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Abstract

:

This study aimed to investigate the antioxidant activity and antibacterial effect of total flavonoids from Persicaria hydropiper (L.) Spach (TFs-Ph) and to provide a theoretical basis for the development of drugs for the treatment of pathogenic Escherichia coli and Salmonella spp. of broiler origin. Firstly, the response surface optimization heating reflux method was used to extract TFs-Ph, and the effects of ethanol concentration, solid–liquid ratio, heating reflux time, heating reflux temperature, and number of extraction times on the extraction yield of TFs-Ph were analyzed to determine the optimal extraction conditions. The antioxidant activity of TFs-Ph was determined by measuring the scavenging ability against hydroxyl radicals (•OH), 1,1-diphenyl-2-picrylhydrazyl (DPPH), superoxide anion (•O2−), and 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). The antibacterial effect of TFs-Ph was determined by the disk diffusion method. The results showed that the optimal extraction parameters of TFs-Ph were as follows: ethanol concentration of 51%, solid-liquid ratio of 1:24 g/mL, heating reflux time of 74 min, heating reflux temperature of 70 °C, and three extraction times; in this case, the extraction yield of TFs-Ph was 6.37%. TFs-Ph had a strong scavenging ability against the free radicals of •OH, DPPH, •O2−, and ABTS, and the antioxidant activity was better than that of vitamin C (Vc). In addition, it showed a better antibacterial effect against pathogenic Escherichia coli and Salmonella of broiler origin compared with ampicillin (AMP). Therefore, TFs-Ph have a certain potential to replace antibiotics.
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1. Introduction


Persicaria hydropiper (L.) Spach, a traditional Chinese herbal medicine, is an annual herb of the genus Polygonum in the family Polygonaceae [1]. It has the effects of detumescence, clearing away heat and toxic materials, activating blood and dissolving stasis, and treating rheumatic pain [2], and flavonoids are the main active components [3,4]. In traditional medicine, P. hydropiper is widely used to treat gastrointestinal disorders, dysentery, pain, excessive menstrual bleeding, and other diseases [5,6,7], while in veterinary clinics, P. hydropiper is mainly used to treat diarrhea and dysentery in livestock or poultry and can also be used to treat uterine bleeding and intestinal parasites in animals, with remarkable curative effects [8,9,10].



China’s broiler farming market is huge and tends to be large-scale with intensive development. Large-scale and intensive farming is characterized by advanced equipment, efficient management, and high feed-to-meat ratio; however, there are also problems, such as high stocking density and frequent occurrence of bacterial diseases [11,12,13], where E. coli and Salmonella spp. are the main bacterial infections [14,15]. With the implementation of the “anti-antibiotics order”, the addition of antibiotics to feed is prohibited, so the development of natural antimicrobials that can replace antibiotics is currently the only way [16,17,18,19]. Therefore, it is of great significance to extract TFs-Ph and explore their antioxidant properties and inhibitory effects on pathogenic E. coli and Salmonella from broilers, as they can be applied as veterinary medicine in the animal husbandry industry [20].



There have been many previous studies on the extraction of total flavonoids from plants. Zhao et al. [21] extracted flavonoids from Nitrariasibirica leaves by the ultrasound-assisted response surface methodology, and the extracts showed good antioxidant activity, with 86.99% DPPH scavenging. Miao et al. [22] extracted flavonoids from Xanthoceras sorbifolium Bunge leaves by the ultrasound-assisted method and determined that the flavonoid extraction yield under optimal process conditions was 5.52% and the extracts had strong antioxidant ability against DPPH and ABTS. To determine the medicinal value of flavonoids, extensive research has been carried out by previous researchers and has shown significant differences in the antioxidant and bacteriostatic activities of flavonoids from different species or different sources. Ożarowski et al. [23] reviewed the antioxidant properties of flavonoids from Passiflora species and concluded that Passiflora flavonoids have strong antioxidant activity and can be a valuable anti-oxidative medication for the prevention or treatment of many diseases associated with inflammation. Hu et al. [24] studied the antioxidant capacity of flavonoids from Folium Artemisia Argyi and the molecular mechanism in Caenorhabditis elegans. The results demonstrated that the flavonoids had a good scavenging effect in vitro and exerted antioxidant effects by improving the activity of antioxidant enzymes under acute stress to reduce reactive oxygen species (ROS) accumulation in vivo in C. elegans. Lu et al. [25] extracted flavonoids from Fengdan Peony and found that the flavonoids had a certain antibacterial effect on Gram-positive bacteria such as S. aureus and B. subtilis but had no antibacterial effect on Gram-negative bacteria such as E. coli and Salmonella. The research study by El-Zahar et al. [26] suggested that the synergistic effect of extracts from Berberis vulgaris  with both antibacterial and antioxidant compounds may enhance their pathogenic antimicrobial capabilities.



So far, there have been few studies on the extraction of TFs-Ph, and the antioxidant and antibacterial activities of these extracts are unknown. Therefore, in this study, TFs-Ph were extracted by the heating reflux method, and the antioxidant activities, as well as the antibacterial effects against pathogenic E. coli and Salmonella from broilers, were determined to explore the possibility of their use as antibiotic substitutes, with a view to providing a theoretical basis for the further utilization of TFs-Ph as veterinary medicine resources.




2. Materials and Methods


2.1. Materials and Equipment


2.1.1. Materials and Reagents


The plant we studied is a common wild herb that grows in agricultural fields or watersides. The herb P. hydropiper was collected whole in October 2022 in Wuyishan City (27°32′36″ N, 117°24′12″ E), Fujian Province, China, and identified by Professor Yanyan Li, horticulture major at Wuyi University. It was dried naturally and then dried in an oven (DHG-9123A; Shanghai Jinghong Experimental Equipment Co., Ltd., Shanghai, China) at 50 °C, ground into powder with a grinder (WJX-500A; Yongkang Red Sun Electromechanical Co., Ltd., Zhongshan, China), and then passed through a 100-mesh sieve.



Rutin standard, anhydrous ethanol, Vc, salicylic acid, H2O2, FeSO4, NaOH, Al(NO3)3, NaNO2, and pyrogallol were supplied by Sinopharm Chemical Reagent Co., Ltd., Shanghai, China; DPPH and ABTS were supplied by Shanghai Macklin Biochemical Co., Ltd., Shanghai, China; Mueller–Hinton Agar (MHA), blank disk, and ampicillin disk (AMP), were purchased from Oxoid company, Basingstoke, UK.




2.1.2. Bacterial Strains


Bacterial strains used in this study and the related information are shown in Table 1. E. coli ATCC25922 and Salmonella ATCC14028 were purchased from China Microbial Resource Center. All the other strains were isolated from diseased or dead white-feathered broilers which were from farms in northern Fujian Provience, China. The 16S rDNA sequence of the strains were identified as E. coli or Salmonella by 16Sr DNA.





2.2. Plotting of Rutin Standard Curve


The standard curve was plotted using NaNO2-Al(NO3)3-NaOH colorimetric method [27]: 0.2 mg/mL rutin standard solution was prepared with 60% ethanol, completely dissolved by ultrasound. Different volumes of rutin standard solution (0.0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0 mL) were added into 8 volumetric flasks. Then 1.0 mL 0.5% NaNO2 was added, shaken, and stood for 6 min. 1.0 mL 10% Al(NO3)3 was added, shaken, and stood for 6 min. 10.0 mL 0.1% NaOH was added, the volume was fixed to 25 mL with 60% ethanol, shaken, and stood for 15 min. Finally, the absorbance (OD) value was measured by ultraviolet spectrophotometer (V-1100D, Jiangsu Tianrui Instrument Co., Ltd., Kunshan, China) at 510 nm.




2.3. Calculation of the Extraction Yield of TFs-Ph


The method of Zhao et al. [28] was used to extract TFs-Ph with h a few adjustments. P. hydropiper powder (10.0 g) was added into 500 mL of extraction bottle, mixed well, and soaked for 30 min. The heated reflux was carried out in a water bath (HH-S4, Changzhou Zhongjie Testing Instrument Co., Ltd., Changzhou, China) at different temperatures. After filtration and collection of the filtrate, it was evaporated to 100 mL in a rotary evaporator (RE-2000A, Shanghai Yarong Biochemical Instrument Factory, Shanghai, China). Then the concentrate was transferred to a centrifuge tube and centrifuged (TGL-16G, Shanghai Anting Scientific Instrument Factory, Shanghai, China) at 3500 r/min for 10 min, and the supernatant was collected as the TFs-Ph.



TFs-Ph extract was calibrated according to the method of the rutin standard curve, and the OD value was measured. Then the TFs-Ph extraction yield was calculated.


  E x t r a c t i o n   y i e l d   o f   T F s   f r o m   P .   h y d r o p i p e r   %   =   C × V × X   M   × 100 %  



(1)




where:




	
C: the concentration of TFs-Ph (mg/mL);



	
V: the volume of extraction solution after calibration (mL);



	
X: the dilution times;



	
M: the mass of P. hydropiper powder (mg).









2.4. Single-Factor Experiment


The single-factor tests were carried out based on the fixed solid-liquid ratio of 1:20, heating reflux time of 60 min, heating reflux temperature of 60 °C, ethanol concentration of 50%, and extraction times of 3 to investigate the solid-liquid ratio (g/mL) (1:10, 1:15, 1:20, 1:25, 1:30), heating reflux time (min) (30, 60, 90, 120, 150), heating reflux temperature (°C) (40, 50, 60, 70, 80), ethanol concentration (%) (30, 40, 50, 60, 70), and extraction times (times) (1, 2, 3, 4) on the extraction yield of TFs-Ph.




2.5. Plackett-Burman (PB) Design


According to the single factor tests, the PB design was used to evaluate every single factor and screen the main influencing effectors. The levels of each factor are shown in Table 2.




2.6. Box-Behnken (BB) Optimization Design


According to the screening results of the PB design, solid-liquid ratio, heating reflux time, and ethanol concentration were selected as the main influencing factors, and the BB optimization design was carried out with the extraction yield of TFs-Ph as the response value. The levels of each factor are shown in Table 3.




2.7. Antioxidant Activity Evaluation of TFs-Ph


The P. hydropiper extract was concentrated to paste, and the sample solution of TFs-Ph was prepared into 1.0 mg/mL with optimal ethanol extraction concentration solution (51%), then was diluted into the appropriate concentration of TFs-Ph to be measured. The positive control vitamin C (Vc) solution was prepared as above.



The antioxidant activity of TFs-Ph was evaluated by referring to some literature with minor modifications, including the scavenging activity of •OH, DPPH, •O2−, and ABTS [29,30,31].



2.7.1. Determination of •OH Scavenging Activity


1.0 mL the sample solution was mixed with 0.3 mL 9 mmol/L salicylic acid solution and 0.3 mL 9 mmol/L FeSO4 solution, replenished to 6 mL with ultrapure water, and shaken well. Then 0.3 mL of 8.8 mmol/L H2O2 solution was added and bathed in water for 10 min at 37 °C. The absorbance (Asample) was measured at 510 nm; Ultrapure water was used instead of salicylic acid solution to determine the background absorbance (Abackground); Ultrapure water was substituted for the sample solution as a negative control and the absorbance (Acontrol) was measured. The •OH scavenging rate was calculated as Formula (2).


  • O H   s c a v e n g i n g   r a t e   %   = 1 −     A   s a m p l e 510   −   A   b a c k g r o u n d 510       A     c o n t r o l 510     × 100 %  



(2)








2.7.2. Determination of DPPH Scavenging Activity


0.1 mL the sample solution was mixed with 4.0 mL 0.06 mg/mL DPPH ethanol solution, shaken well, and reacted for 30 min away from light. The absorbance (Asample) was measured at 517 nm; Anhydrous ethanol was used instead of DPPH solution to determine the background value absorbance (Abackground); anhydrous ethanol was used instead of the sample solution as a negative control and the absorbance (Acontrol) was measured. The DPPH scavenging rate was calculated as Formula (3).


  D P P H   s c a v e n g i n g   r a t e   %   = 1 −     A   s a m p l e 517   −   A   b a c k g r o u n d 517       A     c o n t r o l 517     × 100 %  



(3)








2.7.3. Determination of •O2− Scavenging Activity


3 mL the sample solution was mixed with 0.5 mL 25 mmol/L pyrogallol and 4.5 mL Tris-HCl (pH 8.0) in a water bath at 25 °C for 5 min; Then the reaction was stopped with 0.1 mL 8 mmol/L HCl, and the absorbance (Asample) was measured at 325 nm; ultrapure water was used instead of pyrogallol solution to determine the background absorbance (Abackground); Ultrapure water was substituted for the sample solution as a negative control and the absorbance (Acontrol) was measured. The •O2− scavenging rate was calculated as Formula (4).


    • O   2 −     s c a v e n g i n g   r a t e   %   = 1 −     A   s a m p l e 325   −   A   b a c k g r o u n d 325       A   c o n t r o l 325     × 100 %  



(4)








2.7.4. Determination of ABTS Scavenging Activity


100 µL sample solution was mixed with 6.0 mL ABTS solution, and the reaction was protected from light for 6 min; The absorbance (Asample) was measured at 734 nm, ultrapure water was used instead of ABTS solution to determine the background absorbance (Abackground); Ultrapure water was substituted for the sample solution as a negative control and the absorbance (Acontrol) was measured. The ABTS scavenging rate was calculated as Formula (5).


  A B T S   s c a v e n g i n g   r a t e   %   = 1 −     A   s a m p l e 734   −   A   b a c k g r o u n d 734       A   c o n t r o l 734     × 100 %  



(5)









2.8. Antibacterial Effect Evaluation of TFs-Ph


The TFs-Ph was concentrated to paste and then was prepared into high (80 mg/mL), medium (40 mg/mL), and low (20 mg/mL) dosage groups with sterile normal saline. Stored at 4 °C for later use. The strains to be tested (Table 1) were removed from −80 °C, and activated to an OD600 value of 0.6.



The antibacterial effect of TFs-Ph was examined according to the method of disk diffusion issued by the Clinical and Laboratory Standards Institute (CLSI) [32]. Briefly, 100 μL bacterial suspension was uniformly spread on the MH agar plate, then blank disks (6 mm) were pasted on the agar surface and 10 μL TFs-Ph concentrate was added onto each blank disk. Ampicillin (AMP) was used as a positive control while sterile normal saline as a negative control. The plates were incubated (SPJ-250, Tianhong Experimental Instrument Factory, Wuhan, China) at 37 °C for 24 h. The antibacterial effect was evaluated by measuring the diameters of antibacterial circles.



The following zone diameter criteria were used to assign susceptibility or resistance to TFs-Ph: Susceptible (S) ≥ 15 mm, Intermediate (I) = 11–14 mm, and Resistant (R) ≤ 10 mm. While criteria for assigning susceptibility or resistance to AMP were as follows: (S) ≥ 17 mm, (I) = 14–16 mm, and (R) ≤ 13 mm [33].




2.9. Data Analysis


All the tests in this study were conducted in three parallel trials and the results were expressed as mean ± standard deviation (SD). Data analyses were done by the software Origin Pro 2022, SPSS Statistics 22, and Design Expert 12.





3. Results and Discussion


3.1. Standard Curve Result


The rutin standard curve is shown in Figure 1. The regression equation: Y = 12.732X − 0.0094 (R2 = 0.9995), which showed good linearity and can be used for the determination of flavonoid content.




3.2. The Influence of Single-Factor Experiment on TFs-Ph Extraction Yield


The influence of solid-liquid ratio: As illustrated in Figure 2A, the extraction yield of TFs-Ph was increased from 5.96% to 6.11% with the increase of solid-liquid ratio from 1:10 to 1:25, which may be attributed to the fact that the increase in the solid-liquid ratio can promote the solvent to penetrate the plant cellular tissues more sufficiently to allow the TFs-Ph to maximize the degree of dissolution. Whereas, the extraction yield decreased after the solid-liquid ratio was greater than 1:25, which may be that during flavonoid extraction, there are non-flavonoids dissolved, competing with TFs-Ph for solvent [25]. Thus, the solid-liquid ratio should be about 1:25.



The influence of heating reflux time: As illustrated in Figure 2B, the extraction yield of TFs-Ph increased until reached to a maximum value of 6.22% between the heating reflux time of 30–60 min. However, the extraction yield decreased with extended heating reflux time. It may be that the heating reflux time was too long, resulting in hydrolysis of TFs-Ph or volatilization of solvent [34]. Thus, the optimal heat reflux time was about 60 min.



The influence of heating reflux temperature: As illustrated in Figure 2C, the extraction yield of TFs-Ph increased with the increase of heating reflux temperature, and reached a maximum value of 5.96% at 70 °C. While the extraction yield decreased when the temperature continued to increase. This is because an appropriate increase in temperature can accelerate the diffusion rate of molecules, and thus increase the release of bioactive substances in plant cells. But when the temperature is higher than the optimal level it would lead to the decomposition of heat-sensitive compounds such as flavonoids [29]. Thus, the best heat reflux temperature was 70 °C.



The effect of ethanol concentration on the extraction yield of TFs-Ph was determined and the result was illustrated in Figure 2D: the TFs-Ph increased gradually between 30–50% ethanol concentration and reached a maximum of 5.80% at 50% ethanol concentration, then the extraction yield decreased, and the extraction yield was greatly affected by the concentration of ethanol. This reason may be related to the polarity of ethanol and the solubility of TFs-Ph [35]. Thus, the optimal ethanol concentration may be about 50%.



The influence of extraction times: As illustrated in Figure 2E, the extraction yield increased with increasing extraction times. The second extraction yield increased by 0.78% compared to the first one, the third one increased by 1.28% compared to the second one, and the fourth one increased by 0.13% compared to the third one. Briefly, although the extraction yield increased with the increase number of extraction times, there was not much growth in the extraction yield. Thus, taking into account factors such as extraction efficiency and economic cost, the appropriate extraction times was 3.




3.3. Screening of Main Influencing Factors by PB Design


A two-level PB design of 12 runs was performed in this study to unbiasedly screen the main influencing factors that significantly affect the extraction of TFs-Ph. The PB design and results are shown in Table 4. And Table 5 shows the result of significance analysis.



The regression model between each significant factor and the Extraction yield (Y) was established by PB design as follows:


Y = 5.44 + 0.3458 X1 + 0.2025 X2 − 0.1975 X3 − 0.1008 X4 + 0.1892 X5











As shown in Table 5, according to the effect value, the key factors influencing the extraction yield of TFs-Ph were as follows: X1 (ethanol concentration) > X2 (solid-liquid ratio) > X3 (heating reflux time) > X5 (extraction times) > X4 (heating reflux temperature). The effect of ethanol concentration on the extraction yield of TFs-Ph attained a highly significant level (p ≤ 0.01), solid-liquid ratio, heating reflux time, and extraction times reached a significant level (p ≤ 0.05), while heating reflux temperature was not significant. So, ethanol concentration, solid-liquid ratio, and heating reflux time were selected to optimize the response surface. Meanwhile, in order to save time and economic cost, combined with single factor result, the extraction times was fixed at 3 times, and the heating reflux temperature was 70 °C.




3.4. Optimization of Significant Factors by BB Design


A two-level PB design of 12 runs was performed in this study to unbiasedly screen the main influencing factors.



According to the principle of BB design, response surface analysis of the TFs-Ph extraction yield was carried out by Design Expert 12 software. The results were illustrated in Table 6 and the regression model between each significant factor and the response value (Y) was established as follows:


Y = 6.43 + 0.05A − 0.01B + 0.0575C − 0.0675AB + 0.4275AC − 0.0675BC −

0.8943A2 − 0.1993B2 − 0.1392C2











The regression model was analyzed for significance and the results are shown in Table 7. In this regression model, the probability value (p < 0.0001) indicated that the established regression model reached an unusually significant level. The lack of fit value (p = 0.2303 > 0.05) was not significant, the coefficient of variation (CV% = 0.8631 < 10) indicated that the unknown factors had little effect on the results and the model had good experimental stability. The coefficient of determination (R2 = 0.9961) and adjusted coefficient of determination (R2adj = 0.9912), indicated that 99.61% of the experimental data could be accounted for by this regression model with high reliability. Therefore, the regression model can be used for the prediction of TFs-Ph extraction yield.



As shown in Figure 3, 3-D response surface and 2-D contour plots were drawn to reveal the interactions between two variables. The response surface diagrams were all open downward, which indicated that there was a maximum value. The highest points of Figure 3A,C,E were the optimal conditions for the interaction factors of AB, AC, and BC. The 2-D contour slopes AB (Figure 3B) and AC (Figure 3D) were steeper, while BC (Figure 3F) were relatively flat, indicating that the interaction of AB and AC had a greater influence on the extraction yield of TFs-Ph than BC. Which was consistent with the results of single-factor experiments and PB design.



After analyzing the regression model by Design Expert 12.0 software, the optimal extraction condition of TFs-Ph was predicted as follows: the concentration of ethanol was 51.42%, the solid-liquid ratio was 1:24.37 g/mL, and the heating reflux time was 73.62 min. In this case, the extraction yield of TFs-Ph was 6.44%. Considering the practical operation, the theoretical parameters were adjusted as follows: the ethanol concentration was 51%, the solid-liquid ratio was 1:24 g/mL, and the heating reflux time was 74 min. Combined with the optimal reflux temperature of 70 °C, the extraction times of 3, the actual extraction yield of TFs-Ph was 6.37 ± 0.04%. The relative error with the predicted value is 1.09% (<5%), indicating that the extraction conditions are highly reliable and can be used to guide the actual operation.




3.5. Study on the Antioxidant Activities of TFs-Ph


•OH is highly active and is the most cytotoxic ROS, which can quickly react with any biomolecules and then cause severe damage to the adjacent organs or tissues [36]. Therefore, it is important to study the scavenging ability of flavonoids on •OH. According to Figure 4A, the scavenging ability of TFs-Ph and Vc on •OH showed a tendency of increasing and then leveling off: in the concentration range of 0.10–0.40 mg/mL, it showed a significant upward trend, and at a concentration of 0.50 mg/mL, the •OH scavenging rates of TFs-Ph and Vc were 98.1% and 89.9% respectively. The IC50 value of TFs-Ph for •OH was 0.14 mg/mL, while that of Vc was 0.27 mg/mL. At the same concentration, the scavenging ability of TFs-Ph on •OH was always higher than that of Vc.



According to Figure 4B, with the increase of concentration, the scavenging ability of TFs-Ph on DPPH gradually increased and eventually stabilized, whereas the scavenging effect of Vc on DPPH showed a certain quantitative effect relationship. At the concentration of 0.25 mg/mL for both, their DPPH scavenging rates were basically the same, 91.9% and 87.7% respectively. The IC50 value of TFs-Ph for DPPH was 0.06 mg/mL, while that of Vc was 0.12 mg/mL. Thus scavenging effect of TFs-Ph on DPPH was significant and was higher than that of Vc at lower concentrations. This is agreeable with the findings of Zhang et al. and Cui et al. [37,38].



Compared with other ROS, •O2− has a longer life span, then it can move a longer distance within the cell and is involved in the formation of other toxic oxygen species such as peroxyl, alkoxyl, hydroxyl, and nitric oxide [39,40]. Therefore, it is great important to detect the scavenging ability of •O2−. As shown in Figure 4C, the •O2− scavenging rate of TFs-Ph was apparently higher than that of Vc, with TFs-Ph (98.7%) about twice as that of Vc (52.8%) at the concentration of 0.50 mg/mL. The IC50 value of TFs-Ph for •O2− was 0.10 mg/mL, while that of Vc was 0.42 mg/mL. Thus, the TFs-Ph has a strong •O2− scavenging ability and can be developed as a natural antioxidant.



According to Figure 4D, TFs-Ph and Vc showed a similar trend in scavenging ABTS and the scavenging rate showed a linear relationship with the TFs-Ph or Vc concentration. When the concentration was 0.50 mg/mL, the ABTS scavenging rate reached 94.7% or 81.8%, respectively. The IC50 value of TFs-Ph for ABTS was 0.07 mg/mL, while that of Vc was 0.14 mg/mL. This is inconsistent with the study results of Wang et al., which could be that flavonoids from different plant sources have different antioxidant activities and different ABTS scavenging abilities [41].



There has been many research on the antioxidant mechanisms of genus Polygonum plant extract. Zhao et al. [42] identified the main compound from Polygonum cuspidatum was polydatin and used SD rats model to study the antioxidant mechanism. They found that polydatin can reduced ROS level, inhibit Keap1 and activate Nrf2 pathway. Ren et al. [43] determined that the Polygonum hydropiper extract were flavonoids (including rutin, quercitrin, and quercetin) which exerted protective effects against gastric injury through antioxidant pathway used human gastric epithelial cells and SD rats models. However, there have no research on the antioxidant mechanism of TFs-Ph in broilers. We speculate that its antioxidant mechanism may be similar to that in rats and plan to confirm it in subsequent study.




3.6. Study on the Antibacterial Effects of TFs-Ph


The antibacterial effects of TFs-Ph against pathogenic bacteria of broiler origin are shown in Table 8. The antibacterial effect of AMP on broiler pathogenic E. coli only 20% (2 strains/10 strains) was intermediate, while at high dosage concentration, that of TFs-Ph 50% (5 strains/10 strains) was susceptible, 10% (1 strain/10 strains) was intermediate; and the antibacterial effect was enhanced with the increase in the concentration of TFs-Ph; Compared with standard E. coli ATCC25922, the antibacterial effect was similar. The antibacterial effect of AMP on broiler pathogenic Salmonella 30% (3 strains/10 strains) was susceptible, 20% (2 strains/10 strains) was intermediate, while at high dosage concentration, that of TFs-Ph 50% (5 strains/10 strains) was susceptible, and the antibacterial effect was enhanced with the increase in the concentration of TFs-Ph; compared with standard Salmonella ATCC14028, the antibacterial effect was similar. Hence, compared with AMP, TFs-Ph had better antibacterial effects against pathogenic E. coli and Salmonella of broiler origin. Ayaz et al. [44] studied the antibacterial effects of Polygonum hydropiper extracts and found that compared with gram-positive bacteria, Polygonum hydropiper extracts had a stronger inhibitory effect on gram-negative bacteria, which further proved the positive certainty of this study. Kovacs et al. [45] investigated the antibacterial effect of two flavonoids extracted from grape seeds against pathogenic E. coli and Salmonella of swine origin and determined that the antibacterial effect was obvious, which was comparable to the results of this study. Thus, there was some potential for TFs-Ph to replace antibiotics.





4. Conclusions


In this study, extraction yield was used as the index, and the TFs-Ph were extracted by ethanol heating reflux method. The ethanol concentration, solid-liquid ratio, and heating reflux time were determined as the main influencing factors through single factor tests, Plackett-Burman design, and Box-Behnken response surface optimization. The optimal extraction parameters were as follows: the concentration of ethanol of 51%, the solid-liquid ratio of 1:24 g/mL, the heating reflux time of 74 min, the reflux temperature of 70 °C, the extraction times of 3, in this case, the extraction yield of TFs-Ph was 6.37%.



With Vc as the positive control, the antioxidant activities of TFs-Ph were studied. It was determined that the scavenging abilities of free radicals such as •OH, DPPH, •O2− and ABTS were gradually enhanced with increasing concentration. All the free radicals scavenging rate was always higher than that of Vc. Therefore, TFs-Ph had excellent antioxidant activity and could effectively scavenge a variety of free radicals.



With AMP as the positive control and sterile normal saline as the negative control, the antibacterial effect of TFs-Ph was studied. It was determined that compared with AMP, the TFs-Ph had better antibacterial effects against pathogenic E. coli and Salmonella of broiler origin, and had the certain potential to replace antibiotics. Further validation work is underway in our laboratory to develop the TFs-Ph into a drug for the treatment of pathogenic E. coli and Salmonella of broiler origin.
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Figure 1. Rutin standard curve. 






Figure 1. Rutin standard curve.
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Figure 2. Effect of single factors on the extraction yield of TFs: (A) solid-liquid ratio; (B) heating reflux time; (C) heating reflux temperature; (D) ethanol concentration; (E) extraction times. 
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Figure 3. 3-D response surface for AB (A), AC (C) and BC (E) to extraction yield of TFs-Ph. 2-D contour plots for AB (B), AC (D) and BC (F) to extraction yield of TFs-Ph. 
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Figure 4. Antioxidant activities of TFs-Ph. (A) •OH scavenging rate; (B) DPPH scavenging rate; (C) •O2− scavenging rate; (D) ABTS scavenging rate. 
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Table 1. Bacterial Strains used in this study.






Table 1. Bacterial Strains used in this study.





	No.
	Strain Type
	Accession Number
	Strain Origin
	Age of Broiler (d)





	E1
	E. coli
	OQ891220
	dead broiler liver
	15



	E2
	E. coli
	OQ919470
	dead broiler liver
	4



	E3
	E. coli
	OQ891222
	diseased broiler spleen
	14



	E4
	E. coli
	OQ891223
	dead broiler embryo
	0



	E5
	E. coli
	OQ891224
	dead broiler liver
	2



	E6
	E. coli
	OQ891225
	dead broiler liver
	297



	E7
	E. coli
	OQ919469
	diseased broiler brain
	197



	E8
	E. coli
	OQ891227
	diseased broiler liver
	404



	E9
	E. coli
	OQ891228
	dead broiler brain
	10



	E10
	E. coli
	OQ891229
	dead broiler liver
	214



	ATCC25922
	E. coli
	--
	China Microbial Resource Center
	--



	S1
	Salmonella
	OQ915457
	dead chicken embryo
	0



	S2
	Salmonella
	OQ915458
	dead chick
	1



	S3
	Salmonella
	OQ915459
	dead chicken embryo
	0



	S4
	Salmonella
	OQ915460
	diseased broiler liver
	7



	S5
	Salmonella
	OQ916428
	dead chick
	3



	S6
	Salmonella
	OQ916429
	dead broiler caecum
	7



	S7
	Salmonella
	OQ916430
	dead chick
	2



	S8
	Salmonella
	OQ915464
	dead chick
	2



	S9
	Salmonella
	OQ915465
	dead broiler caecum
	14



	S10
	Salmonella
	OQ915456
	diseased broiler liver
	4



	ATCC14028
	Salmonella
	--
	China Microbial Resource Center
	--










 





Table 2. Factors and levels of PB design.
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Factors

	
Levels




	
−1

	
1






	
X1: Ethanol concentration (%)

	
40

	
60




	
X2: Solid-liquid ratio (g/mL)

	
1:20

	
1:30




	
X3: Heating reflux time (min)

	
30

	
90




	
X4: Heating reflux temperature (°C)

	
60

	
80




	
X5: Extraction times (times)

	
2

	
4











 





Table 3. Factors and levels of BB design.
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Factors

	
Levels




	
−1

	
0

	
1






	
Ethanol concentration (%)

	
40

	
50

	
60




	
Solid-liquid ratio (g/mL)

	
1:20

	
1:25

	
1:30




	
Heating reflux time (min)

	
30

	
60

	
90











 





Table 4. Design and results of PB test.






Table 4. Design and results of PB test.





	No.
	X1: Ethanol

Concentration (%)
	X2: Solid-Liquid Ratio (g/mL)
	X3: Heating Reflux Time (min)
	X1: Heating Reflux Temperature (°C)
	X5: Extraction Times (times)
	Extraction Yield (%)





	1
	40
	1:20
	30
	60
	2
	5.06



	2
	40
	1:30
	30
	80
	4
	5.51



	3
	60
	1:20
	90
	80
	4
	5.53



	4
	60
	1:20
	30
	60
	4
	5.92



	5
	60
	1:30
	90
	60
	2
	5.41



	6
	60
	1:20
	90
	80
	2
	5.22



	7
	60
	1:30
	30
	80
	4
	6.3



	8
	40
	1:30
	90
	60
	4
	5.52



	9
	40
	1:20
	90
	60
	4
	5



	10
	60
	1:30
	30
	60
	2
	6.34



	11
	40
	1:20
	30
	80
	2
	4.7



	12
	40
	1:30
	90
	80
	2
	4.78










 





Table 5. Significance analysis of PB design.
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Factor

	
Effect Value

	
SS

	
DF

	
MS

	
F Value

	
p Value

	
Significance






	
Model

	
--

	
2.95

	
5

	
0.5894

	
15.85

	
0.0021

	
**




	
X1

	
0.692

	
1.44

	
1

	
1.44

	
38.60

	
0.0008

	
**




	
X2

	
0.405

	
0.4921

	
1

	
0.4921

	
13.23

	
0.0109

	
*




	
X3

	
−0.395

	
0.4681

	
1

	
0.4681

	
12.59

	
0.0121

	
*




	
X4

	
−0.202

	
0.1220

	
1

	
0.1220

	
3.28

	
0.1200

	
--




	
X5

	
0.378

	
0.4294

	
1

	
0.4294

	
11.55

	
0.0145

	
*




	
Residual

	
--

	
0.2231

	
6

	
0.0372

	
--

	
--

	
--




	
Cor total

	
--

	
3.17

	
11

	
--

	
--

	
--

	
--




	
R2 = 0.9296    R2adj = 0.8710   CV% = 3.54








Note: * indicates significant difference (p ≤ 0.05); ** indicates highly significant difference (p ≤ 0.01); -- indicates insignificant.













 





Table 6. BB design and results.






Table 6. BB design and results.





	No.
	A: Ethanol

Concentration
	B: Solid-Liquid Ratio
	C: Heating Reflux Time
	Y: Extraction Yield (%)





	1
	0
	−1
	1
	6.20



	2
	0
	0
	0
	6.44



	3
	1
	1
	0
	5.28



	4
	0
	0
	0
	6.44



	5
	0
	1
	−1
	6.11



	6
	1
	0
	1
	5.98



	7
	0
	1
	1
	6.04



	8
	1
	−1
	0
	5.43



	9
	−1
	0
	−1
	5.66



	10
	0
	0
	0
	6.47



	11
	1
	0
	−1
	4.96



	12
	−1
	1
	0
	5.37



	13
	0
	0
	0
	6.36



	14
	−1
	−1
	0
	5.25



	15
	0
	0
	0
	6.42



	16
	0
	−1
	−1
	6.00



	17
	−1
	0
	1
	4.97










 





Table 7. BB regression analysis.






Table 7. BB regression analysis.





	
Factor

	
SS

	
DF

	
MS

	
F Value

	
p Value

	
Significance






	
Model

	
4.6100

	
9

	
0.5119

	
201.10

	
<0.0001

	
***




	
A

	
0.0200

	
1

	
0.0200

	
7.86

	
0.0264

	
*




	
B

	
0.0008

	
1

	
0.0008

	
0.31

	
0.5926

	
--




	
C

	
0.0265

	
1

	
0.0265

	
10.39

	
0.0146

	
*




	
AB

	
0.0182

	
1

	
0.0182

	
7.16

	
0.0317

	
*




	
AC

	
0.7310

	
1

	
0.7310

	
287.16

	
<0.0001

	
***




	
BC

	
0.0182

	
1

	
0.0182

	
7.16

	
0.0317

	
*




	
A2

	
3.3700

	
1

	
3.3700

	
1322.65

	
<0.0001

	
***




	
B2

	
0.1672

	
1

	
0.1672

	
65.66

	
<0.0001

	
***




	
C2

	
0.0816

	
1

	
0.0816

	
32.07

	
0.0008

	
**




	
Residual

	
0.0178

	
7

	
0.0025

	
--

	
--

	
--




	
Lack of fit

	
0.0111

	
3

	
0.0037

	
2.20

	
0.2303

	
--




	
Pure Error

	
0.0067

	
4

	
0.0017

	
--

	
--

	
--




	
Cor total

	
4.6300

	
16

	
--

	
--

	
--

	
--




	
R2 = 0.9961    R2adj = 0.9912   CV% = 0.8631








Note: A: ethanol concentration; B: solid-liquid ratio; C: heating reflux time; * indicates significant difference (p ≤ 0.05); ** indicates highly significant difference (p ≤ 0.01); *** indicates unusually significant difference (p ≤ 0.001); -- indicates insignificant.













 





Table 8. Inhibitory zone diameter of TFs-Ph against pathogenic bacteria of broiler origin (mm).
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Strain No.

	
Dosage of TFs-Ph (mg/mL)

	
AMP

Positive Control

	
Sterile Normal

Saline Negative Control




	
Low Dosage (20)

	
Medium Dosage

(40)

	
High Dosage

(60)






	
E1

	
--

	
--

	
--

	
--

	
--




	
E2

	
I (11.46 ± 0.02)

	
S (15.16 ± 0.03)

	
S (17.58 ± 0.02)

	
--

	
--




	
E3

	
I (10.40 ± 0.02)

	
I (12.52 ± 0.02)

	
S (18.76 ± 0.05)

	
--

	
--




	
E4

	
R (7.20 ± 0.03)

	
I (13.70 ± 0.02)

	
S (16.10 ± 0.02)

	
I (15.44 ± 0.03)

	
--




	
E5

	
R (9.50 ± 0.03)

	
I (13.18 ± 0.03)

	
S (16.64 ± 0.04)

	
--

	
--




	
E6

	
--

	
--

	
--

	
--

	
--




	
E7

	
--

	
--

	
--

	
--

	
--




	
E8

	
--

	
--

	
--

	
--

	
--




	
E9

	
I (10.04 ± 0.05)

	
I (12.18 ± 0.02)

	
I (14.38 ± 0.05)

	
I (14.34 ± 0.04)

	
--




	
E10

	
R (7.70 ± 0.02)

	
I (11.84 ± 0.07)

	
S (15.34 ± 0.03)

	
--

	
--




	
ATCC25922

	
R (7.66 ± 0.03)

	
I (12.22 ± 0.03)

	
S (16.24 ± 0.02)

	
S (19.30 ± 0.02)

	
--




	
S1

	
I (10.80 ± 0.04)

	
I (13.00 ± 0.02)

	
S (15.72 ± 0.03)

	
I (13.26 ± 0.06)

	
--




	
S2

	
R (8.22 ± 0.04)

	
I (10.62 ± 0.03)

	
S (15.86 ± 0.02)

	
R (11.74 ± 0.03)

	
--




	
S3

	
--

	
--

	
--

	
S (22.52 ± 0.05)

	
--




	
S4

	
I (10.10 ± 0.03)

	
I (13.86 ± 0.04)

	
S (16.76 ± 0.03)

	
S (26.60 ± 0.05)

	
--




	
S5

	
--

	
--

	
--

	
S (24.46 ± 0.03)

	
--




	
S6

	
R (8.62 ± 0.03)

	
I (12.34 ± 0.03)

	
S (16.78 ± 0.05)

	
--

	
--




	
S7

	
--

	
--

	
--

	
R (12.36 ± 0.02)

	
--




	
S8

	
--

	
--

	
--

	
I (15.68 ± 0.04)

	
--




	
S9

	
--

	
--

	
--

	
--

	
--




	
S10

	
R (9.18 ± 0.03)

	
I (11.44 ± 0.05)

	
S (15.34 ± 0.03)

	
R (11.00 ± 0.03)

	
--




	
ATCC14028

	
I (10.12 ± 0.04)

	
I (11.34 ± 0.05)

	
S (16.98 ± 0.05)

	
S (17.54 ± 0.07)

	
--








Note: R: Resistant; I: Intermediate; S: Susceptible; -- indicates no inhibitory zone.
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