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Abstract

:

Simple Summary


Immune stress and high stocking density stress are two major concerns in poultry production, as they can greatly impair the productive and reproductive performance of chickens with serious economic consequences. Chlorogenic acid has been widely used as a feed additive in poultry production due to its potent antioxidant, anti-inflammatory, antibacterial, and antiviral activities. This study aimed to investigate the effects of dietary chlorogenic acid supplementation on growth performance, antioxidant function, and immune response in broiler breeders exposed to immune stress and high stocking density stress. Our study highlights that chlorogenic acid increased feed intake, downregulated serum corticosterone levels, and altered the immune and antioxidant functions of broiler breeders exposed to immune stress or high stocking density stress. Dietary inclusion of 1 g/kg chlorogenic acid could be used to increase feed intake of broiler breeders and alleviate the effects of immune stress and exposure to high stocking density in poultry.




Abstract


The study was conducted to evaluate the effects of dietary chlorogenic acid supplementation on the growth performance, antioxidant function, and immune response of broiler breeders exposed to immune stress or high stocking density stress. The test was divided into two stress models. For the immune stress test, 198 birds were distributed into three experimental treatments with six replicates per treatment. The treatments were: (1) saline control (birds injected with saline and fed basal diet), (2) LPS group (birds injected with 0.5 mg LPS/kg body weight and fed basal diet), and (3) CGA + LPS group (birds injected with LPS and fed basal diet supplemented with 1 g/kg CGA. LPS was intraperitoneally injected from day 14, and then daily for 10 days. For the high stocking density stress model, 174 birds were distributed into three experimental treatments with six replicates per treatment. The treatments were: (1) controls (birds fed basal diet and raised at a stocking density of 14 broilers per m2), (2) high-density group (birds fed with basal diet and raised at a stocking density of 22 broilers per m2), and (3) high density + CGA group (birds fed with 1 g/kg CGA and raised at a stocking density of 22 broilers per m2). Results showed that LPS injection and high stocking density significantly decreased the body weight and feed intake of broiler breeders, while CGA supplementation increased feed intake of broiler breeders under LPS injection and high stocking density stress. Moreover, LPS injection and high stocking density increased the concentration of corticosterone in serum, and CGA addition remarkably downregulated serum corticosterone levels. The GSH level decreased with LPS injection and CGA increased the GSH concentration in the intestines of immune-stressed broiler breeders. LPS injection promoted the production of circulating proinflammatory cytokines (serum IL-1β and TNF-α) by 72 h after LPS injection. Dietary supplementation with CGA prevented the increase in serum TNF-α caused by LPS. These results suggest that dietary inclusion of 1 g/kg CGA could increase the feed intake of broiler breeders and alleviate the effects of inflammatory mediator stress and exposure to high stocking density.







Keywords:


stress; chlorogenic acid; growth performance; antioxidant; anti-inflammatory












1. Introduction


Stressors can affect the central nervous system, activate the hypothalamic-pituitary-adrenal axis, stimulate the receptors of signal molecules related to appetite, and enhance the synthesis and secretion of stress hormones such as corticosterone, resulting in increased catabolism and anorexia. In addition, stressors can stimulate macrophages to produce inflammatory cytokines such as interleukin-1 (IL-1) and tumor necrosis factor-α (TNF-α), which can affect peripheral tissues and the central nervous system to alter the body’s metabolism [1,2]. Immune stress and high stocking density stress are two major concerns in poultry production, as they can greatly impair the productive and reproductive performance of chickens with serious economic consequences [3,4,5,6,7]. Thus, there is an urgent need to explore the mechanism of immune stress and high stocking density stress on poultry health, in order to develop effective mitigation strategies to reduce subsequent production loss.



Chlorogenic acid (CGA) is one of the most abundant phenolic acids in nature [8]. It is widespread in many plants and Chinese herbal medicines [9]. Phenolic acids have been widely used as feed additives in poultry production due to their potent antioxidant [10,11,12], anti-inflammatory [13,14,15], antibacterial [16,17], and antiviral [18,19] activities. Although reports concerning the usefulness of CGA in poultry production have steadily increased, there is still little known about its ability to modulate the immune response, antioxidant function, and growth performance of broiler breeders under immune stress and high stocking density stress. Therefore, this study aimed to investigate the effects of dietary CGA (purity 98%) supplementation on growth performance, antioxidant function, and immune response in broiler breeders exposed to immune stress and high stocking density stress.




2. Materials and Methods


A total of 372 one-day-old male Arbor Acres broiler breeders obtained from a commercial hatchery (Henan Quanda Poultry Breeding Company, Hebi, China) were used to assess the effect of dietary CGA (purity 98%, Changsha Staherb natural ingredients Co., Changsha, China) on the growth performance, immune response, and antioxidant function of broilers under immune stress and stocking density stress. One hundred and ninety-eight birds were randomly assigned to three experimental treatments with six replicates per treatment. For the immune stress test, the three treatments were: (1) saline controls (birds injected with saline and fed basal diet), (2) LPS group (birds injected with 0.5 mg of LPS/kg body wgt and fed basal diet), and (3) CGA + LPS group (birds injected with LPS and fed basal diet supplemented with 1 g/kg CGA. Birds in the immune stress test were raised at a stocking density of 14 broilers per m2. CGA was added throughout the trial period and LPS was intraperitoneally injected from day 14, and daily for 10 days. One hundred and seventy-four birds were distributed to three experimental treatments with six replicates per treatment. For the stocking density stress test, the treatments were: (1) control group (birds fed basal diet and raised at a stocking density of 14 broilers per m2), (2) high-density stocking group (birds fed basal diet and raised at a stocking density of 22 broilers per m2), and (3) high-density stocking + CGA group (birds fed with 1 g/kg CGA and raised at a stocking density of 22 broilers per m2). A corn-soybean meal basal diet was formulated to meet or exceed NRC (1994; Table 1) without any additives except for an anti-coccidial drug. Broilers were housed in an environmentally controlled chamber with feed and water ad libitum. All birds in each of the six treatment groups received vaccinations for infectious bronchitis virus and Newcastle disease virus on day 1 (d1) and d20, and bursal disease virus on d14.



Birds under immune stress were weighed and the feed intake (FI) and body weight (BW) were recorded on days 14, 15, 17, 19, 21, and 23. The average daily weight gain, average daily feed intake, and feed conversion rate (FCR) of each group were calculated. Six birds per treatment under immune stress were sampled on days 14, 15, 17, 19, 21 and 23. Additional 14-day samples were taken at 2 h and 4 h after LPS injection. Birds under stocking density stress were weighed and the feed intake and body weight were recorded on days 7, 14, 21, and 28. The average daily weight gain, average daily feed intake, and FCR of each group were calculated. Six birds under stocking density stress per treatment were sampled on days 14, 21, and 28. Blood was drawn from the wing veins of six randomly chosen birds, allowed to clot, and serum obtained by centrifugation. Sampled birds were euthanized by cervical dislocation and two-cm-long intestinal segments (mid-duodenum, mid-jejunum and mid-ileum) were removed, snap-frozen in liquid nitrogen, and stored at −80°C. The concentrations of cortisone (CORT), IL-1β, TNF-α, glutathione (GSH), and malondialdehyde (MDA) were determined with commercial kits according to the manufacturer’s instructions (Jian Cheng Bioengineering Institute, Nanjing, China).



The normality of all data was checked, and data analysis was performed with SPSS statistical software (ver. 20.0 for Windows, SPSS Inc., Chicago, IL, USA) by using one-way ANOVA followed by Duncan’s multiple comparison tests. Significance was considered as p < 0.05.




3. Results


3.1. Growth Performance


LPS injection significantly decreased body weight on days 17, 21, and 23 in contrast to control (p < 0.05). The body weight of broilers in the saline control group was higher than in the CGA + LPS group on days 17, 19, 21, and 23 (p < 0.05) (Figure 1A). As shown in Figure 1B, the body weight gain of the saline control group was higher than the LPS group and CGA + LPS group on days 15 and 17 (p < 0.05). Decreased feed intake was observed in the LPS group compared to control on days 15, 17 and 23 (p < 0.05). Inclusion of CGA with LPS injection increased feed intake at d15 (p < 0.05) and the feed intake of the CGA + LPS group was higher than the saline control group (p < 0.05) (Figure 1C). The highest FCR was noted for the CGA + LPS group compared to the control group with the LPS group being intermediate at d15 (p < 0.05). The control group had a lower FCR than the CGA + LPS group on days 17, 19, and 21(p < 0.05). The FCR of the CGA + LPS group was higher than the LPS group on d21 (p < 0.05) (Figure 1D). As shown in Figure 1E, the body weight of the control group was higher than the high-density + CGA group on days 7, 14, 21, and 28 (p < 0.05). High stocking density significantly decreased body weight on d28 in contrast to normal density control (p < 0.05) and the body weights of the high-density + CGA group was lower than the high-density group with no supplementation on d14 (p < 0.05). High stocking density significantly decreased body weight on days 1 to 7, 15 to 21, and 22 to 28 compared with the control group (p < 0.05) and the body weight gain of high-density + CGA animals was lower than controls on days 1 to 7, 8 to 14, and 22 to 28 (p < 0.05) (Figure 1F). Decreased feed intake was observed in the high-density group and the high-density + CGA group compared to the control group on days 8 to 14, 15 to 21, and 22 to 28 (p < 0.05). Inclusion of CGA increased feed intake on days 8 to 14 under high density stocking (p < 0.05) (Figure 1G). Broilers in the high-density + CGA group had a higher FCR than those in the control and high-density group at day 8 to 14 (p < 0.05). However, the FCR of the high-density + CGA group was lower than the control and high-density groups on days 15 to 21 (p < 0.05) (Figure 1H).




3.2. Serum Concentration of Corticosterone


The changes in the levels of corticosterone are shown in Figure 2. The corticosterone concentration in serum from the LPS group was increased at 4 h after LPS injection and CGA supplementation restored the CORT concentration to the initial level (p < 0.05) (Figure 2A). When compared to the control group, serum CORT concentrations in the high-density group increased significantly on days 14 and 21 (p < 0.05). CGA significantly decreased CORT concentrations on day 21 under high-density stocking (p < 0.05) (Figure 2B).




3.3. Serum Glutathione and Malondialdehyde Concentrations


Decreased concentrations of glutathione were observed in the LPS group and the CGA + LPS group compared to the saline control group at 4 h after LPS injection (p < 0.05). LPS injection significantly increased serum glutathione levels at 24 h after LPS injection (p < 0.05) (Figure 3A). Serum malondialdehyde concentrations were not affected by either LPS injection or CGA supplementation (p > 0.05) (Figure 3B). As shown in Figure 3C,D, serum glutathione and malondialdehyde concentrations were not affected by either high density or CGA supplementation (p > 0.05).




3.4. Intestinal Glutathione Concentrations


The highest glutathione concentration in the duodenum was noted for the saline control group compared to the LPS group, with the CGA + LPS group being intermediate at 24 h after LPS injection (p < 0.05) (Figure 4A). LPS significantly reduced jejunal glutathione concentration at 24 h after injection (p < 0.05) (Figure 4B). An increased glutathione concentration was also observed in the ileum in the CGA + LPS group compared to the control and LPS groups at 24 h after injection (p < 0.05) (Figure 4C). Figure 4D shows that the duodenal glutathione concentration of the high-density + CGA group was lower than the high-density group at day 21 (p < 0.05). The duodenal glutathione concentration in the high-density + CGA group was higher than the control group at day 28 (p < 0.05). Jejunal (Figure 4E) and ileal (Figure 4F) glutathione concentrations were not affected by either high stocking density or CGA supplementation (p > 0.05).




3.5. Serum Cytokine Concentration


As illustrated in Figure 5A, the LPS group and CGA + LPS group had lower serum IL-1β level in contrast to the saline control group 2 h after LPS injection (p < 0.05). In comparison between the control and LPS groups, the addition of CGA to the diet decreased the concentration of IL-1β 4 h after LPS injection (p < 0.05). LPS injection significantly increased serum IL-1β level at 72 h after LPS injection (p < 0.05). Dietary supplementation with CGA significantly reduced the concentration of TNF-α before LPS injection (p < 0.05). LPS significantly increased the serum TNF-α level at 72 h after LPS injection (p < 0.05), but inclusion of CGA decreased the concentration of TNF-α compared to the LPS group at 4 and 72 h after LPS injection (p < 0.05) (Figure 5B). High density stocking significantly increased the serum IL-1β level on day 28 (p < 0.05) (Figure 5C), but did not affect the serum TNF-α level (p > 0.05) (Figure 5D).





4. Discussion


Immune stress caused by LPS and stress from high stocking density are two major concerns in poultry production and these two stresses greatly impair the productive and reproductive performance of chickens with grave economic consequences. Studies have shown that compromised growth rate, feed intake, and FCR of chickens have been associated with immune stress and high-density stress [20,21,22,23]. Similarly, our results indicate that LPS injection and high stocking density significantly decrease body weight and feed the intake of broiler breeders. One primary cause of this effect could be that the hypothalamic-pituitary-adrenal axis is activated, and signal receptors related to appetite regulation are altered, leading to anorexia. Another possible explanation would be that pro-inflammatory cytokines are produced under immune stress, resulting in the repartition of nutrients and an increase in the catabolic activities associated with broiler growth [22,24].



In this study, our results revealed that CGA supplementation increased feed intake of broiler breeders stressed by LPS injection or high stocking density, suggesting that dietary CGA may alter signal receptors related to appetite regulation and thereby be beneficial in reducing stress-induced anorexia. CGA supplementation showed no effect on the body weight of broiler breeders either after the LPS challenge or housing under high stocking density. Therefore, the increased feed intake and unchanged body weight of stressed broiler breeders after CGA supplementation led to increased FCR in the early growth stage. Contrary to our findings, Zhao [11] reported that adding CGA extracted from E. ulmoides leads to an improved diet and the growth performance of heat-stressed broilers. Broiler chickens fed with CGA had a higher ADG than the dexamethasone-challenged animals [25]. Dietary CGA reduced F/G and increased the survival rate from Clostridium perfringens type A infection [26]. These studies indicated that the growth-promoting effects of CGA in chickens could be attributed not only to the strengthening of the intestinal mucosal barrier and immune function, but also to improving the ability to digest and absorb nutrients. The varying results of CGA on the growth performance of animals may be due to differences in animal health status, age, and species, as well as differences in the source or dosages of CGA.



The hypothalamopituitary-adrenocortical cascade is activated when broilers are exposed to stressors, resulting in corticosterone concentrations rising sharply [27]; thus ,the concentration of corticosterone provides a reliable indicator of a chicken’s stress status. Our results revealed that LPS injection and high stocking density each increased the concentration of corticosterone in serum, suggesting that the hypothalamic-pituitary-adrenal axis of broiler breeders was activated. We further evaluated the stress effects in this study by measuring the serum malondialdehyde concentration to assess the degree of peroxidation. The unchanged malondialdehyde concentration and increased corticosterone concentration in serum support the idea that LPS injection and high stocking density induced oxidative stress, but did not cause oxidative damage in broiler breeders. CGA remarkably downregulated serum corticosterone levels, alleviating the stress response of broiler breeders. Our results are in line with other studies showing that dietary CGA supplementation significantly decreased serum corticosterone concentration in DEX-challenged broilers [25].



Glutathione (GSH) is a critical antioxidant enzyme involved in the removal of radicals. GSH concentration was measured in broiler breeders after LPS challenge or stocking at high density to determine oxidative stress level and to assess the antioxidant activity of CGA. Our results are consistent with others’ findings that the GSH content decreases after LPS treatment [28,29], but in this study, changes in GSH under high stocking density were not observed. Because some research results showed that overcrowding induced oxidative stress in broilers, as represented by a decrease in GSH level in the liver [23], the variations in GSH level could be correlated with the different stocking densities we used or different species of broilers. In the present study, CGA increased the GSH content in the intestines of immune-stressed broiler breeders, in agreement with Shi [30], who found that CGA significantly increased GSH levels in liver tissue and reduced oxidative stress. Several studies have noted that CGA significantly enhanced antioxidant activity in broilers [11,12,25,26] and pigs [13,31], which was in agreement with our findings. The antioxidant effects of CGA were potentially attributed to its chemical structure for direct scavenging of free radicals and activation of endogenous antioxidant defenses against radicals [32].



Measuring cytokine production is an integral part of evaluating the cell-mediated immune response [33]. IL-1β, a major coordinator of the immune response, can stimulate immune cells to release a variety of cytokines [34]. TNF-α is a key cell signaling protein in the inflammatory response and induced apoptosis in a variety of cell types [35]. In our study, we found that LPS injection strongly promoted the production of circulating proinflammatory cytokines (IL-1β and TNF-α) in broiler breeders 72 h after LPS injection. Similarly, we observed that a high stocking density resulted in upregulated serum IL-1β levels after 28 days exposure. Dietary CGA restored the normal concentration of TNF-α in serum, which showed that CGA could at least partially counteract the LPS-induced inflammatory stress response. This is in agreement with the conclusions of many studies that CGA has anti-inflammatory activities [36,37]. Supplemental CGA in the feed exhibited significant anti-inflammatory effects by decreasing the expression of IL-1β and TNF-α in heat-stressed broilers [12], in broilers infected with Clostridium perfringens type A [26], and in IBV-infected chickens [38].




5. Conclusions


In summary, dietary CGA supplementation could increase the feed intake of broiler breeders and alleviate their stress response to LPS injection and high stocking density exposure. Therefore, CGA administration may be helpful in reducing anorexia in broiler breeders caused by stress. These findings imply that the possible roles of CGA are in preventing the inhibition of growth performance, anti-oxidant function, and immune response by immune stress and high stocking density stress, and providing broad implications for potential new strategies to counteract stress-induced impairments in broilers.
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Figure 1. Effects of chlorogenic acid on broiler performance challenged with immune stress and high density stress. (A) Body weight of broilers challenged with immune stress. (B) Body weight gain of broilers challenged with immune stress. (C) Feed intake of broilers challenged with immune stress. (D) Feed conversion ratio of broilers challenged with immune stress. (E) Body weight of broilers challenged with high density stress. (F) Body weight gain of broilers challenged with high density stress. (G) Feed intake of broilers challenged with high density stress. (H) Feed conversion ratio of broilers challenged with high density stress. a means significant difference between Saline and LPS groups, b means significant difference between LPS and CGA + LPS groups, c means significant difference between Saline and CGA + LPS groups, and * means significant difference between groups. 
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Figure 2. Effects of chlorogenic acid on serum corticosterone concentrations of broilers challenged with immune stress and high density stress. (A) Serum corticosterone concentrations after immune stress. (B) Serum corticosterone concentrations after high density stress. * means significant difference between groups. 






Figure 2. Effects of chlorogenic acid on serum corticosterone concentrations of broilers challenged with immune stress and high density stress. (A) Serum corticosterone concentrations after immune stress. (B) Serum corticosterone concentrations after high density stress. * means significant difference between groups.



[image: Vetsci 09 00582 g002]







[image: Vetsci 09 00582 g003 550] 





Figure 3. Effects of chlorogenic acid on serum glutathione and malondialdehyde levels of broilers challenged with immune stress and high density stress. (A) GSH levels of broilers challenged with immune stress. (B) MDA levels of broilers challenged with immune stress. (C) GSH levels of broilers challenged with high density stress. (D) MDA levels of broilers challenged with high density stress. GSH = glutathione, MDA = malondialdehyde, * means significant difference between groups. 
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Figure 4. Effects of chlorogenic acid on intestinal glutathione levels of broilers challenged with immune stress and high density stress. (A) GSH levels of duodenum after immune stress. (B) GSH levels of jejunum after immune stress. (C) GSH levels of ileum after immune stress. (D) GSH levels of duodenum after high density stress. (E) GSH levels of jejunum after high density stress. (F) GSH levels of ileum challenged after high density stress. GSH = glutathione, * means significant difference between groups. 
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Figure 5. Effects of chlorogenic acid on serum cytokine levels of broilers challenged with immune stress and high density stress. (A) IL-1β levels of broilers challenged with immune stress. (B) TNF-α levels of broilers challenged with immune stress. (C) IL-1β levels of broilers challenged with high density stress. (D) TNF-α levels of broilers challenged with high density stress. IL = Interleukin, TNF-α = tumor necrosis factor-α, * means significant difference between groups. 






Figure 5. Effects of chlorogenic acid on serum cytokine levels of broilers challenged with immune stress and high density stress. (A) IL-1β levels of broilers challenged with immune stress. (B) TNF-α levels of broilers challenged with immune stress. (C) IL-1β levels of broilers challenged with high density stress. (D) TNF-α levels of broilers challenged with high density stress. IL = Interleukin, TNF-α = tumor necrosis factor-α, * means significant difference between groups.



[image: Vetsci 09 00582 g005]







[image: Table] 





Table 1. Composition and nutrient levels of the experimental basal diet, on an as-fed basis unless stated otherwise, %.
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	Items
	1 to 28 Days





	Composition, %
	



	Corn
	60.1



	Soybean meal
	33.07



	Soybean oil
	3.6



	Limestone-calcium carbonate
	1.1



	Calcium hydrogen phosphate
	1



	DL-Methionine, 98%
	0.2



	L-Lysine HCL, 78%
	0.2



	Sodium chloride
	0.3



	Vitamin Premix 1
	0.03



	Mineral Premix 2
	0.2



	Choline chloride, 50%
	0.15



	Ethoxyquin, 33%
	0.05



	Total
	100



	Calculated Nutrient levels 3
	



	Metabolizable energy, kcal/kg
	2990



	Crude protein, %
	20.5



	Calcium, %
	0.99



	Available phosphorus %
	0.44



	Lysine, %
	1.1



	Methionine, %
	0.47







1 Vitamin premix provided the following per kg of diets: vitamin A (retinylacetate), 12,500 IU; vitamin D3 (cholecalciferol), 2500 IU; vitamin E (DL-a-tocopherol acetate), 18.75 mg; vitamin K3 (menadione sodium bisulfate), 2.65 mg; VB1 2 mg; VB2 6 mg; VB6 6 mg; vitamin B12 (cyanocobalamin), 0.025 mg; biotin, 0.0325 mg; folic acid, 1.25 mg; pantothenic acid, 1.25 mg; nicotinic acid, 50 mg. 2 Mineral premix provided per kilogram of complete diet: Cu (as copper sulfate) 8 mg, Zn (as zinc sulfate) 75 mg, Fe (as ferrous sulfate) 80 mg, Mn (as manganese sulfate) 100 mg, Se (as sodium selenite) 0.15 mg, I (as potassium iodide) 0.35 mg. 3 Calculated value based on the analyzed data of experimental diets.
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