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Abstract

:

Simple Summary


Fermentation of the cooked soybean meal increases the contents of isoflavone aglycones, provides soy proteins that are easier to absorb and eliminates trypsin inhibitors in soybean meal. In the present study, replacing soybean meal in the maternal diet with fermented soybean meal decreased the oxidative stress in the serum of sows and increased the average body weight of piglets on the 14th day and the 21st day after birth. We concluded that replacing the soybean meal in the maternal diet with the fermented soybean meal attenuates the oxidative stress status of the gestational and lactational sows, and enhances the average weight of their offspring.




Abstract


This study aimed to investigate the effect of the fermented soybean meal on the reproductive performance, oxidative stress and colostrum composition of sows, and the growth performance of their progeny. A total of 44 sows were allotted to four dietary groups (n = 11/group). The dietary groups included the basal diet group (control) and the treatment groups in which soybean meal in the basal diet was replaced with 2%, 4%, and 6% fermented soybean meal, respectively. The experimental diets were fed to the sows from the 78th day of gestation to the 21st day of lactation. Replacing soybean meal in the basal maternal diet with the fermented soybean meal decreased the levels of malondialdehyde, cortisol, and 8-iso-prostaglandinF2α in the serum of sows and increased the average weight of piglets on the 14th day and the 21st day after birth. The activity of superoxide dismutase in the serum of sows was increased in the group with 4% fermented soybean meal on the 17th day of lactation. The levels of estrogen and growth factors in the serum of sows were enhanced in the group with 6% fermented soybean meal. In the colostrum, the levels of the protein and the immunoglobulin G were enhanced in the group with 4% fermented soybean meal. In conclusion, replacing the soybean meal in the basal maternal diet with the fermented soybean meal attenuates the oxidative stress status of the gestational and lactational sows, and enhances the average weight of their offspring.
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1. Introduction


Soybean meal (SM) is one of the basal dietary components for sows as the main source of protein. SM contains a variety of biologically active ingredients, such as soybean isoflavones (SIFs), which include different types such as genistein and daidzein with a spectrum of biological activities. SIFs are excellent antioxidants, which can reduce lipid oxidation, inhibit the free radical formation, and stimulate anti-oxidative enzymes [1,2,3]. SIFs exist mostly as the forms of glycoside in soybean, but rarely as the forms of aglycone, which are absorbed easier by the intestinal wall [4,5]. Fermentation of the cooked soybeans increased the contents of isoflavone aglycones with high efficacy of biotransformation, while decreased the total contents of isoflavone glycosides by about 80% [6]. Our previous studies showed that the ratio of the SIFs as aglycone to the total SIFs in the fermented soybean meal (FSBM) can reach 64.56% [7]. Furthermore, fermentation of SM is able to provide soy proteins that are easier to absorb, because the process of fermentation eliminates trypsin inhibitors, increases the amount of protein in SM, and reduces the particle size of peptides in SM [8].



There are adequate antioxidant reserves to handle free radical production in normal physiological body status, but the status of oxidative stress increases, and the production of the antioxidant in the body circulation markedly decreases during late gestation and lactation period of sows [9,10]. When the equilibrium is broken during the gestation and lactation period, oxidative stress develops. This process may impact the reproductive performance of the sows and the development of their progeny [11]. The growth of new-born piglets almost completely depends on the nutrients from the colostrum and milk of sows [12]. Nutrients in the maternal diet affect the production and components of breast milk, so the nutrient requirement of sows is a key for feeding sows for producing high quality and sufficient milk to support the development of their progeny [13]. However, there is no report about the effect of the maternal diet with FSBM on the immunoglobulins in the colostrum of sow. In addition, previous reports showed that replacing SM with FSBM enhanced nutrient utilization efficiency in weaning piglets, modulated the response of inflammation and the activity of oxidant in nursing piglets, and alleviated stress responses in Holstein calves after weaning [14,15]. So far, there is no report about the effect of replacing SM with FSBM in maternal diets on the oxidative stress status of sows and the performance of their suckling offspring. Therefore, considering the potential benefits of FSBM, we hypothesized that replacing SM with FSBM in maternal diet could decrease the oxidative stress in sows, improve the contents of protein, fat, lactose, total solids (TS), solid not fat (SNF), and immunoglobulins in colostrum and further improve the performance of their offspring.



The present study was conducted to investigate the effect of replacing SM with FSBM in the maternal diets on anti-oxidative status, reproductive performance, colostrum composition of sows during gestation and lactation period, and the performance of their offspring.




2. Materials and Methods


All experimental protocols (No. SYXK 2013-0052) were approved by the Animal Care and Use Committee of the Shanghai Jiaotong University. The study took place at the experimental study farm of a feeding company (Xinnong Feed ltd, Shanghai, China) during May and June 2015.



2.1. SM, FSM, and SIF Content


The first grade SM was bought from the Yihai Kerry Group (Shanghai, China). The FSBM was prepared by Shanghai Yuanyao Biological Co., Ltd. (Shanghai, China). Briefly, SM and water (SM: Water = 1: 0.85) were mixed for 30 min to produce soybean meal pulp, which was sterilized in a steam tank at a temperature from 80 °C to 90 °C for 30 min. The sterilized SM was naturally cooled down to room temperature, and then the Aspergillus oryzae and Lactobacillus reuteri were inoculated in the SM, which was fermented in a packed-bed incubator for 48 h. The FSBM pulp was dried at 55 ± 5 °C to moisture at 10 ± 2% and then grounded with a hammer mill to 40 mesh sieve fineness. Samples of SM and FSM were taken and mixed according to the Association of Official Analytical Chemists 2000 (AOAC, 2000) methods [16]. The nutrient components and the content of soy isoflavone in SM and FSBM used in the experiment are shown in Table 1. The total nitrogen (TN) was determined using the macro-Kjeldahl method, and according to (AOAC, 2000) methods [16], crude protein was then calculated as TN × 6.25. Dietary SIFs were determined as described by Barnes et al. [17]. Briefly, SIFs were extracted from soybean meal with 90% methanol solution and detected through HPLC with a 4.6 mm × 150 mm analytical column.




2.2. Animal and Experiment Design


A total of 44 sows (Landrace, parity 2 to 4, average parity 3) on the 78th day of gestation were randomly selected and allotted to four dietary groups (n = 11 sows/group). The dietary groups included the basal diet group (control) and three treatment groups in which SM was replaced with 2%, 4%, and 6% FSBM in the basal diet (2-FSBM, 4-FSBM, 6-FSBM), respectively. The ingredients and the calculated nutrients levels in the basal diets are shown in Table 2. The standard creep feed is produced by Xinnong Feed ltd (No. JiaoCaoWang, Shanghai, China). The experimental period was from the 78th day of gestation to the 21st day of lactation. The experimental diets were formulated according to the requirements in NRC 2012 for sows [18].




2.3. Feeding and Management


All sows at the same round were individually reared in gestational crates in one hog house. On the 110th day of gestation, each sow was transferred to a farrowing crate in two adjacent farrowing rooms. One farrowing room had five replicates of each treatment, and the other farrowing room had six replicates of each treatment. The temperature of the farrowing room ranged from 26 °C to 29 °C. The gestational sows were fed with a 3.0 kg diet per day (supplied two times at 03:30 and 13:30) from the 78th day of gestation to the 110th day of gestation. From the 110th day of gestation to the farrowing day, feed allowance was decreased by 500 g per day until no feed was supplied on the farrowing day. On the second day after farrowing, sows were supplied diet three times per day (06:00, 13:00, and 18:00) with 750 g per day initially, and diet was then increased gradually by 750 g per day until reaching ad libitum. Sows had free access to water during the whole experimental period.



All suckling piglets were housed in the corresponding farrowing unit (2.23 m × 2.2 m) with an incubator and heat lamp for piglets from the farrowing day to the weaning day. The room temperature of farrowing units was approximately 26–29 °C. At parturition, the data of litter size and the weight of each new-born piglet were recorded immediately. During 48 h post-farrowing, the litter size was equalized to achieve 10–13 pigs by means of cross-fostering within the same treatment group according to the number of effective nipples in each sow. In addition, the uniformity was adjusted in each litter in the same treatment in order to avoid the relatively small size newborn piglet not getting enough milk before weaning. Piglets per litter were supplied the standard creep feed of 500 g per day (13:00 and 18:00) from the 14th day to the 21st day after birth. Piglets freely had access to water. The litter weight and the litter size were recorded on the 14th day and the 21st day after birth. The piglets were weaned on the 21st day after birth.




2.4. Sample Collection


The farrowing process was monitored for sample labeling, data recording, and sample collection. The reproductive performance of sows was evaluated based on the litter size, alive litter size, and litter birth weight of their offspring (before suckling). The survival rate of each litter was recorded at birth. On the 14th day and the 21st day of lactation, nursing piglets were weighed individually. Six sows were randomly selected from each group on the farrowing day and the 17th day of lactation. The blood samples of sows were taken from the vena cava anterior and kept in heparinized tubes. All of the blood samples were centrifuged at 3000× g for 15 min, and then the upper serum was collected into 2.0 mL Eppendorf tubes (500 Eppendorf Tubes PCR clean, No,0030123.344, Eppendorf AG, Hamburg, Germany) and stored at −20 °C for further analysis. The colostrum of the same selected sows was obtained (without exogenous oxytocin) within 3 h after the first piglet delivery from the four thoracic pairs of functional mammary glands. Briefly, piglets were separated from their dams for 60 min initially, and the four thoracic pairs of functional mammary glands were milked manually to collect colostrum samples. Approximately 40 mL of colostrum was collected and then separated into two tubes. The colostrum was centrifuged at 4000× g at 4 °C for 30 min. The upper fat was removed by using a pipette. The whey of colostrum was collected and then was frozen at −20 °C.




2.5. Serum Anti-Oxidative Analysis


The activities of glutathione peroxidase (GSH-Px) (Cat No. A005-1-2) and superoxide dismutase (SOD) (Cat No. A001-1-2), and the levels of malondialdehyde (MDA) (Cat No. A003-1-2) and inhibition of hydroxyl ion (OH−) (Cat No. A018-1-1) in serum were measured according to the instructions of the respective commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).




2.6. Hormone and Growth Factors


The levels of cortisol (Cat No.H094), 8-iso-prostaglandinF2α (8-iso-PGF2α) (Cat No.H100), estrogen (Cat No.H102), prolactin (PRL) (Cat No.H095), insulin-like growth factor I (IGF-1) (Cat No.H041) and epidermal growth factor (EGF) in serum (Cat No. H031) were determined by using the porcine ELISA assay kits following the protocols of the manufacturer (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Absorbance values were determined by a microplate reader at 450 nm (Synergy 2, BioTek, Winooski, VT, USA). A four parameters logistic curve-fit was generated using ELISA Calc software v0.1 (Comple-Software. Iowa City, IA, USA). The concentrations of cortisol, 8-iso-PGF2α, estrogen, PRL, IGF-1, and EGF in serum were calculated by comparison with respective standard curves.




2.7. Colostrum Composition


The contents of protein, fat, lactose, total solids (TS), and solid not fat (SNF) in colostrum were analyzed through a fully automatic milk analyzer (Milko ScanTM FT+ Analyzer, Foss, Denmark). The contents of Immunoglobulin A (IgA) (Cat No. 42548), immunoglobulin G (IgG) (Cat No. 42547), and immunoglobulin M (IgM) (Cat No. 42546) of colostrum were analyzed using the porcine immunoglobulin ELISA assay kits following the protocols of the manufacturer (Shanghai Yuanye Bio-Technology Co., Ltd., Shanghai, China). Absorbance values were analyzed through a microplate reader (Synergy 2, BioTek, USA). The contents of IgA, IgG, and IgM in milk were calculated by comparison with their respective standard curves.




2.8. Statistical Analysis


The individual sow or the litter of piglet were considered as the experimental unit. All variables were tested for normal distribution by Shapiro–Wilk test. The data about blood variance were analyzed by one-way analysis of variance (ANOVA) and multiple comparisons based on the method of Liu et.al (2014) [19]. All the other values in the study were presented as mean ± SEM, and differences among the groups were analyzed by using one-way ANOVA multiple comparisons with LSD post hoc test. A p-value less than 0.05 was considered to be statistically significant. All data were analyzed by the software SPSS 17.0 (2012, IBM-SPSS Inc., Chicago, IL, USA).





3. Results


3.1. Performance of Sows and Piglets


The average weight of piglets was increased in the FSBM groups in comparison with that in the control on the 14th day and the 21st day after birth (p < 0.05) (Table 3). The average weight per weaned piglets was increased in the 4-FSBM groups in comparison with that in the control (p < 0.05). Replacing SM with FSBM in the maternal diet had no effect on the litter size, alive litter size, the survival rate at birth, litter weight at birth, and the birth weight of piglet (p > 0.05). On the 14th day after birth, the weight of litter was heavier in the 4-FSBM and 6-FSBM groups than that of the control (p < 0.05), and replacing SM with FSBM in the maternal diet improved the weight of litter in the 2-FSBM, 4-FSBM, and 6-FSBM groups (p < 0.001). On the 21st day after birth, the weight of litter was heavier in the 4-FSBM group than that in the control (p < 0.05).




3.2. Serum Oxidative Stress Status in Sows


Replacing SM with FSBM in the maternal diet decreased the levels of MDA, cortisol, and 8-iso-PGF2α in the serum of sows (Table 4). The inhibition of OH− in the serum of sows was increased on the farrowing day in the 6-FSBM group (p < 0.05). The activity of GSH-Px in the serum of sows was higher in the 2-FSBM group than that in the other groups on the farrowing day and the 17th day of lactation (p < 0.05), and the activity of SOD in the serum of sows was higher in the 4-FSBM group than that in the control (p < 0.05). The levels of cortisol and 8-iso-PGF2α in the serum of sows were lower in both 4-FSBM and 6-FSBM groups than those in the control on the 17th day of lactation (p < 0.05).




3.3. Serum Hormone and Growth Factors in Sows


Compared with the control group, the level of estrogen in the serum of sows was increased in the 6-FSBM group on the farrowing day (p < 0.05) (Table 5). On the 17th day of lactation, replacing SM with 2% FSBM or 6% FSBM increased the level of estrogen in the serum of sows (p < 0.05) (Table 5). In addition, the level of PRL in the serum of sows was lower in the 4-FSBM group than that in the other groups (p < 0.05).



The level of EGF in the serum of sows was higher in the 4-FSBM and 6-FSBM groups than that in the control on the farrowing day (p < 0.05) (Table 5). On the 17th day of lactation, the level of IGF-1 in the serum of sows was greater in the 4-FSBM and 6-FSBM groups than that in the control (p < 0.05); the level of EGF in the serum of sows was greater in the 6-FSBM group than that in the control (p < 0.05).




3.4. Composition of Colostrum


Replacing SM with FSBM in the maternal diet increased the proportion of the protein and TS in the colostrum (p < 0.05) (Table 6). The proportions of the protein and TS in the colostrum from the 4-FSBM and 6-FSBM groups were higher than those from the control group (p < 0.05), while the proportions of the protein and TS in the colostrum among the FSBM treatment group were not different (p > 0.05). The proportions of SNF and the content of IgG in the colostrum from the 4-FSBM group were higher than those from the control group (p < 0.05), while SNF and the content of IgG in the colostrum among the FSBM treatment group were not different (p > 0.05).





4. Discussion


Our results showed that fermentation increased the content of SIFs as the form of aglycones in FSBM, and consequently when fed to sows, attenuated the oxidative stress status of sows during gestation and lactation period, and improved the growth of their offspring.



Consistent with the report of Cho et al. (2011), our data showed that the content of SIFs as the form of aglycones in FSBM significantly increased after fermentation. During the fermentation process, microbial β-glucosidase plays a vital role in the increase of free isoflavone aglycones [6]. The absorption by the body depends on the chemical structures and metabolites of the isoflavones. It has been documented that β-glucosidase hydrolyzes the β-1, 6 glucosidic bonds to increase the concentration of free isoflavone aglycones, which is absorbed easier by the intestinal wall and has greater bioavailability than the glucoside forms [5,20]. Considering the increased biotransformation efficacy of isoflavone aglycones, which have an effect on preventing oxidative stress in animals [21], the FSBM might attenuate the oxidative stress status by increasing the content of SIFs as the form of aglycones.



In addition, our results are in accordance with a previous study, which showed that the supplementation of soybean flavonoid had no effect on the litter size, litter birth weight, and piglet birth weight [22]. However, a different study reported that the soy isoflavones daidzein could enhance the birth weight of male piglets [23]. The varying results might be related to the differences in character, source, feeding period, dose in the diet, and the development stage of the fetus.



During the late gestation and the lactation periods, the high requirement for energy and oxygen favors oxidative stress status in the maternal body because of the excessive production of ROS, such as O−, H2O2, and OH− [24]. These free radicals increase oxidative stress and can produce strong damage to cell structures. In our study, we found that the inhibitory ability of OH− was significantly enhanced after replacing SM with 6% FSBM. This result suggests that FSBM might decrease the oxidative stress in the serum of sows by inhibiting the OH−. Furthermore, our results showed that the activity of GSH-Px in the serum of sows was increased in the 2-FSBM group on the farrowing day and the 17th day of lactation, and the activity of SOD in the serum of sows was increased in the 4-FSBM group on the 17th day of lactation. Similarly, on the farrowing day, compared with the control, the 6-FSBM group had a significantly increased level of estrogens in the serum of sows. The estrogen exerts antioxidant effect via unexpected regulatory roles on oxidative stress [25,26]. Moreover, during the process of lipid peroxidation, oxidative stress can be caused by the production of the MDA and 8-iso-PGF2α, which are the specific marker of oxidative stress [27,28]. The flavonoid aglycones were more potent in their antiperoxidative action than their corresponding glycosides [29]. In our study, the levels of MDA and 8-iso-PGF2α in the serum of sows were decreased in the FSBM groups on the farrowing day and the 17th day of lactation. Similarly, the level of cortisol indicates the status of a stress response [30]. Our results showed that the cortisol in the serum of sows was decreased in all FSBM groups on the farrowing day and in the 4-FSBM and the 6-FSBM groups on the 17th day of lactation. These results suggest that replacing SM with FSBM in maternal diets might reduce oxidative stress status and enhance the anti-oxidative capacity of sows on the farrowing day and the 17th day of lactation via increasing the anti-oxidative products or reducing the oxidative stress products.



The breast milk components include fat, fat-soluble vitamins and minerals, immunoglobulins, and specific fatty acids [12]. The weight gain of piglets is closely linked to the milk components in the swine industry because of colostrum and milk supply nutrients and the immune agents for the new-born piglets [12,31]. The composition of colostrum has positive impacts on the levels of antioxidants [32,33]. A previous study has shown that antioxidants can increase the cysteine (Cys) and glutamine (Glu) of whey protein (WP) [34]. In our study, we found that the concentrations of TS, SNF, and IgG in the colostrum were significantly increased by replacing SM with 4% FSBM in the maternal diet. These results might be linked to not only the increase of the SIFs as the form of aglycones but also the decrease of oxidative stress of sows during the lactation period. The improvement of milk components could be beneficial to the growth performance of piglets.



In addition, our study about the growth performance of the piglets is consistent with the study of Kim et al., who suggested that the starter feed of calf with the FSBM enhanced the body weight gain and the feed intakes [15]. The reasons for the increased average daily gain of piglets might be related to the milk composition and immunoglobulin levels, which are key factors for the growth of nursing piglets [35,36]. The milk production of the mammary epithelial cells was regulated by the hormones, such as PRL, IGF-1, and EGF [37]. The gene expression of milk proteins was regulated by EGF in the presence of PRL in ex vivo mammary gland cultures [38], but the dose-response relationship between PRL and EGF in regulating the secretion of milk protein is still unclear. Interestingly, our results showed that the level of PRL in the serum of sows was decreased, but the level of EGF in the serum of sows had no significant change in the 4-FSBM group on the 17th day of lactation; the level of PRL in the serum of sows had no significant change, but the level of EGF in the serum of sows was increased in the 6-FSBM group on the 17th day of lactation. Further studies are needed to determine the levels of EGF and PRL in the mammary gland of sows and the relationship between the hormones and the milk production in the mammary gland.



EGF is beneficial in protecting neonates against pathogen infection by enhancing neonatal intestinal development [39,40]. IGF-1 might be beneficial for improving neonatal tissue development [41]. In our study, replacing SM in the maternal diet with FSBM increased the levels of IGF-1 and EGF in the serum of lactation sows and the average weight of piglets on the 14th day and the 21st day after birth. These results suggested that replacing SM in the maternal diet with FSBM might enhance the growth and development of the suckling piglets after birth. Further studies are needed to determine the levels of EGF and IGF-1 in the milk of sows and the serum of their offspring in different lactating periods for analyzing the connection between the growth and health of the piglets and the hormones.




5. Conclusions


FSBM increased the content of SIFs in the form of aglycones, and thus, the maternal diet with FSBM attenuated the oxidative stress status in sows. Replacing SM in the maternal diet with FSBM attenuated the oxidative stress status of the gestational and lactational sows, improved the milk components, and further enhanced the average daily gain of suckling piglets after birth, but the dose-dependent effect was not observed in the study. The mechanism of the fermented soybean meal to regulate oxidative stress merits further investigation.







Author Contributions


Conceptualization, J.X. and X.Y.; methodology, W.L. and X.Y.; software, X.Y. and W.L.; validation, J.X.; formal analysis, X.Y. and W.L.; investigation, J.C.; resources, Y.M.; data curation, W.L.; writing—original draft preparation, X.Y.; writing—review and editing, W.L. and J.Y.; supervision, J.Z. and W.X.; project administration, X.Y. and J.X.; funding acquisition, J.X. and J.C. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Key R&D Program of China (2018YFD0500600) and innovation and entrepreneurship leading talent project of Suqian City of Jiangsu Province.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Animal Care and Use Committee of the Shanghai Jiaotong University and approved by the Animal Care and Use Committee of the Shanghai Jiaotong University Institutional Review Board (No. SYXK 2013-0052).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data used to support the findings of this study are included within the article file.




Acknowledgments


We thank Xinnong Feed Co. Ltd. for providing the facilities for the feeding experiment, processing the feeds, and caring for the pigs. We sincerely thank M.Y.Y for his technical help.




Conflicts of Interest


The authors disclose that there is no conflict of interest.




References


	



Punjaisee, C.; Visessanguan, W.; Punjaisee, S.; Sirilun, S. Antioxidant activities of soybean fermented with Aspergillus oryzae BCC 3088. Chiang Mai Univ. J. Nat. Sci. 2012, 11, 13–28. [Google Scholar]

	



Lee, J.; Renita, M.; Fioritto, R.J.; St Martin, S.K.; Schwartz, S.J.; Vodovotz, Y. Isoflavone characterization and antioxidant activity of ohio soybeans. J. Agric. Food. Chem. 2004, 52, 2647–2651. [Google Scholar] [CrossRef] [PubMed]

	



Hsieh, H.M.; Wu, W.M.; Hu, M.L. Soy isoflavones attenuate oxidative stress and improve parameters related to aging and Alzheimer’s disease in C57BL/6J mice treated with D-galactose. Food Chem. Toxicol. 2009, 47, 625–632. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Ding, L.; Zhou, R. Determination of Isoflavones in Soybean Meal by HPLC. Chem. Ind. Eng. Prog. 2005, 24, 196. [Google Scholar]

	



Kano, M.; Takayanagi, T.; Harada, K.; Sawada, S.; Ishikawa, F. Bioavailability of isoflavones after ingestion of soy beverages in healthy adults. J. Nutr. 2006, 136, 2291–2296. [Google Scholar] [CrossRef]

	



Cho, K.M.; Jin, H.L.; Han, D.Y.; Ahn, B.Y.; Kim, H.; Seo, W.T. Changes of phytochemical constituents (isoflavones, flavanols, and phenolic acids) during cheonggukjang soybeans fermentation using potential probiotics Bacillus subtilis CS90. J. Food Compos. Anal. 2011, 24, 402–410. [Google Scholar] [CrossRef]

	



Yang, S.F.; Xu, J.X. Biotransformation of soybean isoflavone by microbial solid-state fermentation. Mod. Food Sci. Technol. 2013, 29, 1867–1871. [Google Scholar]

	



Hong, K.-J.; Lee, C.-H.; Kim, S.W. Aspergillus oryzae GB-107 fermentation improves nutritional quality of food soybeans and feed soybean meals. J. Med. Food 2004, 7, 430–435. [Google Scholar] [CrossRef]

	



Miller, J.K.; Brzezinska-Slebodzinska, E.; Madsen, F.C. Oxidative Stress, Antioxidants, and Animal Function. J. Dairy Sci. 1993, 76, 2812–2823. [Google Scholar] [CrossRef]

	



Hassaan, M.S.; Soltan, M.A.; Abdel-Moez, A.M. Nutritive value of soybean meal after solid state fermentation with Saccharomyces cerevisiae for Nile tilapia, Oreochromis niloticus. Anim. Feed Sci. Technol. 2015, 201, 89–98. [Google Scholar] [CrossRef]

	



Agarwal, A.; Gupta, S.; Sharma, R.K. Role of oxidative stress in female reproduction. Reprod. Biol. Endocrinol. 2005, 3, 28. [Google Scholar] [CrossRef] [PubMed]

	



Hurley, W.L. 9. Composition of Sow Colostrum and Milk; Wageningen Academic Publishers: Wageningen, The Netherlands, 2015; pp. 193–230. [Google Scholar] [CrossRef]

	



Kim, S.W. Sow Milk. Milk Dairy Prod. Hum. Nutr. 2013. [Google Scholar] [CrossRef]

	



Kim, S.W.; van Heugten, E.; Ji, F.; Lee, C.H.; Mateo, R.D. Fermented soybean meal as a vegetable protein source for nursery pigs: I. Effects on growth performance of nursery pigs. J. Anim. Sci. 2010, 88, 214–224. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.H.; Yun, C.H.; Lee, C.H.; Ha, J.K. The effects of fermented soybean meal on immunophysiological and stress-related parameters in Holstein calves after weaning. J. Dairy Sci. 2012, 95, 5203–5212. [Google Scholar] [CrossRef]

	



Association of Official Anlytical Chemists. Offical Methods of Analysis of the Association of Offical Analytical Chemists, 17th ed.; Association of Official Anlytical Chemists: Washington, DC, USA, 2000. [Google Scholar]

	



Barnes, S.; Kirk, M.; Coward, L. Isoflavones and their conjugates in soy foods: Extraction conditions and analysis by HPLC-mass spectrometry. J. Agric. Food. Chem. 1994, 42, 2466–2474. [Google Scholar] [CrossRef]

	



NRC. Nutrient Requirements of Swine, 11th revised ed.; National Academies Press: Washington, DC, USA, 2012. [Google Scholar]

	



Liu, S.T.; Hou, W.X.; Cheng, S.Y.; Shi, B.M.; Shan, A.S. Effects of dietary citric acid on performance, digestibility of calcium and phosphorus, milk composition and immunoglobulin in sows during late gestation and lactation. Anim. Feed Sci. Technol. 2014, 191, 67–75. [Google Scholar] [CrossRef]

	



Jóźwik, A.; Krzyzewski, J.; Strzałkowska, N.; Polawska, E.; Bagnicka, E.; Wierzbicka, A.; Niemczuk, K.; Lipińska, P.; Horbańczuk, J.O. Relations between the Oxidative Status, Mastitis, Milk Quality and Disorders of Reproductive Functions in Dairy Cows—A Review. Anim. Sci. Pap. Rep. 2012, 30, 297–307. [Google Scholar]

	



da Silva Schmitz, I.; Schaffer, L.F.; Busanello, A.; de Freitas, C.M.; Fachinetto, R.; Peroza, L.R. Isoflavones prevent oxidative stress and inhibit the activity of the enzyme monoamine oxidase in vitro. Mol. Biol. Rep. 2019, 46, 2285–2292. [Google Scholar] [CrossRef]

	



Rehfeldt, C.; Adamovic, I.; Kuhn, G. Effects of dietary daidzein supplementation of pregnant sows on carcass and meat quality and skeletal muscle cellularity of the progeny. Meat Sci. 2007, 75, 103–111. [Google Scholar] [CrossRef] [PubMed]

	



Ren, M.Q.; Kuhn, G.; Wegner, J.; Chen, J. Isoflavones, substances with multi-biological and clinical properties. Eur. J. Nutr. 2001, 40, 135–146. [Google Scholar] [CrossRef] [PubMed]

	



Ognibene, D.T.; Carvalho, L.C.; Costa, C.A.; Rocha, A.P.; de Moura, R.S.; Castro, R.A. Role of renin-angiotensin system and oxidative status on the maternal cardiovascular regulation in spontaneously hypertensive rats. Am. J. Hypertens. 2012, 25, 498. [Google Scholar] [CrossRef] [PubMed]

	



White, R.E.; Gerrity, R.; Barman, S.A.; Han, G. Estrogen and oxidative stress: A novel mechanism that may increase the risk for cardiovascular disease in women. Steroids 2010, 75, 788–793. [Google Scholar] [CrossRef] [PubMed]

	



Abdelrazek, H.M.A.; Mahmoud, M.M.A.; Tag, H.M.; Greish, S.M.; Eltamany, D.A.; Soliman, M.T.A. Soy Isoflavones Ameliorate Metabolic and Immunological Alterations of Ovariectomy in Female Wistar Rats: Antioxidant and Estrogen Sparing Potential. Oxidative Med. Cell. Longev. 2019, 2019, 5713606. [Google Scholar] [CrossRef] [PubMed]

	



Roberts, L.J.; Montine, T.J.; Markesbery, W.R.; Tapper, A.R.; Hardy, P.; Chemtob, S.; Dettbarn, W.D.; Morrow, J.D. Formation of isoprostane-like compounds (neuroprostanes) in vivo from docosahexaenoic acid. J. Biol. Chem. 1998, 273, 13605–13612. [Google Scholar] [CrossRef] [PubMed]

	



Fujita, K.; Nishizawa, H.; Funahashi, T.; Shimomura, I.; Shimabukuro, M. Systemic oxidative stress is associated with visceral fat accumulation and the metabolic syndrome. Circ. J. 2006, 70, 1437–1442. [Google Scholar] [CrossRef]

	



Ratty, A.K.; Das, N.P. Effects of flavonoids on nonenzymatic lipid peroxidation: Structure-activity relationship. Biochem. Med. Metab. Biol. 1988, 39, 69–79. [Google Scholar] [CrossRef]

	



Ming, J.; Xie, J.; Xu, P.; Ge, X.; Liu, W.; Ye, J. Effects of emodin and vitamin C on growth performance, biochemical parameters and two HSP70s mRNA expression of Wuchang bream (Megalobrama amblycephala Yih) under high temperature stress. Fish. Shellfish Immunol. 2012, 32, 651–661. [Google Scholar] [CrossRef]

	



Albera, E.; Kankofer, M. Antioxidants in Colostrum and Milk of Sows and Cows. Reprod. Domest. Anim. 2009, 44, 606–611. [Google Scholar] [CrossRef] [PubMed]

	



Pinelli-Saavedra, A. Vitamin E in immunity and reproductive performance in pigs. Reprod. Nutr. Dev. 2003, 43, 397. [Google Scholar] [CrossRef] [PubMed]

	



Castillo, C.; Pereira, V.; Abuelo, Á.; Hernández, J. Effect of supplementation with antioxidants on the quality of bovine milk and meat production. Sci. World J. 2013, 2013, 616098. [Google Scholar] [CrossRef] [PubMed]

	



Traverso, N.; Balbis, E.; Sukkar, S.G.; Furfaro, A.; Sacchi-Nemours, A.M.; Ferrari, C.; Patriarca, S.; Cottalasso, D. Oxidative stress in the animal model: The possible protective role of milk serum protein. Mediterr. J. Nutr. Metab. 2010, 3, 173–178. [Google Scholar] [CrossRef]

	



Noblet, J.; Etienne, M. Body composition, metabolic rate and utilization of milk nutrients in suckling piglets. Reprod. Nutr. Dev. 1987, 27, 829. [Google Scholar] [CrossRef] [PubMed]

	



King, R.H.; Toner, M.S.; Dove, H.; Atwood, C.S.; Brown, W.G. The response of first-litter sows to dietary protein level during lactation. J. Anim. Sci. 1993, 71, 2457. [Google Scholar] [CrossRef] [PubMed]

	



Weaver, S.R.; Hernandez, L.L. Autocrine-paracrine regulation of the mammary gland. J. Dairy Sci. 2016, 99, 842–853. [Google Scholar] [CrossRef] [PubMed]

	



Kobayashi, K.; Oyama, S.; Kuki, C.; Tsugami, Y.; Matsunaga, K.; Suzuki, T.; Nishimura, T. Distinct roles of prolactin, epidermal growth factor, and glucocorticoids in beta-casein secretion pathway in lactating mammary epithelial cells. Mol. Cell. Endocrinol. 2017, 440, 16–24. [Google Scholar] [CrossRef]

	



Bedford, A.; Chen, T.; Huynh, E.; Zhu, C.; Medeiros, S.; Wey, D.; de Lange, C.; Li, J. Epidermal growth factor containing culture supernatant enhances intestine development of early-weaned pigs in vivo: Potential mechanisms involved. J. Biotechnol. 2015, 196–197, 9–19. [Google Scholar] [CrossRef] [PubMed]

	



Jung, K.; Kang, B.K.; Kim, J.Y.; Shin, K.S.; Lee, C.S.; Song, D.S. Effects of epidermal growth factor on atrophic enteritis in piglets induced by experimental porcine epidemic diarrhoea virus. Vet. J. 2008, 177, 231–235. [Google Scholar] [CrossRef]

	



Burrin, D.G.; Wester, T.J.; Davis, T.A.; Amick, S.; Heath, J.P. Orally administered IGF-I increases intestinal mucosal growth in formula-fed neonatal pigs. Am. J. Physiol. Regul. Integr. Comp. Physiol. 1996, 270, R1085–R1091. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Crude protein and soy isoflavone content of the soybean meal (SM) and fermented soybean meal (FSBM) used in the experimental diets.
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	Items
	SM
	FSBM
	p Value





	Crude protein (%)
	44.72 ± 1.18
	47.88 ± 1.42
	NS



	Isoflavone glucoside
	
	
	



	Underivatized glucosides (μg/g)
	575.12 ± 17.43
	100.33 ± 4.56
	p < 0.001



	Acetyl glucosides conjugates (μg/g)
	139.67 ± 10.43
	22.70 ± 1.38
	p < 0.001



	Malonyl glucosides (μg/g)
	872.71 ± 4.07
	168.07 ± 6.14
	p < 0.001



	Isoflavone aglucone
	
	
	



	Daidzein (μg/g)
	157.18 ± 4.82
	392.37 ± 15.43
	p < 0.001



	Glycitin (μg/g)
	55.49 ± 2.27
	130.34 ± 5.27
	p < 0.001



	Genistein (μg/g)
	155.76 ± 10.99
	1210.87 ± 34.42
	p < 0.001







SM = soybean meal; FSBM = fermented soybean meal; NS = not significant. Values are means ± SEM, n = 4.
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Table 2. Dietary ingredients and nutrient contents of the basal diets (as fed-basis).
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Ingredient

	
Day 78–84 of Gestation

	
Day 85–100 of Gestation

	
Day 100 of Gestation Lactation






	
Corn (%)

	
33.9

	
33.9

	
33.9

	
33.9

	
34.8

	
34.8

	
34.8

	
34.8

	
54.0

	
54.0

	
54.0

	
54.0




	
Barley (%)

	
44.0

	
44.0

	
44.0

	
44.0

	
35.0

	
35.0

	
35.0

	
35.0

	
12.3

	
12.3

	
12.3

	
12.3




	
Wheat bran (%)

	
5.00

	
5.00

	
5.00

	
5.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
SM (%)

	
13.1

	
11.1

	
9.10

	
7.10

	
11.2

	
9.20

	
7.20

	
5.20

	
13.5

	
11.5

	
9.50

	
7.50




	
FSBM (%)

	

	
2.00

	
4.00

	
6.00

	

	
2.00

	
4.00

	
6.00

	

	
2.00

	
4.00

	
6.00




	
Extruded soybean (%)

	
-

	
-

	
-

	
-

	
12.0

	
12.0

	
12.0

	
12.0

	
10.0

	
10.0

	
10.0

	
10.0




	
NUPRO 1 (%)

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
2.50

	
2.50

	
2.50

	
2.50




	
Fish meal (%)

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
1.00

	
1.00

	
1.00

	
1.00




	
HTL-306 1 (%)

	
-

	
-

	
-

	
-

	
3.00

	
3.00

	
3.00

	
3.00

	
2.50

	
2.50

	
2.50

	
2.50




	
L-Lysine-HCL,98% (%)

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.10

	
0.10

	
0.10

	
0.10




	
DL-methionine, 99% (%)

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.05

	
0.05

	
0.05

	
0.05




	
L-Threonine, 98.5% (%)

	
-

	
-

	
-

	
-

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05




	
Gestation-premix 2 (%)

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
4.00

	
-

	
-

	
-

	
-




	
Lactation-premix 3 (%)

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
4.00

	
4.00

	
4.00

	
4.00




	
Total (%)

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100




	
Calculated nutrients levels

	

	

	

	

	

	

	

	

	

	

	

	




	
Metabolizable energy, kcal/kg

	
3029

	
3032

	
3035

	
3038

	
3208

	
3211

	
3214

	
3217

	
3306

	
3309

	
3312

	
3315




	
Crude protein, %

	
14.2

	
14.3

	
14.4

	
14.5

	
15.9

	
16.0

	
16.1

	
16.2

	
16.7

	
16.8

	
16.9

	
17.0




	
Ether extract,%

	
2.49

	
2.46

	
2.42

	
2.39

	
7.30

	
7.26

	
7.23

	
7.19

	
6.97

	
6.84

	
6.81

	
6.77




	
Crude fiber,%

	
3.99

	
3.88

	
3.78

	
3.67

	
3.75

	
3.65

	
3.54

	
3.44

	
3.17

	
3.06

	
2.96

	
2.85




	
Lysine, %

	
0.65

	
0.66

	
0.66

	
0.66

	
0.80

	
0.80

	
0.80

	
0.80

	
1.08

	
1.08

	
1.08

	
1.08




	
Total calcium, %

	
0.88

	
0.88

	
0.88

	
0.88

	
0.90

	
0.90

	
0.90

	
0.90

	
0.96

	
0.96

	
0.96

	
0.96




	
Total phosphorus, %

	
0.54

	
0.55

	
0.55

	
0.55

	
0.52

	
0.53

	
0.53

	
0.54

	
0.52

	
0.52

	
0.53

	
0.53








1 HTL-306: fat powder, purchase from Berg + Schmidt, Hamburg, Germany; NUPRO: yeast extract, purchase from Alltech Biological Products CO., LTD. (Beijing, China). 2 Gestation-premix provided per kilogram of diets: vitamin A, 10450 IU; vitamin E, 60 IU; vitamin K3, 5.5 IU; vitamin B1, 2.0 mg; vitamin B2, 6.0 mg; vitamin B6, 3.0 mg; vitamin B12, 25 μg; folate, 1.5 mg; biotin, 250 μg; pantothenic acid, 25.2 mg; niacin, 35.4 mg; choline, 400 mg; Ca, 6.61 g; P, 2.34 g; Cu, 35 mg; Fe, 200 mg; Mn, 30.5 mg, Zn, 150 mg; Cr, 0.15 mg; Se, 0.30 mg; I, 0.6 mg. 3 Lactation-premix provided per kilogram of diets: Lys, 0.78 g; vitamin A, 6890 IU; vitamin D3, 2950 IU; vitamin E, 60 IU; vitamin K3, 6.0 IU; vitamin B1, 2.0 mg; vitamin B2, 6.0 mg; vitamin B6, 3.0 mg; vitamin B12, 25 μg; folate, 1.5 mg; biotin, 300 μg; pantothenic acid, 25.2 mg; niacin, 35.4 mg; choline, 400 mg; Ca, 7.94 g; P, 2.16 g; Cu, 35 mg; Fe, 250 mg; Mn, 30.5 mg, Zn, 150 mg; Cr, 0.15 mg; Se, 0.30 mg; I, 0.6 mg.
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Table 3. The performance of sows and their litter in different dietary groups.
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	Items
	Control
	2-FSBM
	4-FSBM
	6-FSBM





	Litter size
	12.00 ± 0.98
	11.55 ± 0.87
	12.64 ± 0.77
	11.09 ± 0.71



	Alive litter size
	11.27 ± 0.83
	10.82 ± 0.72
	12.00 ± 0.79
	10.45 ± 0.64



	Survival rate at birth
	0.95 ± 0.01
	0.94 ± 0.02
	0.95 ± 0.02
	0.95 ± 0.02



	The number of weaned piglets per litter
	10.91 ± 0.39
	10.45 ± 0.51
	10.18 ± 0.18
	10.18 ± 0.54



	Average daily gain per litter (kg)
	1.58 ± 0.19 a
	1.91 ± 0.13 a
	2.04 ± 0.16 b
	1.93 ± 0.17 a



	Weight/litter (kg)
	
	
	
	



	Birth
	16.98 ± 0.77
	16.76 ± 0.94
	18.06 ± 0.85
	16.17 ± 1.74



	14 day old
	34.78 ± 2.22 a
	40.43 ± 2.23 a,b
	44.18 ± 1.37 b
	41.96 ± 2.87 b



	21 day old
	50.15 ± 3.95 a
	57.01 ± 2.90 a,b
	60.95 ± 1.91 b
	56.78 ± 3.59 a,b



	Weight/piglets, kg
	
	
	
	



	Birth
	1.57 ± 0.11
	1.58 ± 0.88
	1.54 ± 0.07
	1.55 ± 0.11



	14 day old
	3.17 ± 0.13 a
	3.91 ± 0.20 b
	4.37 ± 0.19 b
	4.16 ± 0.25 b



	21 day old
	4.57 ± 0.30 a
	5.53 ± 0.29 b
	6.03 ± 0.28 b
	5.65 ± 0.34 b







Control = soybean meal-based diet (n = 11); 2-FSBM = soybean meal-based diet replaced soybean meal with 2% FSBM (n = 11); 4-FSBM = soybean meal-based diet replaced soybean meal with 4% FSBM (n = 11); 6-FSBM = soybean meal-based diet replaced soybean meal with 6% FSBM (n = 11). a,b Mean values within a row with unlike superscript letters differ significantly (p < 0.05).
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Table 4. The oxidative stress status in the serum of sows in different dietary groups.
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Items

	
Control

	
2-FSBM

	
4-FSBM

	
6-FSBM






	
The 1st day of lactation




	
GSH-Px 1 (U/mL)

	
357.61 ± 10.9 1 a

	
426.18 ± 13.19 b

	
373.68 ± 17.04 a

	
374.74 ± 17.04 a




	
SOD 2 (U/mL)

	
49.14 ± 0.65

	
48.26 ± 2.36

	
50.35 ± 1.23

	
48.89 ± 0.85




	
MDA 3 (nmol/mL)

	
9.89 ± 0.44 a

	
6.25 ± 0.29 b

	
6.44 ± 0.42 b

	
6.94 ± 0.71 b




	
inhibition of OH− 4 (U/mL)

	
213.06 ± 5.26 a

	
214.12 ± 4.29 a

	
222.66 ± 3.80 a,b

	
231.69 ± 4.10 b




	
8-ISO-PGF2α 5 (pg/mL)

	
92.07 ± 2.17 a

	
85.00 ± 1.27 b

	
82.61 ± 2.00 b

	
86.19 ± 1.10 b




	
The 17th day of lactation




	
GSH-Px 1 (U/mL)

	
428.28 ± 19.00 a

	
479.02 ± 17.2 b

	
449.68 ± 12.67 a,b

	
443.12 ± 9.28 a,b




	
SOD 2 (U/mL)

	
41.95 ± 2.89 a

	
45.78 ± 1.45 a,b

	
49.22 ± 1.11 b

	
45.35 ± 1.48 a,b




	
MDA 3 (nmol/mL)

	
7.52 ± 0.15 a

	
4.02 ± 0.46 b

	
4.66 ± 0.28 b

	
6.37 ± 0.34 c




	
inhibition of OH− 4 (U/mL)

	
160.77 ± 4.10 a

	
163.60 ± 3.03 a,b

	
174.15 ± 3.72 b

	
205.76 ± 3.45 c




	
8-ISO-PGF2α 5 (pg/mL)

	
103.36 ± 3.88 a

	
100.15 ± 4.00 a

	
41.91 ± 2.57 b

	
72.64 ± 1.83 c








Control = soybean meal-based diet (n = 6); 2-FSBM = soybean meal-based diet replaced soybean meal with 2% FSBM (n = 6); 4-FSBM = soybean meal-based diet replaced soybean meal with 4% FSBM (n = 6); 6-FSBM = soybean meal-based diet replaced soybean meal with 6% FSBM (n = 6). 1 GSH-Px = glutathione peroxidase; 2 SOD = superoxide dismutase; 3 MDA = malondialdehyde; 4 OH− = hydroxyl ion; 5 8-ISO-PGF2α=8-iso-prostaglandin F2α; a,b,c Mean values within a row with unlike superscript letters differ significantly (p < 0.05).
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Table 5. The levels of estrogen, prolactin, IGF-1, and EGF in the serum of sows.
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Items

	
Control

	
2-FSBM

	
4-FSBM

	
6-FSBM






	
The 1st day of lactation




	
Estrogen (pg/mL)

	
74.96 ± 1.87 a

	
75.59 ± 0.32 a

	
76.27 ± 2.77 a

	
88.05 ± 1.86 b




	
Prolactin (ng/mL)

	
36.37 ± 2.54

	
36.96 ± 2.96

	
39.38 ± 1.78

	
38.96 ± 2.00




	
IGF-1 1 (ng/mL)

	
5.95 ± 0.11

	
6.02 ± 0.34

	
6.55 ± 0.11

	
6.51 ± 0.26




	
EGF 2 (ng/L)

	
204.32 ± 9.19 a

	
199.01 ± 5.54 a

	
226.08 ± 6.56 b

	
231.3 ± 6.39 b




	
Cortisol (ng/mL)

	
87.12 ± 2.00 a

	
80.73 ± 1.89 b

	
71.22 ± 1.60 c

	
75.86 ± 2.64 b,c




	
The 17th day of lactation




	
Estrogen (pg/mL)

	
69.65 ± 1.94 a

	
76.50 ± 1.81 b,c

	
71.61 ± 2.73 a,b

	
79.18 ± 1.78 c




	
Prolactin (ng/mL)

	
48.41 ± 2.19 a

	
51.02 ± 2.47 a

	
40.79 ± 3.06 b

	
51.01 ± 2.31 a




	
IGF-1 1 (ng/mL)

	
6.33 ± 0.145 a

	
6.49 ± 0.18 a,b

	
6.95 ± 0.18 b,c

	
7.05 ± 0.19 c




	
EGF 2 (ng/L)

	
225.37 ± 9.27 a

	
214.95 ± 13.37 a

	
243.51 ± 11.82 a,b

	
269.85 ± 5.61 b




	
Cortisol (ng/mL)

	
75.96 ± 0.50 a

	
74.66 ± 1.14 a

	
66.76 ± 1.24 b

	
70.45 ± 1.73 c








a,b,c Mean values within a row with unlike superscript letters differ significantly (p < 0.05). Control = soybean meal-based diet (n = 6); 2-FSBM = soybean meal-based diet replaced soybean meal with 2% FSBM (n = 6); 4-FSBM = soybean meal-based diet replaced soybean meal with 4% FSBM (n = 6); 6-FSBM = soybean meal-based diet replaced soybean meal with 6% FSBM (n = 6).1 IGF-1 = insulin-like growth factor; 2 EGF = epidermal growth factor. Composition of Colostrum.
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Table 6. The composition and immunoglobulin levels of colostrum from different dietary groups.
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	Items
	Control
	2-FSBM
	4-FSBM
	6-FSBM





	Fat (%)
	3.90 ± 0.13
	4.79 ± 0.40
	4.50 ± 0.99
	4.73 ± 0.37



	Protein (%)
	13.56 ± 0.66 a
	15.08 ± 0.53 a,b
	16.76 ± 0.83 b
	17.59 ± 1.39 b



	Lactose (%)
	2.52 ± 0.38
	2.74 ± 0.10
	2.48 ± 0.28
	2.19 ± 0.31



	TS 1 (%)
	22.49 ± 0.70 a
	25.39 ± 0.85 a,b
	26.67 ± 1.23 b
	27.7 ± 1.31 b



	SNF 2 (%)
	17.73 ± 0.78 a
	21.30 ± 1.59 a,b
	22.48 ± 1.30 b
	21.82 ± 1.26 a,b



	IgA 3 (μg/mL)
	3.33 ± 0.15
	3.36 ± 0.18
	3.67 ± 0.15
	3.74 ± 0.16



	IgG 3 (mg/mL)
	2.09 ± 0.03 a
	2.19 ± 0.06 a
	2.45 ± 0.12 b
	2.30 ± 0.08 a,b



	IgM 3 (μg/mL)
	13.45 ± 0.35
	14.06 ± 0.40
	14.17 ± 0.28
	14.03 ± 0.34







Control = soybean meal-based diet (n = 6); 2-FSBM = soybean meal-based diet replaced soybean meal with 2% FSBM (n = 6); 4-FSBM = soybean meal-based diet replaced soybean meal with 4% FSBM (n = 6); 6-FSBM = soybean meal-based diet replaced soybean meal with 6% FSBM (n = 6). 1 TS = total slid; 2 SNF = solid not fat; 3 IgA = immunoglobulin A; IgG = immunoglobulin G; IgM = immunoglobulin M; a,b Mean values within a row with unlike superscript letters differ significantly (p < 0.05).
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