

[image: image1]
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Previous studies have revealed that activated charcoal sorption of Chinese herbal extracts is more effective than activated charcoal. The present study was designed to investigate whether phenols and flavonoids have an effect on nutrient metabolism, antioxidant activity, immunity, and intestinal morphology in broilers. Seven diets [basal diet (CON); CON supplemented with 450 mg/kg of activated charcoal (AC); CON supplemented with 250, 500, 750, 1,000, or 7,500 mg/kg of phenolic acids and flavonoids (PF) to AC (PFAC)]. PFAC was the complex of AC sorption of PF in the ratio of 9:1. These dietary treatments for broilers lasted for 42 days. Results showed that at d 21, all doses of PFAC altered serum levels of total protein, albumin, and creatinine compared to AC (p < 0.05). Both PFAC and AC altered HDL-, LDL-, and VLDL-cholesterol levels compared to CON (p < 0.05). PFAC at 500 mg/kg (450 mg/kg AC+ 50 mg/kg phenolic acids and flavonoids) increased serum IgA and IgM (p < 0.05), but AC at 450 mg/kg did not, compared to CON. At d 42, breast and thigh muscles of PFAC-treated broilers had higher free radical scavenging activities compared to CON (p < 0.05), but AC had no such effect. PFAC at 500 mg/kg increased villus height in the duodenum, jejunum, and ileum compared to CON (p < 0.05), but AC had no such response. PFAC at 500 mg/kg effectively improved protein and lipid metabolism, antioxidant status, and intestinal morphology, but AC had no such effect at a similar dose. Excessive PFAC (7,500 mg/kg) showed no significant side effects on broiler growth, liver damage, or hematology. These results suggest that phenols and flavonoids, in cooperation with activated charcoal, provide the majority of the functions of the herbal extract from multiple Chinese medicinal herbs.
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1 Introduction

Commercial broilers endure multiple stressors during growth. Fast growth, associated with high metabolic rates and the high nutrient density of their feed, can easily cause local tissue hypoxia (1). Similarly, mycotoxins, mycotoxin metabolites, and pathogens in the feed can provoke excessive production of free radicals and tissue inflammation (2). Accumulated free radicals generated by oxidative stress can damage DNA, proteins, and cell membranes, which in turn can damage tissue structure and cause dysfunction of the tissues and organs. The indices of antioxidant enzymes, immune factors, and local inflammatory factors are indicators of multiorgan system deterioration (3, 4). Antibiotics have been used to mitigate the detrimental effects of oxidative stress on broiler productivity. However, concerns about the development of antibiotic resistance and residues in the environment led the European Union to ban the use of growth-promoting levels of antibiotics in animal production in 2006 (5). Subsequently, China instituted a similar ban in 2020 (6).

Charcoal is a carbon-rich material produced by the pyrolysis of biomass at temperatures between 300 and 1,000°C in a low-oxygen environment (7). Historically, charcoal has been used in China for the treatment of human and animal diarrhea (8, 9). Activated charcoal is produced in the presence of activation reagents to yield a highly porous structure containing alkali bonds. Because of this structure, activated charcoal can adsorb mycotoxins (10, 11) and most bacterial toxins (12), which can improve intestinal morphology (13), alleviate diarrhea (14, 15), and reduce intestinal inflammation (16). Consequently, numerous studies have reported the beneficial effects of activated charcoal as a feed additive in various species, including pigs and chickens (17–21). The effective dose of dietary activated charcoal for growth promotion ranges from 0.3 to 10% (22).

In addition to adsorption, activated charcoal possesses redox activity, which means it can accept, store, and mediate electrons to and from biochemical reactions (23). The electrical conductivity of activated charcoal makes it an electron mediator or an electron shuttle to facilitate electron transfer (24). Coating charcoal with liquids or organic nutrients can alter the internal surfaces of the porous charcoal by increasing its hydrophilicity, redox-active moieties, and additional mesoporosity (25, 26). This coating process can strengthen the water-holding capacity and ability to exchange nutrients in activated charcoal. Blending activated charcoal with wood vinegar or humic substances enhances the anti-bacterial activity of activated charcoal (27, 28).

One of our previous studies found that the sorption of Chinese herb extracts into activated charcoal promoted growth, reduced inflammation, improved antioxidant status, and modulated the intestinal microbiota (29–31). The effective dose of activated charcoal with Chinese herb extract was about one-tenth of the effective dose of activated charcoal without sorption (29–31). The explanation was the possible interaction between activated charcoal and the organic substances in Chinese herb extracts (28). The extracts of Chinese herbs contain several components, including phenols, flavonoids, and organic acids (28), and these may enhance the redox-buffering effect of activated charcoal. In another of our studies, phenols and flavonoids were shown to account for the majority of the detoxifying effects of herbal extracts (32). However, it is still unclear whether the sorption of phenolic acids and flavonoids into activated charcoal can promote growth in vivo. Therefore, in this study, we investigated the sorption of phenolic acids and flavonoids contained in herbal extracts into activated charcoal on growth performance, nutrient metabolism, antioxidant status, immune status, and intestinal morphology of broilers.



2 Materials and methods

All procedures used in this study were conducted in accordance with the Chinese Guidelines for Animal Welfare and approved by the Institutional Animal Care and Use Committee of China Agricultural University (AW52501102).


2.1 Preparation of activated charcoal sorption

The preparation of phenolic acids and flavonoids (PF) sorption to activated charcoal (PFAC) followed previously described methods (32), except that phenolic acids and flavonoids were products (PF product) from Xi’an Victory-Bio Ltd. Co. (Xi’an, China) (Lot no. DXE2013453), which were derived from methanolic extraction of Portulaca oleracea L. containing >80% of total phenolic acids and flavonoids [490 ± 4 mg/g total phenols (gallic acid equivalents) and 315 ± 3 mg/g total flavonoids (quercetin equivalents)]. Other components included 18 ± 1 mg/g total saponins (escin equivalents), 14 ± 1 mg/g total alkaloids (caffeine equivalents), and 14 ± 1 mg/g total carotenoids (β-carotene equivalents). Before the preparation of PFAC, the above parameters were measured in the laboratory to confirm their accuracy by using quantified spectrophotometry. Approximately 100 mg of the methanolic extract of Portulaca oleracea L. was dissolved in 25 mL of the respective solvents and quantified spectrophotometrically (Hitachi U-2001 spectrophotometer, Tokyo, Japan) to determine the antioxidant compounds: total phenolics content, total flavonoids content, total saponins content (33), total alkaloids content (34), and total carotenoids content (35). The phytoconstituents in both extracts were calculated using the respective standard curves, and the results were expressed as mg standard equivalents/g extract. All determinations were performed in six replicates. The ratio of PF products to activated charcoal was 1:9 (w/w) in the final PFAC, according to our previous study (32). Specifically, 250 mg/kg of PFAC contained 225 mg of AC and 25 mg of PF; 500 mg/kg of PFAC contained 450 mg of AC and 50 mg of PF; 750 mg of PFAC contained 675 mg of AC and 75 mg of PF, and so on.



2.2 Animals, diets, and experimental design

Male Arbor Acres (AA) broiler chicks were given ad libitum access to feed and water. Room temperature was maintained at 34°C–35°C during the first 7 d of the experiment, then gradually decreased by 2°C per week to 25°C–26°C, which was maintained thereafter. The birds received 24 h of continuous light throughout the experiment. Treatments included a corn-soybean meal basal diet formulated to meet the nutrient requirements of broilers (NRC, 1994) (Table 1). To prepare the treatment diets, PFAC was first mixed with a premix, which was then mixed with other feed ingredients. The diets were prepared in one batch for the subsequent feeding experiment. Samples of all experimental diets were collected and stored at −20°C prior to mycotoxin analysis using Ultra Performance Liquid Chromatography (36). Broilers were vaccinated against Newcastle disease on d 7 and against infectious bursal disease on d 14. The experiment was carried out at the National Feed Engineering Technology Research Center of the Ministry of Agriculture Feed Industry Center Animal Testing Base (Hebei, China).



TABLE 1 Composition and analyzed nutrient concentration of basal diets (%, dry matter basis).a
[image: Table1]

Experiment 1 was designed to evaluate the effects of PFAC at different doses on lipid metabolism and biochemical indices in broilers. Male AA chicks (1 d old, initial body weight (42.8 ± 0.6 g)) were assigned randomly to one of six dietary treatments (n = 6 pens/treatment; n = 18 birds/pen): a corn-soybean meal basal diet supplemented with 0, 250, 500, 750, 1,000 mg/kg of PFAC or 450 mg/kg of activated charcoal (AC), respectively. Experiment 2 was conducted to determine the safety of excessive PFAC supplementation in broilers. Male AA chicks (1 d old, initial body weight (41.9 ± 0.6 g)) were assigned randomly to one of three treatments (n = 6 pens/treatment; n = 18 birds/pen) fed with a corn-soybean meal basal diet supplemented with 0, 750, or 7,500 mg/kg of PFAC, respectively. Each experiment lasted 42 d, which included a starter phase (1–21 d) and a growth phase (22–42 d). Body weights of the birds were recorded on d 1, d 21, and d 42 of the experiment after 12 h of feed but not water deprivation. Body weight gain (BWG) was calculated for the following periods: d 1 – d 21, d 22 – d 42, and d 1 – d 42. Feed intake (FI) was recorded for the same periods, and the ratio of gain to feed (G:F) was calculated after correcting for mortality.



2.3 Collection of blood and organ samples

On d 21 and d 42, one broiler closest to the average body weight of the birds in each pen was selected for blood sampling. Blood samples were collected from the jugular vein into vials containing EDTA. Serum was prepared at 4°C and stored at −20°C for further analysis. After blood sampling, one bird from each replication was euthanized by cervical dislocation, and three segments of the small intestine, duodenum, jejunum, and ileum, were collected and soaked in paraformaldehyde (4%) for histological analysis. Liver and kidneys were collected according to the procedures of Gasparotto et al. (37), packaged under vacuum conditions, and preserved at −80°C for further analysis. Breast and thigh muscles without skin from the left side of the body were collected, chilled in liquid nitrogen, and stored at −80°C for further analysis.



2.4 Assay of hematological parameters

Red blood cell (RBC) count, hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), platelet count (PLT), plateletcrit (PCT), platelet distribution width (PDW), and mean platelet volume (MPV) were determined for each sample of whole blood. Hematological parameters of the blood were determined using a hematology analyzer (Hematology Analyzer TEK8532, Shanghai, China).



2.5 Assay of serum biochemical parameters

The blood sample was prepared by centrifugation at 3,000 × g for 15 min at 4°C. The supernatant obtained was employed to analyze the following serum markers: glucose, total protein (TP), albumin (ALB), creatinine (CREA), urea, alkaline phosphatase (ALP), alanine aminotransferase (ALT), and aspartate aminotransferase (AST). The biochemical parameters were analyzed using an automated biochemistry analyzer (Hitachi 7,600, Japan).



2.6 Analysis of indices of inflammatory and immune factors, antioxidant status, and lipid metabolites

Concentrations of malondialdehyde (MDA), interleukin-1β (IL-1β), insulin-like growth factor 1 (IGF-1) in serum and intestine, and interferon-γ (IFN-γ), immunoglobulins (IgG, IgM, and IgA) in serum were determined using commercially available kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Intestinal secretory immunoglobulin (SIgA) concentrations were assayed using an Sn-69513-type immune counter (Shanghai Nuclear Annular Photoelectric Instrument Co., Ltd., Shanghai, China). Antioxidant indices in the serum, liver, kidney, and intestines, including catalase (CAT) and glutathione peroxidase (GSH-Px) activities, were measured using commercially available kits (Nanjing Jiancheng Bioengineering Institute, China) according to the manufacturer’s instructions. Serum total cholesterol, high-density lipoprotein cholesterol (HDLC), low-density lipoprotein cholesterol (LDLC), and very low-density lipoprotein cholesterol (VLDLC) were analyzed using an automated biochemistry analyzer (Hitachi 7,600, Japan).



2.7 Analysis of radical scavenging activity

Radical scavenging activities in breast and thigh muscles using 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-azino-bis(3)-ethylbenzthiazoline-6-sulfonic acid (ABTS•+) were determined according to the procedures reported by Alexandre et al. (38). The radical scavenging activity of DPPH was determined by measuring the absorbance at 517 nm (OD517). The scavenging activity of ABTS was determined by measuring the absorbance at 734 nm (OD734). The radical scavenging activity of superoxide was determined according to the procedures reported by Jing and Zhao (39). The absorbance was measured at 420 nm (OD420). The scavenging activities of hydroxyl radical (•OH) and superoxide radical (O2•−) were determined using commercial kits according to the manufacturer’s instructions (Nanjing Jiancheng Institute of Bioengineering, Nanjing, China). The results are expressed as units (U) per milligram of protein for •OH − and U per gram of protein for O2•−.



2.8 Histological analysis

Fixed tissues were dehydrated, cleared, and embedded in paraffin. Paraffin sections (5 μm) were stained with hematoxylin and eosin. All samples were viewed under a light microscope. Images were captured using an Olympus DP72 camera and DP controller software (version 2.2, DP2-BSW; Olympus Optical Co.) at 100× magnification, and two images of each slice were taken at 100 × field of view. Villus height (μm), crypt depth (μm), and villus height to crypt depth (V/C) ratio were calculated for 10 villi per bird and averaged to yield a single value for each broiler.



2.9 Visceral indices

In Experiment 2, bird body weight was recorded on day 42 after 12 h of feed but not water deprivation. One bird from each replication was euthanized by cervical dislocation (six birds per treatment). The heart, liver, spleen, lungs, and kidneys were wet-weighed immediately after dissection. All the organs were checked to ensure that they were not contaminated with blood clots or other materials. Visceral indices were calculated as the weight of visceral tissue (mg) divided by body weight (kg).



2.10 Statistical analysis

Normality and homogeneity of variance were checked using the normal probability plot and the residual plot of the JMP software program (JMP®, version 14; SAS Institute Inc., Cary, NC, United States). Differences between treatments were determined using Analysis of Variance (ANOVA) in JMP 14.0. Mean separations were achieved using the Tukey HSD test at 5%. Errors are expressed as Standard Errors of the Mean (SEM). Regression analysis was used to test the linear and quadratic effects of increasing levels of PFAC supplementation. Differences were regarded as statistically significant at p < 0.05; an indicative trend was defined as 0.05 ≤ p < 0.10.

A multivariate correlation analysis was performed on all the data collected from all treatments. Intestinal MDA, IL-1β, IFN-γ, SIgA, and IGF-I levels were variables used to calculate Pearson’s correlation coefficients. Scatterplot matrices of the correlations were graphed. For discussion of the relative strength of the correlation, r was defined as follows (40): very weak (∣r∣ < 0.200), weak (∣r∣ = 0.200–0.399), moderate (∣r∣ = 0.400–0.599), strong (∣r∣ = 0.600–0.799), and very strong (∣r∣ = 0.800–0.999). Differences were regarded as statistically significant at p < 0.01; an indicative trend was defined as 0.01 ≤ p < 0.05; a potential correlation was defined as p < 0.10.




3 Results


3.1 Growth performance

From d 1 to d 21, dietary supplementation with 750 mg/kg and 1,000 mg/kg of PFAC increased (p < 0.05) both BWG and FI compared to CON (Table 2), while activated charcoal at 450 mg/kg did not alter BWG or FI in either phase. G:F was not significantly affected by either PFAC or activated charcoal during the experiment (p > 0.05).



TABLE 2 Effect of dietary treatments on broiler growth performance.a
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3.2 Protein, lipid, and glucose metabolism

PFAC treatments increased total protein (TP), and PFAC treatments at 1000 mg/kg increased albumin content compared to CON and AC at d 21 (p < 0.05) (Figure 1). Similarly, serum creatinine levels were increased by PFAC supplementation at 500 mg/kg and 1,000 mg/kg at d 21 compared to CON and AC (p < 0.01). These alterations in glucose and protein metabolism by PFAC supplementation were not observed on d 42, except that PFAC supplemented at 1000 mg/kg decreased serum urea concentration (p < 0.05). PFAC treatments generally had no significant effect on serum glucose on d 21 and d 42. PFAC treatments from 250 to 1,000 mg/kg increased serum HDL-cholesterol and LDL-cholesterol levels but decreased VLDL-cholesterol levels on d 21 compared to CON (p < 0.01) (Figure 1). This effect was comparable to the activated charcoal treatment. On d 42, all treatments, including PFAC at all dosages and activated charcoal, had no significant effect on serum cholesterol in broilers (p > 0.05).

[image: Figure 1]

FIGURE 1
 Effects of PFAC on serum biochemical indices in broilers on d 21. Dietary treatments were PFAC supplementation at the doses of 0, 250, 500, 750, and 1,000 mg/kg diets (CON, PFAC250, PFAC500, PFAC750, and PFAC1000) and 450 mg/kg activated charcoal (AC) supplementation. Boxes with different letters indicate significant differences between treatments at the level of p < 0.05.




3.3 Intestinal morphology

PFAC treatment generally improved intestinal morphology (Table 3). In the ileum, PFAC at 500 mg/kg increased villus height compared to CON (p < 0.05). Compared to CON, PFAC at 750 mg/kg increased villus height in the duodenum and jejunum (p < 0.05). Villus height in the duodenum showed a quadratic response to PFAC doses (p < 0.05). Crypt depth and the ratio of villus height to crypt depth were not significantly altered by PFAC. Villus height, crypt depth, and their ratio in the intestine showed no significant response to activated charcoal treatment.



TABLE 3 Effect of dietary treatments on broiler intestinal morphology.a
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3.4 Immunoglobulins and antioxidant indices

On d 21, PFAC treatments at 500 mg/kg increased serum IgA and IgM levels compared to CON (p < 0.05) (Figure 1). Activated charcoal did not alter serum immunoglobulins compared to CON. As shown in Figure 2, PFAC at 500 mg/kg decreased MDA levels in the duodenum and ileum compared to CON (p < 0.05). PFAC treatments at 750 mg/kg increased SIgA levels in the duodenum and decreased IL-1β levels in the ileum (p < 0.05).

[image: Figure 2]

FIGURE 2
 Effects of PFAC on indices related to local growth (IFG-1), antioxidant (MDA), immunity (SIgA), and inflammation (IL-1β) of intestine in broilers on d 42. Dietary treatments were PFAC supplementation at doses of 0, 250, 500, 750, and 1,000 mg/kg. Dietary activated charcoal (AC) at 450 mg/kg was also included in the experiment but is not shown in the figure. The results of the AC treatment showed no difference from the unsupplemented treatment (p > 0.05). The results of different doses of PFAC were analyzed by ANOVA, and * indicates a significant difference from the unsupplemented treatment at the level of p < 0.05. GraphPad Prism (8.0) was used to analyze the data, and a restricted cubic spline curve was generated to visualize the relationship between predicted intestinal indices and PFAC doses in broilers.




3.5 Effect of PFAC on scavenging activities in muscle

Significant differences were found in the scavenging activities of DPPH, ABTS•+, and O2•− attributable to the dietary treatments compared to CON and AC (Table 4). The DPPH-scavenging activity of breast muscle in PFAC-treated broilers was greater than that of CON (p < 0.05). Dietary supplementation of 500 mg/kg PFAC had higher ABST•+ reducing activities in the breast and thigh than CON (p < 0.05). In the thigh, dietary PFAC in broiler feed demonstrated an increased ability to scavenge O2•− free radicals compared with CON (p < 0.05).



TABLE 4 Effect of dietary treatments on the free radical scavenging activity of broiler meat.a
[image: Table4]



3.6 Correlation analysis of antioxidant and inflammatory parameters

In the serum (Figure 3), to identify the relationship between antioxidants (represented by MDA), inflammatory parameters (represented by IL-1β, IFN-γ), and growth factors (represented by IGF-I), data from all treatments (CON, AC, and PFAC250, PFAC500, PFAC750, and PFAC1000) were collected, and multivariate correlation analysis was performed on these data. IL-1β levels were strongly and positively correlated with IFN-γ levels on d 21 (r = 0.642) and weakly correlated with IFN-γ levels on d 42 (r = 0.394) (p < 0.05). Serum IGF-I had no significant correlations with serum levels of MDA, IL-1β, and IFN-γ on d 21, but a weak negative correlation with IL-1β (r = −0.317) on d 42.

[image: Figure 3]

FIGURE 3
 Heat map of correlation analysis on serum indices of oxidative stress, antioxidant, inflammatory, and growth factors represented by concentrations of MDA, concentrations of IL-1β and IFN-γ, and IGF-I. (A) At d 21; (B) at d 42. Color indicates correlation coefficient, r; blue indicates negative correlation, and red indicates positive correlation. * indicates p < 0.05 and **indicates p < 0.01.


In the intestine (Figure 4), MDA, representing oxidative levels, showed moderate to very strong positive correlation (p < 0.01) with IL-1β levels (r = 0.527, 0.912, and 0.888, respectively) in the duodenum, jejunum, and ileum. In the jejunum and ileum, MDA levels also showed moderate to strong positive correlations (p < 0.01) with mucosal SIgA (r = 0.550 and 0.680, respectively). In all three intestinal segments, IL-1β and SIgA showed moderate to strong positive correlations (in duodenum, r = 0.512; in jejunum, r = 0.590; in ileum, r = 0.757). These observations suggest concurrent oxidative stress, an inflammatory response, and adaptive immunity in the intestine. Interestingly, in the jejunum, IGF-I had a moderate positive correlation with MDA (r = 0.501), IL-1β (r = 0.413), and a weak correlation with SIgA (r = 0.269) (p < 0.01). In the other two intestinal segments, this correlation is less significant, as IGF-I in the duodenum showed a trend of positive correlation with IL-1β (0.01 ≤ p < 0.05) and a potential positive correlation with SIgA in the ileum (p < 0.10). The results indicated a jejunum-specific positive correlation of local growth factors with inflammatory and immune factors.

[image: Figure 4]

FIGURE 4
 Pearson’s Correlation analysis was performed on all intestine data collected from six treatments. (A) Data analysis of duodenum; (B) Data analysis of jejunum; (C) Data analysis of ileum. The relative strength of the correlation was defined as follows: very weak (∣r∣ < 0.200), weak (∣r∣ = 0.200–0.399), moderate (∣r∣ = 0.400–0.599), strong (∣r∣ = 0.600–0.799), and very strong (∣r∣ = 0.800–0.999). Differences were considered statistically significant at p < 0.01; an indicative trend was defined as 0.01 ≤ p < 0.05; a potential correlation was defined as p < 0.10.




3.7 Safety of PFAC in broilers

In the starter phase (Table 5), the addition of PFAC had no significant effect on the organ index of broilers compared with CON (p > 0.05). No visible histopathologic differences in the liver, spleen, or kidney were observed among the three treatments (data not shown).



TABLE 5 Effect of excess PFAC on broiler visceral index.a
[image: Table5]

On d 21, dietary supplementation with 7,500 mg/kg PFAC decreased the number of lymphocytes compared with the 750 mg/kg PFAC treatment (p < 0.05), and the platelet distribution width (PDW) of 750 mg/kg PFAC did not differ from that of 7,500 mg/kg PFAC (Table 6). On d 42, supplementation with 7,500 mg/kg PFAC had higher numbers of lymphocytes and lower PDW compared with that of 750 mg/kg PFAC (p < 0.05).



TABLE 6 Effect of excess PFAC on blood biochemical parameters in broilers.a
[image: Table6]

On d 21 and d 42, the dietary supplementation of PFAC (7,500 mg/kg) did not show differences from the treatment of the 750 mg/kg PFAC supplementation group on the indices of AST, ALT, and ALP, which represent liver damage (Figure 5). Dietary supplementation of 7,500 mg/kg PFAC significantly increased serum TP and ALB on d 21 compared to the unsupplemented treatment (p < 0.05) but showed no differences with the treatment of 750 mg/kg PFAC. Dietary supplementation of PFAC had no significant effect on the serum biochemistry of broiler chickens on d 42 (p > 0.05).

[image: Figure 5]

FIGURE 5
 Effect of excess levels of PFAC on serum parameters in broilers on d 21 and d 42. Dietary treatments were PFAC supplementation at doses of 0, 750, and 7,500 mg/kg. ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TP, total protein, ALB, albumin; CREA, creatinine. Bars with different letters indicate significant differences (p < 0.05). Differences among all dietary treatments were analyzed by ANOVA. Means in the same row with different letters indicate statistical differences at the level of p < 0.05. SEM, standard error of the mean.





4 Discussion

Chinese herbal extracts contain various active components that exert antibacterial, anti-inflammatory, and antioxidant activities. These active components include phenolic acids, flavonoids, alkaloids, saponins, and polysaccharides. Extraction of herbs with alcohol contains more total phenolic acids and total flavonoids than aqueous extraction (41). In our previous studies, herbal extract was coupled with activated charcoal to form a charcoal-herb complex for feeding piglets and broilers. We found that the charcoal-herb complex promoted growth performance, enhanced body immunity, reduced inflammation, and improved antioxidant status (29–32). Four types of Chinese medicine were used according to their specific functions reported in the scientific literature (42–45). These extracts from mixed medicinal herbs were not effective when fed at 25 mg/kg in feed (32). This dose was more than 200 times lower than previously reported beneficial doses of mixed extracts (46). However, this low dose of herbal extract significantly facilitated the function of activated charcoal in promoting growth performance, anti-inflammatory, and antioxidant activities (32). Without sorption of the extract, activated charcoal at the same dose showed no such activity. In our studies, the herbs were extracted with either aqueous (32) or alcoholic (30) methods, and they showed similar positive effects on the facilitation of activated charcoal in broilers. These results raised the question of whether the herbal extract, regardless of the extraction method, contained major components that could enhance the activity of activated charcoal.

In the present study, we found that AC sorption of the herb extract containing more than 80% of phenols and flavonoids was beneficial to the growth performance of broilers (at 750 or 1,000 mg/kg PFAC) and the improvement of anti-inflammatory and antioxidant status (at 500 or 750 mg/kg PFAC) in the ileum of broilers. These results were similar to those of activated charcoal sorption of the herbal extract of four types of medicinal Chinese herbs (28). These indicated that phenols and flavonoids represented the majority of the functions of herbal extracts in cooperating with activated charcoal. In the literature, wood vinegar containing organic acids and phenols, with activated charcoal, effectively improved growth performance, intestinal morphology, and antimicrobial activity in broilers (47–50).

Coating charcoal with liquid organic substances can alter the chemical properties of charcoal by improving its hydrophilicity, which is beneficial in the aqueous environment of the digestive tract (25). In addition to adsorption activity, charcoal or activated charcoal can act as geo-batteries because it can accept, store, and mediate electrons in biochemical reactions. Surface ligands such as phenol can harbor and aid electron transfer (23). Herbal extracts usually contain multiple active components, such as phenols and flavonoids (51). Phenols are active ligands of the retinoid X receptor, and flavonoids are ligands to activate the pregnane X receptor. Retinoid X receptors can form heterodimers with multiple nuclear receptors to initiate a variety of physiological and pharmacological signaling pathways (52). The Pregnane X receptor is a master transcription factor for xenobiotic-induced expression of key genes encoding metabolic enzymes and transporters (53). Phenols and flavonoids represent a majority of the functions of the herbal extract, regardless of the specific herbs sourced, in cooperation with activated charcoal in promoting growth performance and improving anti-inflammatory and antioxidative status in broilers, as proved in this study. The results of this study were very useful for the production of activated charcoal and the sorption of herbal extracts. The contents of phenols and flavonoids were more important than the number and types of medicinal herbal extracts. In one of our previous studies, four types of Chinese herbs were used for herbal extract, including Pulsatilla chinensis, Portulaca oleracea L., Artemisia argyi Folium, and Pteris multifida Poir. Among them, Portulaca oleracea L. is more abundant and low-cost. In this study, the phenols and flavonoids from the herbal extract of Portulaca oleracea L., sorption of activated charcoal received similar promoting effects compared with those of the extracts from the four types of herbs. The results of this study could significantly reduce the cost of producing activated charcoal sorption herbal extract.

The present study on broilers confirmed the finding that supplementing feed with PFAC could induce a positive effect on cholesterol production compared to CON (31), but not with AC. Although the serum biochemistry differed among the treatments, the values were all within the normal reference range for broilers (54, 55). Chinese herbal extract contains polyphenol, which induces a reduction in total cholesterol and LDL-C by increasing bile acid excretion (56). The inclusion of PFAC had a greater effect on broilers in the starter phase, with increased lipid metabolism, than in the grower phase. Other researchers have suggested that the response of broilers to dietary charcoal may vary with age (57, 58).

The production, utilization, and scavenging of reactive oxygen species (ROS) in the body maintain a dynamic balance. When the body’s ROS production and antioxidant system are out of balance, oxidative stress occurs, leading to the overproduction of lipids, proteins, nucleic acids, and other macromolecules in the body (59). The levels and activities of antioxidant enzymes such as total SOD, GSH-PX, and CAT are often used as important indicators to evaluate the function of body tissues and organs (60). The results of this experiment demonstrated that dietary supplementation with PFAC could increase the antioxidant capacity of broilers by improving total SOD activity in the liver and kidney, as reported by Jiang et al. (61). The oxidative stability of chickens is related to the free radical scavenging capacity of muscle tissue and dietary antioxidant content (62).

Oxidative stress and inflammatory responses are often associated with enteritis in broilers and piglets (3, 4). If an antioxidant can alleviate structural damage to the intestine induced by oxidative stress and the inflammation-induced immune response, it is logical to propose that antioxidants can save energy for animals to redirect to improved growth performance. Therefore, we conducted an analysis of all specimens of the study treatments on the correlations between oxidative stress, antioxidant capacity, immune response, inflammatory response, and local growth factor. In the serum, we observed strong correlations in the broilers between the levels of MDA and IGF-1, and IL-1β and IFN-γ on d 21. There are few reports of a direct relationship between IL-1β and IFN-γ in the scientific literature. One of the links between them was contributed by the cells that secreted them, the B cells. IL-1β is a growth factor for B cell proliferation (63), while B cells can produce IFN-γ (64). In the intestine, IL-1β showed moderate to very strong positive correlations with MDA levels and SIgA levels. This was evidence of concurrent lipid peroxidation and the occurrence of local inflammation in the intestine. Oxidative stress induced by toxins or pathogens can cause inflammation and mucosal immune responses (65, 66). For example, oxidized low-density lipoprotein induced adhesion, influx of monocytes, and cytokine release (67). Peyer’s patches, which harbor B cells, T cells, macrophages, and dendritic cells located in the jejunum and ileum, greatly impact both cellular and humoral immunity in the intestine (68). Interestingly, serum IGF-I level was negatively correlated with serum IL-1β, while IGF-I level had a weak positive correlation with IL-1β and SIgA in the jejunum. This result revealed different roles of IGF-I in the systemic circulation. IGF-I may be related to body growth and local release from intestinal macrophages, which may be involved in tissue repair. Macrophages involved in wound repair increased IGF-I production to help alleviate local tissue damage caused by oxidative stress (69, 70). Correlation analysis revealed a scenario of antioxidant, anti-inflammatory, and promoted growth effects in the jejunum and ileum.

In clinical practice, serum albumin levels are associated with granular degeneration of the liver and are considered to be an important indicator of liver disease (71, 72). The addition of PFAC caused an increase in these serum biochemical parameters, but the values obtained in this test were within the range of normal poultry blood biochemistry (54, 73). Furthermore, no pathological changes were observed in histological sections of the liver and kidney. These results suggest that PFAC supplementation up to 7,500 mg/kg in broiler diets has no detrimental effects on organ and body health, which may be related to the increased antioxidant capacity of the organism.



5 Conclusion

In conclusion, the sorption of phenols and flavonoids into activated charcoal (500 mg/kg to 1,000 mg/kg) improved growth performance, anti-inflammatory and antioxidant status, protein metabolism, and intestinal morphology. Concerning these indices, phenols, and flavonoids, in cooperation with activated charcoal, represented a majority of the functions of the herbal extracts from multiple Chinese medicinal herbs. Excessive PFAC (7,500 mg/kg) showed no significant detrimental effects on broiler growth, liver function, or hematology. These results suggest that PFAC is a safe feed additive for broilers.
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Starter Phase Grower Phase

(d 1-21) (d 22-42)
Corn 59.85 60.80
Soybean meal 30.13 2863
Fish meal 400 277
Soybean oil 275 454
Dicalcium phosphate 0.8 100
Limestone 145 138
98% DL-Methionine 014 0.08
Salt 030 0.30
Vitamin-mineral premix’ 0.50 0.50
Total 10000 100.00

Nutrient levels

Digestible energy, keal/kg 222200 3107.00
Crude protein 2146 2000
Calcium 099 0.95
Total phosphorus 0.68 0.67
Methionine 050 0.41
Lysine 113 104

“The premix provided the following per kilogram of the. umin B, 300 mg; vitamin B2,
1,200 mg vitamin B6, 600 me; vitamin B12, 2.4 mg; niacin, 6,000 mg; pantothenic acid,

2,400 mg; folic acid, 60 me; biotin, 2.4 mg; iron, 18g; copper, 2g zinc, 15 manganese, 14g;
iodine, 120 mg; and selenium, 66 mg. Nutrient levels are calculated values.
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PFAC, mg/kg

500 750

Breast

DPPH, % 2 2349 2998° 30.44¢ 791" 27310 057 <001
ABTS", % 3349 30,67 475" 45.05" 4422 40.66" 107 <001
07, Ulg protein Lo 0.98° 108" 11§ 104 103 002 <001
OH, Ulmg protein 1761 1692 1822 1823 1801 18.29 023 051
Thigh

DPPH, % 2113 21 2326 2108 211 210 032 053
ABTS", % 3058 .94 34120 3246" 2994 3204 045 002
0, Ulg protein 128 127 133 La1® 1210 129 0.02 001
OHE, U/mg protein 2042 19.70 2009 2140 19.93 2015 0.28 0.62

‘Dietary treatments were PFAC supplementation at doses of 0, 250, 500, 750, and 1,000 mg/kg (CON, PFAC250, PEACS00, PFAC750, and PFAC1000) and 450 mg/kg activated charcoal (AC)
supplementation. Differences among alldietary treatments were analyzed by ANOVA. Significant differences between groups were expressed as different superscript capital (p <0.05) or
lowercase (p<0.01) letters in the same row. Linear and quadratic analyses were performed between CON and PFAC treatments. SEM, standard error of the mean; ABTS™", (2,2"-zino-bis
(3-ethylbenzthiazoline-6-sulfonic acid)), DPPH, 2,2-diphenyl-1-picrylhydrazyl.
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PFAC, mg/kg p-value Linear ~Quadratic

500 750

Body weight, g

1d 4151 4200 4169 4186 4168 4169 01 07 081 084
21d 55153 54951 552.00° 564.14 614.60" 610.70" 43 004 012 0.08
42d 1855.70 186114 1880.22 1906.30 193288 1916.21 2216 009 003 0.13
1-214d

BWG, g/bird 510.88° 50872 512316 52382 578.24¢ 57189 58 0.04 072 0.09
FL g/bird 790.22" 78241° 77181° 78853 83490" 83661 101 <001 070 0.29
GF 064 065 0.67 067 0.69 068 0.02 054 069 036
22-42d

BWG, g/bird 1290.13 1283.41 131064 134270 132940 1309.69 18.1 0.06 001 0.09
Fl, g/bird 23428 22487 22574 2729 220188 219831 294 025 0.09 020
GF 055 0.57 058 059 061 0.60 012 0.25 014 037
1-42d

BWG, g/bird 180112 1792.11 182290 186652 1907.61 188159 047 005 002 0.04
FL, g/bird 313367 303114 302921 3061.44 3036.83 303490 0.50 0.49 040 0.15
GF 057 0.59 0.60 061 0.63 062 0.10 038 014 054

‘Dietary treatments were PFAC supplementation at doses of 0, 250, 500, 750, and 1,000 mg/ke (CON, PFAC250, PEAC500, PEAC750, and PFAC1000) and 450 mg/kg activated charcoal (AC)
supplementation. Differences amongall dietary treatments were analyzed by ANOVA. Significant differences between groups were expressed as different superscript capital (p<0.05) or
lowercase (p<0.01) letters in the same row. Linear and quadratic analyses were performed between CON and PFAC treatments. SEM, standard error of the mean; BWG, body-weight gain; FI,

feed intake; G:F, gain-to-feed ratio.
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PFAC, mg/kg P-value Linear  Quadratic

500 750
Duodenum
Villus height,pm | 125060° | 1270.04° | 1296.43" 152024 1701210 1567.52" 1210 <001 061 0.04
Cryptdepth,pm 16437 16136 189.49 18262 194.00 184.63 982 034 0.87 0.08
\Z 820 867 658 907 859 852 122 0.09 0.89 0.48
Jejunum
Villus height,pm | 120960 1200.61° | 1293.19" 1440.48" 1427.75* 133466" 3463 004 0.06 0.09
Cryptdepth,pm 148,30 13354 139.63 152.99 150.14 14579 347 on 0.07 015
\ 816" 836" 874" 854 8,83 9.05* 2038 004 o1 0.94
Teum
Villus height,pm | 120457° | 122006° | 1285.07" 1329.50" 1161.58" 17635 1986 003 0.10 012
Cryptdepth,pm 17936 17472 182.83 192.67 17028 185.43 7.18 0.06 0.19 027
vic 672 684 7.18 686 647 623 103 0.15 0.57 0.57

‘Dietary treatments were PFAC supplementation at doses of 0, 250, 500, 750, and 1,000 mg/kg (CON, PFAC250, PFACS00, PFAC750, and PFAC1000) and 450 mg/kg activated charcoal (AC)
supplementation. Differences among alldietary treatments were analyzed by ANOVA. Significant differences between groups were expressed as different superscript capital (p<0.05) or
lowercase (< 0.01) letters in the same row. Linear and quadratic analyses were performed between CON and PFAC treatments. SEM, standard error of the mean; V/C, the rato of vllus height
to crypt depth.
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