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Optimal embryonic development and growth of meat-type chickens (broilers) rely on incubation conditions (oxygen, heat, and humidity), on nutrients and on energy resources within the egg. Throughout incubation and according to the embryo’s energy balance, the main energy storage molecules (creatine and glycogen) are continuously utilized and synthesized, mainly in the embryonic liver, breast muscle, and the extraembryonic yolk sac (YS) tissue. During the last phase of incubation, as the embryo nears hatching, dynamic changes in energy metabolism occur. These changes may affect embryonic survival, hatchlings’ uniformity, quality and post hatch performance of broilers, hence, being of great importance to poultry production. Here, we followed the dynamics of creatine and glycogen from embryonic day (E) 11 until hatch and up to chick placement at the farm. We showed that creatine is stored mainly in the breast muscle while glycogen is stored mainly in the YS tissue. Analysis of creatine synthesis genes revealed their expression in the liver, kidney, YS tissue and in the breast muscle, suggesting a full synthesis capacity in these tissues. Expression analysis of genes involved in gluconeogenesis, glycogenesis, and glycogenolysis, revealed that glycogen metabolism is most active in the liver. Nevertheless, due to the relatively large size of the breast muscle and YS tissue, their contribution to glycogen metabolism in embryos is valuable. Towards hatch, post E19, creatine levels in all tissues increased while glycogen levels dramatically decreased and reached low levels at hatch and at chick placement. This proves the utmost importance of creatine in energy supply to late-term embryos and hatchlings.
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INTRODUCTION
The phase of embryonic development has great importance to the production chain of meat-type chickens (broilers) as the 21-day of incubation constitutes more than a third of the broiler lifespan, starting with incubation and ending with marketing at 35–42 days (Havenstein et al., 2003a; Havenstein et al., 2003b; Zuidhof et al., 2014; Givisiez et al., 2020). During the period of incubation, in order to ensure optimal development and growth, avian embryos depend on levels of oxygen, heat and humidity together with the supply of nutrients and energy (Decuypere et al., 2001; Moran, 2007; De Oliveira et al., 2008). Embryos utilize the nutrients within the egg to form high energy-value compounds such as glycogen and creatine with the final aim of ATP production (Christensen et al., 1999; 2000; 2001; Moran, 2007).
Glycogen is the main storage form of glucose in tissues, its high-energetic value is derived from the potential to release glucose and the production of ATP by aerobic respiration or by anaerobic glycogen breakdown (glycolysis). Two key enzymes are involved in glycogen metabolism; glycogen synthase (GYS), a rate limiting enzyme in glycogen synthesis, and glycogen phosphorylase L (PYGL), which catalyzes the release of glucose-1-phosphate from glycogen (Blaxter, 1989; Scanes, 2022). During most of incubation period, up to embryonic day (E) 19, gas exchange is achieved through chorioallantoic respiration and oxygen is sufficient to support aerobic processes of energy metabolism and lipid oxidation (Tazawa et al., 1983; Decuypere et al., 2001; Moran, 2007). Along this period, sufficient glucose is produced, and the unutilized glucose is funneled to storage, i.e., glycogen synthesis in the embryonic liver, muscles, and the extraembryonic yolk sac (YS) tissue (Romanoff, 1960; Romanoff, 1967; Noble and Cocchi, 1990; Speake et al., 1998; Yadgary and Uni, 2012; Wong and Uni, 2021). Post E19, prior to the initiation of the hatching process, oxygen levels become limiting. At this phase, energy production in the embryo switches from lipid oxidation to anaerobic catabolism, by the breakdown of glycogen to glucose and by gluconeogenesis with the breakdown of amino acids for glucose and ATP production. The latter is apparent with the activation of two key gluconeogenic enzymes; fructose-1,6-bisphosphatase 1 (FBP1), which catalyzes the hydrolysis of fructose 1,6-bisphosphate to fructose 6-phosphate, and glucose-6-phosphatase 2 (G6PC2), which catalyzes the hydrolysis of glucose-6-phosphate to glucose and inorganic phosphate, leading to the release of glucose into the bloodstream. By the time the embryo hatches, almost all glycogen is exploited, and its stores are depleted (Uni and Ferket, 2004; De Oliveira et al., 2008; Yadgary and Uni, 2012).
Creatine, another high-energy value molecule, is deposited by the hen in the egg compartments (yolk and albumen) where it is available to the embryo (Reicher et al., 2020). However, as only small amounts are deposited, the embryo relies also on de novo synthesis of creatine during incubation (Walker, 1979). Creatine synthesis involves two main steps driven by two enzymes. The first enzyme, L-arginine: glycine amidinotransferase (AGAT), catalyzes the reaction between glycine and arginine to create ornithine and guanidinoacetic acid (GAA). The second enzyme is guanidinoacetate N-methyltransferase (GAMT), which is responsible for GAA methylation via S-adenosylmethionine (SAM) to form creatine. Once inside the cells, as shown in rats and mice, creatine is phosphorylated into phosphocreatine, initiating the conversion of ADP into ATP during its dephosphorylation. Thus, creatine functions as an energy storage molecule, which can generate ATP on demand (Bessman and Carpenter, 1985; Wyss, 2000; Da Silva et al., 2009). Additionally, unlike glycogen or fat, no metabolic breakdown is needed for ATP production from the creatine/phosphocreatine system, making it the fastest way of ATP provision. In chicken embryos and hatchlings, creatine was shown to play a major role in energy metabolism, with the potential to promote their energetic status and the post-hatch performance (Murakami et al., 2014; Zhang et al., 2016). However, little is known about the dynamics of creatine during chicken embryogenesis and its relation to glycogen stores, as well as to the energetic status of late-term embryos and hatchlings. Moreover, previous studies have not shown an inclusive comparison of glycogen and creatine dynamics simultaneously in the liver, YS tissue, and breast muscle.
This study examined creatine and glycogen dynamics from E11 until hatch and up to chick placement at the farm. Embryos and hatchlings were sampled and examined for; (1) creatine and glycogen levels in the liver, YS tissue, and breast muscle, (2) levels of blood glucose and ketones, and (3) the expression levels of genes encoding for enzymes involved in creatine synthesis in the liver, kidney, YS tissue and breast muscle (AGAT and GAMT), along with genes that are encoding for gluconeogenic enzymes (FBP1 and G6PC2), and enzymes responsible for glycogen synthase (GYS), and glycogenolysis (PYGL).
MATERIALS AND METHODS
Eggs, incubation and sampling procedure
Fertile eggs (n = 100; mean weight = 70.04 g, SD = 2.19 g) from 40-week-old broiler hens (Cobb 500) were purchased from a commercial breeder farm (Y. Brown and Sons Ltd., Hod Hasharon, Israel). Eggs were incubated in a Petersime hatchery at the Faculty of Agriculture of the Hebrew University under standard conditions (37.8°C and 56% relative humidity). On embryonic day (E) 10, eggs were candled, unfertilized eggs and dead embryo eggs were removed. Tissue sampling was performed at E11, E13, E15, E17, E19, at hatch (actual time of hatch at the hatchery, 480–483 h in incubation) and at chick placement (31–34 h post hatch, prior to the exposure to feed at the farm). At each sampling day, six embryos/hatchlings were randomly selected, euthanized by cervical dislocation and the following parameters were recorded: embryo yolk free body mass (YFBM), yolk content weight, YS tissue weight (according to Yadgary et al., 2010), liver weight and breast muscle weight. The relative weights of liver, breast muscle and YS tissue were calculated as percent of YFBM. Blood glucose and ketone levels were also recorded. In addition, liver, YS tissue and breast muscle samples were collected for creatine and glycogen content determination and for the evaluation of expression levels of genes involved in creatine synthesis, gluconeogenesis, glycogenesis, and glycogenolysis. Kidney samples were collected for the evaluation of expression of creatine synthesis. Immediately after collection, tissue samples were placed in liquid nitrogen and kept under −80oc until further processing.
Creatine and glycogen content determination
Liver, YS tissue and breast muscle samples were lyophilized and later examined for their creatine and glycogen content by Swiss-BioQuant-AG (Reinach, Switzerland). The concentrations of creatine and glycogen (mg/g dry weight tissue) were determined, and the total amounts (mg) in each tissue were calculated. Due to insufficient material load, breast muscle samples were analyzed only at E15, E17, E19, hatch and chick placement.
Glucose and ketones measurements
Blood glucose and ketones levels were obtained directly from the jugular vein of embryos and determined using FreeStyle Optimum Gluco/Keto meter and test strips (Abbott Diabetes Care Ltd., Witney Oxon, United Kingdom) according to the manufacturer’s instructions.
RNA isolation, cDNA synthesis and determination of mRNA abundance by real-time PCR
Total RNA was isolated from 100 mg of tissue (from YS tissue, liver, kidney and breast muscle) using TRI-Reagent (Sigma-Aldrich, St. Louis, MO) according to the manufacturer’s protocol. RNA concentration was determined using a Nano Drop ND-1000 instrument (Thermo Fisher Scientific, Wilmington, DE). Total RNA was treated with DNase using a Turbo DNA-free Kit according to the manufacturer’s protocol (Ambion; Thermo Fisher Scientific, Wilmington, DE). cDNA was created from 1 µg of DNA-free RNA using the qPCRBIO cDNA synthesis kit according to the manufacturer’s protocol (PCRBIOSYSTEMS, London, United Kingdom). Relative mRNA expression was evaluated using gene-specific primers (Table 1) of genes involved in creatine synthesis [arginine-glycine amidinotransferase (AGAT), guanidinoacetate N-methyltransferase (GAMT)], gluconeogenesis [fructose-1,6-bisphosphatase 1 (FBP1), glucose-6-phosphatase 2 (G6PC2)], glycogenesis [glycogen synthase (GYS)], and glycogenolysis [glycogen phosphorylase L (PYGL)] and the housekeeping genes; cytoskeletal protein (β-actin) and hypoxanthine phosphoribosyl transferase 1 (HPRT). Primer sequences were designed using Primer-BLAST software (Ye et al., 2012) based on published cDNA sequences where available and purchased from Sigma-Aldrich (Rehovot, Israel). PCR products were validated by gel electrophoresis in 1.5% agarose gel. Real-time qPCR reactions were conducted in triplicate in a Roche Light cycler 96 (Roche Molecular Systems, Inc., Pleasanton, CA). Each reaction (20 µL) included 3 µL of cDNA sample diluted 1:20 in ultrapure water (UPW, Biological Industries, Beit HaEmek, Israel), 4 µM of each primer, and Platinum SYBR Green qPCR super mix-UDG (Thermo Fisher Scientific, Wilmington, DE). Reaction conditions: preincubation at 95°C for 60°s, followed by 40 cycles of a 2-step amplification cycle of 95°C for 10°s and 60°C for 30°s, ended with a melting curve generated by the following conditions: 95°C for 60°s, 65°C for 60°s, and 97°C for 1 s. Relative mRNA expression was calculated by subtracting the geometric mean of cycle threshold (Ct) values of β-Actin and HPRT reference genes from sample Ct (Pfaffl, 2007).
TABLE 1 | Primers used for real-time PCR gene expression analysis.
[image: Table 1]Statistical analysis
Data of creatine and glycogen concentrations in tissues and data of blood glucose and ketone levels were subjected to one-way ANOVA analysis with the embryonic day (age) as main effect. Data of creatine and glycogen amount and of gene expression in tissues were subjected to two-way ANOVA analysis with the embryonic day (age), tissue and their interaction as the main effects. Differences between means were tested by using Tukey’s HSD test and considered significantly different with p-value lower than or equal to 0.05 (p ≤ 0.05). Values are presented as mean ± standard error mean (SEM). All statistical analyses were carried out using JMP-pro 16 software (SAS Institute Inc., Cary, NC).
RESULTS
Creatine and glycogen levels in the breast muscle, liver and YS tissue of chicken embryos
Measurements of creatine concentration (mg/g of dry tissue) in the breast muscle showed a significant increase by 47% (p-value, p = 0.0009) from embryonic day (E) 15 to E17 (Figure 1A, and Supplementary Table S1). Then, throughout E19, hatch and chick placement, creatine levels did not differ significantly between consecutive days. The liver and yolk sac (YS) tissue exhibited similar patterns (Figures 1B, C, and Supplementary Table S1), as creatine concentration increased by 3.8-fold and 3.4-fold respectively from E13 up to the highest value at hatch (p < 0.0001). Different from the breast muscle, creatine concentration decreased in the liver and YS tissue at chick placement by 2-fold and 1.5-fold, respectively. The total amount of creatine in each organ (Figure 1D and Supplementary Table S2) was calculated by multiplying the total dry tissue weight (Suppl. Table 6) by the concentration of creatine (Figures 1A–C and Supplementary Table S1). A two-way ANOVA test revealed a significant interaction between the effects of age and tissue (p < 0.0001). This was mainly due to the breast muscle tissue, as its creatine amount showed a constant elevation pattern unlike the liver and YS tissue. Results also show that creatine is stored mainly in the breast muscle, as its amount was 3-fold higher at hatch and 15-fold higher at chick placement compared with combined amounts of the liver and YS tissue. It should be noted that compared to the liver, the YS tissue had higher amounts of creatine throughout incubation, significantly higher on E17 and at hatch (Figure 1D and Supplementary Table S2).
[image: Figure 1]FIGURE 1 | Creatine levels from E11 until hatch and at chick placement (A–C) Dry weight concentration (mg/g) and (D) total tissue amount (mg) of Yolk sac (YS) tissue, liver, and breast muscle (A–C) The lower-case letters denote for means significantly different between days within each organ, as derived from a one-way ANOVA Tukey’s HSD test (D) The capital letters denote for means significantly different between organs within each day as derived from a two-way ANOVA followed by Tukey’s HSD test. p ≤ 0.05 n = 6 per day.
As for glycogen, its concentration (mg/g of dry tissue) exhibited similar patterns in the breast muscle, liver, and YS tissue (Figures 2A–C, and Supplementary Table S1). Towards E17 an increase in glycogen levels was observed in all tissues, then towards hatch, glycogen levels were significantly decreased reaching the lowest levels at chick placement (p < 0.0001). The total amount of glycogen in each organ (Figure 2D and Supplementary Table S1) was also calculated by multiplying the total dry tissue weight (Supplementary Table S6) by the concentration in tissues (Figures 2A–C and Supplementary Table S1). A two-way ANOVA test revealed a significant interaction between the effects of age and tissue (p < 0.0001). The interaction was mainly due to the YS tissue, as its glycogen amount showed the most dynamic pattern, with a rapid increase up to E17 followed by a sharp decrease. In addition, throughout incubation the YS tissue had the highest amount of glycogen, as it was 27-fold higher on E11 compared to the liver and 3.3-fold higher at hatch and at chick placement, compared to the combined amount in the liver and breast muscle (Figure 2D and Supplementary Table S2).
[image: Figure 2]FIGURE 2 | Glycogen levels from E11 until hatch and at chick placement (A–C) Dry weight concentration (mg/g) and (D) total tissue amount (mg) of YS tissue, liver, and breast muscle (A–C) The lower-case letters denote for means significantly different between days within each organ, as derived from a one-way ANOVA Tukey’s HSD test (D) The capital letters denote for means significantly different between organs within each day as derived from a two-way ANOVA followed by Tukey’s HSD test. (p ≤ 0.05), n = 6 per day.
Blood glucose and ketones levels of chicken embryos
Glucose (mg/dL) and ketones (β-HBA; mmol/L) levels were measured from E11 to chick placement and exhibited altered patterns. From E11 to E17, glucose levels were relatively constant ranging between values of 123.5–143.6 mg/dL (Figure 3A). From E19 and until hatch and chick placement, blood glucose levels increased significantly by 38% (p < 0.0001), reaching values of 191.9–208.3 mg/dL. Ketone levels (Figure 3B) showed a dynamic pattern, starting on E11 with the lowest level (2.09 mmol), increasing gradually up to the highest value on E17 (4.33 mmol/L; p < 0.0001). On E19, ketones level decreased to 3.24 mmol/L while at hatch levels increased again to 4.06 mmol/L.
[image: Figure 3]FIGURE 3 | Glucose and ketones levels from E11 until hatch and at chick placement. (A)-Glucose (mg/di) and (B)-ketones ((3-HBA; mmol) were measured by FreeStyle Optimum Gluco/Keto meter. The lower-case letters denote for means significantly different between days, as derived from a one-way ANOVA Tukey’s HSD test (p < 0.05), n = 6 per day.
Creatine synthesis genes in the breast muscle, kidney, liver, and YS tissue of chicken embryos
The potential of creatine de novo synthesis in the tissues was evaluated by the examination of arginine-glycine amidinotransferase (AGAT), and guanidinoacetate N-methyltransferase (GAMT) (Figure 4 and Supplementary Table S3). Expression analysis of AGAT and GAMT by a two-way ANOVA test revealed significant interactions between the effects of age and tissue (p < 0.0001). The interaction was mainly associated with the varying expression patterns in tissues. In the breast muscle, AGAT expression showed a dynamic pattern, as it was increased from E11 to E19, followed by a decrease at hatch, then, sharply increased again reaching the highest level at chick placement. GAMT expression in the breast muscle also showed a dynamic pattern, increasing from E11 to E19 followed by a decrease at hatch. In the kidney, expression of AGAT remained stable and was not significantly different between consecutive embryonic days, however, GAMT expression increased gradually from E13 along the second half of incubation, reaching highest values at hatch and at placement. The liver and YS tissue showed alternating expression patterns as liver AGAT expression increased towards hatch and chick placement, and YS tissue AGAT expression decreased. As for GAMT expression, in the liver significantly different values were found on E13 as levels were decreased, while at chick placement levels were significantly increased. In the YS tissue GAMT expression increased up to E17, followed by a decrease up to chick placement. Altogether, results demonstrate a shift in expression levels of AGAT and GAMT, decreasing in the extraembryonic YS tissue towards hatch and placement, and increasing in the embryonic liver, breast muscle and kidney.
[image: Figure 4]FIGURE 4 | Dynamic expression of genes involved in creatine synthesis (A) Arginine-glycine amidinotransferase (AGAT), catalyzes the reaction between glycine and arginine to create GAA (B) Guanidinoacetate N-methyltransferase (GAMT), responsible for the methylation of GAA to create creatine. Expression analysis of AGAT and GAMT by a two-way ANOVA followed by Tukey’s HSD test revealed significant interactions between the effects of age and tissue. (p < 0.05), n = 6 per day.
Gluconeogenic genes in the liver, YS tissue, and breast muscle of chicken embryos
Gluconeogenesis potential was evaluated by the examination of two genes: fructose-1,6-bisphosphatase 1 (FBP1) and glucose-6-phosphatase 2 (G6PC2) (Figure 5 and Supplementary Table S4). Expression analysis of FBP1 and G6PC2 by a two-way ANOVA test revealed significant interactions between the effects of age and tissue (p < 0.0001). Also here, the interaction is associated with the altering expression patterns in tissues. Results showed daily fluctuation in liver FBP1 expression. In the YS tissue, FBP1 expression was elevated on E13 and significantly decreased on E15, then remained constant throughout incubation up to chick placement. In the breast muscle, FBP1 expression level was relatively low, decreasing between E15 and E17, and increasing again at placement. The variation in expression pattern of G6PC2 was similar to that of FBP1 expression in the liver, breast muscle and YS tissue. In general, when comparing the expression of gluconeogenic genes between the liver, YS tissue and breast muscle within days, the liver showed the highest values throughout incubation.
[image: Figure 5]FIGURE 5 | Dynamic expression of genes involved in gluconeogenesis (A) Fructose-1,6-bisphosphatase 1 (FBP1), regulatory enzyme, catalyzes the hydrolysis of fructose 1,6-bisphosphate to fructose 6-phosphate (B) Glucose-6- phosphatase 2 (G6PC2), catalyzes the hydrolysis of glucose-6-phosphate, allowing the release of glucose into the bloodstream. Expression analysis of FBP1 and G6PC2 by a two-way ANOVA followed by Tukey’s HSD test revealed significant interactions between the effects of age and tissue. (p < 0.05), n = 6 per day.
Glycogen synthesis and breakdown in the liver, YS tissue, and breast muscle of chicken embryos
The potential of glycogen synthesis and breakdown was evaluated by two genes: glycogen synthase (GYS) and glycogen phosphorylase L (PYGL) (Figure 6 and Supplementary Table S5). Glycogen synthase (GYS) has two isoforms/variants: glycogen synthase 1 (GYS1) and GYS2 (Roach et al., 1998). GYS1 is expressed at lower levels in muscle, whereas GYS2 is primarily responsible for glycogen synthesis in the liver (Browner et al., 1989; Nuttall et al., 1994). Accordingly, in the breast muscle, the muscle variant GYS1 was used for expression analysis of glycogen synthase, while in the YS tissue and liver, GYS2 was used. As for, glycogen phosphorylase, the variant PYGL was used for the breast muscle, YS tissue and liver. PYGL was shown to be expressed at the protein level also in the breast muscle (Zambonelli et al., 2016). A two-way ANOVA test revealed that there was no significant interaction between the effects of age and tissue in GYS and PYGL expression. The tissue factor had statistically significant effect on GYS expression (p < 0.0001) with the highest expression levels in the liver, medium values in the YS tissue and lowest in the breast muscle. Similarly, the age factor was also found to be significant (p = 0.00035), with a peak in overall GYS expression at E19, significantly different from all sampling points apart from E17. As for PYGL, the tissue factor had a significant effect (p < 0.0001) with the highest expression levels in the liver, medium values in the YS tissue and lowest in the breast muscle. The age factor was also found to be significant (p = 0.049), with the highest PYGL expression at E17. As in the gluconeogenic genes, expression analysis of glycogen synthesis and breakdown genes between tissues within each day, showed the highest expression levels in the liver, with medium values in the YS tissue and lowest in the breast muscle.
[image: Figure 6]FIGURE 6 | Dynamic expression of genes involved in glycogen synthesis and breakdown. (A, B) Glycogen synthase (GYS*) catalyzes the rate-limiting step in the synthesis of glycogen; (C) Glycogen phosphorylase L (PYGL), catalyzes the release of glucose- 1 -phosphate from glycogen. As derived from a two-way ANOVA followed by Tukey’s HSD test, the factor of tissue was found to be significantly different in GYS and PYGL (highest in the liver, mean in the YS tissue and lowest in the breast muscle). The factor age was also significant, as E 1 9 was highest in GYS and E17 was highest in PYGL (p < 0.05), n = 6 per day. *Two variants were used for glycogen synthase gene; (A) GYS2 in the liver and YS tissue and (B) GYS one in the breast muscle.
DISCUSSION
The fertile egg contains trace amounts of available energy molecules in the form of carbohydrates (Yadgary and Uni, 2012; Réhault-Godbert et al., 2019) and creatine (Reicher et al., 2020). Accordingly, chicken embryos depend on the supply of high energy-value molecules that are synthesized, stored, and utilized by the embryonic and extraembryonic tissues. The current study investigated the dynamics of the two major energy-value molecules, creatine and glycogen, in key tissues for energy metabolism, from mid incubation (E11) until hatch and placement at the farm. Based on our findings, creatine is stored mainly in the breast muscle, while glycogen is stored mainly in the YS tissue. We demonstrate, for the first time, that creatine synthesis genes (AGAT, GAMT) are expressed in the chicken breast muscle as early as mid-incubation. The expression analysis of genes related to gluconeogenesis (FBP1, G6PC2), glycogenesis (GYS), and glycogenolysis (PYGL), reveals that the liver constitutes the main site of glycogen metabolism activity. However, due to the relatively large size and high storage capacity of the breast muscle and YS tissue, their contribution to glycogen metabolism is substantial. Towards hatch, creatine levels in all tissues increased, while glycogen levels decreased post E19 reaching low levels at hatch and at chick placement. Together, the findings suggest that when glycogen stores are depleted, creatine serves as an available energy source for late-term embryos and hatchlings.
In accordance with the traditional description of spatial separation between the supply and demand organs of endogenous creatine (Wyss, 2000), our results show that in chicken embryos creatine synthesis genes (AGAT, GAMT) are expressed in the liver and kidney. Here we show, that AGAT and GAMT are also expressed in the extraembryonic YS tissue. This fits the concept of the YS tissue as a multifunctional metabolic organ, which supports embryonic development (Yadgary et al., 2010; Yadgary et al., 2011; Yadgary and Uni, 2012; Yadgary et al., 2013; Yadgary et al., 2014; Dayan et al., 2020; Wong and Uni, 2021). To the best of our knowledge, we are the first to show AGAT and GAMT expression in the breast muscle of chicken embryos; the expression of these genes was previously found in the skeletal muscle of fish, mice, cattle, and pigs (Borchel et al., 2019). Ostojic (2021) points towards a metabolic advantage of de novo creatine synthesis in myocytes to maintain muscle creatine levels and cellular energy. The levels of creatine in the liver, YS tissue and breast muscle show similar pattern of increase up to hatch, where creatine is stored mainly in the breast muscle. Nevertheless, considering the relative size of organs, the significance of the YS tissue, the largest organ during incubation is highlighted as a superior creatine source vs the liver, with higher total creatine amount (19-fold higher on E17 and 7-fold higher at hatch). Together, we conclude that during incubation the supply of creatine depends on its de novo synthesis by the embryonic and extraembryonic tissues. As creatine levels increase towards hatch, it serves as an essential energy source, especially to late-term embryos and hatchlings.
Comparable patterns of glycogen levels were exhibited in the breast muscle, liver and YS tissue where all tissues reached peak values on E17-E19, followed by a sharp decrease towards chick placement. Previous studies showed a similar pattern corresponding with the changes in energy metabolism towards hatch and decreased glycogen levels in tissues (Christensen et al., 1999; Christensen et al., 2000; Christensen et al., 2001; Uni and Ferket, 2004; Uni et al., 2005; Foye et al., 2006; Moran 2007; De Oliveira et al., 2008; Yadgary and Uni, 2012). This study shows that throughout incubation, the majority of glycogen is stored in the YS tissue. This agrees with a previously published study by Yadgary and Uni (2012), which showed the importance of the YS tissue as the major glycogen storage organ. Our results suggest a pivotal role of the YS tissue, not only in creatine supply, but also in the supply of glycogen during mid-term incubation up to the initiation of the energy-demanding hatching process. Expression analysis of genes involved in glycogen synthesis and breakdown (GYS and PYGL, respectively), showed the highest expression levels in the liver compared with mid values in the YS tissue and the lowest values in the breast muscle. According to these findings, E19 marks a critical time point, showing a shift in balance between glycogen synthesis and breakdown. The decrease in GYS expression but not in PYGL expression fits the observed decrease in glycogen levels. On this day (E19), as oxygen becomes limited (Tazawa et al., 1983), other metabolic pathways are involved in glucose and ATP production, shifting towards anaerobic catabolism of glucose, with the breakdown of glycogen and gluconeogenesis (Uni and Ferket, 2004; Moran, 2007; De Oliveira et al., 2008; Yadgary and Uni 2012). Indeed, the increase in ketones levels up to E17 correspond with β-oxidation of yolk-derived fatty acids, and the rise in blood glucose levels (starting on E19) correspond with the metabolic shift and the decrease in tissue glycogen levels from E17 onwards. At hatch, when oxygen supply was restored, ketones levels increase again. The expression of the two key genes FBP1 and G6PC2 was the highest in the liver along the incubation period with mid values in the YS tissue and lowest in the breast muscle. Together, our results lead to the conclusion that during the second half of incubation the gluconeogenic pathway as well as glycogen synthesis and breakdown is most active in the liver. However, due to the relatively large size and high storage capacity of the breast muscle and YS tissue, their contribution to energy supply for the chicken embryo should not be neglected.
In conclusion, this study evaluated the dynamics of creatine, glycogen, and their synthesis during the second half of the broiler embryonic development period. We demonstrate that during incubation, creatine is stored mainly in the breast muscle while glycogen is stored mainly in the YS tissue. The exhibited decrease in glycogen levels towards hatch in all tissues, starting on E19, opposes the increase in creatine levels, suggesting the significance of creatine in energy supply for late-term embryos and hatchlings (summarized in Figure 7). Moreover, in breast muscle, as glycogen levels are depleted, high creatine levels are maintained until chick placement, emphasizing the utmost importance of creatine involvement in supplying available energy for the hatching chick before placement at the farm. The fact that creatine is involved in maintaining available energy supply for the hatching broiler chick could have a great impact when considering hatchling quality, uniformity, chick survival and post-hatch performance.
[image: Figure 7]FIGURE 7 | Graphical illustration demonstrating the available energy resources (creatine and glycogen) in the chicken embryo during the pre-post hatch period. Towards hatch, creatine levels in the YS tissue, liver and breast muscle increase while glycogen levels dramatically decrease, reaching low levels at hatch and at chick placement. In the breast muscle, as glycogen levels are depleted, creatine levels are elevated. Thus, highlighting the importance of creatine as an available energy source for the late-term embryo and hatchling.
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Background: Heat stress remains a major environmental factor affecting poultry production. With growing concerns surrounding climate change and its antecedent of global warming, research on heat stress in poultry has gradually gained increased attention. Therefore, this study aimed to examine the current status, identify the research frontiers, and highlight the research trends on heat stress in poultry research using bibliometric analysis.
Methods: The literature search was performed on the Web of Science Core Collection database for documents published from 2000 to 2021. The documents retrieved were analyzed for their publication counts, countries, institutions, keywords, sources, funding, and citation records using the bibliometric app on R software. Network analysis for co-authorship, co-occurrence, citation, co-citation, and bibliographic coupling was visualized using the VOSviewer software.
Results: A total of 468 publications were retrieved, and over the past two decades, there was a gradual increase in the annual number of publications (average growth rate: 4.56%). China had the highest contribution with respect to the number of publications, top contributing authors, collaborations, funding agencies, and institutions. Nanjing Agricultural University, China was the most prolific institution. Kazim Sahin from Firat University, Turkey contributed the highest number of publications and citations to heat stress in poultry research, and Poultry Science was the most productive and the most cited journal. The top 10 globally cited documents mainly focused on the effects of heat stress, alleviation of heat stress, and the association between heat stress and oxidative stress in poultry. All keywords were grouped into six clusters which included studies on “growth performance”, “intestinal morphology”, “heat stress”, “immune response”, “meat quality”, and “oxidative stress” as current research hotspots. In addition, topics such as; “antioxidants”, “microflora”, “intestinal barrier”, “rna-seq”, “animal welfare”, “gene expression”, “probiotics”, “feed restriction”, and “inflammatory pathways” were identified for future research attention.
Conclusion: This bibliometric study provides a detailed and comprehensive analysis of the global research trends on heat stress in poultry over the last two decades, and it is expected to serve as a useful reference for potential research that will help address the impacts of heat stress on poultry production globally.
Keywords: bibliometric, chickens, growth performance, heat stress, oxidative stress, VOSviewer
1 INTRODUCTION
With the imminent challenge of climate change and its antecedent of global warming, the growing increase in ambient temperature affects all life forms including humans, plants, and animals. This raises a major concern about the extent to which the ongoing variability in climatic conditions would directly and/or indirectly affect the future of animal production (Oke et al., 2021). Heat stress is a significant environmental stressor, especially in the tropics and sub-tropical regions of the world. It occurs under prevailing high temperatures where the animal cannot dissipate its body temperature to the surrounding environment, causing a negative balance between the amount of heat generated and the body’s heat loss (Lara and Rostagno, 2013). Heat stress largely affects poultry production since modern-day birds are highly vulnerable to high temperatures and they have limited heat dissipation capacity (Uyanga et al., 2022a). The feather coverage of birds and their lack of sweat glands makes them prone to high ambient temperatures relative to other monogastric animals (Zaboli et al., 2019). Thus, the incidence of heat stress is associated with severe detrimental effects on the health, welfare, and productivity of poultry species, accruing to significant economic losses (Oke et al., 2021; Madkour et al., 2023). Importantly the effects of heat stress on poultry production are directly associated with food safety issues, thus warranting special attention in order to bridge the protein demand to supply gap.
Studies have shown that heat stress negatively affects growth performance, production indices, behavior, immunity, metabolism, welfare, and physiological responses of poultry (Azad et al., 2010; Soleimani et al., 2011; Farag and Alagawany, 2018). It is characterized by an increase in body temperature, higher respiratory rate, decreased feed intake, lowered body weight, poor feed efficiency, low egg production, decreased reproduction, impaired immunity, impaired metabolism, alterations in intestinal microflora, poor intestinal morphology, increased inflammatory response, increased production of reactive oxygen species, deteriorated meat quality, and in extreme cases, results to death of the animals (Wang et al., 2018; Liu et al., 2020; Alagawany et al., 2021; Nawaz et al., 2021; Uyanga et al., 2021; Madkour et al., 2022). The effects of heat stress have been studied on different poultry species, and the findings reported are multifaceted, and interwoven. To better understand the impacts of heat stress in poultry and the strategies for its alleviation, various studies have been conducted under varied experimental conditions. Several works have extensively reviewed the impacts of heat stress and the approaches for its mitigation in poultry. It can be surmised that these mitigating approaches center on environmental modification, management techniques, nutritional manipulation, genetic manipulation, and perinatal conditioning of the birds (Lin et al., 2006; Saeed et al., 2019; Wasti et al., 2020; Abdel-Moneim et al., 2021; Kumar et al., 2021; Uyanga et al., 2022b; Madkour et al., 2023). Therefore, it is evident that a reasonable number of scientific information has been generated on heat stress in poultry, however, to the best of our knowledge, there currently exists no bibliometric study that has comprehensively examined the available literature to stimulate further research in this area.
Bibliometric analysis has been described as a scientific methodology that utilizes computer-assisted review to examine all the publications on a specific topic or field in order to identify the core research, authors of the subject, and their relationships over a given period (Nicolaisen, 2010; Liu et al., 2022). The conduct of bibliometric analysis provides information on the topic of interest and further gives an overall understanding of the intellectual landscape. Attributes such as the author or citation information, titles, keywords, and abstract data have been developed for network analysis and sociometric analysis (Han et al., 2020; Musa et al., 2020). Bibliometric is increasingly important in managing the increasing number of academic publications which often involve empirical contributions producing voluminous, fragmented, and controversial research outcomes (Aria and Cuccurullo, 2017). Compared to other scientific review techniques, bibliometric provides highly objective and reliable analyses since it employs a “systematic, transparent, and reproducible review process that is based on the statistical measurement of science, scientists, or scientific activity” (Wallin, 2005). Therefore, with the increasing number of research reporting on heat stress in poultry production, it was deemed necessary to provide evidence-based insights via a bibliometric analysis of the research productivity by authors, countries, keywords, funding agencies, and collaboration networks. The findings of this study would help unveil the research progress on heat stress in poultry and its development in recent decades. This would also provide organized information for researchers, poultry industry experts and further advance research in this area.
Therefore, this bibliometric study was conducted to investigate, identify and visualize the network of publications that have shaped the intellectual discourse and research structure on heat stress in poultry from 2000 to 2021. The mapping of the thematically related publications and an examination of the contributions, co-operations, and recent trends as it relates to the heat stress in poultry was also carried out.
2 MATERIALS AND METHODS
2.1 Data sources
Relevant documents for the bibliometric study were retrieved from the Web of Science Core Collection (WoSCC). This database is considered appropriate to retrieve eligible literature on the subject matter in an appropriate reference format. WoSCC is the world’s foremost citation database covering articles from over 21,000 peer-reviewed journals, with about 1.9 billion cited references. It is a reliable database and is widely utilized for bibliometric studies in various disciplines (Chen et al., 2021; Cheng et al., 2022; Shan et al., 2022)
2.2 Search strategy
For this study, published peer-reviewed articles on heat stress and poultry were retrieved from the WoSCC database through a comprehensive search of online documents published from 2000 to 2021. The search was carried out by two investigators (VAU and THM) on a single day, 10 October 2022 to eliminate variations arising from database updates. To build a valid search query that will retrieve as many relevant documents as possible, specific keywords were used. Several “systematic reviews” and “bibliometric analyses” articles were reviewed to build a search query for heat stress and poultry production (Liu et al., 2020; Leishman et al., 2021; Siddiqui et al., 2022).
The search strategy was as follows:
#1: “poultry” (Title) OR “chicken” (Title) OR “guinea fowl” (Title) OR “turkey” (Title) OR “geese” (Title) OR “duck” (Title) OR “quail” (Title) OR “pigeon” (Title) OR “broilers” (Title) OR “laying hen” (Title) OR “fowl” (Title) OR “ostriches” (Title) OR “pheasants” (Title)
#2: “heat stress” (Title) OR “thermal stress” (Title) OR “high temperature” (Title) OR “hot temperature” (Title) OR “thermal condition” (Title) OR “high ambient temperature” (Title) OR “heat exposure” (Title) OR “heat conditioning” (Title) OR “high environmental temperature” (Title) OR “high environmental temperature” (Title). The two queries were combined to generate the final dataset: #1 and #2. Details of the search methodology are provided as Supplementary Material.
The quotation mark (“ ”) was used as the Boolean search modifier to retrieve exact phrases for search terms and to avoid the split up of search terms that contained more than one word/phrase into single-word components. The search query was built mainly on the “Title” field tag to ensure that the retrieved documents were directly related to heat stress and poultry. The time span was limited to the period of research interest, from 2000 to 2021. Publication type was limited to “articles” and “review, and document type was restricted to only English language. A schematic illustration of the search strategy is presented in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic illustration of the search strategy conducted to retrieve published articles on heat stress in poultry from 2000 to 2021.
2.3 Data extraction
The retrieved documents were extracted using the “Export Records to File” button and the “Full Records and Cited References” option on WoSCC. The plain text, RIS, BibTeX, excel, and tab-delimited files were downloaded for further processing. The exported data included information on authors, publication years, document types, web of science categories, affiliations, journals, funding agencies, countries, research areas, citations, and keywords. The journal impact factor (IF) and category quartile were obtained from the 2021 Journal Citation Reports. The quality of publications was evaluated using the number of citations and the Hirsh-index (h-index).
2.4 Bibliometric analysis
Qualitative and quantitative analysis was performed using the Biblioshiny app on R studio (version 2022.07.1 + 554) (Aria and Cuccurullo, 2017). This platform was used to generate results for main publication information, annual production and citations, author’s impact, relevant affiliations, relevant sources, most cited countries, WordCloud analysis, thematic evolution, and factorial analysis. The bibliometric online analysis platform (https://bibliometric.com), was used to analyze and visualize the partnership analysis between countries.
The VOSviewer software (version 1.6.11) developed by Nees Jan van Eck and Ludo Waltman (van Eck and Waltman, 2010), was used for creating, visualizing, and exploring bibliometric maps based on network data. VOSviewer was used to analyze the co-authorship of authors, countries, and institutions; co-occurrence of all keywords; citation analysis of documents, sources, authors, institutions, and countries; bibliographic coupling of documents, sources, authors, and countries; and the co-citation analysis of cited references, cited sources and cited authors. The network data were generated as network visualization and overlay visualization and interpreted accordingly. The nodes on the maps were representative of the analyzed element (that is, author, country, institution, source, or document). The line between nodes represents the link between two elements, and the thickness of the lines represents the link strength of their connections. The size of an element was determined based on its total link strength (TLS), and different colors were used to differentiate elements into different clusters (van Eck and Waltman, 2010; Cheng et al., 2022).
2.5 Data analysis
R software (version 4.2.1), GraphPad Prism (version 8.0.2), and Microsoft Excel 2016 were used to perform descriptive statistics and plot charts. The Spearman correlation coefficients were conducted using GraphPad Prism. Data were considered statistically significant at p < 0.05.
3 RESULTS
3.1 Annual growth of publication and citations
A total of 468 documents on heat stress and poultry research. These included 93.16% of articles and 6.84% of reviews from 144 sources. The average citation per document was 24.11, and the documents had an average age of 6.12 years. The studies involved a total of 1, 679 authors, with 13 single-authored documents and 5.2 co-authors per document. The results revealed an international collaboration rate of 24.36% among the authors as shown in Table 1.
TABLE 1 | Main characteristics of the published articles on heat stress and poultry.
[image: Table 1]The annual publications and average citations from 2000 to 2021 are shown in Figure 2A. The annual production of publications on heat stress in poultry rose steadily from three documents as at 2000 to 79 documents in 2021, with an annual growth rate of 4.56%. Correspondingly, the average citations increased from 2.29 in 2000 to the highest point of 7.60 in 2014, and it was at 4.79 in 2021. A significant correlation coefficient was established between the number of publications and the average number of citations for the past 22 years (r = 0.5438, p > 0.0089). Figure 2B shows the United States dominated the number of publications until 2005. However, China made significant developments from 2006 and has increasingly dominated the number of publications in this field.
[image: Figure 2]FIGURE 2 | Trends in annual publications on heat stress in poultry. (A) Annual number of publications and average citation of articles. (B) Annual publication trends from top productive countries.
3.2 Contribution of funding agencies and institutions
A summary of the top 10 most active funding agencies is shown in Figure 3A. Five of these were from China and the top three funding agencies that supported research on heat stress in poultry were the National Natural Science Foundation of China (n = 57, 12.18%), Conselho Nacional De Desenvolvimento Cientifico E Tecnologico (n = 19, 4.06%), and National Key Research and Development Program of China (n = 13, 2.78%). Figure 3B shows that among the WoSCC subject categories, the top three areas with the highest contribution to heat stress in poultry were Agriculture, Dairy, Animal Science (n = 267), Veterinary Science (n = 93), and Zoology (n = 41).
[image: Figure 3]FIGURE 3 | Overview of global research on heat stress in poultry. (A) Contribution of various funding bodies. (B) Research areas according to subject categories.
As shown in Figure 4A, the most relevant institutions that published on heat stress in poultry were majorly from China (25%) and the United States (15%). The top institutions with the highest number of publications were Nanjing Agricultural University (China, n = 96), Firat University (Turkey; n = 69), and Universiti Putra Malaysia (Malaysia, n = 40). Co-authorship analysis of the author’s institutions (minimum of three documents) showed that 58 institutions formed the largest set of connections (Figure 4B). A total of 11 institutional clusters were formed with five links and 151 TLS. In the network visualization map, Nanjing Agricultural University had the largest node with the greatest total link strength (TLS = 26). Other top collaborating institutions were Iowa State University (TLS = 19), University Estadual Maringa (TLS = 14), Firat University (TLS = 13), and Zagazig University (TLS = 12).
[image: Figure 4]FIGURE 4 | Analysis on the institutional contributions to research on heat stress in poultry. (A) Most relevant affiliations. (B) Network visualization for co-authorship analysis of contributing institutions. (C) Network visualization for the citation analysis of contributing institutions. The larger the node, the greater the institutional contribution, and the thicker the line, the greater the link strength between the connected institutions.
For the citation analysis, a total of 139 institutions (minimum number of documents of two) met the threshold and formed the largest connection (Figure 4C). The density between the institutions showed that they were closely related in terms of their citation links. Key institutions were Nanjing Agricultural University (TLS = 503), Zagazig University (TLS = 242), Firat University (TLS = 200), Iowa State University (TLS = 150), and Nanjing Normal University (TLS = 130). Importantly, it was observed that Nanjing Agricultural University had the greatest citation linkages with the Chinese Academy of Agricultural Sciences, Anhui University of Science and Technology, and University of Veterinary Medicine Hanover.
3.3 Contribution of countries
From Table 2, analysis for the most relevant country based on the corresponding authors revealed that China had the highest number of publications, followed by Turkey, Brazil, United States, and Iran. These accrued from both single- and multi-country publications. Interestingly, the multiple-country publication (MCP) analysis showed that France (MCP_Ratio:0.750) and the Netherlands (MCP_Ratio: 0.750) had the highest collaboration ratio (data not shown). Among the top 20 most cited countries, China had the highest total citations, followed by Turkey, United States, Iran, and Japan. Correspondingly, the collaboration network among contributing countries showed that China had close collaboration with Unites States, Germany, Australia, Egypt, Japan, and Turkey (Figure 5A).
TABLE 2 | Top 10 productive countries contributing to research on heat stress in Poultry.
[image: Table 2][image: Figure 5]FIGURE 5 | Countries contributions to research on heat stress in poultry. (A) Interrelationship between contributing countries. (B) Co-authorship mapping of countries. (C) Citation analysis of countries. (D) Bibliographic coupling of countries. The larger the node, the greater the country’s contribution, and the thicker the line, the greater the link strength between two connected countries.
Co-authorship analysis of contributing countries showed that 46 countries constituted the largest connection (Figure 5B). They were grouped into 12 clusters, having 10 links and 178 TLS. Prominent countries with the largest connections were the People’s Republic of China (TLS = 45), United States (TLS = 44), Egypt (TLS = 29), Pakistan (TLS = 18), and Saudi Arabia (TLS = 14). The network analysis revealed that China had great co-authorship linkages with the United States, Pakistan, Germany, and Egypt. Correspondingly, the citation analysis showed that 49 countries were connected, with a total TLS of 265, 42 links, and were grouped into 11 clusters. The five most prominent countries were the People’s Republic of China (TLS = 1,055), United States (TLS = 538), Turkey (TLS = 413), Egypt (TLS = 416), and Pakistan (TLS = 314) (Figure 5C). Evidently, China had greater citation linkages with United States, Pakistan, Iran, Egypt, and Turkey.
In addition, the bibliographic coupling analysis of contributing countries (Figure 5D) showed that all 54 countries were connected and were categorized into 8 clusters having 109 links and 108, 141 TLS. Among the countries, People’s Republic of China (TLS = 40 822), United States (TLS = 20,421), Egypt (TLS = 20,213), Iran (TLS = 14,097), and Turkey (TLS = 13,270) had the highest TLS. Importantly, the People’s Republic of China was able to establish strong connections with countries such as United States, Brazil, Pakistan, Turkey, Iran, and South Korea.
3.4 Document sources
A total of 144 sources of documents were identified in this study. The top 20 journals with publications on heat stress in poultry are shown in Table 3. Based on the number of articles produced the most prolific journal was Poultry Science. This was followed by British Poultry Science, Journal of Thermal Biology, Animals, and Brazilian Journal of Poultry Science. Correspondingly, the total citations increased with these journals (Poultry Science and British Poultry Science), except that Worlds Poultry Science Journal had higher citations than Journal of Thermal Biology, which was followed by Biological Trace Element Research. Among these top 20 journals, the Journal of the Science of Food and Agriculture had the highest impact factor, and 60% of these journals were partitioned into JCR Q1.
TABLE 3 | Top 20 most productive journals contributing to research on heat stress in poultry.
[image: Table 3]A total of 111 sources formed the largest set of connections for citation analysis (Figure 6A). These sources had 681 links and 1,572 TLS. They were grouped into 17 clusters and the document sources with the strongest TLS were Poultry Science (TLS = 574), Journal of Thermal Biology (TLS = 243), World’s Poultry Science Journal (TLS = 207), Animals (TLS = 150) and British Poultry Science (TLS = 146). Interestingly, Poultry Science journal formed the greatest citation network with co-journals including Journal of Thermal Biology, British Poultry Science, World’s Poultry Science Journal, and Animals. The bibliographic coupling of sources showed that 128 sources formed the largest bibliographic connection with 4,262 links, TLS of 55,653 and they were grouped into 9 clusters (Figure 6B). Poultry Science had the largest network (TLS = 13,909), followed by Journal of Thermal Biology (TLS = 9,995), World’s Poultry Science Journal (TLS = 7,046), Animals (TLS = 6,092), and British Poultry Science (TLS = 3,719). Similar to the citation analysis, it was revealed that Poultry Science established strong bibliographic coupling with co-journals including Journal of Thermal Biology, World’s Poultry Science Journal, Animals, and British Poultry Science.
[image: Figure 6]FIGURE 6 | Journals contributing to research on heat stress in poultry. (A) Citation analysis of sources. (B) Bibliographic coupling of sources. (C) Co-citation analysis of cited sources. The larger the node, the greater the journal’s contribution, and the thicker the line, the greater the link strength between two journals.
In total, 142 sources of documents (minimum number of citations per source = 20) were analyzed for the co-citation network of their cited sources (Figure 6C). Similar to the citation and bibliographic coupling networks, Poultry Science journal had the largest network of co-cited sources (TLS: 115,035). Other top co-cited sources were British Poultry Science (TLS = 31,960), World’s Poultry Science Journal (TLS = 20,901), Journal of Thermal Biology (TLS = 13,199), and Journal of Animal Science (TLS = 12,769). Importantly, Poultry Science had a great co-citation network with other journals especially, British Poultry Science, World’s Poultry Science Journal, International Journal of Poultry Science, and Journal of Animal Science and Biotechnology.
3.5 Authorship analysis
A total of 1,679 authors contributed to the 468 documents on heat stress in poultry from 2000 to 2021. Table 4 shows that the top five authors with the highest global contributions were Kazim Sahin (Firat University, Turkey), followed by Nurhan Sahin (Firat University, Turkey), Feng Gao (Nanjing Agricultural University, China), Li Zhang (Guangdong Ocean University, China) and Endong Bao (Nanjing Agricultural University, China). Interestingly, researchers from Nanjing Agricultural University, China constituted about 45% of the top 20 contributing authors, while China alone had 75% of the top 20 authors, followed by Turkey at 20%.
TABLE 4 | Most productive authors contributing to global researches on heat stress in poultry.
[image: Table 4]The co-authorship analysis showed that several of the authors were not connected, whereas the largest network had 69 authors, 304 links, and 309 TLS. Figure 7A shows that the five authors with significant co-authorship connections were Alagawany, Mahmoud (TLS = 26), Naiel Mohammed A.E (TLS = 21), Abd El-Hack, Mohamed E. (TLS = 21), Abdel-Moneim, Abdel-Moneim Eid (TLS = 17), and Shehata, Abdelrazeq M (TLS = 15). The co-authorship network revealed that of the few connected researchers, there was a close association between the different clusters. This suggests that the active authors on heat stress in poultry had established a centralized and concentrated network, but still lacked extensive collaboration with other scholars. Citation analysis of authors with a minimum of two documents showed that 308 authors formed the largest connection, with a total TLS of 10,244; 5,504 links, and they were categorized into 10 clusters (Figure 7B). Five authors with the strongest TLS were Gao, Feng (TLS = 366), Bao, Endong (TLS = 331), Tang, Shu (TLS = 282), Lamont, Susan J (TLS = 193), and Alagawany Mahmoud (TLS = 160). The co-citation network of cited authors revealed that a total of 115 authors were connected (minimum number of citations per author: 20) with 5,440 links; 42; 054 TLS, and they formed 5 clusters (Figure 7C). Top co-cited authors in the network were Sahin, K (TLS = 5,081), Yahav, S. (TLS = 2,849), Attia, Y.A (TLS = 2,551), Quinteiro, W.M (TLS = 2,183), and Lin, H (TLS = 5,081). Results from both the citation and bibliographic coupling analysis showed that Bao, Endong, and Tang, Shu who are major contributors affiliated with Nanjing Agricultural University, China were isolated in a distinct cluster.
[image: Figure 7]FIGURE 7 | Analysis of the authorship network for global research on heat stress in poultry. (A) Co-authorship mapping of authors. (B) Citation analysis of authors. (C) Co-citation analysis of authors. (D) Bibliographic coupling analysis of authors. The larger the node, the greater the author’s contribution, and the thicker the line, the greater the link strength between two authors.
Network visualization map showing the bibliographic coupling of authors also revealed that a total of 125 authors were connected (minimum number of documents: 3), with 6,721 links, total TLS of 152,247, and that they were grouped into 6 clusters (Figure 7D). Gao, Feng (TLS = 7,084), Lamont, Susan (TLS = 6,529), Bao, Endong (TLS = 5,435), Gasparino, Eliane (TLS = 5,097), and Sahin K (TLS = 5,054) were among the authors with the greatest TLS.
3.6 Documents and co-cited documents
The top 10 most globally cited documents on heat stress in poultry are presented in Table 5. “Effect of heat stress on oxidative stress, lipid peroxidation and some stress parameters in broiler” by Altan O. et al. (2003) was the most cited document. Two review articles were included in the top 10 globally cited documents. “Strategies for preventing heat stress in poultry” by Lin H et al. (2006) and “Association between heat stress and oxidative stress in poultry; mitochondrial dysfunction and dietary interventions with phytochemicals” by Akbarian A. et al. (2016).
TABLE 5 | Top 10 most globally cited documents on heat stress in poultry.
[image: Table 5]Following citation analysis (Figure 8A), the network visualization map showed that a total of 304 documents (minimum number of citations per document = 5) formed the largest set of connected items, which were grouped into 19 clusters. From the citation analysis, the following documents: Altan et al. (2003) (citations = 294, links = 39), Lin et al. (2006) (citations = 250, links = 35), Bartlett (2003) (citations = 246, links = 35), Akbarian et al. (2016) (citations = 219, links = 43), and Sohail et al. (2010) (citations = 215, links = 37) had the highest citation and linkages. Bibliographic coupling of documents revealed that 156 documents were connected (minimum number of citations per documents: 20) with a total TLS of 10,770, 406 links and they were distributed into 7 clusters (Figure 8B). The following; Wang et al. (2021) (TLS = 554), Abdel-Moneim et al. (2021) (TLS = 504), Farag and Alagawany (2018) (TLS = 430), Lin et al. (2006) (TLS = 338), and Kumar et al. (2021) (TLS = 325) were among the top documents with high TLS.
[image: Figure 8]FIGURE 8 | Network visualization of documents on heat stress in poultry. (A) Citation analysis of documents. (B) Bibliographic coupling analysis of documents. (C) Co-citation network of documents.
Analysis of the co-citation network of cited references (minimum number of citations per cited reference = 20) showed that 59 cited references formed a network of 1,548 links, 6,334 TLS and were grouped into 4 clusters (Figure 8C). Top five cited references included Lara and Rostagno (2013) (TLS = 1,377) which was published in Animals (Basel), followed by Quinteiro-Filho et al. (2010) (TLS = 994), Mashaly MM (2004) (TLS = 737), Sohail MU (2012) (TLS = 700), and Zhang ZY (2012) (TLS = 629). The last four cited references were all published in Poultry Science. Moreover, the strongest co-citation connection was found between the cited references, Lara and Rostagno (2013); and Quinteiro-Filho et al. (2010) (link strength = 37)
3.7 Keyword analysis
WordCloud analysis showed that “chickens” (127), “growth performance” (125), “supplementation” (75) “performance” (74), and “oxidative stress” (60) were the top five Keyword Plus with the highest frequency (Figure 9A). Co-occurrence analysis (minimum occurrence of each keyword = 5) categorized all the keywords into six clusters (Figure 9B). The top six keywords in terms of co-occurrence were “heat stress” (TLS = 1,884), “growth performance” (TLS = 1,027), “chickens” (TLS = 988), “broiler” (TLS = 961), “performance” (TLS = 781), and “oxidative stress” (TLS = 684) (Figures 9B, C). The overlay visualization showed that the keyword “heat stress” co-occurred with several current topics including “meat quality”, “antioxidants”, “microflora”, “intestinal barrier”, “expression”, and “rna-seq” (Figure 9C).
[image: Figure 9]FIGURE 9 | Analysis for Keywords associated with global research on heat stress in poultry. (A) Word cloud analysis of Keyword Plus. (B) Network visualization for all keywords co-occurrence. (C) Overlay visualization for the co-occurrence analysis of all keywords.
To understand the research trend on heat stress in poultry over time, a thematic evolution analysis was conducted by grouping the Keyword Plus into four periods (2000–2005, 2006–2010, 2011–2015, and 2016–2021). Supplementary Table S1 gives detailed information on Keyword plus classification and the properties of the clusters/time series. As shown in Figure 10A, from 2000 to 2005 had key terms such as environmental temperature, oxidative stress, and chickens; 2006 to 2010 had terms such as lipid-peroxidation, oxidative stress; environmental temperature; 2011 to 2015 had high frequency for performance, supplementation, and chickens, and the period between 2016 and 2021 included terms such as oxidative stress, growth performance, and temperature.
[image: Figure 10]FIGURE 10 | Keywords analysis for global research terms on heat stress in poultry. (A) Thematic evolution of Keyword Plus from 2000 to 2021. (B) Thematic map analysis of Keyword Plus (C) Thematic map analysis of authors keywords. (D) Topic dendrogram using multiple correspondence analysis of authors keywords to show the hierarchical relationship between terms.
Thematic map analysis was carried out for the Keyword plus and Author keywords (Figures 10B, C). For the Keywords plus, the motor theme covered terms such as growth performance, ascorbic acid, and meat quality. The niche themes were terms related to oxidative stress, gene expression, and muscle metabolism. The emerging or declining themes covered terms such as stress, dietary supplementation, microflora, intestinal morphology, and probiotic mixture, while the basic themes included terms related to broiler chickens, lipid peroxidation, and ambient temperature (Figure 10B). Thematic mapping of the Authors keywords showed that the motor theme included immunity, nutrition, and thermal stress. The niche theme had terms associated with oxidative stress, heat shock proteins, and chronic heat exposure. The emerging or declining themes featured terms such as chicken, hsp 70, rna-seq, co-enzyme 10, and transcriptome, while the basic theme had growth performance, terms related to heat stress, and gene expression (Figure 10C). Figure 10D shows the conceptual framework of Author keywords (n = 50) using the multiple correspondence analysis. The results showed that the keywords were categorized into four clusters of 4, 5, 8, and 33 elements, respectively. Key terms including “acute heat stress, “cyclic heat stress” and “oxidative status” were covered in the first cluster, whereas, the last cluster which had the largest number of elements (n = 33) covered terms closely related to heat stress, growth performance, gene expression, production, and metabolism.
4 DISCUSSION
Over the last decades, with the increasing awareness and global actions towards climate change and global warming, research on heat stress in farm animals especially poultry has gained attention, as evidenced by the annual increment in the number of publications. The number of publications and citation counts achieved each year is an indicator of the research interest and progress made by researchers in that specific area (Musa et al., 2020; Xu et al., 2022). Several researchers, countries, institutions, and industry partners have collaborated on studies to address “heat stress in poultry”, thus necessitating this bibliometric analysis to understand the milestones achieved, research gaps uncovered, and the trends for future research. Over the past two decades, the annual publications on heat stress in poultry showed a significant increase, and so far, the highest number of articles was achieved in 2021. The annual number of publications increased relatively slowly from 2000 until 2011, with fewer than 15 articles per year. The increase observed from 2012 could possibly occur due to increasing awareness of the impacts of heat stress on poultry (Lin et al., 2006; Yahav, 2009) and its association with oxidative stress (Altan et al., 2003; Mujahid et al., 2005), as seen from the records of top globally cited documents. More so, the dietary manipulation of heat stress in poultry using prebiotics and probiotics (Lan et al., 2004; Sohail et al., 2010), polyphenols (Pena et al., 2008; Aengwanich and Suttajit, 2010), amino acids (Zarate et al., 2003; Dai et al., 2011), as well as, minerals and vitamins (Sahin et al., 2002; Niu et al., 2009; Mohiti-Asli et al., 2010; Vakili et al., 2010; Moeini et al., 2011) etc., were gradually gaining research attention. The last 5 years have witnessed production exceeding 40 documents annually, accounting for 61.9% of the total documents. The increase in the number of publications was positively associated with the rise in the average annual citation in a monotonic relationship. Also, it is expected that with an increase in the number of citable years, the average citation will continue to increase. Therefore, consistent efforts to foster research and collaboration are necessary to drive annual publications, growth rate, and article citations on heat stress and poultry.
Importantly, China ranked foremost in its contribution to research on heat stress in poultry in terms of publications, top contributing authors, funding agencies, institutional affiliations, and corresponding authorship. The network analysis also revealed that China significantly cooperated with other countries including United States, Egypt, Turkey, Germany, and Australia. In terms of co-authorship, citations, and bibliographic coupling, China had the greatest connections, networks, and TLS with other countries. This may be closely attributed to the significant financial investments by the Chinese government to support research on heat stress in poultry. The study revealed that out of the top 10 funding agencies, five were sponsors from China including the National Natural Science Foundation of China, National Key Research and Development Program of China, and Natural Science Foundation of Jiangsu Province. Evidently, the most productive institutions were also from China, with the most significant being the Nanjing Agricultural University. The institutional networks for co-authorship and citation analysis further revealed that Nanjing Agricultural University played a significant role in establishing strong research cooperation and collaboration with other institutions both within and outside China.
With respect to the authors, Kazim Sahin from Firat University, Turkey, Nurhan Sahin from Firat University, Turkey, and Feng Gao from Nanjing Agricultural University, China contributed the highest to global research on heat stress in poultry. Studies by Kazim Sahin and Nurhan Sahin were majorly centered on vitamin and mineral metabolism, quail production, phytochemicals, oxidative stress, and heat stress alleviation (Sahin et al., 2012; Sahin et al., 2013; Sahin et al., 2017; Orhan et al., 2021). Both authors were closely affiliated and collaborated on most of their research. On the other hand, Feng Gao focused on studies related to muscle metabolism, taurine supplementation, heat stress-induced oxidative damage, and the effects of chronic heat stress on broilers (Lu et al., 2017; Ma et al., 2018; Lu et al., 2019; Ma et al., 2021). Furthermore, the co-authorship analysis revealed that several of the authors, even those with a higher number of publications were excluded from the network. In line with this, the international co-authorship of authors was found to be 24.36%, thus suggesting that the inter-collaborative efforts of authors in this research field were relatively low. In addition, research works from Gao, Feng; Bao, Endong; Tang, Shu; Lamont, Susan J; and Alagawany Mahmoud were highly cited by other authors, while the works from Sahin, K., Yahav, S., Attia, Y.A., Quinteiro, W.M., and Lin, H. were among the top co-cited papers, suggesting that they contributed to the high impact papers sought after in the field. Consequently, documents from these authors were also found among the top globally cited research in this field (Sahin and Kucuk, 2003; Lin et al., 2006; Yahav, 2009; Attia et al., 2021). The bibliographic coupling of authors characterizes the phenomenon where two authors cite similar document (s) in the articles that they have published (Ma, 2012; Zhang and Yuan, 2022). Findings from both the citation and bibliographic coupling analysis showed that Bao, Endong and Tang, Shu who were affiliated with Nanjing Agricultural University, China had a strong connection in their bibliographic network, suggesting that these authors have close similarities in their research outputs. Altogether, key scholars who have contributed quantitatively or qualitatively to promoting research on heat stress in poultry were identified, indicating their substantial contributions to the field.
Bibliometric analysis of document sources (including journals, books, etc.) is important in providing updated insights and trends for a particular research area, as well as in guiding scholars to select suitable journals for their research communication (Cheng et al., 2022; Liu et al., 2022). Journals including Poultry Science, British Poultry Science, Journal of Thermal Biology, Animal, and Brazilian Journal of Poultry Science were the most prolific sources of articles on heat stress in poultry and they also accrued higher citation index. Journal co-citation analysis and bibliographic coupling further emphasized that Poultry Science had the largest network and was strongly connected with other journals such as Journal of Thermal Biology, World’s Poultry Science Journal, Animals, and British Poultry Science. These may be related to the publication of high-impact findings in these journals, thus suggesting that the hot topics and future trends emanating from research on heat stress in poultry are likely to be reported in these journals. Evidently, Poultry Science journal produced most of the top globally cited articles, revealing that this journal is a relevant, consistent, and authoritative source for high-caliber research and information related to poultry production.
The article, titled “Effect of heat stress on oxidative stress, lipid peroxidation and some stress parameters in broiler” by Altan O. et al. (2003) was identified as the most globally cited document on heat stress in poultry. Key findings of this study were that heat stress increased fearfulness, induced oxidative stress, and initiated significant physiological responses in broilers (Altan et al., 2003). Two review articles also contributed significantly to the global research progress on heat stress in poultry. They were “Strategies for preventing heat stress in poultry” by Lin H et al. (2006) and “Association between heat stress and oxidative stress in poultry; mitochondrial dysfunction and dietary interventions with phytochemicals” by Akbarian A. et al. (2016). Given the widespread concerns on how to mitigate the adverse impacts of heat stress in poultry production, Lin et al. (2006) was among the early reports to surmise various methods, which included, genetic, nutritional, feeding, and environmental strategies that can be adopted to cope with heat stress in poultry. In addition, following the discovery that oxidative stress was closely associated with heat stress in poultry, Akbarian et al. (2016) provided a detailed discussion that explained the mechanisms through which heat stress induces oxidative stress, and also presented the use of antioxidant phytochemicals as a nutritional strategy for the alleviation of mitochondrial dysfunction in heat-stressed birds. From the citation networks, documents including Altan et al. (2003), Bartlett (2003), Lin et al. (2006), Akbarian et al. (2016), and Sohail et al. (2010) had the greatest linkages and also contributed substantially to the advancement of research on heat stress in poultry. Several documents were commonly cited by scholars in this research area, especially the works of Lara and Rostagno (2013) which reported on the “Impact of heat stress on poultry production” and Quinteiro-Filho et al. (2010) which reported that “Heat stress impairs performance parameters, induces intestinal injury, and decreases macrophage activity in broiler chickens”.
Keywords are considered important terms and phrases from a research paper that rightly expresses the content covered, help generate new information and frontiers of knowledge, and assist in the retrieval of relevant content. Commonly, author-generated keywords (that is, Author keywords) are provided during article submission to describe the main contents/concepts addressed in their research. Also, the Keyword Plus is generated by Web of Science from the words and phrases that occur in the titles of cited references (Tripathi et al., 2018). Therefore the use of both author keywords and Keyword Plus explicitly expresses the knowledge structure, the article’s content, and the interactions of various research in a given subject area (Zhang et al., 2016). In this study, the top five keywords with the highest WordCloud frequency were “chickens”, “growth performance”, “supplementation”, “performance”, and “oxidative stress”. Word Cloud provides a visual representation of texts that are frequently occurring, such that the bigger and bolder a word appears, the higher its frequency of occurrence. Interestingly, the keyword “oxidative stress” had a higher occurrence than “heat stress” revealing a shift in research interest, which suggest that more researchers were gradually getting involved with studies that addressed oxidative stress in poultry. In addition, the thematic evolution of Keyword plus identified that research on oxidative stress had gained momentum over the years. Importantly, the thematic growth on oxidative stress had evolved to integrate other terms related to performance, supplementation, gene expression, and growth performance. This was also consistent with the overlay visualization which showed that heat stress co-occurred with various new topics such as “meat quality”, “antioxidants”, “microflora”, “intestinal barrier”, “expression”, and “rna-seq”.
The co-occurrence network of all keywords unveiled that current research on heat stress in poultry mainly focused on studies of growth performance, environment and production (red nodes), studies on intestinal morphology, and microbiota (green nodes), studies on the molecular mechanisms of heat stress (blue nodes), studies on immune response and metabolites, studies on meat quality and carcass characteristics (purple nodes), and studies on oxidative stress (aqua nodes). With the recent development in research, it is interesting to note that several terms have emerged in relation to heat stress such as “essential oils”, “resveratrol”, “betaine”, “curcumin”, “probiotic mix”, “flavonoids”, and “plant extracts”. These are important agents provided as supplements to poultry in a bid to alleviate the detrimental effects of heat stress. Several studies have demonstrated their protective and beneficial effects on the growth performance, behavior and welfare, immune system, antioxidant capacity, egg production, nutritional metabolism, intestinal health, thermotolerance, and other physiological variables of heat-stressed birds (Nawab et al., 2020; Sariozkan et al., 2020; Jiang et al., 2021; Liu et al., 2021; Mohammadi, 2021; Wen et al., 2021; Yang et al., 2021).
The thematic map analysis of keywords allows for the organization of keyword groupings according to their density and centrality into a single circle for mapping as a two-dimensional image (Ejaz et al., 2022). From the Keyword plus, it was identified that motor topics including “growth performance”, “supplementation”, “ascorbic acid research”, and “meat quality”, have been well-researched with respect to heat stress in poultry (Mahmoud et al., 2004; Abidin and Khatoon, 2013; Kumar et al., 2021; Piray and Foroutanifar, 2021). However, some topics that were weakly developed from both the emerging and declining themes (microflora, intestinal morphology, and probiotic mixture) and the basic themes (lipid-peroxidation, egg production, and ambient temperature) could be of research interest for further studies on heat stress in poultry. In examining the Author keywords, some underdeveloped and marginally important topics grouped into the emerging and declining themes were “hsp70”, “rna-seq”, “co-enzyme q10”, and “transcriptome”. To address this, studies have reported that co-enzyme q10 protects the chicken primary myocardial cells against damage and apoptosis during in vivo heat stress by upregulating hsp70 expression and HSF1 binding activity (Xu et al., 2017a; Xu et al., 2017b; Xu et al., 2019b), and that co-enzyme q10 induced autophagy and suppressed the PI3K/AKT/mTOR signaling as a protective mechanism against heat stress (Xu et al., 2019a). Alongside this, several studies have employed the whole transcriptomics approach, as well as other RNA sequencing technology to investigate the effects of heat stress in poultry (Saelao et al., 2018; Te Pas et al., 2019; Kim et al., 2021; Liang et al., 2021). With the advent of this tool, the molecular mechanisms that occur in distinct cells or tissues of various poultry species during heat stress exposure can be profiled, quantified, and comprehensively understood, thus presenting useful information to advance research in this field. The transcriptomics approach has been utilized to investigate the effects of heat stress on various tissues including the liver (Jastrebski et al., 2017; Wang et al., 2020), bursa (Monson et al., 2018; Chanthavixay et al., 2020), thymus (Monson et al., 2019), cardiac and skeletal muscle (Srikanth et al., 2019), hypothalamus (Sun et al., 2015), and heart (Zhang et al., 2017; Zhang et al., 2019). In addition, some topics which are relevant but weakly developed were identified in the basic theme, such as “corticosterone”, “acute heat stress”’ “chronic heat stress”, “oxidative stress”, “feed restriction, “meat quality”, and “gene expression”. Importantly, these topics may be considered highly relevant and of great potential in stimulating future research and scientific development on heat stress in poultry.
To the best of our knowledge, the present study is the first to examine the global research status and emerging trends on heat stress in poultry species using the bibliometric approach. Noteworthy, research progress in this field is gradually developing with greater growth potential. Presently, the need for extensive global cooperation between authors, institutions, and countries cannot be overemphasized. Current research on heat stress in poultry could be identified as focusing on production performance, physiological responses, oxidative stress, and dietary supplements. However, it is deduced that future research trends will focus more on topics such as; “antioxidants”, “meat quality”, “microflora”, “intestinal barrier”, “rna-seq”, “animal welfare”, “gene expression”, “probiotics”, “feed restriction”, and “inflammatory pathways”. Therefore, this comprehensive analysis of the current status and emerging topics on heat stress in poultry would serve as a useful reference for researchers, policymakers, and other stakeholders in the poultry industry.
5 LIMITATIONS OF THE STUDY
It is important to point out that despite the novelty of this work and the important findings established from this study, there are a few limitations associated with it.
The documents retrieved for this study were solely based on the WoSCC database, as such not inclusive of other database collections such as Scopus, Pubmed, Dimension etcetera, which may have more information to deliver. However, it is agreed that Web of Science is the most suitable database and the most recommended for bibliometric studies in a specific field (Cheng et al., 2022; Shan et al., 2022).
The documents mined from the search may not necessarily obtain all the related literature due to the diversity of keywords. However, the detailed search strategy employed, the advanced search technique, and the logical use of Boolean operators have helped to improve the relevance and accuracy of retrieved results.
The key term in this study “heat stress in poultry” was expressed as “heat stress” AND “Poultry”, with the use of “AND” as a Boolean operator to ensure that all related keywords were retrieved and the search result was narrowed down to only the relevant terms.
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Well designed and formulated natural feed additives have the potential to provide many of the growth promoting and disease mitigating characteristics of in-feed antibiotics, particularly feed additives that elicit their effects on targeted areas of the gut. Here, we describe the mechanism of action of a microencapsulated feed additive containing organic acids and botanicals (AviPlus®P) on the jejunum and ileum of 15-day-old broiler-type chickens. Day-of-hatch chicks were provided ad libitum access to feed containing either 0 or 500 g/MT of the feed additive for the duration of the study. Fifteen days post-hatch, birds were humanely euthanized and necropsied. Jejunum and ileum tissue samples were collected and either flash frozen or stored in RNA-later as appropriate for downstream applications. Chicken-specific kinome peptide array analysis was conducted on the jejunum and ileum tissues, comparing the tissues from the treated birds to those from their respective controls. Detailed analysis of peptides representing individual kinase target sites revealed that in the ileum there was a broad increase in the signal transduction pathways centering on activation of HIF-1α, AMPK, mTOR, PI3K-Akt and NFκB. These signaling responses were largely decreased in the jejunum relative to control birds. Gene expression analysis agrees with the kinome data showing strong immune gene expression in the ileum and reduced expression in the jejunum. The microencapsulated blend of organic acids and botanicals elicit a more anti-inflammatory phenotype and reduced signaling in the jejunum while resulting in enhanced immunometabolic responses in the ileum.
Keywords: broiler chicken, antibiotic alternatives, botanicals (thymol and vanillin), essential oils, organic acids (citric and sorbic), immunometabolism, kinome, gut health
1 INTRODUCTION
Natural products are being explored as potential antibiotic alternatives for use in animal agriculture. Promising alternatives include, but are not limited to, organic acids, botanicals, short chain fatty acids, and bacterial fermentates (Postbiotics) (Johnson et al., 2019; Swaggerty et al., 2020a; 2020b; Liu et al., 2021; Salminen et al., 2021). These natural products have been used and evaluated in the animal agriculture industry for a number of years and numerous primary and review articles in the literature support the use of such products for use as antibiotic alternatives, to enhance production parameters, and improve animal health and welfare (Zeng, et al., 2015; Abd El-Hack et al., 2016; Jazi et al., 2018; Yadav and Jha, 2019). Extensive studies are being conducted to measure and evaluate the performance enhancing and disease mitigating effects of these products (EFSA Panel et al., 2020 on Additives and Products or Substances used in Animal Feed (FEEDAP); Swaggerty et al., 2020a; 2020b; 2022). Microencapsulated feed additives have been shown to allow such products to survive the upper gastrointestinal tract (GI tract) and be delivered along the small intestine (Grilli et al., 2007; Piva et al., 2007). The small intestine is the main site of digestion and nutrient absorption in chickens (Svihus, 2014). The different gut segments have been reported to serve different functions in relation to nutrient absorption, with the jejunum being the major site of absorption of fat, starch, and protein, and the ileum, anatomically following the jejunum, being the major site of water and mineral absorption (Svihus, 2014). Although microencapsulation allows for the product to be delivered to the small intestine, the concentration of included compounds have been shown to decrease down the length of the gut (Grilli et al., 2007; Piva et al., 2007).
The chicken-specific kinome peptide array and accompanying software are designed to measure and evaluate the immunometabolic signaling changes that occur between treatment and control groups (Jalal et al., 2009; Li et al., 2012). The technology utilizes 15 amino acid (AA) long peptides from the chicken proteome corresponding to known kinase target sites in the human proteome (orthologues sequences). Kinases are enzymes which catalyze phosphorylation events, the transfer of a phosphate group from ATP to a target protein, and act as key regulators of cell signaling. This post-translational modification can act to increase or inhibit the target protein’s activity and modulate its capacity to interact with other molecules. Proteins also can contain multiple kinase target sites sometimes with complementary or enhancing functions and sometimes with antagonistic or competing functions. In the peptide array assay, active kinases in the samples phosphorylate their target sites represented on the array. Many sites on the array have known physiological functions in the human phospho-proteome and therefore can provide valuable insight into chicken intracellular signaling cascades and thus physiological changes between treatment groups (Jalal et al., 2009). Using a kinomic approach to explore the changes to intracellular signaling cascades associated with immune and metabolic processes in response to the blend, we are able to better understand the changes conferred resulting in improved production measures and disease outcomes (Swaggerty et al., 2020a; Swaggerty et al., 2022).
There is a well-documented complex interplay between cellular metabolism and immunity and vice versa, the study of which is deemed immunometabolism (Pearce and Pearce, 2013). The emphasis on immunometabolic signaling allows researchers to look closely at the immune and metabolic changes imparted by products, therapeutics, and diseases in tissues (in vivo), cell populations (ex vivo), or monocultures (in vitro). Using the immunometabolic chicken-specific kinome peptide array we are able to elucidate differences in key cell signaling cascades which can provide insight into the immune and metabolic alterations imparted under different treatment conditions. Thus, providing insight into potential mode-of-action.
In a previous study, our group determined the kinome profile of jejunum and ileum tissue samples from birds fed the microencapsulated blend of organic acids and botanicals compared to corresponding tissue samples from control fed birds. That analysis provided the framework for the present study, providing valuable insight into the changes in cell signaling pathways conferred by the product and highlighting the presence of a distinction between the tissue responses (Swaggerty et al., 2020a). The objectives of the current study were to further characterize the mechanism of action of this microencapsulated blend of organic acids and botanicals by defining the site-specific changes in phosphorylation status of proteins and inferring the physiological consequences of those changes. Further elucidating the mode of action of these products will allow us to create more efficacious health promoting products that will help mitigate foodborne and poultry diseases while increasing production efficiency.
2 MATERIALS AND METHODS
2.1 Experimental design and chickens
Trial was conducted as previously reported (Swaggerty et al., 2020a) and briefly summarized here. Day-of-hatch by-product broiler breeder chicks (from here on referred to simply as broilers) were obtained from a commercial hatchery (Timpson, TX). Chicks were placed in 3 m × 3 m floor pens containing pine shavings and provided ad libitum access to feed and water throughout the study. Chicks were fed a corn and soybean meal starter diet that met or exceeded the established nutrient requirements of poultry (National Research Council, 1994). Control birds were fed a non-supplemented diet while treatment birds were fed the same diet base supplemented with 500 g/metric ton (MT) of a commercially available lipid-microencapsulated blend of citric (25%) and sorbic (16.7%) acids, thymol (1.7%), and vanillin (1.0%) (AviPlus®p, Vetagro S. p.A, Reggio Emilia, Italy). Two replicate trials were conducted. From each replicate trial control (n = 10) and treatment (n = 10) birds were euthanized by cervical dislocation and necropsied at 15 days post hatch. Sampling time was established based on previous work (Grilli et al., 2015; Swaggerty et al., 2020a) and in consideration of the productive cycle of broilers. In a commercial setting, the first diet change typically occurs between 10 and 15 days-of-age. Additionally, the first 2 weeks of grow out are critical to the development of the gastrointestinal and immunological function and by 2–3 weeks of age broilers are considered mature. All bird studies were overseen by the on-site attending veterinarian under the approved experimental procedures outlined in protocol #2017008 and were approved by the USDA/ARS Institutional Animal Care and Use Committee. The IACUC operates under the Animal and Plant Health Inspection Service (APHIS) establishment number 334299. The experiments were conducted in accordance with the recommended code of practice for the care and handling of poultry and followed the ethical principles according to the Guide for the Care and Use of Agricultural Animals in Research and Teaching, fourth edition (Ag Guide, 2020).
During necropsy, jejunum and ileum samples were taken and stored for later use. Samples for the kinome peptide array protocol were flash frozen in liquid nitrogen and stored at -80°C. Samples for quantitative real-time RT-PCR (qRT-PCR) were placed in RNA-Later (Qiagen, Valencia, CA) and stored at -20°C for later use.
2.2 Chicken-specific immunometabolic kinome peptide array
Kinome peptide array protocol was carried out as previously described (Arsenault et al., 2017) and briefly summarized here. Samples from 5 birds per replicate trial (n = 10) were used to represent each treatment group, the same birds were used for both tissues (jejunum and ileum). Tissue samples (40 mg) were submerged in PBS and vortexed to clear the sample of any gut contents and homogenized by a Bead Ruptor 24 homogenizer (Omni International, Kennesaw, GA) in 100 μL of lysis buffer containing protease inhibitors. An activation mix containing ATP was then added to the lysate and applied to peptide arrays. Peptide arrays have 771 15-mer peptides each printed 9 times per array. These peptides represent known kinase target sites. Kinases present in our samples are able to phosphorylate target peptides using the ATP supplied in the activation mix. Arrays were then incubated at 37°C with 5% CO2 in a humidity chamber, allowing kinases in the samples to phosphorylate their target sites. Samples were then washed and a phospho-specific florescent stain was applied. Stain not bound to phosphorylated sites was removed via a de-staining process. Arrays were then imaged using a Tecan PowerScanner microarray scanner (Tecan Systems, San Jose, CA) at 532–560 nm with a 580-nm filter to detect dye fluorescence.
GenePix Pro software (Molecular Devices, San Jose, CA) was then used to grid the array images, ensuring peptide spots were correctly associated with their phosphorylation site and the spot intensity signal was collected. Greater intensity florescence correlates to greater phosphorylation at the target site. Florescent intensities for treatments were then compared with those for controls using the data normalization and analysis program, Platform for Intelligent, Integrated Kinome Analysis 2 (PIIKA 2) (Li et al., 2012; Trost et al., 2013). PIIKA two performs data normalization and variance stabilization prior to making specified comparisons to generate fold-change values (treatment/control) and significance values (p-value). p-values are calculated via one-sided paired t-test between treatment and control for a given peptide. The resulting data output was then used in downstream applications such as Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) (Szklarczyk et al., 2021) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2021) databases used to pinpoint changes in protein-protein interactions and signal transduction pathways.
2.3 RNA extraction for quantitative real-time reverse transcription polymerase chain reaction
Jejunum and ileum tissue samples (30–40 mg) were placed in BeadBugTM tubes (#Z763799-50 EA, Sigma-Aldrich®, St. Lois, MO). Lysis buffer (600 μL; RNeasy Mini Kit; Qiagen) was added and the samples were homogenized in the Omni International Bead Ruptor Elite (Kennesaw, GA) on speed setting six for 2 min. Total RNA was then isolated from the homogenized samples according to the manufacturer’s instructions, eluted with 50 μL of RNase-free water, and stored at -80°C until quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) analyses were performed.
2.4 Quantitative real-time RT-PCR for mRNA expression
mRNA expression was analyzed for Interferon gamma (IFNγ), Interleukin 4 (IL-4), and Hypoxia Inducible Factor 1 alpha (HIF-1α) in jejunum and ileum. All primer and probe sequences are provided in Table 1. Genes of interest were selected due to up and downstream relation to pathways of interest identified during the kinome peptide array data analysis. The qRT-PCR was performed using the TaqMan one-step RT-PCR master mix reagents (Applied Biosystems, Branchburg, NJ). Amplification and detection of specific products were performed using the Applied Biosystems 7,500 Fast Real-Time PCR System with the following cycle profile: one cycle of 48°C for 30°min and 95°C for 20°s and 40 cycles of 95°C for 3°s and 60°C for 30 s. Quantification was based on the increased fluorescence detected by the 7,500 Fast Sequence Detection System due to hydrolysis of the target-specific probes by the 5′ nuclease activity of the rTth DNA polymerase during PCR amplification. Sample standardization was done using 28 S RNA. Results were calculated as 40-cycle threshold (CT) for each tissue sample from control- and supplement-fed chickens and the data are presented as the fold-change from controls. Fold change was calculated as 2^(supplement-fed corrected mean–control-fed corrected mean) for each tissue.
TABLE 1 | Primer and probe sequences for qRT PCR.
[image: Table 1]3 RESULTS
3.1 Kinome analysis
3.1.1 Protein and peptide assessment
Statistically significant differentially phosphorylated peptides were identified by kinome peptide array analysis in ileum and jejunum tissue samples collected. The Venn diagrams shown in Figure 1 highlight the differential treatment effect between the two tissues. The overlapping and distinct alterations in phosphorylation events on proteins represented on the array are shown in Figure 1A while the distinct and overlapping peptides represented on the array with significantly altered phosphorylation status are shown in Figure 1B. Using both Venn diagrams, the distinction between significant changes to individual protein phosphorylation status and changes to different peptides on those proteins can begin to be observed.
[image: Figure 1]FIGURE 1 | Venn diagram of significantly differentially phosphorylated proteins and peptides in ileum and jejunum from birds provided feed supplemented with 500 g/MT of a microencapsulated blend of organic acids and botanicals compared to their respective controls fed a non-supplemented diet at 15 days post-hatch. Kinase target peptides are printed on the array and are phosphorylated by active kinases; there are multiple peptides present on the array for a given protein. Proteins (A) and peptides (B) statistically significantly differentially phosphorylated in jejunum and ileum from birds fed product containing feed (p < 0.05) from their respective control tissue were input into the Venn diagram-generating program Venny (http://bioinfogp.cnb.csic.es/tools/venny/).
Figure 1A shows that the largest proportion of proteins with statistically significant differential phosphorylation events between treatment and control tissues (219 proteins) are shared between the two tissues (46.9%). While a large proportion (35.4%) of the peptides significantly differentially phosphorylated are indeed overlapping between the two tissues (234 peptides) (Figure 1B), the largest proportion (46.9%) are significantly differentially phosphorylated in the ileal tissue (310 peptides). The remaining 17.7% of significantly differentially phosphorylated peptides are in the jejunum (117 peptides).
A visualization comparison of the kinome results from the ileum and jejunum was generated by PIIKA two showing the phosphorylation level of each spot compared to control (Figure 2) (Trost et al., 2013). Ileum phosphorylation level is represented on the left side of each circle while jejunum phosphorylation level is on the right side. Figure 2 shows that ∼52% of the peptides on the array share a common phosphorylation status in both ileum and jejunum (or is not statistically significant). The other ∼48% of the peptides show a differential phosphorylation state between jejunum and ileum; i.e. increased in one and decreased in the other (or is not statistically significant). This relatively large proportion of peptides that display opposite phosphorylation status between the two tissues indicates distinct responses to the product and/or an effect of delivery of the product down the GI tract.
[image: Figure 2]FIGURE 2 | Comparison of relative phosphorylation of array peptides between ileum and jejunum due to product. Each spot represents a peptide on the array which corresponds to a kinase recognition site. The left half of each spot shows the differential phosphorylation status relative to control birds for ileum. The right side of each spot shows the phosphorylation status relative to control birds for jejunum.
Collectively, the Venn diagrams show that even though the same proteins are affected in the two tissues they are likely to have different peptides being differentially phosphorylated between the tissues. Additionally, the peptides shared between the tissues in Figure 1B may be differentially phosphorylated in opposite directions, as indicated in Figure 2. Taken together, these figures show that the treatment has a distinct effect between the two tissues, including differential effects on the same proteins.
3.1.2 KEGG and reactome pathways
The proteins significantly altered for each tissue (relative to control) were input into the STRING protein-protein interaction database to generate a list of KEGG pathways overrepresented in the data (Szklarczyk et al., 2021) highlighting the physiology and response to stimuli within a specific tissue. The top 30 overrepresented KEGG pathways for each tissue are shown in Table 2. Many of the top pathways in both tissues are broadly related to growth and proliferation (Mitogen-activated protein kinase (MAPK), cancer, phosphatidylinositol 3-kinase- RAC (Rho family)-alpha serine/threonine-protein kinase (PI3k-Akt)) and specifically glucose metabolism (insulin, central carbon metabolism in cancer, Hypoxia-Inducible Factor-1 (HIF-1) signaling). As these pathways represent a physiological response centered around growth/proliferation and glucose metabolism and, as we have reported previously (Perry et al., 2020), glycolysis is closely related to inflammation and innate immunity, these pathways were considered in more detail.
TABLE 2 | Top 30 KEGG Pathways Enriched in Jejunum and Ileum. The top 30 KEGG pathways, as determined by STRING, for each tissue are represented here. Proteins showing statistically significant differential phosphorylation status between treatment and control fed birds for each tissue were provided to STRING for protein-protein interaction analysis. False Discovery Rate (fdr) is a significance metric (p-value) provided by STRING. p-values are generated using the Benjamini–Hochberg procedure. Key pathways in immune and metabolic regulation have been bolded.
[image: Table 2]In addition to KEGG pathway analysis, Reactome pathways were also determined. The top 30 Reactome pathways overrepresented in the data for jejunum and ileum are shown in Table 3. Similarly, many of the Reactome pathways also indicate alterations in growth and metabolic related signaling, but also highlights the immune related signaling changes. Of note are the pathways related to Toll-like receptor (TLR) signaling and those that indicate changes in Nuclear factor kappa B (NFκB) signaling, which will be further evaluated herein.
TABLE 3 | Top 30 Reactome Pathways Enriched in Jejunum and Ileum. The top 30 Reactome pathways, as determined by STRING, for each tissue are represented here. Proteins showing statistically significant differential phosphorylation status between treatment and control fed birds for each tissue were provided to STRING for protein-protein interaction analysis. False Discovery Rate (fdr) is a significance metric (p-value) provided by STRING. p-values are generated using the Benjamini–Hochberg procedure. Key pathways in immune and metabolic regulation have been bolded.
[image: Table 3]3.1.3 Site-specific functional analysis
HIF-1α, a subunit of a transcription factor that promotes the expression of genes related to energy metabolism in response to hypoxic and normal oxygen conditions (Lu et al., 2002) is downstream of multiple pathways represented in Table 2 including, but not limited to Insulin signaling, PI3K-Akt, Mechanistic target of rapamycin (mTOR) signaling, MAPK signaling, as well as metabolic signaling, glycolysis and the citric acid cycle. Phosphorylation of T796 (query sites referred to in text, see tables for chicken site) is an activating phosphorylation (Gradin et al., 2002), and in the current study is phosphorylated in the ileum but not significantly altered in the jejunum. Casein kinase 2α (CK2α) is an enzyme which phosphorylates HIF-1α at T796, activating HIF-1α, and is significantly phosphorylated at T360 (resulting in increased CK2α activity) in ileum but is not significantly altered in jejunum. Additionally, S247, an inhibitory site on HIF-1α (Kalousi et al., 2010) shows a significant decrease in phosphorylation in the ileum but is not significantly altered in the jejunum. The phosphorylation of HIF-1α and its related proteins are summarized in Table 4.
TABLE 4 | HIF-1α and related proteins’ phosphorylation events. Here, the kinome peptide array results are shown. Jejunum 500 and ileum 500 were compared to their respective control tissues. Phosphorylation events represented in this table show significant (p-value <0.05) for each site in ileum while these sites are not significantly altered in jejunum. Significant values are highlighted in bold.
[image: Table 4]As HIF-1α activates glycolysis, it is also related to the uptake of glucose to feed this metabolic pathway (LaMonte et al., 2013). HIF-1α induces the expression of genes shown to be involved in the transport and metabolism of glucose (Harris, 2002; Semenza, 2009) while limiting the entry of metabolites into the mitochondria by activating pyruvate dehydrogenase 1 (PDK1) (Kim et al., 2006; Papandreou et al., 2006). PDK1’s activating site Y243 shows statistically significantly decreased phosphorylation in both ileum and jejunum.
The insulin signaling pathway incorporates the response to insulin (i.e., uptake of glucose) as well as glycolysis, MAPK, and PI3K-Atk (Kanehisa et al., 2021). A significant part of the insulin signaling pathway is PI3K-Akt signaling (along with MAPK and glycolysis). AKT Serine/Threonine Kinase 3 (AKT3), a central part of the PI3K-AKT signaling, shows altered phosphorylation only in the ileum. AKT3 shows decreased phosphorylation at S472/S476 (Sarbassov et al., 2005). AKT3 at site T305 is significantly increased in ileum and is not significant in jejunum. AKT3 and related peptide’s kinome data is summarized in Table 5.
TABLE 5 | AKT3 and related proteins’ phosphorylation events. Here, the kinome peptide array results are shown. Jejunum 500 and ileum 500 were compared to their respective control tissues. Phosphorylation events represented in this table show significant (p-value <0.05) for sites as described above. Significant values are highlighted in bold.
[image: Table 5]mTOR is a serine/threonine kinase that affects a swath of cellular processes including cell growth, differentiation, and metabolism. mTOR induces transcription of HIF-1α and also regulates insulin signaling by altering Insulin Receptor Substrate 1 (IRS1), an early molecule in the insulin signaling pathway. IRS1 phosphorylation is increased in both tissues. mTOR phosphorylation was significantly altered in both ileum and jejunum as a result of feeding the product (Table 6). mTOR phosphorylates Eukaryotic translation initiation factor 4 E (eIF4E)-binding protein 1 (4EBP1) inducing transcription (Cheng et al., 2004). In the current study, 4EBP1 had significantly increased phosphorylation at S65 and T46 in both tissues, whereas, T37 had significantly increased phosphorylation in ileum but not in the jejunum. Regulatory-Associated Protein of mTOR Complex 1 (RPTOR) has two key sites for activation (S863 and T706). Both activation sites were statistically increased in ileum and unchanged in the jejunum.
TABLE 6 | mTOR and related proteins’ phosphorylation events. Here, the kinome peptide array results are shown. Jejunum 500 and ileum 500 were compared to their respective control tissues. Phosphorylation events represented in this table show significant (p-value <0.05) for sites as described above. Significant values are highlighted in bold.
[image: Table 6]Numerous sites were significantly different between the tissues (Figure 1). mTOR’s phosphorylation site S2448 increased phosphorylation in ileum while no significant change is seen in jejunum. Increased phosphorylation also occurred in the ileum at site T2446, while no significant change was observed in jejunum. Further, site S2481 had significantly decreased phosphorylation in ileum.
The multiprotein complex formed by interaction of RPTOR and mTOR is called mTORC1. This complex has been shown to be essential for the phosphorylation of 4EBP1 (Hara et al., 2002).
Table 7 lists three 5’ AMP-activated protein kinase (AMPK) related phosphorylation sites within the kinome data. AMPK is an energy sensor that plays a role in cellular energy homeostasis (Hardie et al., 2012). Calcium/Calmodulin Dependent Protein Kinase 2 (CAMKK2) phosphorylates AMPK at S172 (activating site). CAMKK2 phosphorylation (S511) was significantly increased in ileum, but not jejunum. AMPK beta-2 at site S108 is shown to be an activating phosphorylation (Warden et al., 2001), and in the current study showed statistically significantly decreased phosphorylation in both the ileum and jejunum.
TABLE 7 | AMPK and related proteins’ phosphorylation events. Here, the kinome peptide array results are shown. Jejunum 500 and ileum 500 were compared to their respective control tissues. Phosphorylation events represented in this table show significant (p-value <0.05) for sites as described above. Significant values are highlighted in bold.
[image: Table 7]As described above, PI3K-Atk signaling is part of insulin signaling. Akt activates NFκB by phosphorylating Inhibitor of nuclear factor kappa-B kinase subunit alpha (IKKa) (Nidai Ozes et al., 1999; Romashkova and Makarov, 1999). NF-kB transcription factor activity is crucial in immune and inflammatory processes, cell cycle and proliferative processes, and cell death. Phosphorylation of NFκB is summarized in Table 8. NF-kB p50 (S337) shows increased phosphorylation in the ileum. This site is important for DNA binding (Hou et al., 2003; Guan et al., 2005). NF-kB p105 (S932) shows increased phosphorylation in the jejunum. This site has been shown to allow for the processing for p105 to p50 (active form of subunit) (Heissmeyer et al., 1999; Lang et al., 2003). IKKa (T23) phosphorylation activates the kinase, which then phosphorylates nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IkBa) (inhibitor of NFκB) which then dissociates from NFκB allowing NFκB to translocate to the nucleus (Cahill and Rogers, 2008). IKKa (T23) is phosphorylated in ileum, not significant in jejunum. IKKa (S176/S180, S180 is on the array, S176 is included in the peptide) both activating phosphorylations (Ling et al., 1998; Senftleben et al., 2001). This site shows increased phosphorylation in jejunum while not significantly altered in ileum. Inducible IκB kinase (IKK-i) autophosphorylates at S172, this is an activating phosphorylation which results in activation of activates NFκB. (Shimada et al., 1999). IKK-i shows increased phosphorylation in Ileum while not being significant in jejunum. COX-2 is activated by phosphorylation at Y446 (Alexanian et al., 2014). This site is significantly increased in the ileum and not significantly altered in the jejunum. NFκB is reported to induce HIF-1α via a multitude of cellular stimuli including Interleukin-1beta (IL-1β) and Tumour Necrosis Factor alpha (TNFα) mediated signaling.
TABLE 8 | NFκB and Related proteins’ phosphorylation events. Here, the kinome peptide array results are shown. Jejunum 500 and ileum 500 were compared to their respective control tissues. Phosphorylation events represented in this table show significant (p-value <0.05) for sites as described above. Significant values are highlighted in bold.
[image: Table 8]3.2 Quantitative RT-PCR to measure mRNA expression
Quantitative real-time RT-PCR was used to validate kinome peptide array data analysis (Figure 3). ThemRNA expression levels of interferon gamma (INFγ). Interleukin 4 (IL-4), and HIF-1α in jejunum and ileum were measured. The mRNA expression was compared in tissues from broilers fed the microencapsulated bend relative to their respective control tissues. Fold-change (FC) was calculated using the 40−ΔΔCT method and error bars show Standard Error. FC for IFNγ, IL-4, and HIF-1α in jejunum were 0.57, 0.59, and 0.69 respectively. FC for IFNγ, IL-4, and HIF-1α in Ileum were 1.61, 0.45, and 1.23 respectively. Student’s t-test was performed and p-values for IFNγ, IL-4, and HIF-1α for jejunum were 0.12, 0.57, 0.15 respectively, while in ileum p-values were 0.78, 0.09, and 0.92 respectively.
[image: Figure 3]FIGURE 3 | mRNA Expression in jejunum and ileum samples from blend-fed chickens compared to those on control diet.
Though mRNA expression is not necessarily correlated with protein translation or protein activity, coupling gene expression data with the kinome data provides a method of validating the signal transduction observed in the kinome data. Key indicators of immune stimulation (IFNy (Figure 3), other immune genes from (Swaggerty et al., 2020a)) and glycolysis related genes (HIF-1α) show increases in the ileum vs. the jejunum, in agreement with the kinome data. HIF-1α transcription does not necessarily mean HIF-1α function is active, however this in conjunction with Kinome data indicate increased activity in ileal tissue, suggest that HIF-1α is indeed functioning.
3.3 Summary of results
Figure 4 summarizes how the proteins listed in Tables 4–8 are related to one another and how a selection of relevant pathways (Tables 2, 3) come together to form this network. The consequences of the signaling changes result in changes to biological and metabolic processes. In jejunum, the signaling changes observed using both the kinome data and qPCR results indicate an increase in tricarboxylic acid cycle (TCA cycle) signaling and a reduction in pro-inflammatory processes, cell survival, protein synthesis, and glycolysis. In ileum, the same increase in TCA cycle as seen in the jejunum is observed, however the other processes were also increased in the ileum, whereas they were decreased in the jejunum.
[image: Figure 4]FIGURE 4 | Summary figure showing the relationships between proteins discussed in the results and the resulting functional changes imparted by the product in jejunum (A) and ileum (B). The brackets on either side of the figure denote the relevant signaling pathway. The colored circles represent the downstream functional effects of the signaling represented. The colors of the circles show whether the downstream functional effect is increased (green) or decreased (red).
4 DISCUSSION
The botanical blend product studied here has been shown previously to have both a performance and disease mitigation effects (EFSA Panel on Additives and Products or Substances used in Animal Feed (FEEDAP) et al., 2020; Swaggerty et al., 2020a; Swaggerty et al., 2022). Here we attempt to describe a mechanism of action behind those observations. A possible mechanism for the improved chicken growth and performance shown previously is the enhanced glycolysis related signaling observed in this study in the ileum. This enhanced glycolysis occurs in the presence of adequate oxygen and can be considered aerobic glycolysis, otherwise known as the Warburg effect (Vaupel and Multhoff, 2021). In both tissues you see altered glycolysis, in the ileum which results in signaling that may lead to the enhanced production of anabolic building blocks, in the jejunum the lack of glycolytic signaling resulted in decreased expression of cytokines and chemokines typically associated with inflammation (Tables 4–8; Figure 3). Rapidly growing or highly active cells require a high level of metabolites. Many of these metabolites come in the form of glycolytic or TCA cycle intermediates. By increasing aerobic glycolysis, a ready pool of metabolites and NADPH reducing agents are available for growth and activity (Vander Heiden et al., 2009). The Warburg effect was first discovered in cancer, a situation of high proliferation. More recently this phenotype has been found in immune cells and rapidly developing tissue as well. A phenotype similar to a growing broiler chicken (Johnson, 2021).
Insulin signaling activates AKT which activates mTOR which induces the transcription factors HIF-1 and NFκB (DeBerardinis et al., 2008). HIF-1 induces pro-glycolysis genes such as hexokinase, among others, which activates and perpetuates the cycle of increased glycolysis leading to greater HIF-1 activity (Semenza, 2013; Cheng et al., 2014). Pyruvate dehydrogenase kinase 1’s (PDK1) activating site Y243 shows statistically significantly decreased phosphorylation in both ileum and jejunum. This site being phosphorylated is shown to increase PDK1’s activity and increase conversion of pyruvate into lactate (Hitosugi et al., 2011), supporting a pro-glycolysis/Warburg phenotype in the ileum and a reduction in said signaling in jejunum. NFκB is activated via insulin signaling/Akt which induces the expression of HIF-1α and several pro-inflammatory cytokines (several of which show increased expression in the ileum and not in the jejunum) as seen published previously with this product (Swaggerty et al., 2020a; Swaggerty et al., 2022). These results describe the mechanistic pathway leading to the increased glycolysis in the ileum as well as the mRNA expression results observed previously. This was accomplished by tracing the activation status and upstream signaling events leading to the activation of NFκB, which is a transcription factor transcribing proinflammatory cytokines and chemokines (Swaggerty et al., 2020a).
Previous research has shown that this product enhances growth and improves outcomes related to necrotic enteritis (NE) (Swaggerty et al., 2022). qPCR in that previous study (Swaggerty et al., 2022), looking at the same blend in the context of a NE model, mRNA expression in the jejunum for interleukin 6 (IL-6), interleukin 10 (IL-10), and IFNy were all increased (10.9, 5.03, and 5.66-fold respectively). In the context of this study, without a disease challenge, the blend resulted in reduced mRNA expression of IL-6 and IFNy (0.57 and 0.6 respectively) and less of an increase in IL-10 (1.39). These data support the hypothesis that the blend results in a more quiescent (potentiated) state in the jejunum and increases the capacity to respond to challenge. The inflammatory response to a pathogen is critical to the clearance of the pathogen. Jejunum is a more important site of nutrient absorption and also a more basally inflammatory tissue than ileum (Johnson et al., 2020). This may be explained by the fact that immune cells are more represented in the jejunum than the ileum, thus we observe changes that may represent a more growth effect in the ileum and anti-inflammatory effect in the jejunum.
Anti-inflammatory effects seen in the jejunum may be allowing for better barrier integrity and function, while allowing more proliferative signaling systemically (as reflected in ileum) thus better chicken growth with less permeable (leaky gut) GI tract. Thus, feed additive’s primary function appears to be to decease inherent innate immune signaling, at least in the gut. This interpretation of our results is supported by the findings in a recent publication by Bialkowski et al. (2023) which showed an increase in gut barrier function in broilers in response to the same product reported on here. This increases the capacity to respond in the event of a disease or stress challenge (Perry et al., 2022; Swaggerty et al., 2022). You see more of an increase in cytokine expression and pro-inflammatory signaling in the jejunum with the treatment fed groups in the context of a challenge, but as reported here, in the absence of a challenge the gut is relegated to a more quiescent (potentiated) state. This means that the products are enabling greater capacity, or potential, to respond to these challenges. Given the results presented here, as well as the results referenced from studies testing similar products, it would be prudent to conduct a study that looks not only at the effect of this or similar products on the gut tissues, but more systematically as well. Previous work has shown that a subclinical Salmonella challenge can have a measurable effect on muscle metabolism (Kogut et al., 2016). As such, a specific site of further study should be the muscle tissue, as a major site of nutrient utilization in a broiler chicken it would be very likely to show effects related to any systemic change in proliferative and/or inflammatory signaling.
The jejunum and ileum are both segments of the small intestine and are being exposed to the same product. These segments have distinct physiological functions related to nutrient absorption and immunity (Svihus, 2014). The kinome data shows a clear distinction in the activation status of key immunometabolic signaling pathways (Tables 2, 3) between jejunum and ileum following the feeding of the blend product. These pathways are active in the ileum and absent or turned off in the jejunum. While some have argued that there is no anatomical or physiological distinction to be made between the jejunum and ileum in a chicken (Duke, 1986) our results here and elsewhere (Swaggerty et al., 2020a) have shown significant differences along the GI tract, not only between duodenum, cecum and ileum/jejunum but stark differences between the ileum and jejunum as well (Bialkowski et al., 2023). This post-translational and gene expression differences highlight the need for researchers to study multiple segments of the intestine in order to generate a clear picture of challenge or intervention effects.
Though many of the same pathways were altered by the product, as measured by phosphorylation changes in the proteins of those pathways, in both the jejunum and ileum, the members of the pathways show differential responses between the tissues as reflected in the changes in phosphorylation status of individual phosphorylation sites (Figures 1, 2). These differences show how in one tissue (Jejunum) proliferative signaling (transcription factors, gene expression) can be curtailed while in an adjacent tissue (Ileum) proliferative signaling (transcription factors, gene expression) can be heightened in response to the same treatment. Though, it is possible part of this difference is due to different concentrations of the product as it passes along the GI tract (Grilli et al., 2007; Piva et al., 2007). Future studies could evaluate the differential effects between these gut segments by utilizing organoids designed to represent the ileum and jejunum. Research is currently being done to develop and utilize organoids for such studies, however the technology may not yet be advanced enough to represent different segments of the gut perfectly (Li et al., 2018; Ghiselli et al., 2021; Nash et al., 2021; Zhao et al., 2022). Looking at the site-specific functions of phosphorylation status allows for determining the mechanism of action of the product in a context specific way (Tables 4–8). These site-specific changes highlight the importance of determining the functional effect of differential phosphorylation rather than rely on the phosphorylation status itself (increased phosphorylation doesn’t always mean on nor the inverse).
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Peak9 93,705,468 91,694,550 97.21 9238 47.38 86,472,645 (94.31%) 82,238,961 (89.69%)
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Na

Prime

Primer-R

Product length (bp)

LARGE1-OT3 GCAAGTCATGTAGAAGCCGC AGGCTGAGATGCTTTGGGAT 131
LINC5957 CCCAAGCAGAATGCTGAGAC TGGGTGGGTGAAATGACTGG 124
ENSGALT00000093358 AGCCGGATATCTACGGAGCA GTGGTATGGTGCCTCTCCTG 92
LINC8942 TCCCTCTGGGAGTACATGGC TCCCTCCAAGGATGTTGCCT 136
ENSGALG00000006958-AS3 GAAGATGCCACCGGAACCA CTCACCTCTGAACGAGGCAT 91
LINC7964 TCCAGGACTGCCCATGAAAC TCACTGACAACGTGGGATGG 104
STMN2 ACGTCTCCAAGAAAAGGAGAGG GGGTCACATCCACCATTGCT 100

GAL TACCTACTTGGGCCACATGC CATCAGCCAGTGGTCTTCCA 130

INHBB CTTCGCCGAGACAGACGAT GGCTGGCTTGAACGACAAAC 98
EXFABP CTGAACGAGATGAGGACGCT ATTTCCCTGCAACCTCGCTC 109
VCAN GGACAAAGAGTTGAACGGCA ACAACATCTTGATCCCAGGTT 84

PLAU ACCCAAATGGAAGGAGCAGG GCCACATGTACGCTCACACT 101

B-actin CAGCCAGCCATGGATGATGA ACCAACCATCACACCCTGAT 185
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Target®
IGF1
MYOG
MyoD.
PCNA
HPRT

B-actin

Accession number
NM_001004384.2
D90157.1
NM_204214.3
NM_204170.3
NM_204848

NM_205518.1

Primer F (5"

)
GTATGTGGAGACAGAGGCTTC
GCGGAGGCTGAAGAAGGT
GACGGCATGATGGAGTACAG
GTGCAAAAGACGGTGTGA
AAGTGGCCAGTTTGTTGGTC

AATGGCTCCGGTATGTGCAA

Primer R (5"

)
TTGGCATATCAGTGTGGC
AGGCGCTCGATGTACTGG

GCTTCAGCTGGAGGCAGTA

ACCTCAGAGCAAAAGTCAGC

GTAGTCGAGGGCGTATCCAA

GGCCCATACCAACCATCACA

\
\
1
|
|

nplicon size
193
123
200
147
110

112

References
Kornasio et al. (2009)
Chen et al. (2018)
Harding et al. (2016)

Primer Blast

Boo et al. (2020)

Primer Blast

“Insulin-like growth factor 1 (IGF1), involved in the induction of muscle cell differentiation and hypertrophy; Myogenin (MYOG), myogenic regulatory factor; Myogenic differentiation protein
1 (MyoD), myogenic regulatory factor; Proliferating cell nuclear antigen (PCNA), a marker for dividing cells; hypoxanthine phosphoribosyl transferase 1 (HPRT) is an enzyme in the purine

in salvage pathway and a housekeeping gene, an

actin, a housekeeping cytoskeletal protein.
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Target® Accession number  Primer F (5" Primer R (5 Amplicon  References

AGAT NM204745.1 ACATCTTGCACCTGACTACCG ACAGTGGGTGATCATCAGGAA 206 Reicher et al. (2020)
GAMT XMO015299974.2 ACACAAGGTGGTGCCACTGA CGAGGTGAGGTTGCAGTAGG 199 Reicher et al. (2020)
GYS1 AB090806 GATGAAACGCGCCATCTTCG CGCACGAACTCCTCGTAGTC 213 Primer Blast

Gys2 XM_015291547.2 CATCTGTACACTGTGCCCATGTG TTTGGAGTGACAACATCAGGATTT | 92 Yadgary and Uni. (2012)
PYGL NM_204392.2 CCCGTCCTCCATGTTTGATGTG TCTTGATGCGGTTGTACATGGT 100 Yadgary and Uni. (2012)
FBP1 NM_001278048.1 TTCCATTGGGACCATATTTGG ACCCGCTGCCACAAGATTAC 100 Yadgary and Uni. (2012)
G6PC2 NC_052538.1 CCTTCACAGACTGACATGGTCATTA | ATGAGGGAAATGTGTTGCTATGAAT | 100 Yadgary and Uni. (2012)
HPRT NM_204848 AAGTGGCCAGTTTGTTGGTC GTAGTCGAGGGCGTATCCAA 110 Boo et al. (2020)

B-actin NM_205518.1 AATGGCTCCGGTATGTGCAA GGCCCATACCAACCATCACA 12 Primer Blast

*Arginine-glycine amidinotransferase (AGAT), catalyzes the reaction between glycine and arginine to create GAA; guanidinoacetate N-methyltransferase (GAMT), catalyzes the methylation of GAA,
to create creatine; glycogen synthase (GYS), catalyzes the rate-limiting step in the synthesis of glycogen (GYS1 is the muscle variant and GYS2 is expressed in other tissues); glycogen phosphorylase L
(PYGL), catalyzes the release of glucose-1-phosphate from glycogen; fructose-1,6-bisphosphatase 1 (FBP1), catalyzes the hydrolysis of fructose 1,6-bisphosphate to fructose 6-phosphate; glucose-6-
phosphatase 2 (G6PC2), catalyzes the hydrolysis of glucose-6-phosphate, allowing the release of glucose into the bloodstream; B-actin s a housekeeping cytoskeletal protein (p-actin), and
hippassnittilng shioehoriboryl traisfscans 1 SEIRT) & o orieyms 1 this Diries mirthetls 1o sibmis satlivey, 1150 4 Hnmishetoing paab.
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Treatment Hatchability (%) Body weight (g) Breast muscle weight (g) Breast muscle %

Hatch Control 93.6 (N hatched = 88/94) 47.42 £ 055 1.81 £ 0.06 381 £0.10
IOF Creatine | 955 (N hatched = 86/90) i 47.30 £ 0.63 1.99 £ 0.06* 421 £0.12%
Day 3 Control - 87.85 £ 1.6 657 +021 748 £ 0.19
IOF Creatine [ — 82.99 £ 1.49 617 £ 017 743 £ 0.5

Comparison of hatchability (%), body weight (g), breast muscle weight (g), and breast muscle percent (relative to body weight) between control chicks and chicks that were in-ovo feeding (I0F)
with creatine. Each IOF-treated embryo was injected with 0.6 mL of 1.5% creatine monohydrate (9 mg/embryo) dissolved in 0.5% NaCl (3 mg). Asterisk denotes means that are significantly
different between treatments at each time point, as derived from Students t-test (p < 0.05). For data of body weight, breast muscle weight, and breast muscle percent, n = 24 per treatment
T
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Treatmel

Number of myofibers Myofiber diameter (um: Myofiber area (um' Number of myofibers per mm

Control 19,610 2497 + 0,053 787.21 + 2.84° 1,268.52 + 38.12¢ ‘
IOF NaCl 19415 22.43 £ 0.052° 667.13 + 2.39" 1,494.34 + 42.58"
IOF Creatine 20,103 2114 + 0.049° 577.38 + 2.36° 1797.83 + 10538

Summary of morphological analysis and comparison between the Control, IOF, creatine, and IOF, NaCl treatment groups in the pectoral muscle ofa 14-day-old broiler. Myofiber diameter and
area are presented as mean size + standard error mean. The number of myofibers per mm? was calculated for each image. The number of counted myofibers was normalized with the total
myofiber area. Superscript letters denote the means that are significantly different betuween treatments, as derived from Tukey's HSD, test (p <0.05), n = 84 (four birds per treatment and 7 images
pee B, [ocapre comaincd oF 13 sibcked Halds of WeD tingrilicatson wete pnerated iy ks EVOS Hl. Aito-snwrind Ao
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B Peripheral musle emperature (41°C)
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Cell population Temperature, 'C ~ SEM'

38 41

Population doubling time, h

Pax7+:MyoD- ‘ 2428 3108 31.08 05284
Pax7-:MyoD+ ‘ 2997 23.69 | 458 | 03466
Pax7+:MyoD+ ‘ 45.16 58.46 730 02156
MRE+ ‘ 34.00 3198 225 05347
7 Total nuclei ‘ 3217 [ 2809 173 0.1148

ISEM = highest standard error of the pairwise mean comparisons.
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Cell population’

Temperature,
€

38 41

Density, cells per mm?

48

SEM?

p-value

Time post-plating, h
72
SEM

Temperature, p-value

248 226 18

Temperature,

G

96

SEM

p-value

Normal ‘ 97 92 8 0.6431 03804 ‘ 368 342 29 05401

Apoptotic ‘ » 100 1 0.0491 11 13 1 01713 ‘ 10° 13 1 00255
7 Relative density, % of total nuclei :

Normal ‘ 9323 90.60" 0.69 0.0045 9592 | 9464" 045 00302 9745 9627° | 030 00030

Apoptotic ‘ 679" 936" 0.68 0.0051 408" | 539 045 00273 2540 376 031 00026

“Total nuclei describes every nuclei expressing the 4'6-diamidino-2-phenylindole counterstain regardless of the cellstatus; normal describes nuclei not indicating double-stranded DNA breaks;
apoptotic describes nuclei that were fluorescent under the TUNEL assay to denote apoptosis.

*SEM = highest standard error of the pairwise mean comparisons.

sbMeans within the same row with different superscripts differ p < 0.05.
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Temperature, ‘C

38 4
Nuclei per mm? 12720 | 2017 153 0.0009
Internal per mm® 819 [ 860 94 07551
External per mm’® 453" 156" 91 <0001
Pax7+ per mm* 398" | 144 33 <0.0001
Pax7+, % of total nuclei 3132 [ 715 | 189 <0.0001
Fusion, % of total nuclei 64.37 42.66" 272 <0.0001
Number of myotubes per mm* 64 67 3 06111
» Average myotube width, ym [ 2 [ 2w | 3 00736
Myotube width standard deviation, pm 32 180 4 00174
Myotube width coefficient of variation, % 75.09 72.27 331 05248
 Myotube area, % 4159 [ 3358 322 0.0806

"Total nuclei describes every nucleus expressing the 4',6-diamidino-2-phenylindole counterstain regardless of the status of other target proteins; internal nuclei were located within an area
expressing the myosin heavy chain (MHC) protein; external nuclei did not overlap with MHC expression; myotube width was measured at the widest section of every new myotube branch as
denoted by MHC expression; myotube area denotes the proportion of the culture well expressing MHC.

*SEM = highest standard error of the pairwise mean comparisons.

“*Means within the same row with different superscripts differ p < 0.05.

o )nates etk Al s po with daBeciiit supsiacrls daicribe & Nadmey DD 5 5008,
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Cell population’ Time post-plating, h

48 72 96

Temperature, SEM?  p-value  Temperature, SEM  p-value Temperature, SEM  p-value
{c (€ G

38 41 38 38 41

Density, cells per mm?

Pax7+:MvoD- 4 3 0 04818 1 12 1 03063 23 14 2 0.0008
Pax7-:MyoD+ 25" | 37 | 3 0.0078 77" | 14 | 11 [ 0.0204 99" 152 12 00029
' Pax7+MyoD+ 77 53 5 0.0006 us |08 1 06747 184 n7 15 00016
MRF+ 106 93 7 02119 202 235 2 03117 307 284 26 05292
Total nuclei 121 108 8 02602 21 264 2 02041 356 378 30 06003

Relative density, % of total nuclei

Pax7+:MvoD- 299 295 035 09387 4.86 471 037 07533 660" 381° 027 <0.0001
Pax7-:MyoD+ 2104" | 3425 135 <0000 34.66" | 4323 1.40 | <0.0001 2789 | 40.24° 152 <0.0001
Pax7+:MyoD+ 6403' | 49.47° 140 0000 | 518> | 4096 132 <0.0001 5183 | 31.08" 1.68 <0.0001
MRE+ 8796 | 8657 092 02656 9147° | 88.88" 0.83 0.0304 863 | 7512 168 <0.0001

"Total nuclei describes every nuclei expressing the 4',6-diamidino-2-phenylindole counterstain regardless of the status of other target proteins; MRF+ describes a combination of cells positive
for Pax7, MyoD, or both Pax7 and MyoD.
*SEM = highest standard error of the pairwise mean comparisons.

") laatia withiss the saime row with different supesciipts dilles < Gi08,
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Treatment®

TUP
1-21 days
BWG, g 90.10" 102.55" 100.36™ 91.24" 9378 2.56 0013
Bl g 22433 [ 239.98 24078 [ 225.08 232.80 7.28 0361
FCR, g/g 249 [ 234" | 240" [ 246" [ 248" 0.03 0.020
21-35 days [
» BWG, g [ 70.27° [ 8337 | 7927 [ 71.46" I 72.93" 221 0.003
o g 31823 360.48" 35282 319.60° 32777 852 0007
FCR, g/g 453" 4320 445" [ 447% 4.49" 0.04 0.061
1-35 days |
BWG, g 160.38° 18592 17963 162.71° 166.72% 372 0007
g 54256 60048 593.60" 544,68 560.57" 1217 0009
FCR, g/g 338 322 | 330" [ 335 336" 0.02 0015

~<Means with different superscripts in each row are statistically different (p < 0.05).
Data represent means of 5 replicates of 20 quails per treatment.

“CON, control; AGP, antibiotic growth promoter; TP, turmeric powder; BPP, black pepper powder; MIX, TP plus BPP.
PBWG, body weight gain; FI feed intake; FCR, feed conversion rati
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Treatment®

TUP

Carcass, % LBW 69.41 70.66 69.54 7026 69.88 072 0730
Breast, % LBW 24.05" 2637 25.40" 2512 2531 041 | 0.025
Thigh, % LBW 1774 18.17 18.07 1764 17.82 083 0.981

- Abdominal fat, % LBW 117 164" 063" 074" 059" 0.14 | 0.005
Liver, % LBW 3.03 296 | 284 300 320 021 0.830
Spleen, % LBW 005 005 004 005 005 001 0675
Cloacal bursa, % LBW 015 016 015 017 018 001 0321
Heart, % LBW 081 072 063 088 094 086 0.698
PHy 4 609 611 616 | 618 615 001 0123
pH; 4 5.97¢ 5.95¢ [ 613" 6.10° 6.20° 0.01 0.012
WHC, 4% 6681 66.54 66.94 6726 67.39 002 0.104
WHC, 4% 6194 6163 6242 6250 6325 001 0033
L 4547 4559 4434 4538 4404 028 0365
%y 48,04 4812 4653 47.20" 612" 033 0015
ata 621 618 630 659 661 019 0401
a4 7.05 | 722 7.87 7.70 | 7.98 022 0.687

| 2576 2589 25.63 25.14 25.80 045 0.614
27.05 27.13 2633 2690 2592 [ 050 0321

*Means with different superscripts in each row are statistically different (p < 0.05).
Data are means of 5 replicate pens, 2 birds per pen.

*CON, control; AGP, antibiotic growth promoter; TUP, turmeric powder; BPP, black pepper powder; MIX, TUP plus BPP.
bLBW, live body weight; WHC, water holding capacity; L*, lightness; a*, redness; b*, yellowness.
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Treatment®

TUP
pH 5.05 506 497 491 505 0.06 0484
LAB® 772 7.69 806 7.99 7.92 0.09 0071
Coliforms 636" [ 5.01° 574% 563" 552 0.19 <.001
7 lleum I
pH 667" [ 630% 643" [ 6.50° 637 | 003 <.001
LAB 7.08" 755 7.56" 727 7.50° 0.08 0.008
Coliforms 711 [ 5.98" 6.12° 660 6.14° 0.19 <.001

*“Means with different superscripts in each row are statistically different (p < 0.05).

Data are means of 5 replicate pens, 2 birds per pen.

‘CON, control; AGP, antibiotic growth promoter; TUP, turmeric powder; BPP, black pepper powder; MIX, TUP plus BPP.
MAR Eiatle aaid baotatia.
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Treatment®

TUP

Duodenum

Villus height (VH), um | 776.89 80626 769.97 784.85 82567 2410 0242

Crypt depth (CD), um Lo oo 113,50 [ 11202 10438 565 0.191
| VHCD [ 5.88" | 703" 679" 668" 783 036 0022

Villus width, gm 141.20 15373 145.10 15217 153.12 1108 0793

Villus surface area, mm’* 035 037 035 034 039 003 0.540

Jejunum [

Villus height (VH), pm 610.02° 655.48" 629.82" 624.12% 628.08" 381 <.001

Crypt depth (CD), um T 111300 | nog 111.06° 212 0015

VH:CD 5.05° ‘ 5.89° 556" 522 565" 0.10 0.001

Villus width, um | 1soss 15978 16107 | 16033 160.27 420 0.990
| Vilus surfuce area, mert 030 033 032 031 031 009 0474

Tleum [

Villus height (VH), um L ooe 495.66" 49404 s 488.18" 538 <001

Crypt depth (CD), um s 11262 11476 | 110.69 11372 261 0.162
virep [ 407 | 440 | 431 420 429 [ 007 0.063
Villus width, 9134 88.13 | 89.96 | 8080 88.65 5.90 0.746

Villus surface area, mm’ 012 | 013 014 011 013 001 0425

“4Means with different superscripts in each row are statistically different (p < 0.05).
Data are means of 5 replicate pens, 2 birds per pen.
"CON; contiok AGP; artibiotic growth promoter: TUP. tuiiiecic powsdir: BPP. black pepriee posedor: MIE. TUP vles BEP:
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Items %

Ingredient

Maize 5521
Soybean meal 2369
Maize gluten meal 10

Fish meal 525
Soybean oil 284
CaCO3 093
Di-calcium phosphate 084
Salt 023
Vitamin premix’ 025
Mineral premix® 025
pi-methionine 003
Llysine 036
1-threonine 013

Calculated composition

Metabolize energy, keal/kg 2,900
Crude protein, % 4

SID-Lysine, % 127
SID-Methionine, % 045
SID-Methionine + cystine, % 077
SID-Arginine 122
SID-Threonine 075
Calcium, % 080
Phosphorus (available), % 030
Sodium, % 015

‘Supplied per kg of diet: 1.8 mg all-trans-retinyl acetate; 0.02 mg cholecalciferol; 8.3 mg
alphatocopheryl acetate; 2.2 mg menadione; 2 mg pyridoxine HCI; 8 mg cyanocobalamin;
10 mg nicotine amid; 0.3 mg folic acid; 20 mg D-biotin; 160 mg choline chloride.
"Supplied per kg of diet: 32 mg Mn (MnSO,_H;0); 16 mg Fe (FeSO,_7H0); 24 mg Zn
(ZnO); 2 mg Cu (CuSO,_SH;0); 800 g I (KI); 200 g Co (CoSO,); 60 g Se (NaseOy).
SID: standardised ileal digestibility.
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Black pepper 3220 + 203 1979 + 048" 63.19 £ 0.90°
Turmeric 19218 + 249" 31573 £ 245 7683 £ 071°
p-value <0.0001 <0.0001 <0.0001

“Results are reported as means of 6 replicates + standard error on a dry weight basis.
TP, Total phenolic content (as mg gallic acid equivalent/g of freeze-dried extract).

“TFC, Total flavonoid content (as mg quercetin equivalent/g of freeze-dried extract).
SEDER, AdEiosidant activity evalised by Fros radical scevneliic ctvity [as M inhibition). TP scaveacng cpabili of vilmis € s cntwil) was 05540
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Treatment®

p-value
Cholesterol, mg/dL 13125 128.25" 109.50° 115.75¢ 17.75% 254 0001
Triglycerides, mg/dL 67.60 79.80 63.40 63.00 63.80 7.15 0495
ALP, UL 366.10 39063 375.10 379.02 33441 2431 0563
ALT, UL 606 639 621 6.16 6.03 039 0972
AST, U/L 13681 [ 143.06 136.40 138.14 136.53 342 0621

*Means with different superscripts in each row are significantly different (p < 0.05).

Data are means of 5 replicate pens, 2 birds per pen.

*CON, control; AGP, antibiotic growth promoter; TP, turmeric powder; BPP, black pepper powder; MIX, TUP, plus BPP.
bALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase.
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Treatment®

Fatty acid (%) TUP
Cl140 060 0.62 0.64 0.66 0.61 001 0376
C16:0 2633 24.34% | 2343" 2373" 2240" 0.37 <.001
C180 925 9.16 8.64 899 8.64 0.10 0178
€200 067 0.65 | 0.68 074 0.72 001 0438
Cl6:1 n-7 347° 440" 461 457" 463" 014 0021
C181 n-9 3139" [ 3117" | 2| e 3252 0.15 0031
C182 n-6 16.84° 17.86% 1791 1771% 1833 014 0010
C18:3 n-3 079 081 | 0.83 0386 0.84 001 0139
C18:3 n-6 035 034 035 036 037 001 0810
C20:1 09 065 o | 071 0.65 0.70 001 0734
202 n6 Y 044 s 042 048 001 0231
€203 n-3 010 [ 08| 024 0.09 027 005 0716
€203 n-6 223 225 220 261 217 005 0080
C20:4 -6 259 280 276 241 277 0.04 0092
C205 n-3 072t 0.69" oss* | o6l 072 0.01 0021
C225 03 064 0.64 | 0.69 071 0.72 001 0.102
226 n3 265 284 279 280 303 0.04 0159
Saturated fatty acid (SFA) sese | sz man 34.13% 3238° 039 <001
» Monounsaturated fatty acid (MUFA) 35.11° I 3557 | 36.88" 36.60" 37.16" 0.23 0.006
Polyunsaturated fatty acid (PUFA) 28.02° wer | 270 2926* 3043 023 0.004
7 PUFA/SFA 076" | 0.85" 089 | 0.86" 0.94* 0.01 <.001
n-6/n-3" 459 o 448 | 464 432 0.6 0611
H/H® 2.08° 227% 241" 234 2.56" 0.04 0.001

*Means with different superscripts in each row are significantly different (p < 0.05).
Data are means of 5 replicate pens, 2 birds per pen.

“CON, control; AGP, antibiotic growth promoter; TUP, turmeric powder; BPP, black pepper powder; MIX, TUP, plus BPP.

"n-6/n-3, total omega 6 to total omega 3 fatty acid ratio.
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BTUBB

TTGGCCCACTATTTCGACCT

Gene Forward Reverse
SCD CAATGCCACCTGGCTAGTGA GGTGGAGTAGTCGTAGGGGA
SPARC AAGTGCACCTTGGAGGGAAC GCGCTTCTCATTCTCGTGGA
SERPINB5 AAGCTACGTTTTGCCTGGGT TCAGGGGTGAGTGCCTTTTC
KCNMBI CAGCCTCAGGACAAGAGGTC | GTGAAGAGGAGGCCTTTGGG
SPINT4 ATTTCTGCACGGTCACTCCC CGCGTTGTAGAAGAAGCGGAT
cron GGAGAACCTCAACGACCCAG CACGTGGGTGTAGATGAGGG
UBB TCAAGCAAGATGCACAGCAC TTTCAACATACAGATCAGCAG
TUBB3 CAGTTTTGGGAGGTGATCAGCGA CCCGCTCTGACCGAAAATGA

GTCACAGCTCTCACACTCGT
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Rank urnal mber of articles Total citati h_index IF
1 Poultry Science 66 3,067 28 4014 | 4192 Q
2 British Poultry Science 2 768 13 2 29 Q@
3 Journal of Thermal Biology 17 524 2 3189 | 33402 Q
4 Animals 16 0 9 3231 | 3312 Q
5 Brazilian Journal of Poultry Science 15 170 9 1019 | 1492 Q@
6 Worlds Poultry Science Journal 12 593 10 3452 | 3762 Qi
7 Biological Trace Element Research 1 445 9 4081 | 3755 @
B Plos One 10 333 8 3752 | 4069 Q
9 | el Stres and Chaperones 9 160 7 3827 | 3940 @
10 | Asian-Australasian Journal of Animal Sciences 9 89 s 269 | 2816 Q
1 Animal Science Journal 8 180 5 w20 Q@
2 Journal of Applied Poultry Research 8 104 5 2162 | 2000 @
13 Italian Journal of Animal Science s 37 4 2552 | 2785 Q
14 Tropical Animal Health and Production 8 109 4 1893 1930 Q@
15 Animal Feed Science and Technology 6 267 6 3313 3914 Q
16 Journal of Animal Physiology and Animal Nutrition | 5 209 5 2718 | 2747 Q
17 Journal of the Science of Food and Agriculture 5 158 5 4125 | 409 Q
18 International Journal of Biometeorology e 235 4 s e @
A 19 Animal 4 40 L 3730 | 3908 Q
20 Journal of Animal Science s 118 4 3338 | 3243 Q
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Rank Author Instituti ndex TC
1 Kazim Sahin Firat University, Turkey 14 736 17
B Nurhan Sahin Fira University, Turkey 11 482 i
3 Feng Gao Nanjing Agricultural University, China 10 383 10
4 Li Zhang Guangdong Ocean University, China 10 343 2
5 Endong Bao Nanjing Agricultural University, China 9 | 14
6 Jiaolong Li | Nanjing Agricultural University, China 9 301 10
7 Shu Tang Nanjing Agricultural University, China 8 150 3
8 Jiao Xu Nanjing Agricultural University, China 8 147 1
9 Yun Jiang Nanjing Normal University, China 7 268 7
10 Zhuang Lu Nanjing Agricultural University, China 7 260 7
i Bingbing Ma Nanjing Agricultural University, China 7 268 7
12 Bin Yin Shandong Academy of Agricultural Science, China 7 86 7
13 M. Zhang Jinling Institute of Technology, China 7 161 13
1 Guanghong Zhou Nanjing Agricultural University, China 7 254 7
15 Mohamed E. Abd El-Hack Zagazig University, Egypt 6 208 6
16 Recep Giimiis Cumbhuriyet University, Turkey 6 102 Is
7 Jianhua He Hunan Agricultural University, China 6 210 8
18 Shaojun He Anhui Science and Technology University, China 6 185 10
19 [ Xiaofang He Nanjing Agricultural University, China 6 25 6
20 Halit Tmik | Aaturk University, Turkey 6 102 6

NP, number of publications, TC: total citation.
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Effet of hat sress on oxi

tive stees,lipid peroxidation and some sress parameters in broiler
Stategies for preventing heat stres in poultry
Effects of diferent levels of 7inc on the performance and immunocompetence of broflers under heat stress

Association between heat stres and oxidative strss in poulty; mitochondria dysfuncton and dictary interventions with
phytochenicals

Effet of aprobiotic mixture on inestinal microflos, morphology, and barrier integrty of broflers subjected to heat stress

Effet of supplementation of prebiotic mannan-oligosaccharides and probiotic mixture on growth performance of broilrs
subjected to chronic heat sress

Superoxide Radical Production in Chicken Skeltal Muscle Induced by Acute Heat Stress
Effect of Chronic Heat Exposure on Fat Deposition and Meat Qualiy in Two Genetic Types of Chicken
Effects of diferent levls of vitamin E on growth performance and immune responses of broflers under heat stress

Alevation of yclic heat stres in broles by dictary supplementation of mannan-oligossceharide and Lactobacilus-based
probiotic: Dynamvcs of cortsol, thyroid hormones, cholesterol, C-reactiv protein, and humoral immunity

PY, published year: TC, total citation: TCY. total cltation per yeor.
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Descripti Results

Timespan 20002021
Document sources (Journals, Books, etc.) 144
Number of documents 468
Annual growth rate (%) 456
Document average age 612
Average citations per document 2411

References 13,844

Document contents

Keywords plus 1381
Author's keywords 1,068
Authors
Authors 1679
Authors of single-authored documents 13

Author Productivity through Lotka’s Law (no. of authors)

Document written by one author 1333
Document written by two author 207
Document written by three author 60

Authors collaboration

Single-authored documents 13
Co-authors per documents 52
International co-authorships (%) 2436

Document types
Article 436
Review 32
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Corresponding author’s country

Most cited countries

Country Articles Ney MCP Freq MCP ratio Country e AAC

1 China 137 13 2 0293 0175 China 3912 2855

2 | Turkey 56 2 14 0.120 0.250 Turkey 1,671 29.84

3 Brazil 49 45 4 0.105 0.082 United States. 1,288 2995

4 United States 43 30 13 0092 0302 Iran 706 2017

5 Tran 35 32 3 0075 0.086 Japan 445 4944
6 Egypt 23 1 9 0049 0391 Brazil 435 888

T | Korea 16 12 4 0.034 0.250 Egypt 387 16.83

| 8 India 15 14 1 0.032 0.067 Pakistan 384 48.00
B | Japan s s 5 0019 0556 | Belgium 321 8025
10 | Pakistan 8 5 3 0.017 0375 Israel 180 36.00

AAC, average article citations; MCP, multiple country publication; SCP, single country publication; TG, total citations.
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UniProt ID  Protein  Query site  Chicken site  Peptide AA sequence  Jejunum 500 v Control lleum 500 v Control

Fold-change  p-value Fold-change p-value

P19838 | NEKBI $337 $345 FVQLRRKSDLETSEP -1.038 02426 ‘ 1.080 0.038
P19838 NEKB1 5932 8946 CCDSGVETSFRKLSFT 1115 0028 1.106 0.064
015111 CHUK [ 23 37 EMRDRLGTGGFGNVC -1.058 [ 0124 ‘ 1239 0.000
015111 CHUK [ $180/8176 S194 DQGSLCTSFVGTLQY 1310 0.000 ‘ 1.097 | 0.130
Q14164 IKBKE s172 $172 EDDEKFVSVYGTEEY 1.055 0.120 ‘ 1141 0.012
Q5769 coxz | Y446 Y446 DQSRQMRYQSLNEYR 1014 0412 ‘ 1226 0.001






OPS/images/fphys-14-1147483/fphys-14-1147483-t004.jpg
UniProt ID  Protein ry site  Chicken site  Peptide AA sequence  Jejunum 500 v Control lleum 500 v Control

Fold-change  p-value Fold-change  p-value

Q16665 HIF-1a 79 781 ESGLPQLTSYDCEVN 1078 0.165 | 1220 0.000
7Q16665 T 8247 | 8247 KTFLSRHSLDMKFSY i o.zusﬂ‘r -2.187 I 0.000
P68400 | CK2a [ T360 T360 | SGISSVPTPSPLGPL [ o8z 0.105 ‘ 1.496 [ 0.000
Q15118 PDK1 Y243 Y215 AKSLCDLYYMSSPEL -1.533 0.000 -1.493 0.003

015530 PDK1 $241 $245 SRQARANSFVGTAQY 1194 0013 1172 0.010
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UniProt ID  Protein  Query site  Chicken site  Peptide AA sequence  Jejunum 500 v Control lleum 500 v Control

Fold-change  p-value Fold-change p-value

QY243 ‘ AKT3 $476 $476/8472 RPHFPQFSYSASGRE 0255 ‘ -L118

Qo243 ‘ AKT3 305 T305 TDAATMKTFCGTPEY 0126 ‘ 1207
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UniProt ID  Protein  Query site  Chicken site  Peptide AA sequence  Jejunum 500 v Control lleum 500 v Control

Fold-change p-value Fold-change p-value

P42345 MTOR S2448 52352 RSRTRTDSYSASQSV 1049 | 0247 1231 0.002
P42345 | MTOR S2481 [ 52387 TVPESIHSFIGDGLY | 1269 0000 1318 0.000
Q8N122 RPTOR 5863 5864 LTQSAPASPTNKGMH L1 0062 1.401 0.000
P42345 MTOR T2446 [ T2350 NKRSRTRTDSYSASQ 1.063 [ 0212 1179 0.008
Q8N122 RPTOR | T706 T707 | PAEGGSLTPVRDGPC 1001 0075 1323 0.000
Q13541 EIF4EBP1 | S65 566 | FLMECRNSPVAKTPP [ 1213 0.004 1.265 0.000
Q13541 EIF4EBP1 | T46 T47 GGTVEGTTPGGTRII 1228 0.001 1248 0.000
Q13541 EIF4EBP1 | T37 T38 PPGDYSTTPGGTVEG [ 1035 0267 1165 0.007
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UniProt ID Protein Query site  Chicken site  Peptide AA sequence Jejunum 500 v trol  Illeum 500 v Control

Fold- p-value Fold- p-value
change change
Qs AMPK si172 S174 KIADFGLSNMMSDGE -1.066 0142 1193 0.004
(PRKAAIL)
043741 | AMPK (PRKAB2) ‘ s108 s110 TKIPLIKSHNDFVAI -1.299 0.001 1442 0.000

QI6RR4 { CAMKK2 | ss1 5483 RREERSLSAPGNLLP 1.084 0.098 1145 0.008
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IL-4

HIF-1a

Forward (5' to 3)

GGC GAA GCC AGA GGA
AACT

GTG AAG GTG AAA GAT ATC
ATG GA

AAC ATG CGT CAG CTC
CTG AAT

‘GCA GAC TCA GAC ACC
ATC AA

Reverse (5' to 3')

GAC CGA TTT GCA CGT C

GCT TTG CGC TGG ATT
CTCA

TCT GCT AGG AAC TTC TCC
ATT GAA

‘GGA CAG GAG ATG GAA CAA

Probe (5’ to 3')

6FAM-AGG ACC GCT ACG GAC CTC
CAC CA-TAMRA

6FAM-TGG CCA AGC TCC CGA TGA
ACG A-TAMRA

6FAM-AGC AGC ACC TCC CTC AAG
GCA CC-TAMRA

6FAM-TGG CAG AAC GTG TGG ATG

TGA -TAMRA

References

Kaiser et al.
(2000)

Kaiser et al.
(2000)

Avery et al.
(2004)

Present Study

Accession
#

X59,733

Y07922

AJ621735

NM_204,297
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Top 30 KEGG pathways in jejunum

KEGG pathway

Top 30 KEGG pathways in ileum

KEGG pathway

MAPK signaling pathway 4.93E-39 | Pathways in cancer 6.03E-41
PI3K-Akt signaling pathway 232E-32  MAPK signaling pathway 2.66E-36
Pathways in cancer 232E-32 | MicroRNASs in cancer 1.64E-32
Insulin signaling pathway 1.90E-29  PI3K-AKt signaling pathway 1.81E-32
Ras signaling pathway 325E-29 | Insulin signaling pathway 4.70E-31
ErbB signaling pathway L1228 | Hepatitis B 1.84E-27
MicroRNAs in cancer 1.68E-28 | Proteoglycans in cancer 1.53E-26
Neurotrophin signaling pathway 128E-26 | HIF-1 signaling pathway 2.83E-26
Hepatitis B 358E-25 | Central carbon metabolism in cancer 2.83E-26
Central carbon metabolism in cancer 5.20E-24  EtbB signaling pathway 121E-25
Growth hormone synthesis, secretion and action 637E-24 | Shigellosis 3.87E-25
PD-L1 expression and PD-1 checkpoint pathway in cancer 358E-23 | AMPK signaling pathway 5.89E-25
EGER tyrosine kinase inhibitor resistance 494E-23 | Neurotrophin signaling pathway 1.70E-24
Focal adhesion 1.09E-22 | Kaposi sarcoma-associated herpesvirus infection 1.70E-24
T cell receptor signaling pathway 570E-22 | Human cytomegalovirus infection 2.64E-24
Chemokine signaling pathway 24321 | EGER tyrosine kinase inhibitor resistance 4.04E-24
Proteoglycans in cancer 1O1E-19 | Ras signaling pathway 7.86E-24
Acute myeloid leukemia 2.19E-19 | Yersinia infection 147E-23
HIE-1 signaling pathway 3.06E-19 | T cell receptor signaling pathway LI3E-22
Kaposi sarcoma-associated herpesvirus infection 3.06E-19 | FoxO signaling pathway 2.37E-22
Insulin resistance 339E-19 | Prostate cancer 3.94E-22
Prostate cancer 573E-19 | Insulin resistance 3.98E-22
FoxO signaling pathway 7.68E-19 | Hepatitis C 4.62E-22
Human cytomegalovirus infection 1.08E-18 | PD-LI expression and PD-1 checkpoint pathway in cancer 6.19E-22
Autophagy - animal L16E-18 | Focal adhesion 449E-21
mTOR signaling pathway 2.28E-18 | Chemokine signaling pathway 624E-21
Prolactin signaling pathway 5.79E-18 | Osteoclast differentiation 8.12E-21
Glioma L13E-17 | Glucagon signaling pathway 1.22E-20
Rapl signaling pathway 1.36E-17 | Growth hormone synthesis, secretion and action 3.78E-20
B cell receptor signaling pathway 4.03E-17 | Rapl signaling pathway 5.80E-20
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Top 30 reactome pathways in jejunum

Reactome pathway

Top 30 reactome pathways in ileum

Reactome pathway

Signaling by Re