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Abstract

:

Vitamin E is an essential nutrient usually recommended in post-weaning piglets, when a decline in the serum vitamin E concentration is observed. Selected polyphenols have the potential to partially replace vitamin E in animal feed. The aim of this study was to investigate the effect of the dietary inclusion of some commercial polyphenol products (PPs) on the growth performance, antioxidant status and immunity of post-weaning piglets. A total of 300 piglets (BW 7.18 kg ± 1.18) were randomly assigned to six dietary groups: CON− (40 mg/kg vitamin E); CON+(175.8 mg/kg vitamin E); and PP1, PP2, PP3 and PP4, in which 50% vitamin E of CON+ was replaced with PP with equivalent vitamin E activity. The PP1 group exhibited lower performance (p < 0.05) than the other dietary groups, but a similar performance to that commonly registered in pig farms. Dietary polyphenols did not influence the IgG concentration or the IL-6, IL-10, IFN-γ and TNF-α cytokine concentrations. A lower IL-8 level was found in the PP4 group than in the other groups. The diets that affected the vitamin A content showed the highest value (p < 0.05) in the PP1 group, and a trend was noted for vitamin E with a higher content in PP4 and CON+. The polyphenols-enriched diets, especially the PP3 diet, maintained an antioxidant capacity (whole blood KRL) similar to the CON+ diet. In conclusion, the replacement of vitamin E with all PPs enables partial vitamin E substitution in post-weaning piglets.
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1. Introduction


Vitamin E (tocopherol) is an essential lipid-soluble micronutrient known for its antioxidant, anti-inflammatory and immunomodulatory properties [1,2]. In feeding experiments with weaned pigs, several authors have observed a drop in vitamin E concentrations in the plasma in the first weeks after weaning [3,4]. Various factors influence the pig’s vitamin E status both before and after weaning. Neonatal pigs are born with low tissue reserves of α-tocopherol [5]. Although colostrum contributes α-tocopherol to the neonate, its concentration is dependent on the dietary vitamin E level fed to the sow. In neonatal pigs administrated iron (Fe), serum α-tocopherol declines, as if vitamin E was used to curtail the pro-oxidant activity of injected Fe. Moreover, weaning causes a dramatic decrease in the activity of carboxyl ester hydrolase, the enzyme that cleaves the dl-α-tocopheryl acetate form of the vitamin used in standard commercial feeds. Adequate plasma vitamin E levels in weanling pigs may be attained with sufficient dl-α-tocopheryl acetate in the feed [6,7].



Furthermore, in order to prevent this deficiency in nursery pigs, the supplemental vitamin E has frequently been increased to 200 IU/kg, a level that is substantially higher than the 16 IU vitamin E/kg diet suggested by the National Research Council (NRC, ref. [8]).



Actually, the NRC (2012) recommends 16 and 11 UI/kg for piglets in the range of 7–11 and 11–25 kg, respectively. Supplementation with high levels of vitamin E is usually recommended for diets used during the post-weaning period, when piglets show reduced growth rates and are more susceptible to disease [9].



Improvements in the cell-mediated and humoral immune responses have been reported in various animal species by adjusting the dietary levels of vitamin E [2]. In particular, vitamin E supplementation resulted in increased lymphocyte proliferation, immunoglobulin levels, antibody responses, natural killer (NK) cell activity and interleukin (IL)-2 production. [2].



In recent years, there has been a growing level of awareness among food manufacturers regarding the origin of feed additives in livestock feed; consequently, the request for products of natural origin continues to increase. Polyphenols are substances of plant origin that have antioxidant properties [10], and may reduce the negative effects of oxidative stress [11,12]. Their antioxidant potential is comparable with that of the major biological antioxidants: tocopherol and ascorbic acid [13]. Polyphenols also have immunomodulatory, anti-inflammatory and bactericidal properties [14], making their use crucial in the post-weaning period. For example, polyphenolic compounds like curcumin and resveratrol have exhibited many beneficial effects in 21-day-old weaned piglets, by alleviating intestinal inflammation and improving intestinal immune function [15]. The dietary supplementation of grape pomace improved the intestinal microbiota and down-regulated the expression of pro-inflammatory cytokines in post-weaning piglets fed for 4 weeks [16]. Other studies reported beneficial effects of dietary polyphenols on the growth performance of weaned piglets [17,18].



This research postulated that polyphenols can partially replace vitamin E in terms of antioxidant activity based on the assumption of having a 50% equivalency to vitamin E (DL-α-tocopherol acetate).



The aim of the present study was to investigate the effects of partially replacing vitamin E with different commercial polyphenol products on the growth performance, antioxidant defenses and immune response of piglets during a 35-day post-weaning period.




2. Materials and Methods


2.1. Ethics Statement


Our in vivo trial complied with Italian regulations on animal experimentation and ethics (Legislative Decree 26/2014) [19], in accordance with European regulations (Directive 2010/63) [20], and was approved by the Animal Welfare Body of the University of Milan (number 140/2021). The study was performed between April and May 2022 at the Productive Pig Unit “Cascina Agrieffe” farm located at Gottolengo (BS) Lombardy (Italy).




2.2. Animals and Treatments


A total of 300 crossbred piglets (Large White x Landrace), (28 days old ± 2 days), with a mean body weight (BW) of 7.18 kg ± 1.18, were selected from 30 litters of contemporary sows. The piglets were individually ear-tagged and divided into six experimental dietary groups (5 pens per diet, 10 piglets per pen), balanced for sex and body weight. Each pen (2.0 × 1.5 m) was equipped with a self-feeder and nipple drinkers to allow ad libitum access to feed and water during the 35-day experimental period. The rooms had a forced-air ventilation system set at 60% relative humidity, and a temperature of 27 ± 2 °C. Each pen was provided with metal chains, with soft wooden bars hanging from the walls and straw-filled baskets as enrichment material.



The animals were assigned to six dietary treatments: a negative control diet (CON−) corresponding to a diet with a low vitamin E content (40 mg/kg of vitamin E); a positive control diet (CON+) corresponding to the standard diet used by farmers in which the vitamin E content (175.8 mg/kg) exceeds the nutritional requirements as recommended by NRC (2012 [8]); polyphenol product (PP) diets in which four different commercial polyphenol products (PP1, PP2, PP3, PP4) with equivalent vitamin E activity in terms of antioxidant capacity replaced 50% vitamin E of CON+ (87.9 mg/kg vitamin E). The tested commercial polyphenol products contained the following:




	
PP1: Mix of citrus, grape and chestnut extracts and carrier;



	
PP2: Dried grape extract and carrier;



	
PP3: Freeze-dried melon juice and flesh palm oil and microcrystalline cellulose;



	
PP4: Grape and onion soluble, flavoring compounds and carrier.








The experimental diets were formulated to be isoenergetic and isoproteic on net energy, and were produced with the same batches of feeds by Tracciaverde S.R.L. (Bonemerse, Italy). None of the experimental diets contained any antimicrobial or growth promoter, and all were designed to meet or exceed the nutrient requirements of weaned piglets recommended by the NRC (2012 [8]; Table 1).




2.3. Growth Performance


The piglets were individually weighed on day 0 (d0) and on day 35 (d35), and the pen feed consumption (experimental unit for the feed intake evaluation) was recorded. The feed conversion ratio (FCR) was calculated by dividing the amount of feed consumed during the experimental period by the growth of the animals during that same time. The average daily gain was calculated from the measurements of weight and the number of experimental days. The feed intake of the pen was calculated by the difference between the offered feed and leftovers. The leftovers, if any, were weighed daily and considered for the final calculation of the feed consumed. The mortality was recorded daily throughout the trial.




2.4. Collection of Blood Samples


At the beginning (d0) and at the end of the dietary trial (d35), blood samples were collected from 2 randomly selected male piglets per pen via jugular vein puncture before the morning feeding (total number of specimens = 50).



Vacuum tubes (9 mL) containing K3EDTA (Vacuette® Tube, Cat. no. 455036; Greiner Bio-One, Kremsmünster, Austria) for plasma collection, and 9 mL vacuum tubes for serum (Vacuette® Tube, Cat. no. 455092; Greiner Bio-One, Kremsmünster, Austria) were used.



After collection, the blood samples were immediately transported to the laboratory. Plasma and serum were obtained from the blood samples by centrifugation (3500× g for 15 min at 4 °C), and were stored at –18 °C until subsequent analyses.




2.5. Blood Analyses


2.5.1. Vitamin A and Vitamin E Analysis


The retinol and tocopherol concentrations were measured via chromatography (HPLC) (Shimadzu, Japan) according to the protocol reported in Rettenmaier and Schüep, 1994 [21] and through an iCheck fluorometer–spectrophotometer (iCheck Vitamin E; BioAnalyt GmbH, Teltow, Germany) as described in Simoni et al., 2022 [22], respectively.




2.5.2. IgG and Cytokines Analysis


The serum IgG concentration was determined using a commercial enzyme-linked immunosorbent assay (ELISA; Porcine IgG (Immunoglobulin G) ELISA Kit; FineTest, Wuhan Fine Biotech Co., Ltd., Wuhan, China; cat. no. EP0084) based on sandwich binding. The colorimetric reaction was catalyzed with streptavidin-conjugated horseradish peroxidase (HRP), which produced a yellow product that was proportional to the target amount present in the sample. The serum samples were diluted at 1:200,000 before being analyzed in duplicate. The range of detection for this ELISA assay was 1.563–100 ng/mL.



The serum cytokines (IL-6, IL-8, IL-10, INF-γ) concentrations were determined with Luminex technology (Labospace S.r.l., Milan, Italy); the Luminex test allowed for quick and accurate measurements of the given targets using hundreds of internally colored plastic microbeads with a graduated mixture of red or infrared fluorescent dyes that emitted light at different wavelengths when struck by a laser [23].



The TNF-α levels were measured using a commercial sandwich ELISA assay (Cloud-Clone Corp., Katy, TX, USA; cat. no. SEA133Po) with a detection range of 15.6–1000 pg/mL. The wells of the microplate were pre-coated with antibodies specific to TNF-α and, after the addition of samples, avidin-conjugated to HRP, and the TMB chromogen substrate exhibited a color change that was measured spectrophotometrically at a wavelength of 450 nm.




2.5.3. Antioxidant Defenses


The activity of glutathione peroxidase (GPx) was determined using a commercial assay kit (Cayman Chemical Co., Ann Arbor, MI, USA, cat. no. 703102) according to the instructions provided by the manufacturer. Oxidized glutathione (GSSG), produced during the reduction of hydroperoxide by GPx, is recycled to its reduced state (GSH) by glutathione reductase (GR) and NADPH. The oxidation of NADPH to NADP+ is accompanied by a decrease in absorbance at 340 nm. Under conditions where GPx activity is limiting, the rate of decrease in absorbance is directly proportional to the GPx activity in the sample. One International Unit (U) is defined as the amount of GPx that will cause the oxidation of 1.0 nmol of NADPH to NADP+ per min at 25 °C.



Superoxide dismutases (SODs) catalyze the dismutation of the superoxide anion into hydrogen peroxide and molecular oxygen. There are three forms of human SOD: cytosolic Cu/Zn-SOD, mitochondrial Mn-SOD and extracellular SOD. The latter is present in plasma. The SOD activity was determined using a commercial assay kit (Cayman Chemical Co., cat. no. 706002) following the manufacturer’s instructions. A water-soluble tetrazolium salt is used to detect the superoxide radical generated by the oxidation of xanthine into uric acid by xanthine oxidase. Superoxide ions that have not been removed by the superoxide dismutase present in the sample react with the tetrazolium salt to form a formazan dye. One International Unit (U) is defined as the amount of SOD needed to exhibit 50% dismutation of the superoxide radical. The 50% inhibitory activity by SOD can be determined using a colorimetric method, measuring the absorbance at 450 nm.



The overall antioxidant defense potential was determined with the biological KRL™ Test (M. Prost Patent) [24,25]. Whole blood and erythrocytes are submitted to oxidant stress, and the free radical-induced hemolysis is recorded via optical density decay with the KRL microplate reader. Inside the body, both the extracellular and intracellular antioxidant defense contribute to maintaining cellular integrity until hemolysis. The resistance of whole blood (KRLWB) and red blood cells (KRLRBC) to free radical attack is expressed as the time that is required to reach 50% of maximal hemolysis (half-hemolysis time, T1/2 in minutes).





2.6. Antioxidant Activity of Diets


2.6.1. Sample Treatment


Finely ground samples of all diets were extracted by adding 2 g of each sample to 10 mL of 70% (v/v) ethanol/double-distilled water. All samples were shaken in the dark for 1 h and then centrifuged at 13,000 rpm for 15 min at 4 °C. The recovered supernatants were stored at −20 °C until the analyses were carried out.




2.6.2. Antioxidant Activity (ORAC Assay)


The antioxidant capacity of the experimental diets was measured in terms of the Trolox equivalent antioxidant capacity, using the oxygen radical absorbance capacity (ORAC) assay. The assay was performed as in De Bellis et al., 2019 [26], detecting the fluorescence until total extinction (485 nm ex. and 520 nm em.) on a Fluostar Optima plate reader (BMG Labtech, Offenburg, Germany).



The results were compared to the Trolox antioxidant capacity, and, for this reason, the data are reported as the micromoles of Trolox equivalents (µmol TE/mg) of the samples. All reaction mixtures were prepared in duplicate, and at least three independent assays were performed for each sample.





2.7. Statistical Analysis


Statistical analyses were performed using SPSS 26.0 (SPSS Inc., Chicago, IL, USA). Before hypothesis testing, all data were examined for normality and transformed where appropriate. The growth performance data were analyzed using the ANOVA procedure, with treatment and sex as the main effects, and the pen was considered as the experimental unit. Parameters for the blood samples (where multiple data were available for each animal) were subjected to repeated analyses. Vitamin E and TNF-α were natural-log-transformed to meet the normality assumption, and therefore subjected to analysis. The treatment effects were deemed significant at p < 0.05, and a trend was noted when the p-values were between 0.05 and 0.1.





3. Results


3.1. Antioxidant Activity of Diets and Growth Performance


The antioxidant activity levels of the six experimental diets measured using the ORAC assay are reported in Figure 1. The ORAC values of the experimental diets showed a significant difference between groups (p < 0.001), with concentrations equal to 67.8, 68.4, 70.5, 73.3, 78.6 and 80.0 µmol TE/mg in the CON−, CON+, PP1, PP2, PP3 and PP4 groups, respectively, with PP3 and PP4 showing the highest values.



Concerning the growth performance, the average BW of the piglets at the beginning of the study was 7.18 kg, without differences due to dietary treatments and sex (7.12 kg female vs. 7.25 kg males) in accordance with the experimental design (p > 0.05) (Table 2).



However, at the end of the trial, after 35 days of differentiated feeding, the PP1 group exhibited a lower (p < 0.05) final body weight with a lower (p < 0.05) average daily gain (ADG) and worse feed conversion ratio (FCR) than the other six dietary treatments. No differences among the CON+, CON−, PP2, PP3 and PP4 groups for final body weight, ADG and FCR were found. At the end of the trials, there was no difference found between males and females (18.97 vs. 18.47). Moreover, all these results were not affected by health problems. In this regard, no mortality was registered throughout the entire period.




3.2. Blood Parameters


Table 3 reports the effects of dietary treatment at two different sampling times on the blood parameters of the piglets throughout the experiment.



At d0, just before the pigs were assigned to receive experimental diets, there was no difference among the treatments for any studied variable (p > 0.10). At the end of the trial (d35), the plasma concentrations of vitamin A were greater in the PP1 and CON+ groups compared to others (p < 0.05), with the highest positive variations observed in the PP1 group. Concerning the diet effect, the serum parameters evaluated were not significantly different among the treatments (p > 0.05), except for vitamin A and IL-8 (p < 0.001). For the vitamin E values, it was observed that piglets fed a CON+ diet reached, on average (average of value at d0 and d35), higher values in comparison with other dietary treatments (1.45 vs. 0.92, 0.97, 0.97, 1.17 and 1.09 for CON−, PP1, PP2, PP3 and PP4, respectively). The sampling time significantly affected the vitamin E content, with the lowest levels at day 0 for all groups. The vitamin E variation (%) result was significant (p < 0.05), with the highest positive value in the PP4 group vs. other the dietary treatments. The IL-8 results showed a time effect (p < 0.001) and a treatment effect (p = 0.022) with increased IL-8 at day 35. The comparison post hoc tests showed the following significances: CON− vs. PP2, CON− vs. PP4, CON+ vs. PP2 and CON+ vs. PP4.




3.3. Antioxidant Defenses


Table 4 shows the effects of the dietary treatment and sampling time on the antioxidant defenses of the piglets throughout the experiment.



Concerning plasma antioxidant enzyme activities, the dietary sources significantly affected the plasma GPx activity, which was higher after 35 days (p < 0.001). A Tukey post hoc test revealed significant pairwise differences between group PP1 and other groups for GPx (p < 0.043). We found that the GPx activity was especially increased in this diet group, rising from 0.96 ± 0.20 to 2.33 ± 0.39 U/mL between d0 and d35.



The overall plasma SOD activity decreased significantly between d0 and d35. Although the lower initial SOD values in groups PP2 and PP4 make results interpretation difficult, we found that the SOD activity after 35 days was significantly higher with diets supplemented with polyphenols PP2, PP3 and PP4 than in the CON− and CON+ diets (Mann–Whitney p < 0.05).



Our results also show that the dietary source and time significantly affected the antioxidant defense potential measured in whole blood (p < 0.05). They show that whole blood KRL decreased significantly between d0 and d35 in the CON- and PP1 groups, but was more stable (paired t test p > 0.05) in the other groups. At d35, whole blood KRL was higher in the CON+ and PP3 diets than in the CON− diet (Mann–Whitney p < 0.05). Moreover, a positive correlation was observed between the whole blood antioxidant defense potential and plasma SOD activity in piglets after 35 days (Pearson correlation, r = 0.3248 p = 0.011). No significant variations were found in the potential of antioxidant defenses measured at the level of red blood cells.





4. Discussion


Post-weaning is a critical stage for the health of piglets, as it affects the feed intake, immunity and redox status of the animals. The different diets tested were formulated to verify the effect of partially substituting the vitamin E content with different polyphenol products on the growth performance and some blood indicators mainly related to immunity and antioxidant status.



In the current study, the feed antioxidant capacity was measured using the ORAC assay, accepted as the current food industry standard for evaluating the antioxidant capacity of food additives, whole foods, juices and raw vitamins [27]. The higher ORAC values found both in the diets supplemented with PP3 and PP4 indicate a greater antioxidant activity compared to the other PPs, and even more than control groups; this is attributable to the presence of polyphenols such as flavanones (grapes), flavonols (onions), phenolic acids and flavonoids, which were mainly concentrated in grape seeds and skins [28] in the second group mentioned (PP4).



The zootechnical performance of piglets can be considered an indirect indicator of animal health. The mechanism of action of polyphenols as growth promoters lies in the fact that they can increase the secretion of endogenous enzymes, bile, mucus and salivary glands, retard the growth of pathogenic microorganisms in the gastrointestinal tract, and modulate gut morphology and architecture through their immunostimulatory, anti-inflammatory and antioxidant functions [29,30]. Furthermore, studies have shown that the utilization of polyphenolic compounds from aromatic plants in animals improved feed intake and growth performance, due to their enhancing effect on the flavor and palatability of feeds [31].



In our study, no differences were observed among the treatments (CON−, CON+, PP2, PP3 and PP4) regarding feed intake, ADG and FCR. The growth performance results of the PP1 group are probably attributable to the composition of the supplement that likely yielded unpleasant tastes and odors such as to modify the intake, presumably due to the presence of chestnuts that contain tannins, and citrus fruits. In fact, the bitter taste typical of citrus fruits seems to reduce palatability [32]; another study [33] also confirmed that bitterness is the main reason for the rejection of various food products.



Zhang et al. 2014 [34] reported no effect of diets in piglets fed for 21 days with a mixture of standardized plant extracts containing apple (16.5%), grape seed (27.5%), green tea (30%) and olive leaves (2.5%).



Furthermore, Gessner et al. [35] did not show significant differences in growth performance in a study on post-weaning piglets supplemented with 1% polyphenols derived from grape seeds and pomace meal [35]. Conversely, Rajković et al. [36], showed a final live weight (25.4 kg) that was higher (p < 0.08) than the control group (23.8 kg) in newly weaned piglets (6.9 kg) fed for 56 days with a diet based on corn supplemented with grape extracts (150 g/t) [36].



In showing similar results, the three vitamin E replacement strategies represented by PP2, PP3 and PP4 suggest that polyphenols can likely replace vitamin E; surprisingly, the CON− group reached a similar growth performance.



In general, the growth performance of piglets in our study reported values that are commonly registered in commercial pig farms, confirming good management, especially considering that the feed was not medicated. No mortality underlined good health conditions of the piglets; therefore, no metabolic shifts were needed to redistribute nutrients away from the growth processes toward immune system function, with a subsequent decrease in feed efficiency for growth.



Vitamins E and A are both antioxidant molecules; vitamin E is mainly related to hydroperoxyl radical scavenging [37], while vitamin A acts by donating hydrogen atoms [38]. The greater vitamin A concentration in pigs fed PP1 during post-weaning may be indicative of a lower inflammatory status, and in this study, it seems to be associated with greater GPX activity. The addition of PP1 to diets led to an increase (by 30% on average, p = 0.022) in serum retinol levels in comparison with the remaining groups.



The highest content of vitamin A in blood from piglets in the PP1 group at d35 could be related to the accumulation action from carotene content and antioxidant compounds from the dietary supplement; the citrus part contains polyphenols, primarily flavonoids. We speculated that the increased vitamin A level could be attributed to the ability of polyphenols of PP1 to strengthen and save the endogenous antioxidant system, as reported by Corbi et al. in rabbits [39].



Even though vitamin E and polyphenols are both added to swine diets for antioxidant purposes, they have a different mechanism of action. Vitamin E can be absorbed in the intestine and enter the systemic circulation, as literature reported that supplementing vitamin E in pig diets increased serum and tissue (loin muscle, liver, and fat) vitamin E concentrations [40,41,42,43]. On the other hand, there have been few studies conducted in vivo on the digestibility and bioavailability of polyphenols in pigs. Research studies suggest that only low percentages of dietary polyphenols may be absorbed in the small intestine, and have a low bioavailability due to their molecular structures [14,44,45]. The polyphenols are expected to have direct antioxidant effects in vivo in the intestinal lumen because of the higher concentration of polyphenols in the lumen compared to the systemic concentrations [46]. Moreover, the low amounts of absorbed polyphenols are then extensively bio-transformed in the liver and rapidly excreted in the urine and bile [47]. Subsequently, the colon microbiota’s enzymes transform the bile-excreted polyphenol metabolites and the unabsorbed polyphenols into various metabolites [46,48]. The present study was not focused on the microbiota; therefore, we could not evaluate this aspect.



No clinical sign of vitamin E deficiency was noted in any of the piglets. In general, the raw data are in line with the concentrations detected in piglets in the same physiological stage [42], and also agree with the time effect found by Moreira and Mahan [49], who registered an increase from day 21 to day 42. Our trial ended 35 days after weaning. A vitamin E dose of 175.8 mg/kg increased the total tocopherol content in the blood serum, whereas the CON− diet was the lowest on average, as expected.



There is no general agreement in the literature regarding the limits between adequate, marginal and deficient plasma vitamin E levels in pigs [50]. As reported by Sivertsen [50], the National Veterinary Institute has considered plasma levels of vitamin E below 1.0 μg/mL as distinctly deficient, while normal is considered equal to 2.0 mg/L [51]. It should be underlined that the proportion of pigs with a plasma vitamin E level below 1.5 μg vitamin E/mL is very common [52,53].



The IgG results showed a time effect (p < 0.05) that is in agreement with the literature. This immunoglobulin isotype, which is the most important and abundant defense molecule against infections, has been reported to decrease in concentration after weaning at the time of depletion of maternal immunity [54,55], and subsequently increases as an effect of the beginning of piglets’ own synthesis of IgG, which starts at day 7, increases up to day 28 [56] and later up to day 45 [57], according to different studies. In the present study, which ended at day 35, an increase in IgG was observed already at such a time point. Dietary polyphenols did not influence the IgG concentration, confirming the data from Pistol et al. [58].



It is well-recognized that multiple factors that occur during weaning can lead to oxidative stress in post-weaned piglets.



Oxidative stress changes the structure of biomolecules, such as proteins, lipids and nucleic acids, leading to cell or organ injury; in addition, it may change gastrointestinal functions and induce cell apoptosis [59]. It may result in growth restriction, disease and even death [60].



Inflammation is the consequence of oxidative stress, and the pathways which produce the mediators of inflammation, such as cytokines, are all induced by oxidative stress [61]. Cytokines, including pro-inflammatory cytokines and anti-inflammatory cytokines, are necessary mediators of inflammatory responses. The balances of cytokines are central for protection against or susceptibility to infections [62]. Early life development is a stressful period for pigs, as the immature intestines of young animals are very vulnerable to invading pathogens, leading to inflammation [63]. Pro-inflammatory cytokines such as TNF-α, IL-6 and IL-8 trigger inflammatory responses and have negative effects on intestinal integrity and epithelial function [64]. In contrast, anti-inflammatory cytokines such as IL-10 hinder the inflammatory response [65]. Different studies found significant reductions in pro-inflammatory cytokines, such as TNF-α, NF-kB, IL-1β, IL-1ra, IL-2, IL-4, IL-6 or IL-8, when vitamin E [66] or polyphenols were fed to the nursery pigs [58,67,68].



In the current study, no statistically significant difference in anti-inflammatory cytokine (IL-10) was found among the dietary PP groups. Although no statistically significant differences were found, with the exception of IL-8 in the PP4 group, some pro-inflammatory cytokines showed a reduction at d35 in pigs fed diets formulated with PP4 (IFN-γ TNF-α), PP1 and PP2 (IL-6). A reduction in pro-inflammatory cytokines levels in healthy pigs indicates an improvement in immune status, which suggests that these pigs may be able to spend less energy on activating the immune defenses, which can potentially lead to improved energy utilization [41] and increased performance. However, in the present study, the growth performance results seem to be independent of the cytokines results.



All cytokine data are in the range found for piglets at the same age [69,70]. A significant time effect was detected for IL-8, TNF-α and IFN-γ (p < 0.05), showing higher values at Time 2 in comparison to Time 1, according to a previous study [71]. Conversely, the levels of IL-6 and IL-10 did not show any significant value in considering the time or the treatment effect. The pro-inflammatory cytokine IL-8 was significantly lower in the PP3 and PP4 groups than in the positive and negative controls. This may be explained by a diminished need for such chemoattractant cytokines to be functioning in the recruitment of neutrophils and other inflammatory cells.



Previous studies have shown a close relationship between post-weaning stress syndrome in piglets and oxidative stress that can last for weeks [72]. Whole blood KRL results emphasize that the overall potential of antioxidant defenses decreases after a 35-day post-weaning period, especially in piglets with a low vitamin E diet (CON−). Although this is not significant, they also suggest that this decrease would be partly normalized by vitamin E or vitamin E/polyphenol supplementations, as in the CON+ and PP3 groups. These restorations of antioxidant defense potential would be associated with an increase in superoxide dismutase activity that was observed in piglets supplemented with the PP2, PP3 and PP4 diets.



SOD and glutathione peroxidase (GPx) represent the main antioxidant enzymes in mammals, and protect the organism against prooxidants by reducing the accumulation of organic hydroperoxides and hydrogen peroxide. The activity of these enzymes is commonly used to monitor the antioxidant capability of the body [73].



Our analyses underline that plasma glutathione peroxidase activity increases in all piglets after 35 days of treatment, especially in animals with a PP1 diet. This increased plasma GPx activity in piglets suggests the induction of antioxidant defense mechanisms; in fact, it has been reported that antioxidant enzymes prevent the hosts from oxidative stress by increasing their activities [74]. This increase in plasma GPx activity is associated with a rapid increase in antioxidant demand, and has been described in other studies. [75].



Concerning the economic impact of this experimental trial, it should be underlined that apart from PP3, all tested commercial products have an inclusion price that is lower compared to synthetic vitamin E; therefore, the cost of the feed including the PP1, PP2 and PP4 products is lower than that of the CON+ treatment. On the other hand, as the PP1 treatment decreased performance of piglets compared to the CON+ treatment, the economic impact of this product is of negligible importance. Based on the obtained results, as PP4 treatment is less expensive than vitamin E and the results are positive, we can assume that the chances of obtaining a positive economic impact with this commercial product are very likely to occur.




5. Conclusions


The present study on the partial replacement of vitamin E in the diet of weaned piglets with different polyphenol products provides interesting results, since they come from a period characterized by high vitamin E requirements.



All experimental diets had no negative effects on the growth performance of piglets in the post-weaning period.



Replacing 50% of the vitamin E of the positive control diet with PP1 improved the vitamin A concentration and the antioxidant activity measured as glutathione peroxidase levels.



PP4 seems to be the most promising integration for the plasmatic increase in alpha tocopherol due to the spare action exerted by polyphenols, and contributed to a lower pro-inflammatory activity of IL-8.



Hence, under farming conditions among the polyphenol products, the PP4 treatment may be the most advisable integration as a result of its better growth performance observed compared to PP1.



The results of this study will have to be confirmed by further research, which should be extended to the subsequent growth phase for the evaluation of long-term effects.
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Figure 1. Antioxidant activity levels of experimental diets measured with ORAC assay. The data are reported as means ± SD. a,b Bars with different letters are significantly different (p < 0.05). 
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Table 1. Ingredients (%) and composition of basal diets (as-fed basis).
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	Ingredients as % of Feed Basis
	CON−
	CON+
	PP





	Barley meal
	25.90
	25.87
	25.56



	Wheat meal
	22.45
	22.45
	22.45



	Soy protein concentrate fermented
	7.0
	7.0
	7.0



	Flaked corn
	7.0
	7.0
	7.0



	Corn meal
	5.0
	5.0
	5.0



	Flaked wheat
	8.89
	8.89
	8.89



	Whey powder
	4.0
	4.0
	4.0



	Dextrose monohydrate
	3.0
	3.0
	3.0



	Hulled flaked barley
	3.0
	3.0
	3.0



	Soy protein concentrate
	5.0
	5.0
	5.0



	Soybean oil
	1.5
	1.5
	1.5



	Dried sugar beet pulp
	1.5
	1.5
	1.5



	Acidity regulators
	1.0
	1.0
	1.0



	Coconut oil
	1.0
	1.0
	1.0



	Plasma
	1.0
	1.0
	1.0



	L-Lysine
	0.6
	0.6
	0.6



	Fish meal
	0.5
	0.5
	0.5



	PP1, PP2, PP3, PP4
	-
	-
	0.330



	DL-methionine
	0.23
	0.23
	0.23



	Dicalcium phosphate
	0.20
	0.20
	0.20



	Calcium carbonate
	0.2
	0.2
	0.2



	L-treonine
	0.2
	0.2
	0.2



	Vitamin mineral premix 1
	0.20
	0.20
	0.20



	Salt
	0.15
	0.15
	0.15



	L-valine
	0.11
	0.11
	0.11



	L-tryptophane
	0.04
	0.04
	0.04



	Aromas
	0.08
	0.08
	0.08



	Vit E supplement 2
	0.00
	0.028
	0.01



	Chemical composition 3
	
	
	



	Crude protein, %
	17.20
	
	



	Ether extract, %
	4.30
	
	



	Crude fiber, %
	3.50
	
	



	Ash, %
	5.00
	
	



	Sodium, %
	0.20
	
	



	Calcium, %
	0.50
	
	



	Phosphorus, %
	0.60
	
	



	Lysine, %
	1.30
	
	



	Methionine, %
	0.50
	
	



	Net Energy (NE), kcal/kg
	2340
	
	







1 Premix contained the following per kg nutrients of the diet: 6500.00 IU vitamin A, 1200.00 IU vitamin D3 (cholecalciferol), 47.50 mg betaine anhydrous, 40.0 mg betaine hydrochloride, 0.2 mg biotin, 0.50 mg folic acid, 20.0 mg niacinamide, 10.0 mg calcium pantothenate, 10.0 mg vitamin B1, 0.03 mg vitamin B12 (cobalamin), 5.0 mg vitamin B2 (riboflavin), 2.0 mg vitamin B6 (pyridoxine hydrochloride), 40 mg all-rac-atocopheryl-acetate; 1.5 mg vitamin K3, 15.0 mg Cu, 0.50 mg I, 40.0 mg Mn, 0.25 mg Se, 70.0 mg Zn oxide, 4680.00 L-lysine, 1970.00 mg L-threonine, 384.0 mg L-tryptophan. 2 Vitamin E provided per kilogram of premix: 485 mg. 3 Nutrient (expressed as fed basis) and net energy content were calculated using Plurimix software (Fabermatica, CR, Italy).













 





Table 2. Growth performance of piglets fed with different dietary polyphenol sources.
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	Groups
	CON−
	CON+
	PP1
	PP2
	PP3
	PP4
	SEM
	p-Value





	BW (d0), kg
	7.03
	7.14
	7.24
	7.12
	7.23
	7.34
	0.07
	ns



	BW (d35), kg
	18.94 a
	19.55 a
	15.04 b
	19.08 a
	19.98 a
	19.72 a
	0.23
	<0.05



	ADG, g/d
	340 a
	354 a
	223 b
	342 a
	364 a
	354 a
	0.005
	<0.05



	FCR, kg/kg
	1.78 a
	1.77 a
	2.12 b
	1.79 a
	1.76 a
	1.73 a
	-
	<0.05



	Mortality, %
	0
	0
	0
	0
	0
	0
	-
	-







BW: body weight; ADG; average daily gain; FCR; feed conversion ratio; SEM: standard error of the mean a,b. Means within a row with different letters are significantly different at p < 0.05.













 





Table 3. Effect of dietary treatment (D) and sampling time (T) on blood metabolites.
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	Groups
	CON−
	CON+
	PP1
	PP2
	PP3
	PP4
	SEM
	Diet
	Treatment





	Vit. A (ug/L)
	
	
	
	
	
	
	
	
	



	d 0
	304.8
	387.3
	345.4
	347.0
	304.2
	382.7
	10.2
	
	



	d 35
	310.3
	353.6
	395.4
	329.6
	308.0
	337.3
	9.35
	0.045
	ns



	Vit. E * (mg/L)
	
	
	
	
	
	
	
	
	



	d 0
	0.71
	0.79
	0.93
	0.97
	0.88
	0.67
	0.053
	
	



	d35
	1.12
	2.12
	1.00
	0.96
	1.46
	1.51
	0.080
	0.072
	<0.001



	IgG (mg/mL)
	
	
	
	
	
	
	
	
	



	d 0
	1.57
	2.15
	2.45
	1.98
	2.42
	1.88
	0.09
	
	



	d 35
	2.97
	2.63
	2.83
	2.38
	3.28
	2.26
	0.121
	ns
	0.001



	IL-6 (ng/mL)
	
	
	
	
	
	
	
	
	



	d 0
	0.13
	0.01
	0.45
	0.06
	0.05
	0.05
	0.017
	
	



	d35
	0.04
	0.04
	0.04
	0.04
	0.11
	0.05
	0.013
	ns
	ns



	IL-8 (ng/mL)
	
	
	
	
	
	
	
	
	



	d 0
	0.302
	0.201
	0.181
	0.282
	0.354
	0.312
	0.022
	
	



	d35
	0.708
	0.724
	0.787
	0.390
	0.404
	0.358
	0.038
	0.022
	0.001



	IL-10 (ng/mL)
	
	
	
	
	
	
	
	
	



	d 0
	0.495
	0.108
	0.158
	0.281
	0.204
	0.279
	0.06
	
	



	d 35
	0.288
	0.376
	0.208
	0.234
	0.304
	0.540
	0.096
	ns
	ns



	IFN-γ (ng mL)
	
	
	
	
	
	
	
	
	



	d 0
	1.31
	1.03
	0.94
	1.19
	0.87
	0.85
	0.066
	
	



	d 35
	0.55
	0.54
	1.34
	0.54
	1.20
	0.65
	0.120
	ns
	<0.001



	TNF-α * (ng mL)
	
	
	
	
	
	
	
	
	



	d 0
	0.019
	0.015
	0.012
	0.005
	0.010
	0.031
	0.000
	
	



	d35 **
	0.003
	0.000
	0.001
	0.003
	0.004
	0.009
	0.000
	ns
	<0.01







SEM: standard error of the mean; * p-value calculated as ln-transformed; ** Although some pigs had values above the technique cut-off, the mean value was below the cut-off.













 





Table 4. Effect of dietary treatment (D) and sampling time (T) on antioxidant defenses.






Table 4. Effect of dietary treatment (D) and sampling time (T) on antioxidant defenses.

















	
	CON-
	CON+
	PP1
	PP2
	PP3
	PP4
	D
	T
	DxT #





	GPx
	(U/mL)
	
	
	
	
	
	
	
	



	d 0
	1.13 ± 0.19
	0.99 ± 0.17
	0.96 ± 0.20
	1.13 ± 0.30
	1.31 ± 0.30
	1.24 ± 0.23
	0.001
	<0.001
	<0.001



	d 35
	1.51 ± 0.26
	1.34 ± 0.22
	2.33 ± 0.39
	1.42 ± 0.20
	1.38 ± 0.32
	1.44 ± 0.44
	
	
	



	SOD
	(U/mL)
	
	
	
	
	
	
	
	



	d 0
	24.2 ± 8.2
	24.2 ± 10.5
	20.8 ± 9.7
	14.4 ± 2.0
	28.1 ± 14.6
	17.3 ± 7.7
	0.112
	<0.001
	0.003



	d35
	10.5 ± 4.0
	12.1 ± 6.8
	16.1 ± 8.7
	16.1 ± 6.0
	19.1 ± 7.9
	19.8 ± 6.5
	
	
	



	KRLWB *
	(min)
	
	
	
	
	
	
	
	



	d 0
	125.4 ± 15.7
	126.7 ± 8.5
	125.9 ± 13.2
	122.1 ± 16.9
	134.4 ± 17.6
	117.4 ± 15.0
	0.033
	<0.001
	ns



	d 35
	105.8 ± 13.3
	125.3 ± 17.7
	106.2 ± 10.6
	112.6 ± 17.2
	120.9 ± 16.6
	111.5 ± 9.9
	
	
	



	KRLRBC **
	(min)
	
	
	
	
	
	
	
	



	d 0
	107.6 ± 17.1
	107.5 ± 13.1
	107.3 ± 17.4
	96.0 ± 12.1
	104.3 ± 17.7
	93.6 ± 16.9
	ns
	ns
	ns



	d35
	94.6 ± 18.1
	102.1 ± 19.1
	102.9 ± 10.6
	101.3 ± 17.5
	104.3 ± 17.3
	97.3 ± 11.7
	
	
	







* KRLWB: KRL half-hemolysis time on whole blood; ** KRLRBC: KRL half-hemolysis time on red blood cells. Results are expressed by means ± standard deviations of N = 10 piglets in each group. # p-values of repeated measures ANOVA: interactions between dietary treatment (D) and sampling time (T) main effects.
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