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This study aimed to determine the efficacy of dietary algae-derived polysaccharides (ADPs) from Enteromorpha on growth performance, intestinal morphology, intestinal permeability, and antioxidant capacity in serum, liver, and intestinal mucosa of broilers. Three hundred and ninety six day-old male chicks were randomly assigned to six dietary treatments containing 0 (Control), 1,000, 2,500, 4,000, 5,500, and 7,000 mg ADP/kg basal diet in a 35 day feeding trial. During day 1–21, compared with the control group, dietary 1,000–7,000 mg/kg ADP supplementation improved the average daily gain (ADG) and feed conversion ratio (p < 0.05). Overall (day 1–35), dietary inclusion of 1,000 mg/kg ADP increased the final body weight and ADG (p < 0.05). Besides, on day 21, dietary 2,500 mg/kg ADP supplementation increased the serum catalase (CAT) and liver total superoxide dismutase (T-SOD) activities (p < 0.05), whereas dietary 1,000–5,500 mg/kg ADP supplementation decreased malondialdehyde (MDA) contents in serum and liver (p < 0.05). On day 35, supplementation of 1,000 mg/kg ADP increased the serum glutathione peroxidase and CAT activities and liver T-SOD activities (p < 0.05). It decreased the MDA level of serum and liver (p < 0.05). Also, dietary 2,500 mg/kg ADP increased the villus height of jejunum and ileum on day 21 (p < 0.05), and dietary 4,000 mg/kg ADP increased the villus height of duodenum and ileum on day 35 (p < 0.05). On day 21, dietary 4,000 mg/kg ADP increased the CAT activities of the duodenum and T-SOD activities of jejunum and ileum and decreased the MDA contents in the duodenum, jejunum, and ileum (p < 0.05). On day 35, dietary inclusion of 1,000–7,000 mg/kg ADP reduced MDA contents of duodenum and jejunum (p < 0.05). Furthermore, dietary inclusion of ADP at 1,000–7,000 mg/kg decreased serum DAO activities at day 21 and day 35 (p < 0.05), and the serum D-lactic acid concentration was reduced by dietary supplementation of 1,000, 2,500, and 7,000 mg/kg ADP on day 21. In conclusion, dietary ADP exerted beneficial effects on growth performance, antioxidant capacity, and gut health in broilers; based on the studied parameters, the appropriate recommended dose is 1,000–4,000 mg/kg. These findings provided new insights into the potential application of ADP as natural growth promoters in broilers.
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INTRODUCTION

Due to restrictions or regulations on the use of antibiotic growth promoters in poultry production, there is an increasing demand for alternatives to antibiotic growth promoters like natural bioactive compounds to maintain the health and productivity of broilers (1–3). Natural polysaccharides, which are widely distributed in the microorganisms and plants, can improve an animal's gut health (4). Previously, numerous studies found that the natural polysaccharides derived from plants and fungus could be used as prebiotics to improve gut microflora balance and barrier function, ultimately promoting the growth of broiler chickens (5–8). Therefore, these natural and functional polysaccharides could replace antibiotics in the poultry industry. The marine ecosystem is an abundant reserve for natural polysaccharides. There are pieces of evidence supporting the biological and pharmacological role of polysaccharides in anti-carcinogenesis, antioxidation, anti-complementation, anti-inflammation, hematopoiesis, immunomodulation, and gastrointestinal tract protection (9, 10). Currently, marine polysaccharides have attracted considerable interest in the feed industry due to their biological activities (8, 11).

A naturally occurring marine green alga, Enteromorpha, is rich in polysaccharides. Many studies have reported multiple health-promoting benefits of Enteromorpha algae-derived polysaccharide (ADP) extract in anti-inflammation, against microbial pathogens, immunological regulation, and free-radical scavenging effects (12, 13). Also, broilers showed improved digestive function and immunity when fed with ADP from Enteromorpha (14, 15). Our recent study found that the ADP of Enteromorpha improves antioxidant performance and intestinal morphology in aged laying hens (16). However, to the best of our knowledge, the effects of ADP extracted from Enteromorpha on the antioxidant property and intestinal barrier function have not been evaluated in broilers yet. Hence, this study was conducted to evaluate the effects of dietary supplementation of ADP on growth performance, antioxidant property, and intestinal barrier function in broiler chickens.



MATERIALS AND METHODS


Source of Algae-Derived Polysaccharides

The ADPs were extracted from the Enteromorpha by Qingdao Haida Biotechnology Co., Ltd. (Qingdao, China), with ≥48% purity, with a molecular weight of 4,929 Da. The ADPs are water-soluble sulfated polysaccharides obtained from the natural green alga Enteromorpha by enzymatic extraction, purification, concentration, and spray drying. Briefly, after crushing the algae, the algal powders are soaked in water. Then, the water extracts of the algae are subjected to stepwise enzymatic treatment with pectinase, cellulase, and papain. Then, the enzymes are inactivated, centrifugal concentrated, precipitated with ethanol, and finally spray dried to obtain the ADP used in this study. Based on the analysis by high-performance liquid chromatography, the polysaccharides mainly consisted of rhamnose (Rha), glucuronic acid (GlcA), glucose (Glc), galactose (Gal), and xylose (Xyl) monosaccharides. The molar percentages of monosaccharides in the ADP are as follows: Rha 40.6%, GlcA 9.3%, Glc 38.2%, Gal 5.6%, and Xyl 6.3%.



Experimental Design, Birds, and Diets

For this study, 396 day-old male Arbor Acres broiler chicks (initial body weights 44.65 ± 0.56 g) were obtained from a commercial hatchery (Guangxi, China). The chicks were randomly allocated into one of six dietary treatments (6 replicate cages per treatment, with 11 broilers per cage) for a 35 day study period. Dietary treatments were as follows: basal diets supplemented with 0 (control group [CON]), 1,000, 2,500, 4,000, 5,500, and 7,000 mg ADP/kg basal diet. The basal diet was formulated (Table 1) to meet or exceed the nutrient requirements of National Research Council (17) of broilers in two phases—starter (1–21 days) and finisher (22–35 days); all diets were fed as in mash form. To ensure that the ADP was thoroughly mixed into the basal diet, ADP was first mixed with 1 kg of diet by hand, and then, the premix was mixed with the remaining diet by using a blender. The broilers were grown in a temperature-controlled room at 33 ± 1°C for the first 3 days and then gradually reduced by 3°C per week until reaching 24°C and maintaining humidity 65% for the rest of the study period. Stainless steel cages [90 (length) × 70 (width) × 40 (height) cm] with were used for housing. The birds had free access to feed and water.


Table 1. Composition and nutrient profile of basal diet (as-fed basis).
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Sampling and Measurements

The broilers were weighed, and feed intake was recorded on day 1, 21, and 35. ADGs, average daily feed intake, and feed conversion ratio (FCR) were determined for each study phase. At the end of day 21 and 35, six birds (one bird from each replicate cage) were randomly selected from each treatment, and 3 ml blood samples per bird were collected from the wing vein by using a sterilized syringe with a needle (5 ml, 0.7 mm). The blood samples were then transferred into the vacuum tubes (5 ml, anticoagulant free, Xiangyuan Medical Ltd., Hebei, China). For serum analysis, the blood samples were centrifuged at 2,000 g at 4°C for 10 min to separate the serum and stored at −80°C to determine the antioxidant parameters and intestinal permeability biomarkers. The activities of the total superoxide dismutase (T-SOD), glutathione peroxidase (GSH-Px), and catalase (CAT), and the malondialdehyde (MDA) contents in serum were measured using commercial analysis kits (Jiancheng Bioengineering Institute, Nanjing, China) according to manufacturer's instructions. The levels of D-lactic acid and diamine oxidase (DAO) activities in serum were determined using enzyme-linked immunosorbent assay kits (96T, Yubo Biotechnology Co., Ltd. Shanghai, China) according to the manufacturer's instructions.

After blood sampling, the same birds were killed (by cutting carotid arteries) to collect the intestinal samples. Subsequently, the duodenum, jejunum, and ileum were separated, and ~2 cm segments of each at the middle location were collected and fixed in 10% buffered formalin until morphology analysis, stained with hematoxylin–eosin using standard histological techniques. The liver and remaining duodenum, jejunum, and ileum were rinsed in ice-cold phosphate-buffered saline (pH 7.0). Approximately 2 g liver tissues and mucosa of the duodenum, jejunum, and ileum samples were collected immediately for antioxidant parameter analysis. The activities of T-SOD, GSH-Px, CAT, and the MDA contents in the liver, mucosa of duodenum, jejunum, and ileum were measured using commercial kits (Jiancheng Bioengineering Institute, Nanjing, China) following manufacturer's instructions. Villus height, crypt depth, and villus width were measured at 40 × magnification using computer software (Olympus, DP72), then villus height-to-crypt depth ratio was calculated. The villus surface area (VSA) was calculated by using the formula (18):
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Statistical Analysis

All the data were statistically analyzed using general linear model procedures of SAS (Statistical Analysis System, version 9.2, SAS Institute Inc., Cary, NC, USA) with cage as an experimental unit (19). Data were expressed as means; variability in data was expressed as the standard error of the mean. Orthogonal polynomial contrasts were used to test the linear and quadratic effects of the increasing levels of dietary ADP. The probability value of <0.05 was considered to be statistically significant, and 0.05 ≤ p < 0.10 was considered as a tendency.




RESULTS


Growth Performance

The results of growth performance are presented in Table 2. During day 1–21, compared with the CON group, dietary supplementation of 1,000–7,000 mg/kg ADP improved the ADG and FCR (p < 0.05). During day 22–35, no significant differences were observed in ADG, average daily feed intake, and FCR among dietary treatments (p > 0.05). During the overall study period (day 1–35), dietary supplementation of 1,000 mg/kg ADP increased the final BW and ADG (p < 0.05), and supplementation of 1,000, 4,000, and 7,000 mg/kg ADP improved the FCR (p < 0.05).


Table 2. Effect of dietary supplementation with graded levels of algae-derived polysaccharides (ADP) on growth performance in broiler chickens.
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Antioxidant Status of Serum and Liver

As shown in Table 3, on day 21, dietary supplementation of ADP (2,500 mg/kg) increased the serum CAT activities (p < 0.05), whereas dietary supplementation of 1,000, 2,500, 4,000, and 5,500 mg/kg ADP decreased MDA contents in the serum (p < 0.05). Dietary supplementation of 2,500, 5,500, and 7,000 mg/kg ADP enhanced the liver T-SOD activities (p < 0.05), and supplementation of ADP at 1,000–7,000 mg/kg level reduced the liver MDA contents (p < 0.05). On day 35, addition of 1,000 mg/kg ADP increased the GSH-Px and CAT activities (p < 0.05) but decreased the MDA level (p < 0.05) in serum. Dietary supplementation of 1,000–7,000 mg/kg ADP enhanced the T-SOD activities (p < 0.05) but decreased the MDA contents (p < 0.05) in liver.


Table 3. Effect of dietary supplementation with graded levels of algae-derived polysaccharides (ADP) on antioxidant status of serum and liver in broiler chickens.
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Intestinal Morphology

As presented in Table 4, dietary supplementation of ADP at 4,000 and 5,000 mg/kg diet improved the villus height, villus width, and VSA of the duodenum (p < 0.05), dietary inclusion of 1,000, 2,500, 4,000, and 7,000 mg/kg ADP increased the villus height of jejunum (p < 0.05), and dietary inclusion of 2,500, 5,500, and 7,000 mg/kg ADP improved the villus height of ileum (p < 0.05) compared with control diet on day 21. Also, on day 35, dietary ADP increased the villus height and villus height-to-crypt depth ratio of the duodenum at 1,000, 4,000, and 7,000 mg/kg level and improved the VSA of the duodenum at 4,000 and 7,000 mg/kg diet level (p < 0.05). Dietary ADP supplementation improved the villus height of ileum at 2,500, 4,000, 5,500, and 7,000 mg/kg level and the VSA of ileum at 1,000, 2,500, 5,500 mg/kg diet level (p < 0.05).


Table 4. Effect of dietary supplementation with graded levels of algae-derived polysaccharides (ADP) on intestinal morphology in broiler chickens.
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Antioxidant Capacity of the Intestinal Mucosa

On day 21 of the study, compared with the CON group, dietary 4,000 mg/kg increased the CAT activities, and 1,000–7,000 mg/kg ADP supplementation decreased the MDA contents in the duodenum (p < 0.05, Table 5). The inclusion of 4,000 mg/kg ADP in diet enhanced the T-SOD activities and reduced the MDA level of the jejunum (p < 0.05). Besides, dietary supplementation of ADP at 2,500, 4,000, 5,500, and 7,000 levels improved the T-SOD activities, 4,000, 5,500, and 7,000 mg/kg ADP improved the CAT activities, and 1,000–7,000 mg/kg ADP reduced the MDA contents in the ileum (p < 0.05). On day 35, dietary inclusion of 1,000–7,000 mg/kg ADP led to a reduction in MDA contents of the duodenum and jejunum in comparison with the CON group (p < 0.05). Dietary ADP at 1,000, 2,500, 4,000, and 7,000 mg/kg improved the T-SOD activities of jejunum (p < 0.05). Meanwhile, dietary addition of 5,500–7,000 mg/kg ADP decreased the MDA level of ileum (p < 0.05).


Table 5. Effect of dietary supplementation with graded levels of algae-derived polysaccharides (ADP) on antioxidant capacity of intestinal mucosa in broiler chickens.
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Serum Markers of Intestinal Permeability

The effects of dietary ADP on intestinal permeability biomarkers are presented in Table 6. Dietary inclusion of ADP at 1,000–7,000 mg/kg decreased serum DAO activities on day 21 and 35 (p < 0.05). Also, the serum D-lactic acid concentration was reduced by dietary supplementation of 1,000, 2,500, and 7,000 mg/kg ADP on day 21.


Table 6. Effect of dietary supplementation with graded levels of algae-derived polysaccharides (ADP) on serum markers of intestinal permeability in broiler chickens.
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DISCUSSION


Growth Performance

In recent years, utilizing polysaccharide compounds in the feed as prebiotics and growth promoters are at the center of attention in the poultry industry. The functional polysaccharides are non-digestible ingredients due to the presence of β-1,4 linkages (11, 16). Consumption of functional polysaccharides from medicinal plants and fungus could modulate the gut microbiota and improve health (3), thereby improving the growth performance in broilers (5–7, 20). The findings of the present study indicated that the inclusion of dietary ADP could promote the growth performance of broiler chickens. Similar to our results, Li et al. (21) observed that the dietary ADP of Enteromorpha at the inclusion rate of 0.5% improved the ADG and FCR of broilers through enhancing immune function. Similarly, other sources of marine polysaccharides, such as chitooligosaccharide (COS), have also been reported to improve the growth rate in broilers. According to Li et al. (22), broilers fed diet that contained 30 mg/kg COS showed higher FCR when compared with control. Likewise, Huang et al. (23) and Li et al. (24) found that the dietary inclusion of 150 or 100 mg/kg COS improved ADG and FCR in broilers. A wide range of mechanisms can underlay to decipher the beneficial effects of these natural marine polysaccharides on enhancing the growth performances, antioxidant capacity, and intestinal health status (22), promoting the growth of beneficial gut microbiota (8), immunity (14, 21), and nutrient digestibility (15) in broilers. However, Biggs et al. (25) and Shang et al. (6) observed no significant difference in the growth performance of broiler chickens fed a diet containing natural polysaccharides. The variation in response to natural dietary polysaccharides in different trials could be attributed to the polymerization levels, purity, supplemental dosage, experimental period and conditions, and the source of polysaccharides. Besides, it was remarkable that the positive effects of ADP on growth performance were mainly manifested during the starter phase (day 1–21) in this study. It was probably due to external stressors leading to altered physiology and weak immunity in broilers (22). The functional polysaccharides could improve the physiological function and immune function against a variety of stressors, subsequently stimulating the growth rate of broilers.



Antioxidant Status of Serum and Liver

With the ongoing intensification of the poultry industry, broiler chickens are continuously exposed to various external stressors resulting in excess production of reactive oxygen species (ROS) and disturbing the redox balance in the chicken's body, contributing to oxidative stress (26, 27). Oxidative stress is one of the major factors adversely influencing the performance of chickens and leads to many metabolic disorders (16, 28, 29). Antioxidant enzymes, such as SOD and CAT, are known for their scavenging oxygen free radical property, thereby providing the first line of cellular defense against oxidative damage (30, 31). As an end product from lipid peroxidation, the MDA is used as a biomarker to measure the level of oxidative stress (32). The results of this study showed that the dietary ADP supplementation elevates the SOD activities of liver and CAT activities of serum but reduced the MDA levels in serum and liver. Duan et al. (13) provided direct evidence about the antioxidant properties of Enteromorpha ADP using in vitro studies. However, scientific information from the in vivo studies on the antioxidant capacity of ADP from Enteromorpha in broilers is relatively scarce. Due to the antioxidant bioactivities, the natural polysaccharides have received broad interest in animal nutrition, and several researchers have evaluated the antioxidant effects of marine polysaccharides in poultry and suggested that the antioxidant activity of marine polysaccharides may be due to the hemiacetal hydroxyl in the structure, which can scavenge the free radicals (9). Park et al. (33) reported that the inclusion of COS in drinking water could enhance the antioxidant capacity of broilers, and the present study found that the ADP supplementation improves serum SOD and liver CAT activities with a reduction in serum and liver MDA contents, which is similar to the finding in laying hens by Guo et al. (16). Similarly, Long et al. (34) reported that the dietary addition of 2,000 mg/kg Lycium barbarum polysaccharides improved SOD and GSH-Px activities with decreased MDA concentration in the serum and liver of broilers on day 42. It can be presumed that the improved antioxidant capacity observed in the present study is primarily attributed to the antioxidant characteristics of ADP (35). Thus, the marine polysaccharide ADP might be used as an ideal natural antioxidant agent in broilers due to synthetic antioxidants' toxicity. Also, improved antioxidant capacity might be closely linked with the enhanced growth performance in this study.



Intestinal Barrier Function

The gut is the center for digestion and absorption in animals. Additionally, it is known to function as an intestinal barrier, intestinal structure, antioxidant status, and permeability and play a critical role in nutrient processing and enhancing animal performance (4, 16). In this study, dietary supplementation of graded dosages of ADP exerted beneficial effects on intestinal morphology in villus height in both the duodenum and ileum. Similar to our results, Li et al. (22) found that dietary 30 mg/kg COS exerted a positive effect on duodenal morphology in broilers, as evidenced by the increased villus height and the ratio of villus height to crypt depth. Shang et al. (6) also reported that the natural dietary 0.5% polysaccharides of fructo-oligosaccharides could improve the villus height and total mucosa thickness of the ileum in broiler chickens on day 21. Similarly, Berrocoso et al. (36) reported increased villus height and villus height:crypt depth ratio when broilers were fed in ovo with raffinose as a prebiotic. Also, Abolfathi et al. (27) reported that dietary 1,000 mg/kg extract of elecampane (Inula helenium L.) rhizome that contains polysaccharide compounds increase villus height and villus height:crypt depth ratio of jejunum and ileum in broilers. These favorable alterations in intestinal morphology might be due to the prebiotic function of polysaccharides that could work as a substrate for the intestinal microflora and aids in stimulating the fermentation rate and increasing the production of short-chain fatty acids. The short-chain fatty acid benefits the differentiation and proliferation of intestinal epithelial cells (37). Similarly, other researchers suggest a positive association between intestinal morphological and antioxidant capacity in broilers (38–40), which was seen in our study as well.

The intestinal mucosa acts as a barrier to the external environment. Also, it is vulnerable to oxidative damage due to the massive workload and high rate of oxidative metabolism of the intestine, which results in the abundant release of ROS (28). Therefore, the intestine is a key source of ROS and particularly sensitive to oxidative stress compared with other tissues (41). Our current study's findings indicate that the basal diet supplemented with ADP enhances antioxidant enzyme (SOD, CAT) activities and successfully inhibits lipid peroxidation as observed in the decrease of MDA content in the intestinal mucosa. The results strongly agree with the available literature on natural polysaccharides. For instance, the inclusion of 30 or 350 mg/kg COS in broilers' diet was reported to improve the intestinal mucosa oxidative damage by enhancing SOD and GSH-Px enzyme activities and reducing the content of MDA (22, 42). The Artemisia argyi aqueous extract that contains an abundant amount of natural polysaccharides, feeding to broilers at 500–2,000 mg/kg level, increased the total antioxidant capacity, SOD, and GSH-Px activities by decreasing the MDA levels in small intestinal tissues (43). Thus, the natural polysaccharides can act as a defensive mechanism for antioxidant status in broilers' intestinal mucosa and can prevent the uncontrolled formation of ROS and/or directly scavenging the free radicals.

Serum D-lactic acid levels and DAO activity levels are considered sensitive biomarkers for intestinal permeability and generally determined to examine the extent of the damage or repair in the intestinal tract (44). An increase in serum D-lactic acid levels reflects an increased intestinal permeability (45). The DAO is secreted from the epithelial cells of the intestine and known for its hyper-endocellular enzymatic activity. The presence of higher DAO levels in serum indicates elevated functioning of intestinal barrier and permeability (44). In the present study, both D-lactic acid levels and DAO activities were significantly decreased by the inclusion of ADP in the broiler's diets, which indicated that the ADP improved the intestinal permeability and ultimately protected the intestinal barrier function. Similarly, previous literature showed that dietary supplementation of marine polysaccharides of 30 mg/kg COS resulted in a lower serum DAO activity and tended to reduce the concentration of D-lactic acid in broilers (22). The beneficial effects of ADPs on intestinal permeability might be related to improvements in tight junction protein expression of the intestine; however, the specific mechanism warrants further investigations. Coupled with the findings of higher antioxidant capacity of the intestinal epithelium along with improved morphological characteristics and enhanced intestinal barrier function observed in our study, it could provide the right consistency in improving the growth performance of broilers. The assessment of D-lactic acid and DAO can be performed in blood, which is a less invasive method. However, additional studies are required to recommend it for practical applications.




CONCLUSION

Our study shows that the dietary inclusion of ADP could promote growth performance, enhance the antioxidant property, and improve intestinal barrier function in terms of morphology, antioxidant status, and permeability of the intestinal mucosa (Figure 1). According to the study results, supplementation levels could be recommended at 1,000–4,000 mg/kg ADP in the broilers' diet. These findings provided a reference and new insights on dietary inclusion of ADP to promote growth and natural antioxidants, thus reducing the usage of antibiotics and synthetic antioxidants in broiler nutrition.


[image: Figure 1]
FIGURE 1. Schematic diagram showing how Algae-derived polysaccharides (ADP) promote broiler chicken's growth performance by improving antioxidant capacity and intestinal barrier function.
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INGREDIENTS (g/kg)

Con 5720 607.4
Soybean meal (CP 45%) 2924 250.3
Corn gluten meal (CP 60%) 440 383
Soybean oi 34.1 50.0
Limestone 9.1 102
Dicalcium phosphate 207 193
Salt 32 37
Methionine, 99% 33 37
Lysine-HCI, 24% 168 12.8
Threonine, 98.5% 18 18
Vitamin premix® 06 05
Trace mineral premix® 1.0 1.0
Choline, 50% 1.0 1.0
CALCULATED NUTRIENT VALUES (g/kg)

Apparent metabolizable energy (MJ/kg) 12.64 13.39
Crude fat 63.12 74.89
Lys 1493 1210
Met 650 637
Met + Cys 13.72 1413
Available phosphorus 5.15 460
ANALYZED NUTRIENT VALUES (g/kg)

Gross energy (MJ/kg) 17.05 1802
Crude protein 21951 201.36
Ca 923 9.41
Total phosphorus 6.89 6.70

Provided per kilogram of diet: 15,000 IU of vitamin A, 3,750 IU of vitamin Ds, 37.5mg of
vitamin E, 2.55 mg of vitamin Ks, 3mg of thiamin, 7.5 mg of iboflavin, 4.5 mg of vitamin Bs,
24 g of vitamin Bya, 51mg of niacin, 1.5mg of folic acid, 0.2mg of biotin, and 13.5mg
of pantothenic acid.

bProvided per kiogram of diet: 57.5mg of Zn, 100mg of Mn, 80mg of Fe, 7.5mg of Cu,
0.83mg of |, and 0.5mg of Se.
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