume of 20 µL. Ten-fold serial dilutions were performed to obtain standard curves for both the telomere and the housekeeping gene. The samples were arranged accordingly in the PCR machine with identifiers including the non-template control (NTC). The cycling conditions for both telomere and the single copy gene (SCG), GAPDH were: 10 min at 95 °C, followed by 40 cycles of 95 °C for 15 s, 60 °C for 1 min, followed by a dissociation (or melt) curve using CFX96 Real-Time PCR System (Bio-Rad, Hercules, CA, USA). Any cycle threshold (Ct) value of standard deviation above one was not used for these analyses. The amplification results (Ct values) were subjected to a Microsoft Excel program designed from standard curves generated to obtain copy numbers in kilobase per reaction (Kb/reaction) of both the telomere and the SCG. The kb/reaction values were then used to calculate the total telomere length in kb per chicken diploid genome according to available information [38].




2.6. Gene Expression Analysis of Telomere Length Regulatory Genes


RNA samples were extracted from the muscle, liver, heart and hypothalamus according to the manufacturer’s protocols (InnuPREP RNA Mini kit 2.0, Analytik Jena AG, Germany). The qualities of the RNA were tested using Nanodrop (Multiskan Go by Thermo Scientific, USA) and RNA with 1.8–2.0 (260/280) values was stored at −80 °C for further analysis. The cDNA was synthesized from the extracted RNA (1 µg) samples using the SensiFast cDNA synthesis kit according to the manufacturer’s protocol (Bioline USA Inc., Memphis, TN, USA) with a PCR machine (PTC-100TM, MJ Research Inc., Quebec, Canada) and stored at −20 °C. The cycling conditions for the reverse transcription were: 10 min at 25 °C for annealing, followed by 15 min at 45 °C of reverse transcription, 5 min at 85 °C of inactivation and infinity at 4 °C. The gene expression analysis of chicken telomerase reverse transcriptase (chTERT), telomere maintenance gene (TELO2), telomeric repeat-containing RNA (TERRA), heat shock transcriptional factor 1 (HSF1), telomeric repeat transcriptional factor 1 (TRF1) and GAPDH as the housekeeping gene [37] was obtained by qRT-PCR using the cDNA synthesized from the RNA extracted from the liver, muscle and heart tissues. The primers of these genes specific to chicken were designed and sequenced using information contained in Genbank (NCBI) (Table 2 above). Both the target and the housekeeping genes were simultaneously run in a 96-well plate in duplicates (BIORAD CFX-96, Bio-Rad, CA, USA). The concentrations of the primers for the target and the housekeeping genes were determined by titration; 2 forward and 2 reverse primers were used. The SensiFast Sybr No-ROX kit (Bioline, USA) was used for the amplification of the cDNA. The cycling conditions for the target genes and housekeeping gene were: 10 min at 95 °C, followed by 40 cycles of 95 °C for 15 s, 60 °C for 1 min, followed by a dissociation (or melt) curve using CFX96 Real-Time PCR System (BIO-RAD, USA). Any Ct value of standard deviation above one was not used for further analyses. The mean fold change in the expressions of the target genes at each time was calculated with 2−ΔΔCT where ΔΔCt = (Ct, Target, test – Ct, reference, test) – (Ct, target, Control – Ct, reference, control) [39].




2.7. Statistical Analysis


Data on body performance, feed consumption, weight gain and FCR were analyses using repeated measure of ANOVA with SAS 9.4 software [40]. Absolute and relative weight of organs and telomere length data were analyzed using general linear model of SAS 9.4 and 2 × 2 factorial analysis. Means were separated using the Duncan Multiple Range test. Comparison between ages and telomere regulatory genes of the tested chickens and the control was subjected to the t-test procedure of the general linear model using SAS 9.4 software. Mortality was analyzed using chi-square test of SAS. All statistical tests were conducted at 95% confidence level.





3. Result


3.1. Growth Performance and Mortality


Throughout the CORT administration period, CORT treatment significantly (p < 0.05) suppressed body weight, feed consumption and weight gain (Table 3). During the trial phases, CORT treatment led to significantly (p < 0.05) higher FCR and higher mortality rate in the CORT-fed chicken than the control. No significant difference was observed in body weight, feed consumption, weight gained and FCR between the two groups before the commencement of CORT administration (week 2).




3.2. Absolute Weight of Organs


Significant (p < 0.05) interaction between age and CORT treatment was noted for absolute weight of the small intestine but not for the heart, liver, abdominal fat, and gizzard (Table 4). After week 4, there was significant (p < 0.05) reduction in absolute weight for the small intestine in CORT-fed chicken compared to the control. Significant (p < 0.05) effect of age was noted on both control and the CORT-fed chicken. Effect of treatment was significant (p < 0.05) on abdominal fat and gizzard sizes but not on heart size. Age significantly (p < 0.05) affected heart, liver and abdominal fat sizes but did not affect gizzard size.




3.3. Relative Weight of Organs


Significant (p < 0.05) effect of treatment was noted for heart, liver, small intestine, abdominal fat, and gizzard relative weights (Table 5). CORT significantly (p < 0.05) led to an increase in relative weights of organs at both weeks 4 and 6. No significant interaction was noted between the treatment and age for all the organs’ relative weight. Effect of age was noted on relative weight of liver, abdominal fat and gizzard but was not noted on heart and small intestine relative weights.




3.4. Plasma Level of Corticosterone


No significant interaction between age and the CORT treatment was noted for the plasma CORT level in this study (Table 6). However, CORT administration significantly (p < 0.05) elevated circulating plasma CORT level in the CORT-fed chicken. No effect of age was noted for plasma CORT level in both the control and the CORT-fed chicken.




3.5. Absolute Telomere Length


Significant (p < 0.05) interaction effect between CORT treatment and age was noted on telomere length for liver and heart but not for whole blood and muscle (Table 7). CORT treatment significantly (p < 0.05) shortened liver and heart telomere length at week 4 but not at week 6 of age. As the CORT feeding advanced, telomere length for liver and the heart increased significantly (p < 0.05) in the CORT-fed chicken, making the telomere length of the two groups statistically the same at week 6. Telomere length for muscle was significantly (p < 0.05) affected by treatment but was not affected by age. Both treatment and age significantly (p < 0.05) affected whole blood telomere length. In addition, telomere length in whole blood decreased, both in the CORT-treated and untreated chicken from week 4 to 6.




3.6. Telomere Regulatory Genes


3.6.1. Telomeric Repeat Transcriptional Factor 1 (TRF1)


The gene expressions of TRF1 in this study revealed that effects of CORT and duration were significant (Figure 1). It was observed that TRF1 was significantly downregulated (p < 0.05) in the muscle at both week 4 and 6 and in the liver at week 6. However, it was significantly upregulated in the heart at week 4 of CORT treatment. TRF1 was significantly upregulated in the liver and heart at week 6.




3.6.2. Chicken Telomerase Reverse Transcription Factors (chTERT)


The gene expression profile of chicken telomerase (chTERT) in this study revealed that CORT and duration had a significant effect (Figure 2). chTERT was downregulated in the muscle at week 4 and 6 of age (2 and 4 weeks of CORT administration). However, chTERT was upregulated at week 4 and 6 in the liver, and at week 6 in the heart of CORT-fed chickens. It was downregulated in the heart at week 4 of the treatment.




3.6.3. Telomere Maintenance Gene 2 (TELO2)


The gene expressions of TELO2 are presented in Figure 3. TELO2 was significantly downregulated in the muscle of the CORT-fed chickens at weeks 4 and 6. However, TELO2 was significantly upregulated at weeks 4 and 6 in the liver and heart of the CORT-fed chickens.




3.6.4. Telomeric Repeat-Containing RNA (TERRA)


The gene expressions of TERRA in this study revealed that impacts of CORT and duration were significant (Figure 4). TERRA was downregulated significantly (p < 0.05) in the muscle and heart tissue of the CORT-fed chickens at weeks 4 and 6 of CORT administration. Despite this, TERRA was upregulated in the liver at week 4 and 6.




3.6.5. Heat Shock Transcriptional Factor 1 (HSF1)


The gene expressions of HSF1 in this study revealed that impacts of CORT and duration were significant (Figure 5). It was significantly downregulated in the muscle of the CORT-fed chickens at weeks 4 and 6 but was upregulated in the liver of the CORT-fed chickens at weeks 4 and 6. It was, however, downregulated in the heart at week 4 but upregulated at week 6 of the CORT duration.






4. Discussion


4.1. Growth Performance


Alterations in the performances of animals due to stress could affect telomere lengths. The results from this study indicated that the administration of corticosterone suppressed body weight and body weight gain, and this agreed with some literature findings [35,41,42]. The weight loss in the CORT-fed chicken could be attributed to activated gluconeogenesis and protein breakdown [43,44] and lower feed consumption. FCR was reduced by CORT administration in the CORT-fed chicken and this could be as a result of poor feed assimilation in the body. The findings revealed that the CORT-fed chicken diverted nutrients meant for growth performance to lipid accumulation and fatty livers [45]. In addition, the poor growth and high mortality rate in the CORT-fed chicken could be attributed to the accumulation of reactive oxygen species (ROS) [18]. The higher mortality in the CORT-fed chicken is expected and this emphasized the association between chronic stress and the increase in mortality rate in broiler chicken.




4.2. Absolute and Relative Weights of Organ


The health status of animals can be diagnosed using their organs [35]. In the present study, we observed a very interesting interaction effect between CORT treatment and age on small intestinal absolute weight. This interaction was evident when CORT-fed chicken exhibited substantial reduction in small intestinal weight at week 6 compared to the control group. In contrast, CORT did not significantly influence small intestinal weight at week 4. CORT had been reported to reduce wet weight of the small intestine in a finding [35]. The small intestine aids in growth and animal performance [46]. The reduction in the absolute weight of the small intestine could lead to a low proportion of nutrient uptake and corresponding loss of protein [35]. According to the present results, there was significant suppression of the absolute weight of the liver, abdominal fat and gizzard due to CORT treatment. Significant improvement in the weights of heart, liver, small intestine, and abdominal fat was noted with advancement in age. Reduction in the sizes of these organs could be attributed to insufficient nutrient uptake in the CORT-treated chicken. Our study revealed that CORT significantly increased the relative weights of heart, small intestine, abdominal fat and gizzard. Relative weights of liver and gizzard significantly reduced with advancement in age but increased in abdominal fat. Increase in the relative weights of the small intestine, liver, and liver fat due to CORT administration in chicken had been reported in most studies [35,41]. This improvement in the relative sizes of organs could be attributed to inflammation acquired during CORT administration. The relationship between the organ’s weight and the telomere length has not been uncovered. However, these organs are described as metabolically active with a positive correlation with body weights [20]. Increased metabolic activities could amount to high ROS which is noted to trigger chronic oxidative damage [6] and hence telomere length attrition [19].




4.3. Plasma Corticosterone Levels


Administration of CORT through feeding or implantation had been reported to increase the plasma CORT levels [42]. Meanwhile, influence of CORT treatment and administration period (short versus long) on glucocorticoids had been reported [1]. In the current study, we revealed that CORT administration significantly elevated plasma CORT level and this change was independent of age. Similar levels of CORT plasma had been noticed between CORT-fed sparrows and the control after a week, but the CORT level returned to baseline level two months after implantation [47]. The researchers [47], however, revealed that CORT implantation induced a short-lived negative effect on body weight, blood, and feather weight. In contrast, our data in the current study revealed that influence of CORT administration persisted on the plasma CORT levels, growth performance and other physiological components. In view of removing controversies surrounding the use of CORT as a biomarker of animal welfare due to its inconsistency, telomere length as a more reliable and conserved biomarker of stress is proposed as an alternative in this study.




4.4. Telomere Length


Telomere is a nucleoprotein protecting the end of the chromosome from degradation during cell division and it is highly sensitive to oxidative attack due to its high guanine content [48], the characteristic that prolongs its recovery and gives it stable potential to measure stress conditions. Telomere length is usually shortened with stress and advancement in age and could be used as a biomarker of stress. Its shortening rate predicts a species life span [49]. In the present study, we noticed a noteworthy interaction between the CORT treatment and age for liver and heart telomere length. These interactions were evident when the CORT-fed chicken revealed a drastic loss in liver and heart telomere length at week 4. On the contrary, CORT did not influence liver and heart telomere length at week 6. These results suggest that liver and heart telomere length are more susceptible to CORT treatment at week 4 than week 6. The telomeric DNA shortening in the heart and liver at week 4 was a result of interaction between CORT treatment and age. The telomere length attrition at this early stage of induction could be attributed to the REE and high metabolic rates of these organs [20,21] combined with chronic oxidative damage due to CORT administration [18]. In addition, with advancement in age, liver and heart telomere length improved in the CORT-fed chicken. Based on the current findings, CORT treatment significantly caused telomeric attrition in whole blood and muscle. Influence of age of induction was noticed on whole blood telomere length but was not observed in the muscle. Oxidative stress induced by CORT could be responsible for the poor performance obtained in the CORT-fed chickens and this could be attributed to damaged proteins and DNA [50]. In this study, chickens with short telomere lengths revealed suppressed body weights. The production of ROS via CORT administration usually affects the dynamics of the telomeres [18]. Telomere length has been used to measure individual fitness and survivability [51]. Moreover, the effect of age in 178 single-comb White Leghorns from 10 weeks old was reported for lymphocytes [52]. The amount of telomeric DNA was observed to decrease with the advancement in age in this study. When cell ageing sets in, inadequate amount or absence of some restorative genes will be experienced, leading to aggravated telomeric shortening at senescence [26,53].



Telomere length could be implicated in the high mortality observed in CORT-fed chickens. Reports have attributed telomere length to adaptation and survivability [54,55]. High risk of mortality and low life expectancy have been related to short telomere length [56,57]. Telomere length was sometimes related to longevity and reproductive performances in various studies [13]. In the current study, variation of the telomere in liver, heart and muscle were not affected by age. This implies that telomere length of the tissues could be restored due to the activities of telomerase and the shelterin genes which are usually activated in tumor cells [24,58,59]. This implies that increased telomere length could sometimes be an indicator of unhealthy conditions like cancers. The loss in telomere length in the whole blood due to age could be a result of diminished levels of telomerase which are usually low in somatic tissues [19,60]. Our results implied that with increased duration of treatment, CORT administration could lead to telomere length improvement in tissues suffering from tumors such as liver and heart [24,61]. This improvement in telomere length could be attributed to telomerase activities which are usually higher in damaged or cancer cells and hence maintain telomere lengths [28].



Surprisingly, there was a decline in the telomere length for blood, liver, and the heart from week 4 to week 6 of age in the untreated chickens. Muscle did not reveal such a difference. The difference in the characteristics of telomere length could be attributed to a genetic and tissue effect. Telomere length was previously associated with genetic and non-genetic factors [61]. The results in this study imply that chicken blood, liver and heart telomere length are prone to shortening and this could be the reason for major liver and heart-related diseases usually reported in chicken. Modern strains of broiler chicken have been reported to be highly susceptible to heart failure and heart-related mortalities such as ascites and sudden death syndrome [62]. Short telomere length, to make it clear, has been implicated as the main cause of heart disease and other age-associated diseases [63]. In fact, liver fibrosis and cirrhosis have been reported to be caused by critically short telomeres, a phenomenon known as DNA damage response [64]. Decline in the telomere length has been reported in the human heart along the gestation period and heart development while in other tissue, such as kidney and liver, telomere length remains unchanged [65]. We therefore discovered in this study that age, when combined with stress, could lead to drastic telomere length attrition. Telomere length has been reported to reduce with age in fishes, reptiles, and humans, except in water python and Leach’s petrel [66]. Telomere length could therefore be considered as an indicator of aging. Relationships between telomere length and stress [67] hint that telomere length might not be used only for an indicator of chronological age [68], but also for a marker of organism lifestyle [69] and a good proxy of organism fitness or biological age [70]. Here, we reported higher abdominal fat in CORT-fed chicken and increased fat in the untreated chicken with an increase in age. Increase in fat deposit could lead to obesity, ROS, oxidative damage and non-alcoholic fatty liver and these are risk factors for short telomere length.




4.5. Telomere Length Regulatory Genes


The results of the telomere regulatory genes revealed that they all influenced telomere length integrity. They were all implicated in the telomere length shortenings in the blood and the tissues. The expressions of these genes are tissue-dependent. The high variabilities observed in the liver and heart samples showed that these genes vary from cell to cell. It happens in the group of stem cells and cancer or tumor cells. These high variabilities are the cumulative results of intrinsic genetic (inherent) factors, extrinsic factors, and stochastic factors. It has been reported that cell-to-cell variations are often observed within cancerous and embryonic cell samples [71].



In muscle, the shortening of telomere length could be a result of the downregulation of TRF1, chTERT, TELO2, TERRA and HSF1 due to CORT administration. A study has revealed that TERRA was involved in telomerase nucleation [72]. The results indicated that the expressions of the telomere regulators were affected by CORT and age. The TRF1 is one of the components of the shelterin complex that shelters the telomere. Telomerase activities are dependent on the nucleotide sequences from this complex for telomeric DNA formation [72]. Findings suggested that TRF1 mediated telomere length and function [65]. The downregulation of the TRF1 by chronic stress in the CORT-fed chickens could affect the telomeric DNA. This effect might initiate chromosomal instability [73]. The deficiency of TRF1, TELO2, TERRA and HSF1 in the muscle could be responsible for the deficiency in the chTERT and hence the telomere length shortening due to their reduced nucleation to the chTERT [32,59,74]. In the current study, TRF1 was downregulated in muscle. It has been reported that TRF1 was low in mice skeletal muscle exposed to treadmill running bout stress. The reduced TRF1 brought about a significant increase in the apoptosis mediator, P38 MAPK phosphorylation [75]. The upregulation of TRF1 led to stability in the liver telomere at week 6, as this gene specializes in promoting replication of telomeres [76]. This implied that in the liver and heart, TRF1 could be a negative regulator and this assertion agreed with the report obtained in study [73]. Telomerase was not increased by TRF1 in the heart at week 4, probably as a result of downregulation of TERRA and HSF1. It has been revealed that when TRF1 was genetically or chemically inhibited in mouse, increased telomeric DNA damage, reduced produced proliferation and stemness were reported [76,77]. The telomere maintenance gene 2 (TELO2) might have a part in telomere length regulation and maintenance as it was found in the pathway of telomerase and in the complex responsible for cellular resistance against DNA damage stress, especially due to radiation, ultraviolet and mitomycin [30,78]. It is being examined and associated with organs and other telomere-regulating genes and we discovered that it has good links with these genes and could be a good candidate for telomeric studies. Moreover, TERRA is another gene that plays a pivotal role in the mediation of the heterochromatic marks in the remodeling complex [79]. TERRA has been reported to be involved in telomerase nucleation [72]. Though its expression in tissues has not been detailed, its function in telomeric DNA upon heat stress in fibroblast has been revealed [32]. Studies revealed that telomerase activity was very low in almost all somatic tissues or cells with high proliferative potential [59,74]. Cells deficient in HSF1 had been reported to be deficient in TERRA and hence had short telomere lengths [32]. Koskas et al. [32] further reported that HSF1 promoted TERRA transcription and telomere length protection upon heat stress. HSF1 has been classed among the cancer-related genes group. It is mostly expressed in all tissues in the human body. When the telomere maintenance mechanism was deficient, increased telomere transcription was reported to result in telomere shortening due to DNA replication–dependent loss of the telomere pathways [80].



Telomerase (TERT) function is usually high in gamete, stem, and tumor cells. It has been reported to be low in adult somatic cells in mice, whereas it is completely absent in human adult somatic cells [81]. Higher activity of TERT has been reported in cancer cells and in most cells suffering from tumors [82] while TRF1 provided a nucleotide sequence for TERT. The heart is made up of cardiac stem cells which help in the self-regeneration of the heart due to high telomerase activities [83]. In addition, activation of TELO2, HSF1 and TERRA in the liver could be responsible for the maintenance of the telomere length in the liver at week 6 in the current study. Telomere shortening was noted to induce TERRA expression which then activated telomerase nucleation [72] which could then initiate telomere recovery. Moreover, HSF1 has been reported to promote TERRA transcription and telomere length protection upon heat stress [32]. The observation in this study suggests that TELO2 could therefore be part of the telomerase pathway, which implies that TELO2 is a typical novel gene which can be used as a stress biomarker and hence can be considered as a mechanism for telomere synthesis. This observation agreed with the information available in the rat genome database which revealed that TELO2 was shown to maintain the telomere via telomerase [78] and its role in the telomeric-binding activities had been suggested [30]. The upregulation of TERRA in the liver was expected as it was mobilized to areas with short telomeres to cause the nucleation of telomerase. Interactions of TERRA with TRFs could mobilize TERRA to the telomeres, causing TERRA R-loops to be synthesized at the severely shortened telomere, thereby preventing the DNA damage response [31,84]. This observation was noticed in the liver but not in the muscle in the current study. The differences observed in the tissues could be attributed to tissue peculiarities which implied that they have diverse characteristics. Furthermore, HSF1 activated TERRA in the liver but not in the heart. Higher levels of reactive oxygen species (ROS), cleaved caspases and fragmented DNA in the gastrocnemius were reported in muscles of heat-exposed mice but not in control mice and these changes were not observed in the livers of heat-exposed mice [85]. The reason for the downregulation of TERRA in the heart and the muscle could be as a result of mutations, as earlier elucidated [86,87].



Generally, telomere length is progressively lost in muscle due to inability of DNA polymerase to completely replicate telomere under stress [26]. The loss in telomere could also be attributed to absence or lower telomere restoration factors such as telomerase activities, shelterin protein complex [24,58], TERRA and HSF1 [32] that regulate the telomeres. These restoration factors tend to be activated in the liver and heart.





5. Conclusions


It was observed that CORT elevated plasma CORT level and altered performances and organ sizes in the CORT-treated chicken, suggesting that both poor conditions were caused by chronic oxidative stress. CORT led to telomere length attrition and altered the tissue telomere length regulators in the CORT-fed group. The expressions of TRF1, chTERT, TELO2, TERRA and HSF1 affected telomere length behavior under chronic stress. The gene expression reports revealed that muscle tissue could be more susceptible to chronic stress and telomeric DNA attritions. Telomere loss in blood is age-dependent, suggesting that it is a potential biomarker of aging. In conclusion, telomere length and its regulators are diverse and can be used as novel biomarkers of stress in broiler chickens.
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Figure 1. Expression profile of telomeric repeat transcription factor 1 (TRF1) in the muscle, liver, and heart at week 4 and 6 of corticosterone-fed chickens compared to the control (in fold change). CORT wk4 = 4 weeks of age (2 weeks of CORT administration); CORT wk6 = 6 weeks of age (4 weeks of CORT administration); n = 20. Probability, * = p < 0.05; ** = p < 0.01. 
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Figure 2. Expression profile of chicken telomerase (chTERT) in the muscle, liver, and heart at week 4 and 6 of age in CORT-fed chickens compared to the control. CORT wk4 = 4 weeks of age (2 weeks of CORT administration); CORT wk6 = 6 weeks of age (4 weeks of CORT administration); n = 20. Probability, * = p < 0.05; ** = p < 0.01; *** = p < 0.001. 
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Figure 3. Expression profile of telomere maintenance gene 2 (TELO2) in the muscle, liver, and heart at week 4 and 6 of corticosterone-fed chickens compared to the control (in fold change). CORT wk4 = 4 weeks of age (2 weeks of CORT administration); CORT wk6 = 6 weeks of age (4 weeks of CORT administration); n = 20. Probability, * = p < 0.05; ** = p < 0.01; *** = p < 0.001. 
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Figure 4. Expression profile of telomeric repeat-containing RNA (TERRA) in the muscle, liver, and heart at week 4 and 6 of corticosterone-fed chickens compared to the control (fold change). CORT wk4 = 4 weeks of age (2 weeks of CORT administration); CORT wk6 = 6 weeks of age (4 weeks of CORT administration); n = 20. Probability, ** = p < 0.01; *** = p < 0.001. 
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Figure 5. Expression profile of heat shock transcriptional factor 1 (HSF1) in the muscle, liver, and heart at week 4 and 6 of corticosterone-fed chickens compared to the control (fold change). CORT wk4 = 4 weeks of age (2 weeks of CORT administration); CORT wk6 = 6 weeks of age (4 weeks of CORT administration); n = 20. Probability, * = p < 0.05; ** = p < 0.01; *** = p < 0.001. 
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Table 1. Nutrient compositions of commercial broiler starter and finisher diets.






Table 1. Nutrient compositions of commercial broiler starter and finisher diets.





	Composition
	Starter 1
	Finisher 2





	Crude protein (%)
	23.00
	19.00



	Crude fiber (%)
	5.00
	5.00



	Crude fat (%)
	5.00
	5.00



	Moisture (%)
	13.00
	13.00



	Ash (%)
	8.00
	8.00



	Calcium (%)
	0.80
	0.80



	Phosphorous (%)
	0.40
	0.40







1 Commercial starter diet for broiler in crumble form. 2 Commercial finisher diet for broiler in pellet form.
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Table 2. Primer sequences for telomere and telomere regulatory genes in chicken.






Table 2. Primer sequences for telomere and telomere regulatory genes in chicken.





	No
	Gene
	Primers’ Sequence
	Accession Numbers
	Amplicon Sizes (bp)





	1
	Telomere
	F—GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT

R—TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCCTA
	NA
	79



	2
	TRF1
	F—GGAGGAACGGTTTCCCTAAG

R—CTGATGCTGCCCACAGTAGA
	NC-006089.5
	178



	3
	TERRA
	F—GGCCACTGTAAATGGCTGTT

R—GTTTGCACAAGGGTCTCCAT
	NC-006127.5
	219



	4
	HSF1
	F—TCTCTGGGTGTCCTTCTGCT

R—CTCCTTCCACAGAGCACCTC
	NC-006089.5
	151



	5
	TELO2
	F—GGATGACCCTCAGAGATGGA

R—ATTGGTGTGACCAGGAAAGCe
	NC-006101.5
	249



	6
	chTERT
	F—AGGTGCCCAAAACTGAACAC

R—CTTCCAAGGGAGACTTGCAG
	NC-006089.5
	184



	7
	GAPDH
	F—ACTATGCGGTTCCCAGTGTC

R—TGCCACCATCAGAAAAATGA
	NC-006088.5
	215







NA = not available.
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Table 3. Effects of corticosterone administration on body weight, feed consumption and feed conversion ratio (FCR) of broiler chicken.






Table 3. Effects of corticosterone administration on body weight, feed consumption and feed conversion ratio (FCR) of broiler chicken.












	Age/Traits
	CTRL
	CORT-Fed Chicken
	SEM
	p-Values





	Body weight (g)
	
	
	
	



	Week 2
	541.88
	539.76
	8.76
	0.8585



	Week 4
	1509.00
	1054.21
	23.48
	0.001



	Week 6
	2363.55
	1479.18
	34.62
	0.001



	Feed consumption

(g/bird/week)
	
	
	
	



	Week 2
	422.00
	439.80
	8.22
	0.1730



	Week 4
	990.00
	843.30
	17.65
	0.0004



	Week 6
	1057.70
	822.30
	22.57
	0.0001



	Weight gain (g/bird/week)
	
	
	
	



	Week 2
	347.56
	344.83
	5.41
	0.735



	Week 4
	496.42
	259.55
	17.39
	0.0001



	Week 6
	1056.67
	822.33
	22.57
	0.0001



	FCR (feed/gain)
	
	
	
	



	Week 2
	1.21
	1.27
	0.02
	0.0557



	Week 4
	2.00
	3.27
	0.12
	0.0001



	Week 6
	2.27
	3.60
	0.11
	0.0001



	Mortality (Week 0–Week 6)
	1.00
	7.00
	0.09
	0.024







CORT = corticosterone; Week 2 = period of no CORT administration; Week 4 = 2 weeks of CORT administration; Week 6 = 4 weeks of CORT administration. There were 50 observations per treatment.
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Table 4. Effect of corticosterone feeding and age on absolute organ weight.
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	Age
	Treatment
	Heart

(g)
	Liver

(g)
	Smallint

(g)
	AbdFat

(g)
	Gizzard

(g)





	Week 4
	CTRL
	7.85 b
	36.27 c
	76.55 c
	17.87 d
	29.36 b



	
	CORT
	7.22 b
	55.21 b
	66.09 c
	27.24 c
	36.13 ab



	Week 6
	CTRL
	11.24 a
	49.17 b
	123.56 a
	52.03 b
	29.36 b



	
	CORT
	11.74 a
	75.02 a
	93.63 b
	63.12 a
	42.42 a



	
	SEM
	0.54
	3.42
	2.48
	2.48
	2.95



	p values
	Age
	<0.0001
	<0.0001
	<0.0001
	<0.0001
	0.359



	
	Treatment
	0.907
	<0.0001
	<0.0001
	<0.0001
	0.004



	
	Age × Treatment
	0.319
	0.363
	0.041
	0.74
	0.287







a,b,c,d Means within a column subgroup with no common superscripts are significantly different at p < 0.05. SEM = standard error of the mean for main effects (n = 20). Smallint = small intestine; AbdFat = abdominal fat; CTRL = control group; CORT = corticosterone-treated group; Week 4 = 4 weeks of age (2 weeks of CORT administration); Week 6 = 6 weeks of age (4 weeks of CORT administration).
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Table 5. Effect of corticosterone feeding and age on relative organ weights.






Table 5. Effect of corticosterone feeding and age on relative organ weights.














	Age
	Treatment
	Heart (%)
	Liver (%)
	Smallint (%)
	AbdFat (%)
	Gizzard (%)





	Week 4
	CTRL
	0.50 b
	2.31 b
	4.88 b
	1.14 d
	1.90 c



	
	CORT
	0.68 a
	5.15 a
	6.21 a
	2.55 b
	3.35 a



	Week 6
	CTRL
	0.44 b
	1.93 b
	4.87 b
	2.06 c
	1.17 d



	
	CORT
	0.74 a
	4.59 a
	5.72 a
	3.83 a
	2.61 b



	
	SEM
	0.03
	0.20
	0.22
	0.14
	0.20



	p values
	Age
	0.756
	0.041
	0.268
	<0.0001
	0.0016



	
	Treatment
	<0.0001
	<0.0001
	<0.0001
	<0.0001
	<0.0001



	
	Age × Treatment
	0.212
	0.667
	0.282
	0.213
	0.999







a,b,c,d Means within a column subgroup with no common superscripts are significantly different at p < 0.05. SEM = standard error of the mean for main effects (n = 20). Smallint = small intestine; AbdFat = abdominal fat; CTRL = control group; CORT = corticosterone-treated group; Week 4 = 4 weeks of age (2 weeks of CORT administration); Week 6 = 6 weeks of age (4 weeks of CORT administration).
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Table 6. Effect of corticosterone administration on plasma corticosterone level.






Table 6. Effect of corticosterone administration on plasma corticosterone level.





	
Age

	
Week 4

	
Week 6

	

	
p Values




	
Treatment

	
CTRL

	
CORT

	
CTRL

	
CORT

	
SEM

	
Age

	
Treatment

	
Age × Treatment






	
Plasma CORT (ng/mL)

	
6.80 b

	
7.65 a

	
6.73 b

	
7.94 a

	
0.37

	
0.685

	
0.0004

	
0.830








a,b Means within a row subgroup with no common superscripts are significantly different at p < 0.05. SEM = standard error of the mean for main effects (n = 20). CTRL = control group; CORT = corticosterone-treated group; Week 4 = 4 weeks of age (2 weeks of CORT administration); Week 6 = 6 weeks of age (4 weeks of CORT administration).
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Table 7. Effect of corticosterone feeding and age on absolute telomere length in whole blood, muscle, liver and heart of broiler chicken.






Table 7. Effect of corticosterone feeding and age on absolute telomere length in whole blood, muscle, liver and heart of broiler chicken.













	Age
	Treatment
	Whole Blood
	Muscle
	Liver
	Heart





	Week 4
	CTRL
	526.40 a
	446.68 a
	564.96 a
	576.89 a



	
	CORT
	334.50 bc
	313.84 b
	346.84 b
	264.43 b



	Week 6
	CTRL
	417.96 ab
	463.41 a
	481.07 ab
	355.72 ab



	
	CORT
	260.09 c
	282.39 b
	467.59 ab
	364.98 ab



	
	SEM
	37.27
	54.90
	58.33
	56.03



	p values
	Age
	0.016
	0.779
	0.807
	0.316



	
	Treatment
	<0.0001
	0.005
	0.028
	0.009



	
	Age × Treatment
	0.921
	0.817
	0.047
	0.018







a,b Means within a column subgroup with no common superscripts are significantly different at p < 0.05. SEM = standard error of the mean for main effects (n = 20). CTRL = control group; CORT = corticosterone-treated group; Week 4 = 4 weeks of age (2 weeks of CORT administration); Week 6 = 6 weeks of age (4 weeks of CORT administration).
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