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Editorial on the Research Topic
 Rising stars in nutrition and food science technology: Development and utilization of active ingredients in food




In recent years, people's demand for food is undergoing a transition from quantity to quality and gradually to nutrition. The nutrition of food is not only of great significance to the normal progress of human metabolism, but also plays a key role in the healthy growth, such as defense of viruses and prevention of diseases. The nutritional index of food is the main object of concern in the field of food manufacturing.

In the process of food manufacturing, the nutritional characteristics are mainly controlled by the content of relevant components (nutritional fortifiers, food additives, etc.) and the rational food structure design. Moreover, other challenges associated deal with nutritious foods manufacturing technology and equipment involved. First of all, there is a lack of development in technologies for achieving nutrients with high activity and high absorption rate. Secondly, in terms of equipment, there are still problems related to poor production continuity, large amount of waste water and energy consumption, and poor product quality. The existence of these technical and equipment problems has seriously restricted the healthy development of the food industry and cannot meet people's needs for nutrition.

The papers included in this topic have conducted in-depth research on the regulatory mechanism of active ingredients in food and high-tech manufacturing technology on the nutritional characteristics of food, and have achieved systematic research results. Li Y. et al., Jiang S. et al., Xu et al., and Li X. et al. respectively fermented broccoli by Lactobacillus strains, hydrolyzed pig skin collagen with protease, fermented corn milk with probiotics and extracted yeast mannoproteins from Saccharomyces cerevisiae to obtain broccoli peptides, pig skin collagen peptides, corn-derived antioxidant peptides and yeast mannoproteins. The study of Li Y. et al. confirmed that broccoli peptides exert anti-inflammatory activity by inhibiting the secretion of inflammatory factors by inflammatory cells. The results of Jiang S. et al. elucidate the interactions between gut bacteria and related cytokines and reveal the mechanisms underlying the anti-Iron deficiency anemia effect of pig skin collagen peptides ferrous chelates. Xu et al. found that IGGIGTVPVGR and LTTVTPGSR isolated and extracted from fermented milk have antioxidant capacity. The findings of Li X. et al. evealed that the prevention of obesity by yeast mannoproteins is highly linked to the promotion of Parabacteroides distasonis and inhibition of Lactobacillus.

Jiang W. et al., Liu et al., and Zhang et al. respectively established BALB/c mice model, high-fat diet mice model, and anti-oxidation model in vitro to confirm the immunomodulatory activity of the polysaccharide obtained from Craterellus cornucopioides (Zhang et al.), the advantage in alleviating high-fat diet induced obesity of Zingiber striolatum polysaccharides (Jiang W. et al.), and the antioxidant activity of Houttuynia cordata polysaccharides (Liu et al.).

Chen et al. found that red-fleshed apple flavonoid extract ameliorated CCl4-induced liver damage by modulating the abundance and composition of intestinal microorganisms in mice. Wang et al. reviewed the nutritional active components of sea buckthorn, such as vitamins, carotenoids, polyphenols, fatty acids, and phytosterols, and their health benefits, such as antioxidant, anticancer, anti-hyperlipidemic, anti-obesity, anti-inflammatory, antimicrobial, antiviral, dermatological, neuroprotective, and hepatoprotective activities. And they revealed the potential of sea buckthorn to be developed into functional foods or dietary supplements for the prevention and treatment of certain chronic diseases (Wang et al.).

Li C. et al. and Zhao et al. respectly investigated effects of drying strategies and steam explosion pretreatment on sporulation and titer of microbial ecological agents with Bacillus subtilis and enzymatic digestibility of overground tubers of tiger nut (Cyperus esculentus L.). Li C. et al. found that 80°C-hot air drying is an effective drying strategy for promoting sporulation, which improves the titer of microbial ecological agents with B. subtilis. The investigation of Zhao et al. revealed that steam explosion pretreatment promoted saccharification of the overground tubers of tiger nut, which paves the way for value-added valorization of the tiger nut plants.

In conclusion, the above research works provide theoretical support for the development and utilization of active ingredients such as protein/polypeptide, polysaccharide and flavonoid in food. This can play a role in improving the quality of both traditional food products and the processing technology, and guiding the investigation of new foods.
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Drying operation is beneficial to the preservation and transportation of microbial ecological agents. In this study, drying kinetics and water distribution variations in solid biomass medium during hot air drying (HAD) and vacuum freeze drying (VFD) were systematically investigated. Meanwhile, the effects of different drying strategies on the sporulation of Bacillus subtilis and the titer of microbial ecological agents were compared. The results showed that both HAD and VFD induced rapid water removal from the solid biomass medium. VFD retained bound water and maintained the porous structure of the solid medium. Both HAD and VFD induced sporulation. The expression level of sporulation-regulatory genes spo0A, sigF, and sigE followed the order 80°C-HAD > 60°C-HAD > VFD. The spore number in the medium after 80°C-HAD drying for 6 h was 0.72 × 1010/g dry medium, which was 9.1 and 12.5% larger than that of the medium with 60°C-HAD and VFD, respectively. Therefore, 80°C-HAD is an effective drying strategy for promoting sporulation, which improves the titer of microbial ecological agents with B. subtilis.

KEYWORDS
 microbial ecological agents, Bacillus subtilis, sporulation, hot air drying, vacuum freeze drying, low-field nuclear magnetic resonance


Introduction

The indiscriminate use of antibiotics leads to the occurrence of antibiotic resistance genes (ARGs) and antibiotic-resistant bacteria (ARB) from environments (1, 2). Bacillus subtilis microbial ecological agents are environmentally friendly alternatives to antibiotics, which can be utilized as feed additives for preventing disease and promoting animal growth (3–5). The preparation process of microbial ecological agents consists of strain breeding, fermentation, and drying processes, among which the drying process aims to reduce water content (WC) in the solid substrate and enhance the stability of probiotics products for preservation and transportation (6, 7). Hot air drying (HAD) is widely used for the production of dehydrated food and solid medium. Vacuum freeze-drying (VFD) method sublimates water at subfreezing temperatures. It is the preferred drying method for biomaterials because most biomaterials are vulnerable to heat (8). However, there was rare information about the effects of HAD and VFD on the sporulation and titer of B. subtilis microbial ecological agents.

Low-field nuclear magnetic resonance (LF-NMR) has been regarded as a powerful tool to analyze the water states and distribution in the solid medium due to its fast analysis speed, good sensitivity, and non-invasiveness (9, 10). Using the LF-NMR technique, Li et al. (11) identified three different proton fractions (T2b, T21, and T22) with various mobilities in the glutinous rice during solid-state fermentation (SSF). Recently, the LF-NMR technique has exhibited an excellent ability to explore the water dynamics during the drying process for solid substrates (12). Bacteria spore number is a key indicator to evaluate the quality of microbial ecological agents (13). By forming spores, bacteria cells can survive in severe environments (e.g., acid and mechanical force) and reawaken when favorable conditions return (14). Spores of B. subtilis are resistant to environmental stress, which includes heat in the drying process (15). The sporulation process begins with the activation of the master transcriptional gene spo0A, which leads to the sequential activation of the sigF gene in the forespore and the sigE gene in the parent cell (16). Therefore, the expression of spo0A, sigF, and sigE genes can indicate the sporulation process of B. subtilis with different drying strategies.

This study aimed to compare the effects of different drying strategies on the sporulation of B. subtilis and improved the titer of microbial ecological agents. The key metrics, such as water dynamics, molecular genetic expressions, viable cell, and spore number variations, were systematically evaluated and compared. These together could help to reveal the relationship between water distribution and sporulation during different drying processes, which could further benefit the production of microbial ecological agents of B. subtilis.



Materials and methods


Solid-state fermentation

Bacillus subtilis 10732 was purchased from the China Center of Industrial Culture Collection (CICC). The strain was stored in Luria-Bertani (LB) medium slant at 4°C. B. subtilis 10732 was precultivated in 100 ml of a liquid medium that contained 1% (w/w) yeast extract, 4% (w/w) glucose, 1% (w/w) peptone, 1% (w/w) CaCO3, and 0.05% (w/w) MgSO4 at 37°C and was shaken at 150 rpm for 24 h.

The solid medium consisted of 3.0 g of soybean meal, 30 g wheat bran, 0.75 g glucose, 1.5 g CaCO3, 30 ml of 1.25% (w/w) (NH4)2SO4, 0.05% (w/w) MnSO4, 2.5% (w/w) KH2PO4 inorganic salt solution, and 9.6 ml of deionized water. The medium was put into 250 ml Erlenmeyer flasks and sterilized at 121°C for 20 min. Afterward, the medium was cooled at room temperature and then inoculated by adding 12 ml of seed solution. The fermentation was conducted in an incubator at 37°C for 72 h.



Drying experiment

After fermentation, the solid medium was subjected to different drying treatments. The solid biomass medium was dehydrated until reaching constant weight. The temperatures of HAD were set at 60 and 80°C. The process of VFD included two steps: freezing and drying. All water in the solid medium was frozen in the first freezing step at −80°C for 1 h. The drying step was set at −45°C and 10 Pa to remove water in a vacuum environment until the medium reached a constant weight (8, 17).

Water content and drying rate (DR) are two important indicators to reveal the drying performance (12, 18). During the drying process, the mass of the solid medium was weighed, and the WCs (dry basis, g·g−1) were calculated using Equation (1):

[image: image]

where WCt is the WC (g·g−1) at the time t, mt is the mass (g) of the solid medium at t h, and me is the final dry mass (g) of the solid medium. DR (g·g−1·h−1) was calculated according to Equation (2):
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where WCt and WCt+Δt are the WC at t and t + Δt, respectively. The samples were taken at intervals of 1 h for WC and DR analyses.



LF-NMR measurements

Low-field nuclear magnetic resonance was applied to analyze water states and dynamics in a solid medium on a MesoMR23-060H-I Analyst Analyzing and Imaging System (Niumag Co., Ltd., Shanghai, China). In total, 2.60 g of solid medium samples were obtained from the central part of the substrates. The samples were placed into 25 mm NMR glass tubes first and then inserted into the NMR probe for detection. The T2i relaxation times were measured using Carr-Purcell-Meiboom-Gill (CPMG) sequence with a τ-value of 100 μs. A total of 3,000 echoes were collected as 16 scan repetitions, and the repetition time between two successive scans was 2.5 s. The relaxation time measurements were performed at 32°C. Data analysis was performed with the NMR Analyzing System version 1.0 (Niumag Co., Ltd., Shanghai, China). Relaxation time T2i and its corresponding water proportion M2i were presented.



Measurement of viable cell and spore number

Approximately 3 g of the solid medium was mixed with sterile water (1:20, w/v) in a 250 ml Erlenmeyer flask and shaken at 150 rpm for 30 min at 37°C. In total, 100 μl of the supernatant was carefully sampled and serially diluted (106-fold). Afterward, the cell count was determined by the spread plate method on LB plates. After incubation at 37°C for 24 h, the viable cell number was counted and expressed as colony-forming units (CFUs). Similarly, 5.0 ml of the mixture after shaking at 150 rpm for 30 min at 37°C in the determination of viable cell number was sampled and cultured at 80°C for 15 min. Afterward, 100 μl of the mixture was serially diluted (106-fold) and spread on LB plates. After incubation at 37°C for 24 h, the spore number was determined.



Quantitative polymerase chain reaction (qPCR) analysis of spo0A, sigF, and sigE gene expressions

Approximately 1 g of the solid medium was sampled and mixed with sterile water (1:20, w/v) in a 50 ml sterile test tube and shaken at 150 rpm for 5 min. Afterward, the mixture was centrifuged at 8,000 rpm for 10 min, and the precipitate was separated and stored at −80°C. Total RNA of B. subtilis was extracted using Cetyltrimethylammonium Bromide (CTAB) method (19). Before reverse transcription, the purity of the total RNA was tested by measuring OD260 and OD280 with a Nano Photometer P-Class P360 Ultraviolet Spectrophotometer. In total, 10 μl of total RNA was used as a template and was reverse transcribed to cDNA using PrimeScript RT Regent Kit (Takara Company) with a final volume of 20 μl. Moreover, the mixture was incubated at 37°C for 15 min and then at 85°C for 5 min to inactivate the enzyme. The primers for qPCR were synthesized by Sangon Biotech (Shanghai, China). The qPCR procedure was 30 s at 95°C followed by 35 cycles of 30 s at 95°C, 45 s at the annealing temperature of 35°C, and 45 s at 72°C, with a melt curve increasing from 65 to 95°C at increments of 0.5°C. The sample dried for 0 h was selected as the calibration sample for the gene expressions of spo0A, sigF, and sigE. The relative quantification of gene transcription was analyzed using the 2−ΔΔCt method (20).



Statistical analysis

Statistical analysis was performed by using SPSS version 21.0. Differences between the means were evaluated by the one-way ANOVA and the independent samples t-tests.




Results and discussion


Changes of WC and DR during different drying processes

Water content and DR are two important indicators to evaluate the drying process of a solid medium. Effects of different drying strategies on WC and DR were investigated (Figure 1). The WC of all media was decreased during the drying processes. The solid medium reached constant weight after 4 h drying with 80°C-HAD, while the time needed to reach constant weight with VFD and 60°C-HAD was 5 and 6 h, respectively. The higher the drying temperature, the faster the WC of the solid medium declined (12). Figure 1B shows that DR of 80°C-HAD and VFD increased from 0 to 1 h and then decreased gradually to the end of the drying process. The maximum DR values of 80°C-HAD and VFD were 0.60 and 0.72 g·g−1·h−1, respectively. The highest DR of 60°C-HAD was 0.45 g·g−1·h−1, which appeared during the period of 1–2 h. Sun et al. (18) reported that there were three stages during microwave freeze-drying for raspberry: the speed-up drying stage (I), the speed-down drying stage (II), and the low-speed drying stage (III), respectively. In line with the previous study, the drying process of solid biomass medium with HAD and VFD in this study could also be divided into three periods: (I) the speed-up drying period (0–1 h for 80°C-HAD and VFD and 0–2 h for 60°C-HAD); (II) the speed-down drying period (1–4 h for 80°C-HAD and VFD and 2–4 h for 60°C-HAD); and (III) the low-speed drying stage (4–8 h for 60°C-HAD, 80°C-HAD, and VFD). In the drying period I, the solid biomass medium presented higher WC and stronger heat absorption ability as compared to periods II and III, which caused the rapid water removal (7). With the extension of drying, the WC and heat absorption capacity of the medium were decreased. Meanwhile, the change in the internal structure of the solid medium also inhibited the water distribution (18), which was responsible for the DR decrease.
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FIGURE 1
 Changes in water content (A) and drying rate (B) during different drying processes.




Comparison of water state variations of solid media during different drying processes

Low-field nuclear magnetic resonance can be used to evaluate water states in the substrate, which are significantly related to the microstructure of the solid medium (21). In this study, water dynamics and relaxation times of T2i fractions were investigated to elucidate the microstructure changes of solid medium treated by different drying strategies. Figure 2 shows that three kinds of proton fractions are found in the solid medium after fermentation (curve at 0 h). The different fractions represent three different states of water, namely, (1) bound water, T2b associated with hydroxyl and/or carboxyl hydrophilic groups (22); (2) capillary water, T21 attributed to the water molecules in pores of solid media (23); and (3) lumen water, T22 ascribed to water molecules in the cavities of the three-dimensional network in solid media (11). M2b, M21, and M22 were the corresponding water proportion, respectively. Table 1 shows that the T2b, T21, and T22 relaxation times and M2b, M21, and M22 water proportions are decreased during 60°C-HAD for 2 h, which indicates the reduction of water fluidity and a decrease of WC. T21 capillary water and T22 lumen water were the relatively free water in solid biomass medium, which can be removed first in the drying process. However, T2b bound water was associated with hydroxyl and/or carboxyl hydrophilic groups, which was relatively difficult to remove. It should be noted that T21 and T22 peaks were merged into 1 weak peak at 60°C-HAD-4 h, 80°C-HAD-2 h, 80°C-HAD-4 h, and VFD-4 h conditions. T2b and T21 peaks were merged into 1 weak peak at VFD-2 h. It was speculated that drying treatments can break the barriers between different water fractions, thereby leading to the merging of T21 and T22 and T2b and T21 peaks. Tang et al. (24) also reported that water fractions can only be distinguished where microstructural barriers exist because they can hinder the inter-compartment water diffusion, which was consistent with the present results.


[image: Figure 2]
FIGURE 2
 Development curves in relaxation time of solid medium with different drying strategies. (A) Hot air drying (HAD). 60°C-HAD-2 h: hot air drying at 60°C for 2 h; 60°C-HAD-4 h: hot air drying at 60°C for 4 h; 80°C-HAD-2 h: hot air drying at 80°C for 2 h; and 80°C-HAD-4 h: hot air drying at 80°C for 4 h. (B) Vacuum freeze-drying (VFD). VFD-2 h: vacuum freeze-drying for 2 h; VFD-4 h: vacuum freeze-drying for 4 h.



TABLE 1 Relaxation times (T2i) and water proportion (M2i) of the solid biomass medium during drying processes.

[image: Table 1]

The ∑M2i of the solid medium at 80°C-HAD-2 h decreased by 42.8% than that at 60°C-HAD-2 h, while the ∑M2i at 80°C-HAD-4 h decreased by 63.2% than that at 60°C-HAD-4 h. These results indicated that the higher drying temperature during HAD could accelerate the water release from the medium. The proportion of M2b to ∑M2i at VFD-4 h was 92.4%, which was higher than that of 60°C-HAD and 80°C-HAD at the same drying time. VFD is a process in which water is crystallized at a low temperature and thereafter sublimated from the solid state directly into the vapor phase (25). The capillary water and lumen water were frozen as ice crystals and sublimated, but the bound water was retained with VFD. In summary, both HAD and VFD decreased the water fraction amplitudes and altered the water fraction distributions within a solid biomass medium. These different water states within the media should influence the sporulation process of B. subtilis.



Expression of sporulation-regulatory genes during different drying processes

The expression of spo0A, sigF, and sigE genes associated with sporulation during the drying processes was systematically investigated. Figure 3A shows that the expression of the spo0A gene exhibited an increasing tendency with the extension of drying time. Since the spo0A gene is the major regulator for the initiation of sporulation (26, 27), the increasing expression of spo0A illustrated the enhanced sporulation process with the HAD and VFD drying strategies. After drying for 6 h, the expression of the spo0A gene in 80°C-HAD reached 2.8, which was higher than that of 60°C-HAD (1.8) and VFD (1.8). It suggested that the 80°C-HAD drying strategy can facilitate the sporulation process more significantly.


[image: Figure 3]
FIGURE 3
 Expressions of spo0A (A), sigF (B), and sigE (C) genes during different drying processes.


As seen in Figures 3B,C, the expression of sigF and sigE genes in 80°C-HAD is increased by 206 and 249% from 0 to 6 h drying time, respectively. The expression of sigF and sigE genes in 60°C-HAD was increased by 70 and 120% from 0 to 6 h drying time, respectively. The expression of sigF and sigE genes in VFD increased by 10 and 100% from 0 to 6 h drying time, respectively. These results showed that the sigF and sigE genes exhibited increasing tendencies with the extension of drying time, which were similar to the spo0A gene expression variation. The expression levels of sigF and sigE gene at 80°C-HAD after 6 h drying were 1.76 and 1.57 times of those at 60°C-HAD. Fimlaid et al. (28) reported that the sigF and sigE genes are expressed in a spo0A-dependent manner. The higher the drying temperature, the more intense the sporulation process. Activation of the master transcriptional gene spo0A leads to the sequential activation of sigF and sigE genes, which can activate compartment-specific transcriptional programs that drive sporulation through its morphological stages (16). Both HAD and VFD induced sporulation. The expressions of spo0A, sigF, and sigE genes during drying followed the order 80°C-HAD > 60°C-HAD > VFD. These results indicated that high temperature in HAD facilitated sporulation-regulatory gene expression, which was more likely to promote sporulation of B. subtilis.



Viable cell and spore number changes during different drying processes

The number of viable cells and spores can be used to evaluate the quality of microbial ecological agents, food additives, etc. (13, 29, 30). Figure 4 shows the variation of viable cell and spore numbers in media with different drying strategies. The viable cell number exhibited decreasing tendencies, while the spore number showed increasing trends with the extension of drying time in all media. It should be noted that the viable cell number decreased fast while the spore number increased rapidly from 0 to 4 h in 80°C-HAD, 60°C-HAD, and VFD processes. The possible reason for this phenomenon was that WC decreased fast during this drying period. Influenced by the rapid removal of water, the viable cell formed spores to resist harsh environments.
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FIGURE 4
 Comparison of viable cell and spore numbers during different drying processes.


With the extension of drying time, the viable cell number of 80°C-HAD was always lower than that of 60°C-HAD, while the spore number of 80°C-HAD was always higher than that of 60°C-HAD. Especially, the viable cell numbers of 80°C-HAD at 4 and 6 h drying time were 1.45 × 1010 and 1.14 × 1010/g dry medium, respectively, which were lower than that of 60°C-HAD at 4 h (3.33 × 1010/g dry medium) and 6 h (3.12 × 1010/g dry medium). Moreover, the 80°C-HAD strategy caused a more rapid water decrease in the solid medium than 60°C-HAD, resulting in a more hydropenic environment. This severe condition induced more viable cell death or transformation to spores under 80°C-HAD. Previous studies reported that air drying caused physical alterations (e.g., shrinkage), which decreased the porosity of the microscopic structure of substrate materials (31–33). Similarly, HAD in the present study also led to the shrinkable structure of solid biomass medium with the extension of drying. The inferior porosity of the solid biomass medium was harmful to the growth of vegetative cells, which enhanced sporulation. The spore number of 80°C-HAD was 0.72 × 1010/g dry medium after 6 h of drying, which was 9.1 and 12.5% larger than that of 60°C-HAD and VFD, respectively. The spore number of 80°C-HAD, 60°C-HAD, and VFD was increased by 115, 95, and 90%, respectively, during 0–6 h drying processes. Therefore, it can be concluded that the drying processes in the present study promoted sporulation. It should also be noted that the viable cell number of VFD showed a slight increase while the spore number decreased slightly during drying for 4–6 h. This phenomenon was contrary to the general trend of viable cell and spore numbers but can be explained by the specific sublimation drying process of VFD. By drying in the frozen state, the free water fractions within the solid medium were presented as ice crystals. Then, these water fractions were sublimated continuously with the extension of drying time (25). As a result, the pores and cavities were vacated in the final period of drying, providing a porous medium and effective contact space for spore germination during 4–6 h drying time. Overall, VFD can maintain the porous structure of a solid medium, but HAD, especially 80°C-HAD, presented the vigorous sporulation process, which improved the titer of microbial ecological agents with B. subtilis.

Based on the above experimental results, a comprehensive model was proposed to elucidate the water state variations, microstructural changes of solid media, and B. subtilis sporulation during different drying processes. As seen in Figure 5, HAD leads to the shrinkage of pores and cavities in solid media, but VFD retains bound water and maintains the porous structure. Both HAD and VFD induced sporulation. The expression levels of spo0A, sigF, and sigE genes with 80°C-HAD were the highest as compared to 60°C-HAD and VFD, resulting in the largest spore number in medium with 80°C-HAD. The proposed model clearly elucidated the water states and microstructure changes within solid biomass media, which provided a better understanding of the effects of drying strategies on the sporulation of B. subtilis.
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FIGURE 5
 Proposed model for water state variations, microstructural changes of solid media, and B. subtilis sporulation during different drying processes.





Conclusion

Effects of different drying strategies on the sporulation of B. subtilis were revealed. Both HAD and VFD induced rapid water removal from solid biomass medium and facilitated sporulation. The expression level of sporulation-regulatory genes followed the order 80°C-HAD > 60°C-HAD > VFD. Accordingly, the spore number with 80°C-HAD was increased by 9.1 and 12.5% than that of 60°C-HAD and VFD, respectively. Therefore, 80°C-HAD is an effective drying strategy for promoting sporulation, which improves the titer of B. subtilis microbial ecological agents effectively.
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The yeast mannoproteins (MPs), a major component of yeast cell walls with large exploration potentiality, have been attracting increasing attention due to their beneficial effects. However, the information about the anti-obesogenic activity of MPs is still limited. Thus, the effects of MPs on the high-fat diet (HFD)-induced obesity and dysbiosis of gut microbiota were investigated in this work. The results showed that MPs could significantly attenuate the HFD-induced higher body weight, fat accumulation, liver steatosis, and damage. Simultaneously, the inflammation in HFD-induced mice was also ameliorated by MPs. The pyrosequencing analysis showed that intervention by MPs could lead to an obvious change in the structure of gut microbiota. Furthermore, the prevention of obesity by MPs is highly linked to the promotion of Parabacteroides distasonis (increased from 0.39 ± 0.12% to 2.10 ± 0.20%) and inhibition of Lactobacillus (decreased from 19.99 ± 3.94% to 2.68 ± 0.77%). Moreover, the increased level of acetate (increased from 3.28 ± 0.22 mmol/g to 7.84 ± 0.96 mmol/g) and activation of G protein-coupled receptors (GPRs) by MPs may also contribute to the prevention of obesity. Thus, our preliminary findings revealed that MPs from yeast could be explored as potential prebiotics to modulate the gut microbiota and prevent HFD-induced obesity.
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Introduction

Obesity, recognized as a disease with serious morbidity and increased mortality, has dramatically spread throughout the developed and developing countries due to a shift to diets, including addictive and/or high-calorie foods and lack of exercise (1, 2). In the past four decades, the prevalence of obesity and overweight has nearly tripled worldwide, which has become a growing public health challenge of the twenty-first century (3). Furthermore, obesity may lead to an increased risk of other obesity-related metabolic disorders, such as non-alcoholic fatty liver disease (NAFLD), type 2 diabetes (T2DM), and cardiovascular diseases (CDs) (4, 5). Obesity is a chronic and progressive process with multi-factorial factors and complex interactions, including physiological, sociopolitical, behavioral, and environmental factors (3, 6). Although the molecular mechanism for obesity is still not fully understood, obesity essentially represents a long-term positive imbalance between energy intake and energy expenditure, thereby increasing body fat (7). Pharmaceutical drugs, such as orlistat, could prevent, and treat obesity, however, its adverse effects, including acute kidney injury, subacute liver failure, and gastrointestinal adverse effects, block its further application (8). Thus, a potential novel therapeutic strategy for the prevention and treatment of obesity is still highly needed.

In recent decades, the effect of the gut microbiota on obesity has attracted much attention due to its key role in calorie harvest, energy homeostasis, and regulation of fat storage (9, 10). Recently and more strikingly, the experiments using germ-free mice and fecal microbiota transplantation have demonstrated the causality between the gut microbiota and the development of obesity (11, 12). More specifically, some key beneficial gut microbiota responsible for the prevention of obesity, such as Akkermansia muciniphila (13), Parabacteroides distasonis (14), and Dysosmobacter welbionis (15), and pathogenic bacteria which could promote obesity, such as Erysipelatoclostridium Ramosum (16) and Enterobacter cloacae B29 (17), have been identified, separated, and verified at the species level. The gut microbiota is expected to be a novel therapeutic target for the prevention and treatment of obesity. Thus, a series of microbiota-targeted diets are presented and evaluated with the growing public awareness of the gut microbiota (18, 19). Thereinto, dietary polysaccharides, which served as potential prebiotics, have recently emerged with the growing public awareness of their probiotic effect on gut microbiota (20).

Yeast is an important food resource used for fermentation in the food industry, and a large amount of yeast by-products is available every year (21). The yeast cell wall is mainly composed of β-glucan (60%) and mannoproteins (MPs, 40%), making them a potential source for providing functional ingredients (22). Nowadays, yeast by-products are mainly processed into animal feed or used to produce β-glucan (22, 23). β-Glucan from yeast has been widely investigated, whereas MPs from yeast attract much less attention. MPs are highly glycosylated proteins with molecular weights ranging from 20 to 200 kDa, containing 80–90% of carbohydrates and 5–20% of protein, and the potential structure of MPs has been reported in previous work (22, 24, 25). In recent years, the MPs have attracted more and more attention due to their alleged health-promoting functions, such as stimulation of angiogenesis, immunoactivities, and antineoplastic activities (25–27). However, the effects of MPs on obesity and gut microbiota are still unknown. Thus, the aim of the present work was to evaluate the potential anti-obesogenic effect of MPs on a high-fat diet (HFD)-induced obesity. Furthermore, the role of gut microbiota in the prevention of obesity by MPs was also investigated.



Materials and methods


Materials

The MPs from Saccharomyces cerevisiae were kindly provided by Angel Nutritech Co., Ltd. (China). The MPs were prepared according to the previous work with some modifications (25, 26). Briefly, after being sieved and purified, the slurry of S. cerevisiae cells was mixed with 3% sodium chloride, and the solution was incubated at 55°C for 24 h with agitation at 120 rpm/min. The residual autolyzed cells were obtained by centrifugation at 5,000 g for 10 min, and the MPs were extracted by water at 121°C for 4 h. The supernatant was collected and mixed with a triple volume of absolute alcohol. After keeping at 4°C for one night, the precipitated MPs were collected and deproteinized using the trichloroacetic acid method. The obtained solution was further mixed with a triple volume of absolute alcohol. The precipitate was collected, dissolved in distilled water, and further separated by Sepharose CL-4B to obtain the purified MPs. The contents of carbohydrates and protein were 86.3 ± 2.37% and 14.6 ± 1.45%, respectively. The molecular weight of MPs was 78 kD. The mice diets, including D12450J with 10 kcal% fat and D12492 with 60 kcal% fat, were purchased from Research Diets, Inc. (New Brunswick, NJ, USA).



Mice and diets

Six-week-old C57BL/6 male mice (n = 24, Shanghai SLAC Laboratory Animal Co., Ltd., Shanghai, China) were bred in the Animal Center of Nanjing Agricultural University (SYXK < Jiangsu > 2011-0037). All animal experimental protocols in this work were approved by the Institutional Animal Ethics Committee of the Experimental Animal Center of Nanjing Agricultural University. The mice were housed in specific pathogen-free (SPF) animal rooms under a 12-h dark-light cycle with ad libitum access to food and water. After an accommodation period of 1 week, mice were randomly divided into three groups (n = 8 per group), and fed for 10 weeks with a normal-chow diet (D12450J, coded as ND group), HFD (D12492, coded as HFD group), and HFD plus daily yeast MPs with a dosage of 400 mg/kg of body weight (coded as HFD-MP). The dosage of MPs in this work was chosen according to the previous work (23). Mice were supplemented daily with 0.2 mL of water in the ND and HFD groups and 0.2 mL of MPs solution (400 mg of MP was dissolved in 10 mL of sterilized water) in the HFD-MP group by intragastric gavage. The body weight and food intake were assessed on a weekly basis. After overnight fasting, mice were anesthetized using carbon dioxide and then euthanized by cardiac puncture at the end of 10 weeks. The blood was drawn in tubes containing EDTA and centrifuged at 4,000 g to obtain plasma. The adipose tissue and liver were obtained and weighed. A part of the epididymis fat and liver samples were fixed with a 4% of paraformaldehyde solution. After embedding in paraffin, the epididymis fat and liver samples were sectioned and stained with hematoxylin and eosin (H&E stain). Then, the slices were observed under a light microscope.



Biochemical analysis

The plasma levels of triglycerides (TGs), low-density lipoprotein cholesterol (LDL-C), total cholesterol (TC), fasting plasma glucose, and alanine transaminase (ALT) were detected by a commercial kit according to the manufacturer’s instructions. The plasma interleukin-1β (IL-1β), IL-10, IL-6, and tumor necrosis factor-alpha (TNF-α) levels were evaluated by commercial ELISA kits from Neobioscience Biological Technology Co., Ltd. (Shenzhen, China).



Gut microbiota analysis by 16S rRNA gene sequencing

The genomic DNA was extracted from the feces of the mice using the QiAamp DNA Stool Mini Kit (no. 51504, Qiagen, Germany). The V3-V4 region was amplified from purified DNA with the primers 341F (CCTACGGGNGGCWGCAG) and 805R (GACTACHVGGGTATCTAATCC). Sequencing was performed at an Illumina MiSeq platform by DeepBiome Co., Ltd. (Jinan, China) based on the manufacturer’s guidelines to obtain the raw fastq files. The quality filtering of data was carried out using Trimmomatic (version 0.36). The paired reads were merged by USEARCH (version 11.2.64)1 using the default parameters. The zero-radius operational taxonomic unit (ZOTU) was obtained using USEARCH. The bioinformatic analysis was performed by a previously reported method (28).



Short-chain fatty acid analyses

The levels of short-chain fatty acids (SCFAs) in mice cecal contents, including acetic, propionic, and n-butyric, were analyzed by gas chromatography (GC, 6890 N, Agilent) equipped with flame ionization detector (FID) and HP-INNOWAX capillary column (30 m × 0.25 mm × 0.25 μm, Agilent) using 2-ethylbutyric acid as internal standard (29). Briefly, the distilled water was added to cecal contents at a ratio of 1:5 (w/v). After centrifugation, the samples were mixed with internal standard solution (0.3 mg/mL of 2-ethylbutyric acid prepared in 0.2 mol/L of HCl solution) in equal volumes to obtain the solutions for GC analysis. The conditions of GC analysis were described in the previous work (29).



Ribonucleic acid extraction and quantification of gene expression

The total ribonucleic acid (RNA) in liver tissue was extracted by TaKaRa MiniBEST Universal RNA Extraction Kit (TaKaRa Bio. Inc., Beijing, China). The RNA was diluted and reverse-transcribed to cDNA by PrimeScript RT Master Mix (TaKaRa) after quantifying by using NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). Then, the cDNA was used for RT-qPCR analysis using SYBR Green Master Mix on a QuantStudio 6 Flex (Thermo Fisher Scientific Inc.). The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene, and the mRNA expression was calculated using the 2–ΔΔCt method. The specific primers used are summarized in Supplementary Table 1.



Statistical analysis

The outliers in this work were checked by GraphPad Prism 9.3.1 based on the Grubbs test (San Diego, CA, USA). The data were presented as mean ± SEM. The normality of all data was checked by SPSS 22 software (IBM) according to Shapiro–Wilk test. If the data for multiple-group comparisons had normal distribution, the statistical significance was performed by SPSS 22 software (IBM) using the one-way ANOVA procedure followed by the Tukey test; otherwise, the statistical significance was calculated using the Mann–Whitney test. The relationship between the parameters of obesity and gut microbiota was analyzed by Spearman’s correlation analysis using SPSS 22 software using the data of all samples in ND, HFD, and HFD-MP groups (24 samples). All results were considered statistically significant at p < 0.05.




Results


Mannoproteins treatment ameliorated obesity and liver steatosis in high-fat diet-induced obese mice

As shown in Figure 1, HFD significantly resulted in the obesity of mice by increasing the body weight, promoting the accumulation of white adipose tissue, and inducing hepatic lipid accumulation and steatosis. MP treatment could significantly decrease body weight gain from the sixth week until the end of this work. Compared with the HFD group, the MP-treated mice showed reduced body weight, and accumulation of epididymal, mesentery, and subcutaneous fat tissues (Figures 1A–F). Furthermore, MP intervention could significantly ameliorate the steatosis and damage to the liver. as indicated by decreased levels of ALT in plasma (Figure 1H) and H&E staining of liver tissue (Figures 1K,L). It was observed that HFD could induce extensive liver injury, increased fatty vesicles, and inflammatory cell infiltration, which was significantly reversed by MP intervention. However, MPs showed a limited effect on the accumulation of perirenal fat (Figure 1E) and liver weight (Figure 1G). As shown in Supplementary Figure 1, the food intake and energy intake of the HFD-MP group showed no significant difference from that of the HFD group. Thus, the attenuation of obesity by MP treatment was not due to the reduction in food consumption.
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FIGURE 1
Impact of HFD and MP intervention on body features of mice. (A) Body weight, (B) body weight gain, weights of (C) epididymal, (D) mesentery, (E) perirenal, (F) subcutaneous fat pads, (G) liver weight, (H) plasma alanine transaminase (ALT) level, epididymal adipocyte sections after H&E staining (I), quantification of adipocyte area by ImageJ software (J), liver (K) sections after H&E staining, and hepatic steatosis scores (L). The data are represented as the mean ± SEM. Statistical differences were carried out by one-way ANOVA followed by Turkey’s test, p < 0.05 indicates significant differences.




Mannoproteins treatment improved hyperlipidemia, decreased plasma glucose, and ameliorated systemic inflammation in high-fat diet-induced obese mice

High-fat diet could significantly increase the level of glucose in plasma, which was reduced after administration of MPs (Figure 2A). HFD usually leads to hyperlipidemia, and thereby increases the potential risk for metabolism-related diseases. Thus, the plasma levels of TC, TG, and LDL-C were also evaluated, and the results showed that high concentrations of TC, TG, and LDL-C induced by HFD were largely reduced by treatment with MPs (Figures 2B–D). Thereinto, the levels of TG and LDL-C in the HFD-MP group showed no significant difference from those in the ND group (p > 0.05), suggesting the superior action of MPs for the prevention of hyperlipidemia. Obesity is closely related to chronic low-grade inflammation (30). The pro-inflammatory cytokines in plasma, including TNF-α, IL-1β, IL-6, and IL-10, were detected to evaluate the anti-inflammation effect of MPs in HFD-induced obese mice (Figure 3). It was found that HFD could significantly increase the plasma levels of IL-1β and IL-6, but showed a limited effect on the content of TNF-α and IL-10. MP treatment could reverse the level of IL-6, which showed no significant difference from that in the ND group. However, MP intervention could not change the levels of TNF-α, IL-1β, and IL-10. Furthermore, the effect of MPs on the relative mRNA expression levels of TNF-α, IL-1β, and IL-6 in the liver was investigated (Supplementary Figure 2). It was found that HFD could increase the relative mRNA expression levels of TNF-α, IL-1β, and IL-6, whereas MP treatment could significantly downregulate the mRNA expression levels of TNF-α, IL-1β, and IL-6 (p < 0.05).
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FIGURE 2
MP intervention reduced HFD-induced high levels of (A) fasting plasma glucose, (B) TC, (C) TG, and (D) LDL-C in plasma. The data are represented as the mean ± SEM. Statistical differences were carried out by one-way ANOVA followed by Turkey’s test, p < 0.05 indicates significant differences.
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FIGURE 3
MP intervention attenuated HFD-induced chronic inflammation, including (A) TNF-α, (B) IL-1β, (C) IL-6, and (D) IL-10. The data are represented as the mean ± SEM. Statistical differences were carried out by one-way ANOVA followed by Tukey’s test, p < 0.05 indicates significant differences.




Mannoproteins attenuated high-fat diet-induced dysbiosis of gut microbiota

An increasing number of studies have demonstrated that gut microbiota is related to the etiology of obesity and obesity-related complications (31). Thus, it was hypothesized that the gut microbiota was a potential target responsible for the prevention of obesity by MPs. In the present work, the high-throughput sequencing technology was used to systematically analyze the changes in gut microbiota after supplementation with MPs. The Chao1, Richness, Simpson, and Shannon indexes were calculated to quantify the alpha-diversity of gut microbiota, as shown in Supplementary Figure 3. HFD could significantly reduce the Chao1 and Richness indexes. Furthermore, Simpson and Shannon indexes in the HFD group also showed increased or decreased trends compared with those in the ND group with no significant difference. As expected, MPs could reverse these changes of alpha-diversity induced by HFD, by increasing the Chao1, Richness, and Shannon indexes, and decreasing the Simpson index.

Diet plays an important role in shaping the structure and composition of gut microbiota (32). Principal coordinate analysis (PCoA) was first carried out to visualize the differences in the structure of gut microbiota after HFD and MP treatments. It was found that ND and HFD groups could be clearly distinguished on the basis of the results of PCoA (Figure 4A). Compared with the HFD group, significant separation was also observed after MP treatment, suggesting that MP intervention could change the HFD-treated structure of gut microbiota. Furthermore, principal component analysis (PCA) and hierarchical cluster analysis largely agreed with the result of PCoA (Figures 4B,C). Interestingly, based on the PC1 (41.43%) value in the result of PCA, MPs could lead to a significant shift in the gut microbiota from the HFD group toward the ND group. Thus, MPs significantly modulated the HFD-induced dysbiosis of gut microbiota back to health status. At the phylum level, the gut microbiota of ND, HFD, and HFD-MP groups was all mainly composed of Firmicutes and Bacteroidetes (Figure 5A), which was consistent with the previous works (33, 34). Differently, HFD could significantly increase the relative abundance of Firmicutes and decrease the level of Bacteroidetes compared with the ND group, thereby significantly enhancing the ratio of Firmicutes to Bacteroidetes (Figures 5B–D). MPs could reverse this change induced by HFD treatment, by increasing the relative abundance of Bacteroidetes and decreasing the level of Firmicutes. Furthermore, the ratio of Firmicutes to Bacteroidetes in the HFD-MP group showed no significant difference compared to that observed in the ND group.
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FIGURE 4
MPs attenuated HFD-induced dysbiosis of gut microbiota evaluated by beta-diversity analyses, including (A) PCoA, (B) PCA, and (C) hierarchical cluster analysis.
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FIGURE 5
MPs modulate the HFD-disrupted gut microbiota composition at the phylum level. (A) Bacterial taxonomic profiling and relative abundances of (B) Firmicutes, (C) Bacteroidetes, and (D) the ratio of Firmicutes to Bacteroidetes. The data are represented as the mean ± SEM. Statistical differences were carried out by one-way ANOVA followed by Tukey’s test, p < 0.05 indicates significant differences.


The gut microbiota at the family level was comparatively analyzed in this work (Figure 6). The result showed that HFD treatment could decrease the relative abundance of Porphyromonadaceae and increase the levels of Lactobacillaceae, Ruminococcaceae, Rikenellaceae, and Desulfovibrionaceae. Compared with the HFD group, MP intervention could significantly increase the relative abundance of Bacteroidaceae, Ruminococcaceae, and Rikenellaceae, and decrease the level of Lactobacillaceae. The gut microbiota at the genus level was also analyzed, as shown in Table 1. Most strikingly, the relative abundance of Lactobacillus was increased from 3.94 ± 1.30% to 19.99 ± 3.94% after HFD treatment, which was then decreased to 2.68 ± 0.77% by MP intervention. Likewise, HFD resulted in a significant decrease in the level of Parabacteroides, which was reversed by MP treatment. Thus, the modulated effect of MPs on the relative abundance of Lactobacillus and Parabacteroides may play an important role in the prevention of HFD-induced obesity. Furthermore, MPs could also increase the relative abundance of Alistipes, Bacteroides, and Mucispirillum compared with that in the ND and HFD groups. Then, the relationship between the changed gut microbiota at the genus level by MP and phenotypical changes in obesity was analyzed by Spearman correlation, as shown in Supplementary Figure 4. It was found that Parabacteroides and Alistipes showed a significant correlation with obesity.
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FIGURE 6
The comparative analysis of nine main families of the gut microbiota, including (A) Bacteroidaceae, (B) Porphyromonadaceae, (C) Lactobacillaceae, (D) Lachnospiraceae, (E) Ruminococcaceae, (F) Erysipelotrichaceae, (G) Rikenellaceae, (H) Coriobacteriaceae, and (I) Desulfovibrionaceae. The data are represented as the mean ± SEM. Statistical differences were carried out by one-way ANOVA followed by Tukey’s test, p < 0.05 indicates significant differences.



TABLE 1    Comparative analysis of the gut microbiota between the groups at the genus level.

[image: Table 1]

The different gut microbiota at the same genus level may show different responses after treatment with MPs, thus the gut microbiota at the ZOTU level was analyzed to further excavate the key gut microbiota contributing to the prevention of obesity. The ZOTUs with a relative abundance of more than 0.1% were used to proceed with further analysis. As shown in Figure 7, HFD and MPs could significantly change 62 ZOTUs compared with the ND group. HFD could lead to 41 changed ZOTUs, including increasing 23 ZOTUs and decreasing 18 ZOTUs. Thereinto, nine ZOTUs were found to be significantly reversed by MP intervention. Then, the relationship between the relative abundance of these reversed ZOTUs and phenotypical changes of obesity was analyzed by Spearman correlation (Figure 8), and the result showed that seven ZOTUs were positively corrected with obesity, and two ZOTUs were negatively associated with obesity. Thereinto, two ZOTUs (ZOTU2 and ZOTU14) belonging to Lactobacillus and two ZOTUs (ZOTU43 and ZOTU108) belonging to Parabacteroides distasonis may play a key role in the prevention of obesity.


[image: image]

FIGURE 7
Gut microbiota composition was altered by HFD or MP intervention at the ZOTUs levels. Heatmap shows the relative abundance of 62 ZOTUs (ln transformed). The dots (●) and circles (○) showed the more or less relative abundances of ZOTUs in ND or MPs groups compared with the HFD group. The star (☆) represented ZOTUs changed by HFD but were reversed after treatment with MPs. Statistical differences were carried out by one-way ANOVA followed by Tukey’s test, p < 0.05 indicates significant differences.
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FIGURE 8
Nine ZOTUs reversed by MP intervention were significantly correlated with features of obesity. The heatmap shows the R-value of Spearman’s correlation between the relative abundance of ZOTUs and features of obesity. The dots (correlation between the more or less relative abundance of ZOTUs in the ND or MP groups compared with the HFD group. * and **Show the significant associations (p < 0.05 and p < 0.01, respectively) based on Spearman’s correlation analysis.




Mannoproteins increased the content of acetic acid in high-fat diet-fed mice

The SCFAs are the main metabolites produced by the fermentation of polysaccharides by gut microbiota, which are speculated to play an important role in the biological activities of polysaccharides (35). Thereinto, acetic acid, propionic acid, and butyric acid are the most abundant SCFAs in the human body and colon, whereas other SCFAs, such as formate, valerate, and caproate, are minor end products in the colon (36). Thus, the levels of acetate, propionate, and butyrate were measured in different groups, and the result showed that HFD significantly reduced the levels of acetate, propionate, and butyrate in the cecal contents of mice (Supplementary Figure 5). The MP intervention could lead to a significant increase in the level of acetic acid from 3.28 ± 0.22 mmol/g to 7.84 ± 0.96 mmol/g; however, MPs showed a limited effect on the content of propionic acid and butyric acid. Furthermore, the effect of MPs on the mRNA expression of G protein-coupled receptors (GPRs), including GPR43 and GPR41, in the liver was investigated to further verify the key role of SCFAs in the attenuation of obesity (Supplementary Figure 6). The result showed that HFD treatment significantly reduced the mRNA expression of GPR41 and GPR43, whereas MP intervention could upregulate the expression of GPR41 and GPR43.




Discussion

Obesity has become a leading public health problem with pandemic proportions and can further increase the rates of complications, such as cardiovascular disease and type 2 diabetes (T2D) (37). An increasing number of studies have demonstrated that gut microbiota populations are sensitive to genetic, environmental, and diet influences, and hence can directly or indirectly affect the energy balance and energy stores (12). Thus, the gut microbiota is expected as a promising target for the prevention and treatment of obesity (38). Polysaccharides, serving as a superior prebiotic, could modulate the gut microbiota by selectively stimulating the growth of beneficial bacteria and inhibiting the harmful microbiota, thereby improving host health (39). Furthermore, polysaccharides could also modulate the metabolism of probiotics (40). MP is one of the most important components of yeast cell walls. The previous work has shown that MPs could stimulate angiogenesis (27) and had immunoactivities and antineoplastic activities (26). However, the effects of MPs on obesity and gut microbiota are still unknown. Here, the HFD-induced obesity mice model was used to investigate the potential anti-obesogenic effect of MPs. Over 10 weeks of treatment, HFD could significantly induce obesity in the mice model. As expected, MPs significantly prevented HFD-induced body weight gain, fat accumulation, and liver steatosis. Furthermore, the levels of glucose, TC, TG, and LDL-C in plasma were also ameliorated by the treatment with MP. Thus, the results in the present work demonstrated that MP intervention could reduce obesity and metabolic disorders in HFD-fed mice. However, it would be more convincing if the dose setting or positive control was involved in this work.

It has been reported that HFD could damage the gut integrity and lead to a leaky gut, and the endotoxin lipopolysaccharide (LPS) released from Gram-negative bacteria in the gut enter the bloodstream, thereby leading to metabolic inflammation in obese mice (30). Thus, HFD-induced obesity is usually associated with chronic, low-grade inflammation. In the present work, IL-1β, and IL-6 levels were significantly enhanced after HFD treatment, and MPs could significantly reduce the level of IL-6, which showed no significant difference from those in the ND group. The decrease in the pro-inflammatory cytokines by the dietary polysaccharides contributing to the prevention of metabolic diseases has been widely reported. For example, an insoluble polysaccharide from the sclerotium of Poria cocos could reduce the plasmatic TNF-α in ob/ob mice (41). Likewise, the polysaccharides isolated from Hirsutella sinensis decreased the serum levels of the pro-inflammatory cytokines IL-1β and TNF-α in the HFD-fed mice (42). Thus, the improvement of metabolic disorders by MPs might be related to the suppression of chronic inflammation.

The accumulating evidence has demonstrated that dietary habit, especially a HFD, could lead to dysbiosis of gut microbiota, which might thereby lead to some pathologic conditions of obesity and obesity-related complications. Recently, some foods or food additives, such as processed foods (43), dietary emulsifiers (44), and artificial sweeteners (45), could promote metabolic diseases by disordering the gut microbiota. Alpha-diversity, including Chao1, Richness, Simpson, and Shannon indexes, could reflect the diversity and richness of bacteria (46). In this work, HFD could significantly affect the structure and composition of gut microbiota, which is evidenced by decreasing alpha-diversity and changing beta-diversity indexes. The reports in animal and clinical studies showed that decreased alpha-diversity and richness values were observed in obese subjects and animals (28, 47, 48). MP treatment could not only increase the alpha-diversity, including Chao1, Richness, Simpson, and Shannon indexes, but could also change the structure of gut microbiota from the HFD group toward the ND group based on beta-diversity.

The result at the phylum level indicated that the gut microbiota was dominated by Firmicutes and Bacteroidetes. The ratio of Firmicutes to Bacteroidetes has been reported to relate to metabolic diseases, and high levels of Firmicutes and low levels of Bacteroidetes were observed in obese humans and animals (49–51). Thus, the decrease in the ratio of Firmicutes to Bacteroidetes may contribute to the prevention of obesity and metabolic diseases. A decrease in the ratio of Firmicutes to Bacteroidetes by anti-obesogenic candidates was widely reported (52, 53). In this work, a similar trend toward a decreased ratio of Firmicutes to Bacteroidetes was obtained after MP treatment, which may contribute to the prevention of obesity by MPs. At the family level, the MPs induced increased levels of Bacteroidaceae, Ruminococcaceae, and Rikenellaceae. Therefore, the relative abundance of Bacteroidaceae has been reported to negatively link to obesity (54, 55). Furthermore, the level of Bacteroidaceae is determined by SCFA-producing bacteria (56), which could be regarded as a positive outcome predictor of individual weight loss (57). Lactobacillaceae was usually considered as beneficial bacteria in the gut for the prevention of obesity (58, 59). On the other hand, some reports showed that Lactobacillaceae has a positive relationship with obesity (60, 61). The different bacteria in the same family may play different roles in the metabolic phenotype of obesity, thus the gut microbiota was also analyzed at the genus or ZOTU levels.

It was found that Lactobacillus, belonging to Lactobacillaceae, and Parabacteroides, belonging to Porphyromonadaceae, were significantly reversed by MP treatment. Furthermore, Alistipes (belonging to Rikenellaceae) which was increased by MPs showed a significant correlation with obesity. To further identify species-level phylotypes or specific bacterial taxa contributing to the prevention of obesity by MPs, the gut microbiota was analyzed at the ZOTU level. Lactobacillus (ZOTU2 and ZOTU14), which was positively corrected with obesity, and P. distasonis (ZOTU43 and ZOTU108), which showed negative relation to obesity, were significantly reversed after MP intervention. P. distasonis, regarded as one of the 18 core members in the human gut microbiota, plays an important role in human health (62). The lower level of P. distasonis has been observed in patients and animals with metabolic diseases (63, 64). Furthermore, the alleviation of obesity and obesity-related dysfunctions by P. distasonis has been reported, which was due to the generation of succinate and secondary bile acids in the gut (14). Moreover, the other health-promoting functions of P. distasonis, such as blocking colon tumor formation (65) and alleviating colitis (66), have also been widely reported. Thus, P. distasonis has been regarded as potential probiotic for improving our health (67). The previous work showed that polysaccharides, such as inulin, could promote the proliferation of P. distasonis and thereby improve human health (68). In this work, the MPs could also increase the level of P. distasonis in HFD-induced obese mice contributing to the prevention of obesity. Lactobacillus showed a particularly interesting role in this work. It is well known that lots of species in the genus Lactobacillus are probiotic bacteria (69, 70), which can reduce the risk of metabolic diseases. On the other hand, a report showed that some species belonging to Lactobacillus, such as Lactobacillus reuteri, were positively associated with obesity, while others were related to normal weight (71). Recently, a systematic review of randomized controlled clinical trials summarized the effect of Lactobacillus on obesity, and it was found that the beneficial or detrimental effects of Lactobacillus on obesity are strain-dependent (72). Thus, the prevention of obesity by MPs might be related to the inhibition of Lactobacillus. Unfortunately, the species for Lactobacillus in this work could not be identified by sequencing, which should be further investigated.

SCFAs, the key metabolites produced by gut microbiota, play an important role in improving colonic and systemic health (35), which could help to explain why and how the changes in gut microbiota contribute to human health and diseases (73). A growing amount of evidence suggests that SCFAs could enter into the bloodstream, and thereby affect the tissues and organs beyond the gut (74). Therefore, the specific species, diversity, and absolute amount of gut microbiota play a key role in the production of SCFAs (75). The diet intervention could alter either the bacterial species or the bacterial biosynthetic enzymes, thereby leading to alterations in microbial SCFA production (76). A potential strategy based on the modulation of gut microbiota by prebiotics has been presented to stimulate the production of SCFAs, thereby preventing diseases and improving human health (77, 78). Thus, we suspected that the SCFAs would be changed due to the modulation of gut microbiota by MP, which thereby contributes to the prevention of obesity. In this work, MPs could increase the level of acetate decreased by HFD treatment, whereas they showed limited effects on the contents of propionate and butyrate. Furthermore, the mRNA expression of GPR41 and GPR43 in the liver was significantly upregulated by MPs, suggesting that SCFAs played a key role in the prevention of obesity by MPs. A lot of reports have shown that acetate administration could reduce body weight, decrease hepatic fat accumulation, and improve insulin sensitivity in HFD-fed mice (79, 80). Likewise, SCFA intervention studies in humans also further demonstrated that consumption of acetate could significantly reduce the body weight of patients with obesity (81). SCFAs could activate GPR41 and GPR43 to improve immune responses, and the activation of GPR41/43 could further modulate the levels of pro-inflammatory factors. It has been reported that polysaccharides-derived SCFAs could significantly reduce the level of pro-inflammatory factors, such as LPS in the blood. Furthermore,SCFA might also directly reverse LPS-induced inflammation (75, 82). In addition, acetate can significantly regulate the levels of DNA methylation at the host miR-378a promoter, which also contribute to the improvement of obesity and glucose intolerance (83). It has been reported that Parabacteroides could utilize polysaccharides with its glycoside hydrolase, and further produced acetate to affect host health (84, 85). It is expected to be a potential strategy to increase the level of acetate by prebiotics, thereby preventing and treating obesity. Thus, the increased level of acetate by MPs may also contribute to the prevention of obesity in this work. In addition to SCFAs, the other metabolites were not measured in the present study, which could be further investigated by metabolomics in our next work (86).



Conclusion

In conclusion, the HFD-induced obese mice model was used to investigate the potential anti-obesogenic effect of MPs and its potential mechanism. The result showed that MPs significantly attenuated HFD-induced obesity. MPs could not only increase the alpha-diversity of gut microbiota, but also change the structure of gut microbiota from the HFD group to the ND group. Furthermore, harmful Lactobacillus and probiotic P. distasonis may be potential key gut microbiota responsible for the prevention of obesity by MPs. This preliminary research showed promise for the efficacy of MPs in the prevention of HFD-induced obesity, thus MPs were expected to serve as a functional food for the improvement of human health.
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To investigate a polysaccharide from Zingiber striolatum favorably modulates gut microbiota in mice fed a high-fat diet. Z. striolatum was utilized to extract the crude polysaccharide CZSP, which was subsequently refined using DEAE-52 cellulose and Sephadex G-150 to yield the novel polysaccharide Zingiber strioatum pure polysaccharide-1 (ZSPP-1). ZSPP-1 was an acidic heteroglycan made up of galactose, mannose, glucose, xylose, arabinose, glucuronic acid, and galacturonic acid with an average molecular weight of 1.57 × 106 Da. The structure of ZSPP-1 was investigated by FT-IR, methylation and NMR analysis, and the results denoted that the linkage structure types include T-Manp-linked, β-Xylp-(1,2)-linked, β-Galp-(1,4)-linked, α-GlcpA-(1,6)-linked, β-Arap-(1,4)-linked, α-Glcp-(1,3,4,6)-linked, α-Glcp-(1,2)-linked, and β-T-Xylp-linked, in which β-Galp-(1,4)-linked and α-GalpA-(1,4)-linked might be the main linkage. The results of the intervention experiments showed that ZSPP-1 changed the intestinal flora structure of the Firmicutes and Bacteroidetes in obese mice, and promoted the growth of beneficial bacteria such as Akkermansia, Lactobacillus, and Bacteroides in the intestine. It also restored the imbalanced flora structure due to high-fat diet to normal. It also restored the imbalanced flora structure due to high-fat diet to normal. Z. striolatum polysaccharides presented a considerable advantage in alleviating high-fat diet induced obesity, which indicates that it can be further exploited as a natural functional food resource.
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Introduction

Intestinal microbes are crucial for digestion and absorption of food; However, research indicates that intestinal microbial imbalance is intimately linked to obesity and related chronic metabolic illnesses (1). Since Fredrik Bäckhed et al. (2) initially postulated in the correlation between obesity and gut microbiota (i.e., It is confirmed that gut microbiota, as an environmental factor, regulates the accumulation of fat in the host). Zou et al. (3) transplanted the intestinal flora of obese and lean mice into new host mice; the results demonstrated that the new host mice had identical fat and lean phenotypes as the donor. Therefore, the tight association between obesity and intestinal microflora has drew the attention of an increasing number of researchers. Firmicutes/Bacteroidetes (F/B value) in the composition of intestinal microflora is a typical biomarker of intestinal microflora imbalance; the decrease or increase of F/B value indicates the remission of obesity or fat accumulation (4). Intestinal flora serves as a biological barrier to protect the body from hazardous toxins (such as endotoxin, harmful bacteria, etc.). Once intestinal flora is out of equilibrium, the gut wall becomes more permeable, allowing hazardous substances to invade the body. Obesity usually is accompanied by inflammation, and the increase of lipopolysaccharide in blood aggravates the inflammatory response (5). Obesity and the associated metabolic syndrome could be alleviated by probiotic supplementation (6). Consequently, the restoration of gut microbiota balance is regarded as a crucial intervention target for the prevention and treatment of obesity and related chronic metabolic illnesses (7).

Intestinal microbes are highly capable of digesting polysaccharides and can interact with intestinal epithelial cells, hence influencing energy intake and obesity (8). Plant polysaccharides are natural products extracted from plants; although the absorption efficiency of plant polysaccharides in the mammalian gastrointestinal tract is very low, studies have exhibited that the majority of them have a wide range of pharmacological effects, particularly the regulation of glycolipid and energy metabolism, which is often believed to be closely related to the regulation of gut microbiota (9).

Zingiber striolatum (Zingiber striolatum Diels) is a perennial herb belonging to Zingiberaceae which has certain special biological activities and can be used as a potential plant polysaccharide resource for the regulation of gut microbiota Z. striolatum is frequently utilized for vegetable consumption or traditional Chinese medicine (i.e., It is principally for the treatment of diseases including constipation, diabetes, hypertension, hyperlipidemia and inflammation). As a member of plant polysaccharides, the polysaccharide from Z. striolatum also has a variety of physical and chemical properties. However, little is known regarding the precise chemical structure and effect on glycolipid metabolism in vivo of the polysaccharides purified from Z. striolatum.

In this study, a novel acidic polysaccharide termed ZSPP-1 was purified from Z. striolatum. SEM imagery, molecular mass, physicochemical characterization, monosaccharide composition, Fourier transform infrared spectrometer (FT-IR) spectrogram, methylation, and 1D-NMR and 2D-NMR analyses were performed to characterize ZSPP-1. In the meantime, the effect of ZSPP-1 on the gut microbiota of obese mice was also investigated, which could provide theoretical reference for the clinical application and development of the polysaccharide.



Materials and methods


Materials and chemical reagents

Fresh Z. striolatum were harvested in Qixingguan County, Bijie City, Guizhou Province, China. All chemicals and solvents utilized in the study were analytical reagent grades. 20–22 g male SPF C57BL/6J mice, 6–8 weeks old, production license number: SCXK (Beijing, 2019-0010) were supplied by Sibeifu Biotechnology Co., Ltd. (Beijing, China). Complying with the pertinent legislation and the Guide for the Care and Use of Laboratory Animals, animal welfare and experimental procedures were conducted [Ministry of Science and Technology of China, (10)]. The license number of the experimental unit is SYXK (Tianjin) 2018-0001. None of the experimentation involved human subjects.



Extraction of crude polysaccharide of Zingiber striolatum

Zingiber striolatum were rinsed in water to remove soil from their surface, then drained and air-dried. Afterward, Z. striolatum were cut into pieces, dried and crushed into powder (100 mesh). The powder was then rehydrated 20 times with water, thoroughly mixed, extracted for 2 h in an 80°C water bath, and filtered with a brinell funnel to secure filtrate. Next, the filter residues were extracted twice and all filtrates were combined. Filtrates were concentrated at 60°C under reduced pressure, then precipitated overnight at 4°C with four times the volume of 95% ethanol. The precipitates were collected after centrifugation at 4,000 r⋅min–1 for 10 min. The precipitate is dissolved in an adequate volume of distilled water, placed in the cone separation funnel, thoroughly mixed with 1/4 volume of sevage reagent, and allowed to stand for 4 h. After stratification, the mixed layer of sevage and protein in the cone separation funnel’s intermediate and lower layers is removed and the process is repeated numerous times. Evaporate and concentrate the crude protein-free polysaccharide solution to evaporate the remaining sevage reagent in the polysaccharide solution. Last but not least, there is a large amount of pigment in Z. striolatum, 1/2 volume of AB-8 macroporous adsorption resins are added to the concentrated solution and placed in a shaking table for 160 rpm overnight, in order to remove the pigment from the polysaccharide. The crude polysaccharide of Z. striolatum (CZSP) was eventually obtained after the polysaccharide was placed in a 100 kDa dialysis bag, dialyzed with flowing water and distilled water for 48 h respectively, and then vacuum freeze-dried.



Purification of crude polysaccharide of Zingiber striolatum

Crude polysaccharide of Z. striolatum was applied to a DEAE Cellulose-52 column and stepwise elution with distilled water (0.1, 0.3, and 0.5 M NaCl) at a flow rate of 1.2 mL/min was then conducted to produce four fractions (ZSP-1, ZSP-2, and ZSP-3). The principal fraction (ZSP-1) was subsequently desalted by filtration through membranes with a molecular mass of 3,500 Da. CZSP-1 was preserved following freeze-drying under vacuum. Then 10 mg of ZSP-1 was redissolved in 1 mL of deionized water and filtered through a 0.45 m membrane. Sephadex G-150 was utilized for separation, while distilled water was employed for elution. Before elution, it was allowed to stand and balance for 10 min, the elution flow rate was 0.16 mL/min, and 1.3 mL of eluent is gathered from each collecting tube. At 490 nm, the sugar content of the eluent was measured employing the phenol sulfuric acid methodology. To acquire Z. striolatum pure polysaccharide, also known as ZSPP-1, the elution curve was drawn, the major peak eluent was collected, the identical components were combined, and lyophilization was used.



Characterization of ZSPP-1


Scanning electron microscopy analysis

With an SU1510 electron microscope, SEM image of lyophilized ZSPP-1 were observed (Hitachi, Japan). Prior to measurements, the specimens’ surfaces were coated with a thin gold film to optimize conductivity.



Homogeneity and molecular mass determination

Homogeneity and molecular mass of ZSPP-1 were determined employing high performance liquid chromatography with an Agilent 1200 HPLC system outfitted with a TSK-GEL G4000PWxl column and a refractive index detector (RID). Sample (10 μL) solution (1 mg/mL) was injected in each run, with ultrapure water as the mobile phase at a flow rate of 0.6 mL/min (30°C). The molecular mass of ZSPP-1 was evaluated by comparing with the retention times based on the standard curve of a succession of molecular mass standards (10, 40, 70, 500, and 2,000 kDa) (11).



Physicochemical characterization determination

The total carbohydrate content was measured by the phenol sulfuric acid methodology using D-glucose as the benchmark. At 490 nm, the absorbance was observed, and the glucose standard curve was constructed (12). With galacturonic acid as the reference, the content of uronic acid was evaluated by sulfuric acid carbazole methodology, the absorbance was detected at 525 nm, and the galacturonic acid standard curve was constructed (13). The protein content was assessed using the Coomassie brilliant blue G-250 method, with bovine serum protein serving as the standard, and the absorbance was measured at 595 nm. Furthermore, the protein content of Z. striolatum polysaccharide was validated by the UV absorption spectrum recorded between 190 and 400 nm using a spectrophotometer.



Monosaccharide composition determination

The monosaccharide composition of ZSPP-1 was evaluated using gas chromatography-mass spectrometer (GC-MS) with some modifications (14). Add 1.5 mL of a 2 mol/L TFA solution to a ZSPP-1 sample (10 mg) and hydrolyze it in an oil bath heated to 110°C for 3 h. After hydrolysis was complete, dry with nitrogen and add 1 ml of distilled water to generate ZSPP-1 hydrolysis solution. ZSPP-1 hydrolysis solution was mixed with 0.5 mol/L sodium carbonate solution (reacting in a 30°C water bath for 30 min), 0.5 mL 4% sodium borohydride solution (reacting in a 30°C water bath for 1.5 h) was then added, and 25% acetic acid solution is dropped until no bubbles emerge. The reaction solution was eluted with distilled water after passing through the cation exchange column Dowex-50w8-200 (type H+). Following collecting the eluent, evaporate the sample under reduced pressure at 80°C until it is completely dry. The dry residue added 1 mL of pyridine and n-propylamine, respectively (sealed and dried with nitrogen after reacting at 55°C for 30 min), and added 2 mL of pyridine and acetic anhydride, respectively (reacted overnight at 25°C, dried with nitrogen). The residue is diluted in 1 mL of carbon dichloride, extracted with water for 2–3 times to eliminate impurities, and the organic solvent layer is filtered through a 0.22 μm membrane for GC-MS analysis.



Fourier transform infrared spectrometer analyses

The structure of ZSPP-1 was investigated by FT-IR employing a Vector 22 FT-IR (Bruker, Germany) operated in the region of 400–4,000 cm–1. The infrared spectra were gathered at resolution of 2 cm–1 with 16 scans. ZSPP-1 were separately ground with KBr powder and compressed into pellets for FT-IR measurement. Briefly, the samples (1 mg) and KBr (150 mg) were precisely weighed and compressed into pellets, and the data was collected with the FT-IR.



Methylation analysis

The methylation experimental method was referenced and slightly modified (15). Before methylation, acidic polysaccharide uronic acid should be decreased. Initially, 5 mg of ZSPP-1 was dissolved in 5 mL water. Afterward, 5 mg of carbodiimide was added to the ZSPP-1 acidic polysaccharide solution, and the pH was adjusted to 4.75 using 0.1 M hydrochloric acid (stirring evenly). Then, 5 mL of sodium boron deuterate solution (while stirring constantly at pH = 7.0 for 0.5 h) was added to the solution and the pH was adjusted to 4.0 using 2 M hydrochloric acid. The reaction solution was dialyzed overnight with 3,500 Da at 25°C. The Reduced sample was dried and set it aside. The sample was added 2 mL mixed solution of acetic acid and methanol (v/v = 1/9), dried with nitrogen and repeated for four times. Finally, the sample was added a few drops of methanol and dried the solution with nitrogen to eliminate any residual boric acid.

The dry neutral ZSPP-1 was dissolved in 2 mL dimethyl sulfoxide (DMSO with an anhydration with 3A molecular sieves). Under nitrogen protection, 25 mg NaH was added to the solution (reacted in ultrasonic and darkened settings at 18–20°C for 30 min). Then, 1 mL of iodomethane was added to the solution, and the reaction was maintained at the same conditions for 1 h. Repeat these methylation operations more than five times, and add 0.5 mL of water to terminate the reaction. The methylation sample was extracted using carbon dichloride and dried with nitrogen. The methylation sample was then evaluated using FT-IR.

The methylation sample was hydrolyzed with 2 mL trifluoroacetic acid (2 mol/L) at 110°C for 3 h. The hydrolyzate was dried with nitrogen and added 25 mg sodium boron deuterate with 2 mL deionized water (reacted at 25°C for 2 h). The solution was pH-adjusted to 5.0 with ethylic acid and then nitrogen-dried. The dried sample was co-distilled with 3 mL of methanol and 0.1 mL of acetic acid five times in order to decompose the sodium boron deuterate (no ethylic acid at last two times). Next, ZSPP-1 polysaccharide derivatives need to be prepared. Reduced methylated sample were dissolved in 2 mL of acetic anhydride (reacted at 100°C for 1 h) and dried with nitrogen. Following that, the residue was co-distilled to dry with 3 mL methanol (three times) and dissolved with 1 mL dichloromethane for GC-MS analysis.



NMR spectroscopy analyses

The 1D (1H, 13C) and 2D (HSQC) NMR spectra were investigated by a Bruker AVANCE III HD 600 MHz spectrometer (Brucker, Germany). Each sample (50 mg) was dissolved in D2O (0.5 mL) at 25°C, and the data was analyzed employing Bruker Topspin-NMR software.



Animal experiment design

Sixty mice (6 weeks old) were classified into six groups. All mice were quarantined at the Tianjin University of Science and Technology Experimental Animal Center before being placed in the experimental chamber at a temperature (21–24°C), humidity (50–60%), and a 12 h light/dark cycle. The C57BL/6J mice were fed normally for a week. Then, nine mice were chosen at random to constitute the normal group (NG), which continued to receive basal fodder.

In comparison to the average weight of the NG group, the average weight of mice fed a high-fat diet for roughly 9 weeks was significantly greater than that of the NG group. When mice with a weight of over 20% were identified as obese mice, denoting that the obesity model was successfully constructed. The NG group continued to be fed basal fodder. The obese mice with successful modeling were randomly divided into five subgroups: the model group (MG) was fed with HFD and given the same amount of distilled water as ZSPP-1 every day; The low-dose group (LZG), medium-dose group (MZG), and high-dose group (HZG) were fed with HFD and given ZSPP-1 polysaccharide of 100, 200, and 400 mg/kg for at least 7 weeks, respectively; The 100 mg/kg Orlistat was utilized to gavage mice as positive control group (CG). The body weight of mice in each treatment group was recorded every week.



Fecal sample collection

Before the mice were sacrificed, the anal region was cleaned with medical alcohol, the tail was fixed, and the lower abdomen was stimulated with cotton swabs to induce defecation. When mice defecated, sterilized EP tubes were used to collect the feces. Following the collection of around eight feces from each mouse, the EP tubes were placed in the −80°C refrigerator for sequencing of gut microbiota.



Intestinal flora analysis


DNA extraction and PCR amplification

Microbial community genomic DNA was extracted from mice feces samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) according to manufacturer’s instructions. The DNA extract was checked on 1% agarose gel, and DNA concentration and purity were investigated with NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific, Wilmington, DE, USA). The hypervariable region V3–V4 of the bacterial 16S rRNA gene were amplified with primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) by an ABI GeneAmp® 9700 PCR thermocycler (ABI, Los Angeles, CA, USA). The PCR amplification of 16S rRNA gene was implemented as follows: initial denaturation at 95°C for 3 min, followed by 27 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 45 s, and single extension at 72°C for 10 min, and end at 4°C. The PCR mixtures contain 5 × TransStart FastPfu buffer 4 μL, 2.5 mM dNTPs 2 μL, forward primer (5 μM) 0.8 μL, reverse primer (5 μM) 0.8 μL, TransStart FastPfu DNA Polymerase 0.4 μL, template DNA 10 ng, and finally ddH2O up to 20 μL. PCR reactions were conducted in triplicate. The PCR product was extracted from a 2% agarose gel, purified utilizing the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) in accordance with the manufacturer’s instructions, and quantified by Quantus™ Fluorometer (Promega, USA).



Illumina MiSeq sequencing

Purified amplicons were pooled in equimolar and paired-end sequenced on an NovaSeq PE250 platform in accordance with the standard protocols by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).



Processing of sequencing data

The raw 16S rRNA gene sequencing reads were demultiplexed, filtered for quality by fastp version 0.20.0 (16) and merged by FLASH version 1.2.7. Using UPARSE version 7.1, operational taxonomic units (OTUs) with a similarity cutoff of 97% were clustered, and chimeric sequences were spotted and eliminated. RDP Classifier version 2.2 was used to examine the taxonomy of each OTU representative sequence (17) against the 16S rRNA database using confidence threshold of 0.7.



Upload the data to the repository

The original sequencing data is uploaded to the official NCBI website. Link to: https://submit.ncbi.nlm.nih.gov/subs/. Registration No.: PRJNA871034.




Statistical analysis

The data were expressed as mean ± standard deviation (SD), where the mean data was calculated using Excel, 2010. SPSS 22 software was employed for one-way ANOVA and Duncan test for significance analysis, and the P-value < 0.05 was determined to be statistically significant.





Results and discussion


The SEM images and physicochemical compositions of ZSPP-1

The separation and purification flow chart of CZSP illustrated in Figure 1. CZSP is separated into three parts on DEAE-cellouse-52 column (Figure 2). As shown in the figure, ZSP-1 is higher in absorbance compared with ZSP-2 and ZSP-3. It can also be stated that ZSP-1 produced a better yield. In this study, only ZSP-1 that has been purified by Sephadex G-150 will be examined; the other two components will be used in other studies. The ZSPP-1 was obtained as depicted in Supplementary Figure 1. The percentages of total sugar, uronic acid, and protein in ZSPP-1 were approximately 90.6%, 12.31%, and undetectable, respectively. UV absorption spectrum further revealed that ZSPP-1 lacked absorption peaks at 260 and 280 nm (Supplementary Figure 2), demonstrating the absence of protein and nucleic acid (Table 1). As presented in Supplementary Figure 3, ZSPP-1 shows an aggregated flake structure, stacked together with each other, small fragment structure and scattered distribution, and there are more gaps between fragments from the appearance and morphology.
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FIGURE 1
The procedure of ZSPP-1 extraction and purification.
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FIGURE 2
Elution profile of CZSP-1 on DEAE-cellulose-52 column.



TABLE 1    Chemical composition of ZSPP-1.

[image: Table 1]



Homogeneity and molecular mass

The homogeneity was validated by elution, obtaining a single symmetrical peak at 8.37 min using high performance gel permeation chromatography (Supplementary Figure 4). Following are the calibration equations for carbohydrates with varying molecular weights: log M = −0.2798x + 8.5389 (R2 = 0.9964), M and x are the molecular weight and retention time of ZSPP-1, respectively; The molecular weight of ZSPP-1 is estimated to be 1.57 × 106 Da (Table 1).



Monosaccharide composition

According to GC-MS analysis, the monosaccharide composition of ZSPP-1 is illustrated in Table 1. The monosaccharide species were investigated in ZSPP-1 (seven types), indicating the structural complexity of ZSPP-1. As shown in Table 1, the ZSPP-1 was predominantly composed of galactose (36.8%), mannose (22.8%), and glucose (20.7%) in association with a small number of xylose (9.8%), arabinose (4.3%), glucuronic acid (2.9%), galacturonic acid (2.7%) units.



Fourier transform infrared spectrometer analysis

Figure 3 shows that ZSPP-1’s infrared spectrum exhibited a typical polysaccharide characteristic band, a broad band in the range of 3,000–3,750 cm–1, and a strong absorption peak at 3,404.92 cm–1, which is the -OH stretching vibration signal peak (18); The weak absorption peak at 2,924.51 cm–1 was the C-H stretching vibration signal peak (19); The above two peaks were typical hydroxyl and alkyl groups of polysaccharides, denoting that the sample is polysaccharide (20). Moreover, infrared analysis showed that there was a weak absorption peak near 1,730 cm–1, and 1,733.43 cm–1 was the -COOH stretching vibration signal peak, indicating that the purified polysaccharide ZSPP-1 contained uronic acid (21). A strong absorption peak emerges at 1,609.37 cm–1, which is the stretching vibration of C = O, signifying the presence of -CHO; 1,420.42 cm–1 was the C-H variable angle vibration signal peak, and the above two peaks are also the infrared characteristic absorption peaks of polysaccharides. The band at approximately 1,000–1,200 cm–1 presents the existence of C-O-C and C-O-H bonds. The peaks at 1,105.66, 1,073.64, and 1,030.05 cm–1 are three signal peaks resulting from the stretching vibration of C-O bond and C-C bond in the sugar ring, which proves that ZSPP-1 contains pyran monosaccharide (22); The bands of 896.25 and 833.01 cm–1 proved that the pure polysaccharide ZSPP-1 existed simultaneously α- and β-glycosidic bond of configuration (23).
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FIGURE 3
Fourier transform infrared spectrometer (FT-IR) spectrum of ZSPP-1.




Methylation analysis

To assess the chemical structure of glycosidic bonds in polysaccharides, methylation analysis is commonly employed. In this study, the methylation results were analyzed using the PMAA spectral standard database (complex carbohydrate research center, University of Georgia). Supplementary Figure 5 depicts the comparison of FT-IR spectra before and after ZSPP-1 methylation. Using methylation analysis, the glycosidic linkage and molar ratios of sugar residues in ZSPP-1 were determined. As shown in Table 2, the ZSPP-1 PMAA derivatives were measured to be 2,3,4,6-Me4-Manp, 2,3,5-Me3-Xylp, 3,5-Me2-Xylp, 2,3,6-Me3-Galp, 2,3,4-Me3-Glcp, 2,3-Me2-Arap, 2-Me-Glcp, and 3,4,6-Me3-Glcp with the molar of 21.5: 3.4: 5.66: 33.9: 11.1: 3.8: 6.74: 3.07. As shown by the monosaccharide composition of ZSPP-1, the total galactose content was the predominant fraction in ZSPP-1. Furthermore, the content of galactose and glucose increased after uronic acid reduction, signifying the content of galactose and glucose increased after methylation (24). This result suggested that ZSPP-1 mainly contained seven linkages: Manp-(1→, →2)-Xylp-(1→, →4)-Galp-(1→, →6)-Glcp-(1→, →4)-Arap-(1→, →3,4,6)-Glcp-(1→, →2)-Glcp-(1→, and Xylp-(1→ respectively, in which →4)-Galp/GalpA-(1→ might be the main linkage of ZSPP-1.


TABLE 2    Methylation analysis data for ZSPP-1.
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NMR analysis

The structural features of ZSPP-1 were further identified by 1H, 13C, HSQC NMR spectral analysis at 600 MHz were investigated (Figures 4A–D). The entire assignment shifts of the 1H and 13C for ZSPP-1 were identified with reference to the previous literatures and then illustrated.
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FIGURE 4
(A) The 1H NMR, (B) 13C NMR, and (C,D) HSQC spectra of ZSPP-1.


The chemical shifts in 1H NMR spectrum (Figure 4B) and HSQC spectra (Figures 4C,D) presented eight signals in the anomeric region at δ 4.69, δ 5.25, δ4.52, δ 5.14, δ 5.19, δ 5.82, δ 4.75, and δ 4.59 ppm. These eight anomeric protons were assigned to nine distinct glycosidic bond types. The chemical shifts in 13C NMR and HSQC spectra, these eight anomeric carbon signals appeared at δ 103.67, δ 109.18, δ 102.7, δ 98.80, δ 92.00, δ 106.91, δ 100.75, and δ 96.54 ppm, and all carbon chemical shifts were assigned to eight different types of glycosidic bonds. The eight detected sugar moieties were labeled as a, b, c, d, e, f, and h.

By combining the results of methylation analysis and literature data (25), the corresponding chemical shift at δ 106.91 ppm in the 13C NMR and HSQC spectra could be identified as β→4)-Arap-(1→. Particularly, the 13C NMR signal at δ 175.27 and δ 176.02 ppm should be assigned to the carboxyl group of GlcpA and GalpA, which indicated that ZSPP-1 was a novel acidic polysaccharide (26). The signals of 13C at δ 98.80 and δ 92.00 ppm assigned from the HSQC were inferred α→4)-GalpA-(1→ and α→6)-GlcpA-(1→. As reported in the literature (27), when δ > 101 ppm, the signals belonged to the (1→2,3,4,6)-linked Gal and the (1→6,1→3,6)-linked Man. Therefore, the signals δ 102.7 and δ 103.67 ppm were inferred as β→4)-Galp-(1→ and Manp-(1→ According to relevant references (28), the anomeric carbon signal peak of glucose residues were dispersed between δ 92 and δ 103 ppm (29). Therefore, the signal δ 92.00 and δ 100.75 ppm were inferred as α→3,4,6)-Glcp-(1→ and α→2)-Glcp-(1→. However, due to NMR signal peak of xylose residues were rarely reported in the literature, the corresponding chemical shifted at δ 109.18 ppm in 13C NMR and HSQC spectra could be inferred as xylose residues. This outcome requires additional discussion and clarity.



ZSPP-1 administration altered the structure of the gut microbiota

To determine if ZSPP-1 can regulate or restore the imbalance of gut microbiota in obese mice, HFD mice were fed a ZSPP-1-supplemented diet for approximately 8 weeks, and their gut microbiota was studied.

As illustrated in the Venn diagram of OTU (Supplementary Figure 6), a total of 4,371 OTUs were obtained. In this study, the number of OTUs in NG, MG, LZG, MZG, HZG, and CG groups were 813, 747, 693, 725, 804, and 589, respectively. The composition similarity and overlap of OTUs among different treatment groups were studied. It was figured out that each group shared 471 OTUs. Meanwhile, 342, 276, 222, 254, 333, and 118 OTUs were unique to NG, MG, LZG, MZG, HZG, and CG groups, respectively. The increase in OTU abundance does not necessarily indicate a return to normal intestinal flora (30). As can be seen, however, the addition of ZSPP-1 altered the quantity of intestinal flora in HFD mice, and the abundance boosted with increasing dose.

The analysis of the intestinal microbiota composition at the phylum level (Figure 5) exhibited that the gut microbiota of each treatment group consisted primarily of Bacteroidetes, Firmicutes, Desulfobacterota, Patescibacteria and Campylobacter. It is reported that the ratio of F/B value in intestinal microorganisms of obese mice will increase significantly (31). Compared with NG group, the F/B rate of MG group increased significantly; Besides, the F/B rate of LZG, MZG, HZG, and CG groups presented a downward trend compared with the NG group. Orlistat intake decreased the diversity and richness of intestinal microorganisms. Compared with the MG group, the proportions of Firmicutes and Bacteroidetes were further decreased by orlistat treatment, which reduced the abundance of obesity-associated bacteria Lachnospira.
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FIGURE 5
Gut microbial composition of different samples at the phylum level. The abscissa is the sample name, the ordinate is the proportion of the species in the sample, the columns with different colors represent different species, and the length of the columns represents the proportion of the species.


These results are consistent with the findings of Ke et al. (32). Literature reports also confirmed that prebiotics can increase the relative abundance of Bacteroidetes and reduce the relative abundance of Firmicutes in the host intestine, so as to inhibit obesity (33). In this study, it was discovered that the relative abundance of Desulfobacterota and Campylobacter increased in the MG group, but decreased in the ZSPP-1 and positive medication treatment groups in comparison to the NG group.

At the family level, Muribaculaceae, Lachnospiraceae, Lactobacillus, Desulfovibrionaceae, Oscillospiraceae, Bacteroidaceae, Rikenellaceae, and Ruminococcaceae were the main components of gut microbiota as shown in Figure 6. According to relevant literature reports, Muribaculaceae, Bacteroidaceae, and Rikenellaceae are mucin monosaccharide feeders. Many intestinal pathogens can utilize mucin monosaccharide as an essential nutrient in the intestine and compete with pathogens for these nutrients in order to maintain a healthy intestinal ecosystem (34). In this study, except for MG group, the relative abundance of Muribaculaceae and Bacteroidaceae in NG, LZG, MZG, HZG, and CG groups increased significantly, demonstrating that mucin monosaccharide seekers may form a competitive relationship with intestinal harmful bacteria. In addition, Ruminococcaceae is a potential diagnostic indicator of obesity and flora imbalance generated by HFD, whereas Lachnospiraceae is thought to be associated with liver inflammation (35). In this study, it was investigated that the abundance of Lachnospiraceae and Ruminococcaceae increased significantly in MG group, but decreased in ZSPP-1 and positive drug treatment group, which verified the view that mucin monosaccharide seekers formulated competitive correlation with intestinal harmful bacteria. LPS has been proven to be closely associated with the occurrence and development of chronic inflammation and metabolic disorders (36); Desulfovibrionaceae is a category of sulfate reducing bacteria, which can convert sulfate into hydrogen sulfide and also can destroy the integrity of intestinal barrier. Furthermore, Desulfovibrionaceae belongs to Gram-negative bacteria containing LPS. The results displayed that after ZSPP-1 intervention, the abundance of Desulfovibrionaceae decreased significantly in obese mice. The glucan components that make up ZSPP-1 [e.g., →6)-Glcp-(1→, →3,4,6)-Glcp-(1→, and →2)-Glcp-(1→] are expected to form prebiotics through the fermentation of intestinal flora, which possess a role in decreasing inflammatory cells and inflammatory mediators. By modulating the immune response in liver tissue, Neyrinck et al. (37) revealed that using fermentable laminarin glucan can protect rats from LPS-induced hepatotoxicity. Meanwhile, Li et al. (38) characterized the structure of Tuber sinense polysaccharide (TPS) and found that TPS has → 4)-D-Glcp-(1→, →4,6)-D-Glcp-(1→, and D-Glcp-(1→ residue; TPS and β-lactoglobulin binds to form a conjugate can increase some probiotics including Lactobacillaceae, inhibit harmful inflammatory reaction, and avoid intestinal flora disorder. This also confirmed that glucan-containing ZSPP-1 may increase the number of Lactobacillaceae in the intestines of obese mice. Lactobacillaceae is an essential probiotic for preventing and treating metabolic disorders such as obesity and diabetes mellitus (39, 40); Prevotellaceae is considered related to the synthesis of short chain fatty acids (SCFAs). In addition, the lack of SCFAs weakened its protective effect on intestinal mucosal barrier, which may render the increase of intestinal endotoxin level (41, 42); In this study, ZSPP-1 intervention could significantly enhance the abundance of Lactobacillus and Prevotellaceae in the intestinal microbial composition of obese mice. In conclusion, these findings demonstrate that ZSPP-1 positively regulates the imbalance of gut microbiota induced by obesity.
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FIGURE 6
Gut microbial composition of different samples at the family level. The abscissa is the sample name, the ordinate is the proportion of the species in the sample, the columns with different colors represent different species, and the length of the columns represents the proportion of the species.


Results as shown in Figure 7, at the genus level, the relative abundance of harmful bacteria (such as Desulfovibrionaceae, Lachnospiraceae, Ruminococcus, Helicobacter, Oscillospiraceae etc.) decreased significantly and the relative abundance of beneficial bacteria (such as Akkermansia, Lactobacillus, Bacteroides) increased significantly in LZG, MZG, HZG and CG groups compared with MG group. It was reported that Desulfovibrionaceae, Lachnospiraceae, Ruminococcus, Helicobacter, and Oscillospiraceae can render chronic inflammatory and metabolic illnesses (43). It has also been reported that squid ink polysaccharide (Sugar component: Fuc, GlcA, and GalN in a molar ratio of 1:1:1) decreases the abundance of harmful bacteria (such as Ruminococcus, Bilophila, Oscillospira, Dorea, Mucispirillum, etc.) which destroy the mucus layer on the colon surface and induce inflammatory diseases in the early stage (44). This suggests that ZSPP-1, comprised of seven monosaccharides GlcA, GalA, Ara, Xyl, Glc, Man, and Gal in a precise molar ratio of 1:1:1.5:3.6:7.6:8.4:13.6, may be the primary factor in reducing the number of hazardous bacteria. On the contrary, Akkermansia, Lactobacillus, and Bacteroides et al. can improve tissue inflammation resulted from obesity and boost host intestinal health (45). Polysaccharide molecular weight and monosaccharide composition have a crucial influence in the regulation of intestinal flora. Zhou et al. (46) assumed that ginseng polysaccharide (with molecular weight ranging from 1.00 to 1,308.98 kDa) made up of six monosaccharides (i.e., mannose, rhamnose, glucose, galactose, arabinose, and fucose) and one type of uronic acid (i.e., galacturonic acid) could restore the disturbed overall intestinal microbiota, especially promoting the growth of two main Lactobacillus and Bacteroides. Shang et al. (47) demonstrated that fucoidan, mostly consisting of fucose, glucuronic acid, and galactose, could ameliorate the metabolic syndrome brought on by HFD and increase the amount of Akkermansia bacteria in the intestinal microbiota of mice. Interestingly, this study discovered that the specific polysaccharide molecular weight (1,570 kDa) and monosaccharide composition of ZSPP-1 are similar to those reported in the literature, which may also be the key factor for ZSPP-1 to promote the growth of benign microorganisms conducive to the health of the host (e.g., Akkermansia, Lactobacillus, and Bacteroides et al.).
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FIGURE 7
Heat map of gut microbial composition at the genus level. The abscissa is the group name, and the ordinate is the species name. The abundance changes of different species in the sample are displayed through the color gradient of the color block. The right side of the figure is the value represented by the color gradient.




ZSPP-1 administration recovered the original structure of intestinal microbiota

The visual circle diagram reflected the distribution proportion of dominant species in each group, as illustrated in Supplementary Figure 7. The proportion of Firmicutes and Bacteroidetes in the MG group has been grossly misadjusted in comparison to the NG group. The outcomes were comparable to those reported by Clarke et al. (4). Nonetheless, it can also be seen from Supplementary Figures 7B,C that the F/B value in the ZSPP-1 treatment group is no longer significant, demonstrating that Firmicutes and Bacteroidetes gradually returned to the normal level under the intervention of ZSPP-1.

Shannon index was applied to consider the richness and evenness of a community (48, 49). Through the assessment of alpha diversity abundance information of Shannon index at the phylum level in conjunction with the statistical T-test method, a significant difference between the two groups was identified (Figure 8). The results demonstrated that the MG group differed significantly from the LZG, MZG, CG, and NG groups; However, there was no significant difference between the ZSPP-1 treatment group and the NG group, stating that ZSPP-1 treatment of mice with an imbalanced gut microbiota restored the original bacterial structure.
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FIGURE 8
Alpha diversity analysis of the gut microbiota. The abscissa is the name of the group, and the ordinate is the average value of the index of each group. This figure shows the significant differences between the selected two groups of samples, and marks the two groups with significant differences. “*” means P < 0.05, “**” means P < 0.01.


Principal coordinates analysis (PCoA) is used to analyze the composition of different samples. Through studying the differences and distances of samples, the Multi group difference data were reflected on the two-dimensional coordinate map. In other words, the smaller the distance on the coordinate axis, the more similar the composition of the two samples, so it is possible to determine if the composition of the samples under identical conditions is similar. As exhibited in Figure 9, the intestinal microorganisms of NG group, CG group, and ZSPP-1 treated group mice differed significantly from those of MG group mice; The flora in LZG group and NG group had a more similar composition, yet such similarity did not rise as the ZSPP-1 intervention dose was increased. This suggests that ZSPP-1 restored the structure of gut microbiota without regard to dose. In addition, PCoA analysis demonstrated that the flora structure of the MZG and HZG groups was not strictly consistent with that of the NG group. It demonstrated that the adding of medium and high doses of ZSPP-1 not only restored the intestinal flora, but posed a novel regulatory effect on the intestinal flora’s composition.
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FIGURE 9
Beta diversity analysis of the gut microbiota (i.e., principal coordinates analysis). Points with different colors or shapes represent samples in different groups. The closer the two sample points are, the more similar the species composition of the two samples is.


Overall, in this study, through the changes of flora after different doses of ZSPP-1 intervention, it shows that ZSPP-1 regulates the structure of gut microbiota, improves the inflammation caused by obesity, and promotes intestinal health. Generally, the modulation of intestinal flora by polysaccharides is generally influenced by numerous factors. First, the chemical structure of polysaccharides is the foundation for the regulation of intestinal flora. By fermenting polysaccharides, intestinal flora may produce prebiotics, which can not only govern the structure of intestinal flora but also alter the host’s metabolism to achieve lipid-lowering and weight loss. The effects of polysaccharide molecular weight, composition, glycosidic bond type, substituent group, and spatial structure on intestinal flora and obesity have received limited investigation. The team of Sadia Kanwal and Yi Xin found Dictyophora indusiata mushroom polysaccharide with the main functional components of Glu (59.84%), Man (23.55%), and Gal (12.95%); Dip can reduce inflammatory response and alleviate HFD induced obesity by regulating intestinal integrity and intestinal microbial community (50–52). Therefore, there is justification to suppose that the effect of ZSPP-1 on the composition of intestinal flora in obese mice is mostly attributable to its unique functional components (36.8% galactose, 22.8% mannose, and 20% glucose).




Conclusion

A diet high in sugar and fat can alter the structure of gut microbiota, resulting in obesity and chronic metabolic illnesses; nevertheless, plant polysaccharides can modulate gut microbiota. In this study, a polysaccharide was separated from Z. striolatum. Using various methodologies and instruments, the chemical structure of ZSPP-1 was determined. It was discovered that ZSPP-1 altered the structure of the gut microbiota of obese mice, stimulated the growth of intestinal beneficial bacteria, and assisted in restoring the imbalanced flora structure to its normal form. The aforementioned outcomes suggest that ZSPP-1 may be a potential drug for addressing HFD-induced obesity, which necessitates extensive research. Meanwhile, the analysis of chemical structure and the investigation of intestinal regulatory function provide a theoretical foundation for the discovery of the structure-function relationship, as well as the utilization and advancement of Z. striolatum.
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In this study, we investigated the structural features of the polysaccharide obtained from Craterellus cornucopioides (CCP2) by high-performance liquid chromatography, Fourier transform infrared spectroscopy and ion chromatography. The results showed that CCP2 was a catenarian pyranose that principally comprised of mannose, galactose, glucose, and xylose in the ratio of 1.86: 1.57: 1.00: 1.14, with a molecular weight of 8.28 × 104 Da. Moreover, the immunoregulation effect of CCP2 was evaluated both in vitro and in vivo. It displayed a remarkable immunological activity and activation in RAW264.7 cells by enhancing the phagocytosis of macrophages in a dose-dependent manner without showing cytotoxicity at the concentrations of 10–200 μg/mL in vitro. Additionally, Histopathological analysis indicated the protective function of CCP2 against immunosuppression induced by cyclophosphamide (Cy). Meanwhile, the intake of CCP2 had better immunoregulatory activity for immunosuppression BALB/c mice model. After prevention by CCP2, the spleen and thymus weight indexes of BALB/c mice model were significantly increased. The RT-qPCR and Western Blot results provided comprehensive evidence that the CCP2 could activate macrophages by enhancing the production of cytokines (IL-2, IL-6, and IL-8) and upregulating the protein expression of cell membrane receptor TLR4 and its downstream protein kinase (TRAF6, TRIF, and NF-κB p65) production of immunosuppressive mice through TLR4-NFκB p65 pathway. The results demonstrated that CCP2 could be a potential prebiotic and might provide meaningful information for further research on the immune mechanism.
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Introduction

The immune system comprises a heterogeneous population of cells that are relatively quiescent in a steady-state, however, they respond to inflammation, infection, and other perturbations (1). In clinic settings, patients with compromised immunity may be particularly vulnerable to normal and opportunistic infections (2). The innate immune system comprises innate dendritic cells, natural killers cells (NK), macrophages, mast cells (MCs) and NKT cells as primary defense entity (3, 4) and protects against invading pathogens in non-specific way (4, 5). One of the most important non-specific immune actions is phagocytosis, which is performed by macrophages (6). Macrophages are involved in antiviral, anti-tumor activities, hypersensitivity reactions, autoimmune diseases, and immune regulation in adaptive and innate immune responses via the production of cytokines (such as interferon γ), interleukin-6 (IL-6), interleukin-10 (IL-10), and tumor necrosis factor α (TNF-α) (7). After regulating the activation and inhibition of receptors, the immune system activates the pathogen associated pattern-recognition receptors (PRRs) (8–10).

Polysaccharides, as metabolic products of plants, animals, and microorganisms, have attracted considerable attention due to their therapeutic effects, and are considered the immunological molecules of the innate immune system (11). It enhances the ability of macrophages to resist external stress and survive under various conditions by promoting the integrity and stability of the outer membrane (12). Several studies have been conducted to investigate the pharmacological activities and active components of edible and medicinal plants (13–16). It showed that fungal polysaccharides are efficacious in the treatment of diabetes, hypolipidemia, oxidative stress, and obesity, as well as in the activation of innate immune cells and stimulation of cytokines secretions (17, 18).

Yu, et al. (19) demonstrated that the porphyra-derived oligosaccharides possessed antigen-specific immune responses by regulating the levels of IgG1, IgG2a, and OVA-specific IgE, and producing IL-2, IFN-γ, IL-4, and IL17 in ovalbumin (OVA)-sensitized mice. Wusiman, et al. (20) verified that the Lagenaria siceraria (Molina) standl polysaccharide and sulfated modified LSP50 could induce long-lasting and high hemagglutination (HI) titers, antigen-specific lgG-NDV antibody, splenic lymphocyte proliferation, high immune organ index, which could be served as a novel and effective vaccine adjuvant in chicken to induce specific immune responses against infections and diseases.

Therefore, the activations of macrophages induced by fungal polysaccharides are essential for the innate immune system.

Craterellus cornucopioides is wild, edible fungus, that is widely distributed around the world (China, Japan, Korea, North America, and Europe). In our previous studies (21–23), a natural immune heteroglycan (average molecular weight of 1.97 × 106 Da) with the potential to activate RAW264.7 macrophages were obtained from C. cornucopioides (CCP) in vitro. This heteroglycan showed potent immunomodulatory properties and reversed immunosuppression by enhancing the development of the immune system and the activation of peritoneal macrophage phagocytosis via regulation of the TLR4-NFκB pathway in peritoneal macrophages of immunosuppressed mice, which shows excellent prospects for the commercial development of functional foods and medicines (21–24).

Similarly, polysaccharides obtained from C. cornucopioides (CCP2) also have strong immunoregulatory potential in the extrinsic pathway. However, to date, a comprehensive understanding of the immunomodulatory activity of CCP2 in vitro and its structural characteristics have not been reported. The structural and bioactivity diversities of CCP2 remain unclear. Generally, the comprehensive utilization of agricultural products has significant economic and social environmental benefits, and has thus gained growing interests in the development of agricultural products.

On this basis, the structure information and immunomodulatory activity of CCP2 were investigated by FTIR, and in terms of monosaccharide composition. The proliferation, phagocytosis, and morphology of RAW264.7 cells were applied to understand the relationship between structural properties and biological activities, which further expands the application and advantages of C. cornucopioides.



Materials and methods


Materials and reagents

The fruiting body of C. cornucopioides was collected at the Junzi mountain of Shizong in Yunnan Province, P.R. Different monosaccharide standards (L-rhamnose, D -glucose, D-mannose, D-galactose, D-arabinose, and D-xylose) and DEAE-52 column (1.6 cm × 100 cm) were provided by Solarbio Biological Technology Company (BJ, CHN). Neutral red and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) were provided by Sigma Company (St Louis, MO, USA). Phosphate buffered saline, dimethyl sulfoxide (DMSO), Dulbecco’s Modified Eagle Medium (DMEM), and fetal bovine serum (FBS) were purchased from Gibco BRL (NY, USA). All the other reagents were of analytical grade.



Extraction and purification of CCP2

The C. cornucopioides powder was extracted with distilled water at 85°C for 2.5 h (twice) after degreasing with acetone. The water extract was concentrated and deproteinized using the sevag reagent [Chloroform: n-butanol = 4:1 (V:V), 30 min, 10 times]. Finally, three volumes of ethanol were added to precipitate the crude polysaccharide (CCCP), which were collected after centrifugation at 3,000 rpm at 25°C for 10 min and freeze-dried under −80°C after redissolving in water. The yield was calculated using formula 1 as follows:
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Where WCCCP and Wsample are the weights of CCCP and C. cornucopioides powder, respectively.

CCCP (80 mg) was dissolved in distilled water (2 mL), purified by the DEAE-A52 column (1.6 cm × 100 cm), and eluted at the flow rate of 0.6 mL/min. The eluent contained a macromolecule that was discovered by HPLC and named C. cornucopioides polysaccharide (CCP2).



Molecular weight of CCP2

The Mw of CCP2 was determined by high-performance gel permeation chromatography (Agilent-1200) with a Shodex OHpak gel SB-805HQ column (8.0 mm × 300 mm, 35°C) and a refractive index detector (30°C). The sample solution (20 μL, 5 mg/mL) was injected into the apparatus. Deionized water was used as the flowing phase at the flow rate of 0.6 mL/min. The standard curve was established using the T-series Dextran (T-2000, T-500, T-70, T-40, T-20, and T-10) (25, 26).



Determination of monosaccharide composition of CCP2

The ICS2500 chromatography system (Thermo) with the high-performance anion chromatography column Carbo Pac PA20 (150 mm × 3 mm) and a dual pulse current sensor was used to determine the monosaccharide composition of CCP2 (NaOH at 2.00 and 10.00 mM was used as the eluent, the flow rate was 0.45 mL/min, and the temperature was set at 30°C). In total, 5.00 mg of CCP2 was hydrolyzed with 2 M Trifluoroacetic Acid (TFA, 5 mL) for 3 h at 120°C. Followed, the samples were diluted with ionized water according to the gradient. One milliliter CCP2 solution was injected into the apparatus. D-mannose, D-xylose, D-arabinose, L-rhamnose, D-galactose, and D-glucose were derivatized as standards.



FT-IR analysis

The experimental methods were referred to the literature reports (27). Briefly, 1.00 mg of CCP2 and 150 mg of KBr were mixed evenly and pressed into flake. Pure KBr flake was used as the blank background, and then the polysaccharide sample was analyzed on an Fourier Transform Infrared Spectroscopy (FT-IR) spectrophotometer with a resolution of 4 cm–1 (range: 4000 –400 cm–1) (VECTOR 22, Bruker, Germany).



Cell culture

The RAW264.7 cells were cultured in DMEM supplemented with 10% (v/v) FBS streptomycin (100 units/mL), and penicillin (100 units/mL) at 37°C, and 5% CO2 in a humidified atmosphere. Cells were passaged every 48 h for reserve.



Cell phagocytosis assays

The experimental method was according to the literature reports (28). For the neutral red uptake assay, the cell suspension (5 × 104 cell/mL) of the macrophages was added into 96-well plates at 37°C. After 4 h incubation, the supernates were removed and treated with different concentrations of CCP2 (0, 10, 25, 50, 100, 200, and 400 μg/mL) for 24, 36, and 48 h, respectively, and 100 μL of neutral red solutions were added and incubated for another 2 h. After staining, the cells were rinsed twice by Hank’s solution. Afterward, the cells were lysed with a lysis buffer [ethanol and 0.01% acetic acid at the ratio of 1:1 (100 μL per well) and detected at 540 nm].



General observation

During the experiment, all BALB/c mice were carefully monitored daily for signs of disease, the body weight and water intake of mice were recorded daily. The feeding environment was as follows: temperature: 22 ± 0.5°C, humidity: 50 ± 5%, light–dark cycle: 12:12 h. The mental state, stool consistency, diarrhea and rectal bleeding were observed and recorded. The mice were fasted for 24 h after gavage and sacrificed on the 17th day.



Histopathological observation

The experimental methods were referred to the literature reports (29).



Establishment of cy-induced immunosuppressive BALB/c mice model and treatments

Protective effects of CCP2 on immunosuppression mice were evaluated using a cyclophosphamide (Cy)-induced immunocompromised model recommended by China Food and Drug Administration (CFDA Publication No. 107, revised 2012). Briefly, 50 mice were randomly assigned into 5 groups (n = 10) according to the double-blind experiment after a week of adaptive feeding, including normal control group (NCG, 0.9% NaCl), immunocompromised model group (Cy-induced, CyMG), and three CCP2 as preventive treatment groups [CCP2 + Cy (L, M, H)]: 100, 200, and 400 mg kg–1 day–1. The details were as follows:

(1) NCG: Mice were intragastric administration once daily with 0.9% normal saline (0.2 mL) for 17 consecutive days, and intraperitoneally injected administration with normal saline (0.1 mL day–1) at 10th day for 3 days.

(2) CyG: Mice were intragastric administration once daily with 0.9% normal saline (0.2 mL) for 17 consecutive days and intraperitoneally injected administration with Cy (0.1 mL day–1, Mw 261.09 Da) at 10th day for 3 days.

(3) [CCP2 + Cy (L, M, H)]: Mice were intragastric administration with once daily with CCP2 at the doses of 100, 200, and 400 mg kg–1 day–1, respectively, for 17 consecutive days and intragastric administration with Cy at 10th day for 3 days.

On the 18th day after the various treatments, the BALB/c mice in each group were killed through the cervical dislocation method. The spleen and thymus were dissected and weighed.

The organ index was calculated as follows:
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Western blot analysis

The experiment was conducted according to the method reported by Price et al. (30). Specifically, the total protein of peritoneal macrophage of BALB/c mice was extracted using radio immunoprecipitation assay lysis buffer according to the instruction of manufacture. After incubation of macrophages in 6-well plates (1 × 105 cells/mL) for 36 h, the macrophages were used for the protein extraction. All the primary antibodies were diluted with PBS for 1000 times (Cell Signaling Technology, Danvers, MA, USA).

In brief, cell lysates were subjected to 10% SDS-PAGE and transferred to nitrocellulose NC membranes, and then incubated overnight at 4°C with anti-TLR4, anti-TRIF, anti-TRAF6, anti-P-NF-kB p65, and anti-GAPHD monoclonal antibodies after a 1 h blocking on (5% (w/v) non-fat milk. The membranes were subsequently washed with Tris Buffered Saline Tween (TBST) and incubated for 1 h at room temperature with corresponding secondary anti-bodies. Immunoreactive bands were detected using enhanced chemiluminescence (ECL) kit (Millipore Co., Billerica, MA, USA), GAPHD was used as internal control.



Quantitative reverse transcription-polymerase chain reaction analysis

Quantitative reverse transcription Polymerase Chain Reaction (RT-qPCR) was conducted using SYBR RT-qPCR kit and Mx3000P™ RT-qPCR system (Stratagene, USA) in triplicate for each sample reaction according to previous report (31) to determine the mRNA expression of cytokines IL-2, IL-6, IL-8, and TNF-α. The total RNAs of peritoneal macrophage of BALB/c mice was extracted using Trizol reagent (Solarbio, Beijing, China) according to the instruction of manufacture and to synthesize cDNA by PrimeScript RT kit (Takara Biological Engineering Company, Dalian, China). The designed specific primers (Sangon Biotechnology company, Shanghai, China) were list in Table 1.


TABLE 1    Primers sequence of polymerase chain reaction (RT-qPCR).
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Data analysis

In this study, all statistical analyses were performed using SPSS 20.0 software (SPSS, Inc., IL, USA). Data were expressed as mean ± standard error (SE). One-way analysis of variance (ANOVA) and T-tests were used to test for statistical significance. P-values less than 0.05 were considered statistically significant.




Results and discussions


Extraction, purification and purity of CCP2

100 mg of CCCP was dissolved in distilled water (2 mL), purified by DEAE-A52 column (1.6 cm × 100 cm) and sequentially eluted with distilled water and 0.3 M NaCl at a flow rate of 0.6 mL/min. The eluant contained a macromolecule discovered by HPLC and named CCP1, which contained three fractions with similar polarity (Figure 1A). Further, the SephadexG-100 column (1.6 cm × 100 cm) was used to obtain CCP2. The single symmetrical peak (Figure 1B) at 15.592 min in HPLC indicates high purity. The UV absorption spectrum of thiirane revealed no obvious absorption peaks between 260 and 280 nm after full-wave scanning indicated little protein of CCP2. The average Mw of CCP2 was determined with a universal calibration curve using Dextran as a standard (32). Based on the calibration, the Mw of CCP2 was 8.28 × 104 Da.
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FIGURE 1
Weight average distribution of (A) CCP1 (crude polysaccharides eluted with 0.3 M NaCl) and (B) CCP2 (purified polysaccharides extracted from C. cornucopioides).




The monosaccharide compositions and FTIR spectrum analysis of CCP2

The retention time of monosaccharide standard (Figure 2A) and CCP2 after degrading by TFA acid (Figure 2B) were shown in the Figure 2 and Table 2. After comparing the remain time and area between standard and CCP2, the results indicated that the CCP2 composed of D-Mannose, D-Galactose, D-Glucose, and D-Xylose with the molar ratio of 1.86: 1.57: 1.00:1.14, showing mannose might be the backbone of the CCP2 chain (33).
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FIGURE 2
Monosaccharide composition [(A) Standards, (B) CCP2 (Blue line)] and the FTIR spectrum (C) of CCP2.



TABLE 2    Monosaccharide composition of CCP2.
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The absorption band of CCP2 was performed (range: 4000–400 cm–1). The band at 3405.22 cm–1 and 2920.21–2851.35 cm–1 were ascribed to the -OH and C-H stretching vibrations, respectively (21). The characteristic absorption peak of crystal water bending vibration was observed at 1637.15 cm–1 and the band at 1412.15 cm–1 was ascribed to -CH2 deformation absorption (34). Bands around 1246.78 cm–1 reflected the deformation vibration the of C-H bond. Similarly, bands between 1042.27–1073.74 cm–1 reflected the C-O-C stretching in the pyranose ring. The absorption characteristic peak at 919.10 cm–1 indicated β-type glycosidic bond. The peaks at 1131.31 cm–1, 1073.74 cm–1, and 1042.27 cm–1 indicated the existence of pyranoid ring structure (12).



Effects of CCP2 on immunoregulation in vitro


CCP2 promoted phagocytosis activation of peritoneal macrophages

Recently, polysaccharides have been proven to participate in cell immune defense, proliferation, and differentiation (35). Several polysaccharides were used as immunotherapeutic agents in the treatment of cancer and were clinically applied in combination with chemotherapy. Phagocytosis is the most important index to evaluate the activation and function of macrophages (36–38). In this study, the neutral red uptake assay was used to evaluate the phagocytosis of macrophages in vitro.

Relative cell phagocytosis of macrophages in the presence of CCP2 was significantly increased in a dose-dependent manner (10–200 μg/mL) than that of the control group (P < 0.01), reached maximum value at 100 μg/mL (Figure 3). Meanwhile, CCP2 significantly enhanced the phagocytosis of macrophages in a time-dependent (24, 36, and 48 h) and reached maximum at 36 h. Generally, the phagocytosis of RAW264.7 was significantly increased, attaining a maximum value at 36 h and 100 μg/mL of CCP2 (P < 0.01). The above results indicated that CCP2 holded a strong potential to stimulate macrophages, which was the key participant in innate and adaptive immunity. Compared with previous reports, CCP2 showed stronger effect on the activation of the phagocytosis of macrophages (22, 34, 39).
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FIGURE 3
Effects of CCP2 on the phagocytic activity of macrophages. Cells were treated with CCP2 at various concentrations (10, 25, 50, 100, 200, and 400 μg/mL) for 24, 36, and 48 h, respectively. The control group was incubated with DMEM. *p < 0.05 and **p < 0.01 were significant when compared to the Control group. Data were expressed as means ± SD.





Effects of CCP2 on immunoregulation in vivo


The effect of CCP on thymus and spleen index of immunocompromised mice

The spleen and thymus index of various treatment groups were dissected and weighed accurately on the 17th day. The relative thymus index and spleen index of CyG group decreased significantly (6.94 ± 0.51 vs. 16.27 ± 0.89 mg/10 g, 20.11 ± 1.02 vs. 33.57 ± 1.32 mg/10 g) compared with NCG group (Table 3). To compared with the CyG group, all the indexes in CCP2 treatment groups remarkable increased. The result implicated that the organic damage and immune function of immunocompromised mice might be recovered after CCP2 treatments.


TABLE 3     The thymus and spleen index of immunocompromised mice.
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Effects of CCP2 on the spleen investigated via histological examinations in the BALB/c mice

The destruction of the immune system, lead to autoimmune diseases and inflammatory diseases, always accompanied the organic damage (40). As an vital extrinsic diagnostic technology, HE image is easily available to assess the immunosuppressive status of organism (41, 42).

In this study, the HE stained was performed to evaluate the effect of CCP2 on colon tissues ultrastructure. As shows in Figure 4, histological analysis showed that the ultrastructure of spleen cells in the NCG were dense and arrange regularly. To compared with NCG group, CyG group (B) showed unclear red and white pulp structure and obvious intercellular spaces dilatation. However, the administration of CCP2 could significantly decreased the extent of macroscopic and microscopic intestinal irregular arrangement of cells induced by Cy. As the ultrastructure of spleen cells in CCP2 + Cy (M) (200 mg kg–1 day–1) and CCP2 + Cy (H) (400 mg kg–1 day–1) groups were dense, arrange regularly with clear nuclei, red and white pulp structure, which were similar to the case of NCG group. Likewise, the microscopic structure of CCP2 + Cy (L) (100 mg kg–1 day–1) group also recovered slightly. The histopathological analysis showed that CCP2 could attenuate the immune lesions of spleen in immunosuppression mice after Cy intervention.


[image: image]

FIGURE 4
Effects of CCP2 on the spleen tissues showed in HE-stained histopathological images (scale bar = 100 μm, objective: 20×). NCG, normal control group; CyG, cyclophosphamide treatment group; CCP2 + Cy(L), Cy + CCP2 treatment group (100 mg kg–1 day–1); CCP2 + Cy(M): Cy + CCP2 treatment group (200 mg kg–1 day–1), CCP2 + Cy(H): Cy + CCP2 treatment group (400 mg kg–1 day–1).




Effects of CCP2 on the secretion of cytokines of the immunosuppressive BALB/c mice

Cytokines are synthesized and secreted by immune cells (macrophages, monocytes, B and T cells, DCs and neutrophils, etc.) and non-immune cells (endothelial cells, epidermal and fibroblasts, etc.) after stimulation by immunogen, inflammatory factors, and exogenous stimulant with the biological activities on regulating inflammatory, innate or adaptive immune response (43). Such as TNF-α and IL-1β were released robustly by monocytes and macrophages after treated with LPS or Tripalmitoyl-S-glyceryl-cysteine (Pam3Cys, a lipopeptide). ECs granulocyte-monocyte-colony stimulating factor (GM-CSF), secreted granulocyte-colony stimulating factor (G-CSF), IL-6, IL-10, and IL-1α as major cytokines upon TLR stimulation (44, 45).

To evaluate the immunosuppressive regulation capacity of CCP2, the mRNA expressions of immunological cytokines (IL-2, IL-6, TNF-α, and IL-8) in peritoneal macrophage of various treatment groups were analyzed (Figure 5). To compare with the NCG group, the expressions of IL-2, IL-6, IL-8, and TNF-α were suppressed significantly after Cy intervention (p < 0.01). As the comparison, CCP2 alleviated Cy-induced immunosuppression at a molecular level by promoting the production of IL-2, IL-6, and IL-8, but to different degrees in a dose-dependent manner. The CCP2 + Cy (M) and CCP2 + Cy (H) (200 and 400 mg kg–1 day–1) groups significantly enhanced the mRNA expression of above cytokines to compare with the CyG groups (p < 0.01) except TNF-α. Current data suggested that CCP2 capable of reversing the down-regulation of mRNA expressions to relieve the immunosuppressive.
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FIGURE 5
Effects of CCP2 on the secretion of cytokines (IL-2, IL-6, IL-8, and TNF-α) in the peritoneal macrophage of immunosuppressive mice induced by Cy. RT-qPCR analysis was relative to that of the reference gene (GAPHD). NCG: Normal control group, CyG: Cyclophosphamide treatment group, CCP2 + Cy (L): Cy + CCP2 treatment group (100 mg kg–1 day–1), CCP2 + Cy (M): Cy + CCP2 treatment group (200 mg kg–1 day–1), CCP2 + Cy (H): Cy + CCP2 treatment group (400 mg kg–1 day–1), ##p < 0.01 vs. the NCG group, *p < 0.05, **p < 0.01 vs. the CyG group. Data were expressed as mean ± SD, n = 6.




Effects of Craterellus cornucopioides on protein expressions in abdominal macrophages in BALB/c mice

Reportedly, TLRs and NF-κBs were involved in the stimulation of gene expression [such as Inducible Nitric Oxide Synthase (iNOS), IL-6, TNF-α mRNA] and cytokine secretion (such as NO, IL-6 and TNF-α) in immune responses. In view of the immunosuppression of Cy-induced injury as mentioned above, we elucidated an underlying mechanism of CCP2 effect via the TLR4-NF-κBp65 signal pathways, which were commonly involved in immune signaling cascades. The level of TLR4, TRIF, and TRAF6, and the phosphorylation of P- NFkB p65 were determined. As a result of Cy administration, the level of TLR4, TRIF, TRAF6, and P-NFκB p65 declined significantly, compared with those of mice in the NCG group. After administrating with CCP2, the phenomena (decrease of TLR4, TRIF, and TRAF6) were all alleviated significantly in a dose dependent manner, especially at the dose of 200 mg kg–1 day–1. Next, we evaluated the effect of CCP2 on the phosphorylation of p65. As shown in Figure 6, treatment with CCP2 increased the phosphorylation of p65 in a concentration-dependent manner. The CCP2 + Cy (M) and CCP2 + Cy (H) (200 and 400 mg kg–1 day–1) groups significantly enhanced the protein expression compared with the CyG groups (p < 0.01). Results suggested that CCP2 activated NF-κB signaling pathway which was implicated in transcriptional activation.
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FIGURE 6
 Detection of the protein expressions of TLR4, TRIF, TRAF6, and phosphor-NFκB-p65 by western blotting. (A) Effect of CCP on the expression of TLR4 in BALB/c mouse. (B) Effect of CCP on the expression of TRIF, TRAF6 and phosphor-NFκB-p65 in BALB/c mouse. GAPHD was used as an equal loading control. #p < 0.05, ##p < 0.01 vs. the NCG group, *p < 0.05, *p < 0.01 vs. the CyG group. Data were expressed as means ± SD, n = 10.


The main experiments contents and the sketch map was showed in Figure 7. In the light of the analysis conducted, we concluded that the receptor TLR4 plays a key role in the CCP2-modulated immunoregulation in immunosuppression mice model. Moreover, we showed that TLR4 in the pathogenesis of CCP2 modulated NF-κB pathways.
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FIGURE 7
The sketch map of the immunoregulatory induced by CCP.






Discussion

Macrofungus (mushroom) has been extensively applied as traditional oriental medicine and food component for centuries (46, 47). Several reports revealed the importance of Split gill mushroom [Schizophyllum commune (Fr.:Fr.)], Lingzhi (in China) [Ganoderma lucidum (W.Curt.:Fr.) P. Karst.], Shiitake mushrooms [Lentinus edodes (Berk.) Sing], among other (48, 49). Nowadays, mushrooms are used as natural product-based pharmaceuticals with higher treatment potential and lower toxic effects in different pathological processes.

Polysaccharides are made up of identical or different monosaccharides together with glycosidic linkages to be linear or branching structure, which have been produced as the first biopolymer on earth (50, 51). The macrofungus polysaccharides and polysaccharide complexes components attract considerable attention due to their bioactive [such as efficient immunomodulatory, anti-cancer (52) and anti-inflammatory effects (53, 54)]. However, the structural information of different functional polysaccharides needs to be analyzed to supply and to expand the application of macro-fungus polysaccharides. Thus, in this study, we obtained a polysaccharide that principally comprised of mannose, galactose, glucose, and xylose in the ratio of 1.86:1.57:1.00:1.14, obtained from C. cornucopioides (CCP2) that widely distributed around the world (China, Japan, Korea, North America and Europe).

There was a clear correlation between allowed conformations and linking pattern (55). As confirmed by reports, polysaccharides extracted from MAE showed excellent biological properties owing to their complete structure, functional glycosidic linkages with a higher Mw and uronic acid content. In this study, The CCP2 was a catenarian pyranose with the Mw of 8.28 × 104 Da. The high structural diversity reflects the functional diversity of these molecules (55, 56). The number of structural factors such as monosaccharide composition, uronic acids content, molecular weight (Mw), glycosidic bond type in the backbone chain, and the esterification degree are profoundly affected on the antiradical, antioxidant, and antimicrobial activities of polysaccharides extracted from biological sources (5, 57).

Recently, the structure of numbers of different heteropolysaccharides had been precisely defined. It indicated that the heteropolysaccharides in mushrooms revealed prominently biological activities, in which β-D-glucan was mainly relative to immunomodulatory and anti-tumor activity. The most conversant polysaccharide in medicinal mushroom is β-glucan due to their ability on stimulating cytokine secretion ability of T cells, NK cells, and macrophage (proliferation and differentiation) (47, 58, 59). The water soluble β-glucan isolated from edible mushroom Entoloma lividoalbum, contains (1→3,6)-β-D-Glcp, (1→3)-β-D-Glcp, (1→6)-β-D-Glcp, and terminal β-D-Glcp glucosides, showed antioxidant and immune-stimulate activities on thymocyte, splenocyte, and macrophage (44). Based on the result of monosaccharide composition, CCP2 composed of mannose, glucose and galactose showed potential utilization in hypoimmunity population, might be a potential immunomodulatory.

In our previous study, we obtained a polysaccharide (CCP) with a molecular weight of 1.97 × 103 kDa from edible C. cornucopioides fruiting bodies (21, 23). It was a heteroglycan with (1→3)-linked-β-D-Manp-(1→6)-linked-α-D-Galp backbone distributed by (1→4)-linked-α-D-Xylp-t-α-D-Manp and t-β-D-Glup units at O-6 and composed of mannose (48.73%), galactose (17.37%), glucose (15.97%), and xylose (17.93%), and stimulated macrophage function, rising phagocytosis, and activated cell morphology of RAW264.7 cells by TLR4-NFκB pathway. In the present paper, we investigated the chemical structure and biological activity of another C. cornucopioides polysaccharide. This study reported the isolation, structure analysis, and immunoregulatory activity of CCP2. Similarly, the immunomodulatory capacity was also found in CCP2. indicating the efficacy. Further studies including clinical trials need to be carried out to ascertain the safety of these compounds as adequate alternatives to conventional medicine. Our results showed that CCP2 could promote the phagocytosis of RAW264.7 cells in a concentration-dependent potency manner.

Cy has wide-spreading side-effects, such as hepatotoxicity and nephrotoxicity (60, 61). According to our results of thymus and spleen index (Table 2), and histological examination on the spleen of immunocompromised mice. We hypothesized that the immunosuppression in this group probably attributed to Cy side-effects on organic damage.

The stimulating factors affected adaptive immune cells (Th1, Th2, Th17, Tgd17, and CD8 T cells) to secrete IL-4, IL-5, IL-15, TNF-α, and chemokine CXCL8 (IL-8), which influenced neutrophils, macrophages (M1 and M2), and other granulocytes to fight against extracellular bacteria, tumors, viruses or extracellular parasites involved in immunologic processes of infection resistance, autoimmunity and allergic disease. It has previously been described that Cy polarizes the immune response from Th1 to Th2 (62). In the current study, mRNA and protein levels of all targeted elements were severely decreased in three CCP2-treatment immunosuppressed mice groups.

Some polysaccharides, characterized from plants, animals, fungi, etc., with various pharmacological properties by inducing cytokine secretion in immune cells, causing its segments similar to the cell membrane which were predominantly composed of various polysaccharides with species-specific monosaccharides or structures. The present data demonstrated that CCP2 significantly stimulated the mRNA expression of IL-2, IL-8, IL-6 to modulate immune response.

The western blot was used to explain the phenomenon. As an integral membrane protein in cytoplasmic domain, the toll protein is the first identified in D. melanogaster as potent classes of PRRs (63). It is an essential factor involve in the survival and development of the embryo along with patterning, and characterize in recognizing the polysaccharide structures of cell walls. Among TLRs, TLR4 is known to induce production of TNF-α and IL-6. In this study, the expression of cell surface receptor TLR4 was elevated significantly. Moreover, the production of TRIF, TRAF6, and phosphorylation of NF-κBp65 were detected after administration of CCP2, indicating the activation of TLR4- NF-kBp65 signaling pathway.

These results indicated the impact of Cy in suppressing immune system through diminishing immune cells production, circulation and infiltration. The chemotherapy might cause an overall depletion of adaptive immune system cells.

Nevertheless, the administration of CCP2 reversed the immunosuppression side-effects that caused by Cy, which provided us a better understanding of the molecular mechanisms of the activation of immune system. Further understanding of the signaling pathways might provide novel insights into the mechanisms of immunomodulation and new opportunities on rational application of CCP2.



Conclusion

Polysaccharides obtained from fungi have attracted considerable attention due to their unique biological activities. In the present study, we investigated the chemical structure and immunoregulatory activity of CCP2 for the first time. Available data indicated CCP2 possessed immune-enhancing effect in vivo and in vitro to alleviate immunosuppression, which could be considered as a functional component of C. cornucopioides and an immunological modulator in the food nutrition industry.
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Dairy-derived peptides and corn-derived peptides have been identified as essential ingredients for health promotion in the food industry. The hydrolysis based on lactic acid bacteria (LAB) protease system is one of the most popular methods to prepare bioactive peptides. The objectives of this paper are to develop antioxidant fermented milk and to obtain natural antioxidant peptides. In our study, LAB with antioxidant capacity were screened in vitro, and the corn fermented milk with antioxidant capacity was achieved by the traditional fermentation method. Fermented milk was purified by ultrafiltration and molecular sieve, and identified by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Our findings demonstrate that Limosilactobacillus fermentum L15 had a scavenging capacity of more than 80% of DPPH radicals, Trolox equivalent antioxidant capacity (TEAC) of 0.348 ± 0.005 mmol/L. Meanwhile, the peptide content of corn fermented milk prepared with L. fermentum L15 was 0.914 ± 0.009 mg/mL and TAEC of 0.781 ± 0.020 mmol/L. Particularly important, IGGIGTVPVGR and LTTVTPGSR isolated and extracted from fermented milk were found to have antioxidant capacity for the first time. The synthetic peptides IGGIGTVPVGR and LTTVTPGSR demonstrated a scavenging capacity of 70.07 ± 2.71% and 70.07 ± 2.77% for DPPH radicals and an antioxidant capacity of 0.62 ± 0.01 mmol/L and 0.64 ± 0.02 mmol/L Trolox equivalent, respectively. This research provides ideas and basis for the development and utilization of functional dairy products.
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Introduction

Oxidation is an inevitable process in the oxidative metabolism of all organisms (1). However, the imbalance between oxidation and antioxidation causes oxidative stress, which is one of the major causes of various chronic diseases such as aging, cardiovascular diseases, diabetes, Alzheimer's disease, and cancer (2, 3). Synthetic antioxidants, although having strong antioxidant activity, are potentially risky in the organism, so attention has been turned to natural antioxidants, and many studies revealed that peptides produced by the hydrolysis of various proteins or by microbial fermentation have antioxidant activity (4). Therefore, the development of antioxidant products from natural foods has become a current research hotspot for antioxidants. Fermented dairy products are becoming increasingly popular with consumers, especially those who have special nutritional requirements. In addition to the rich nutrients in milk, the bioactive peptides produced by lactic acid bacteria (LAB) breaking down milk proteins are also an excellent resource. Fermentation is an effective way to produce target bioactive peptides at this stage, and numerous studies have demonstrated the production of bioactive peptides by LAB through a protein hydrolysis system, and these active peptides have anticoagulant, angiotensin-converting enzyme activity inhibition and antioxidant capacity (5). These natural exogenous antioxidants have received attention from the food industry and the medical field, and the fact that they can be supplemented without limit and do not cause dangerous immune reactions in the body provides an effective way to alleviate oxidation.

In fermented milk, the content of antioxidant peptides was dependent on the type of probiotics used. It is well-known that probiotics contain a lot of enzymes. LAB is the most widely used probiotic microorganisms. The proteins in milk were degraded into different polypeptides by the cell envelope protease (CEP) on the surface of LAB during fermentation process (6). Degradation products are transported across the cell membrane by different peptide transport systems, including oligopeptide (Opp), dipeptide (DtpP), and tripeptide (DtpT) transport carriers (7). They are then hydrolyzed into amino acids or small peptides by intracellular peptidase, and produce a series of bioactive peptides. Our previous study demonstrated that fermented milk of Lactobacillus delbrueckii subsp. bulgaricus has an antioxidant capacity and the hydrolysis of casein and whey proteins by Lactobacillus reuteri released bioactive peptides with more potential antioxidant capacity compared to Lactobacillus brevis and Lactobacillus plantarum (8). Other studies have also illustrated that the fermentation of milk by Lactobacillus acidophilus increases the production of bioactive peptides, especially antioxidant peptides (9). The peptides extracted from kefir, a fermenting agent rich in probiotics (LAB, acetate bacteria, and yeast), had also shown potent and excellent functional properties (10). Screening of LAB that produce antioxidant peptides is essential to obtain bioactive peptides in fermentation.

Plant foods not only offer many potential health benefits, but they are also rich in protein. Plant ingredients are typically added to foods to increase nutritional value (11). Corn is one of the most important foods and industrial crops in the world, and has a comprehensive nutritional profile. Corn contains active oxidizing substances such as phenolic acids, anthocyanins, carotenoids, etc. (12). The antioxidant capacity of corn had been well-known. Corn silk polysaccharide had a good antioxidant capacity and protects oxidatively damaged renal epithelial cells (13). Zeaxanthin and lutein in corn had also been reported to have strong antioxidant activity, significantly reducing visual fatigue and reducing the risk of macular degeneration and cataracts (14). Corn also contains 10–15% protein. Corn has a protein content of 60–70% after crushing. The relatively low content of certain essential amino acids such as lysine and tryptophan results in poor-quality corn protein lacking desirable functional properties (15). Hence it is crucial to hydrolyze corn protein to improve protein utilization. Hu et al. (16) reported the enhancement of corn protein amount using hydrolyzed corn protein powder such as papain. Jorge et al. (17) measured the antioxidant capacity of corn alcohol-soluble protein on hepatocytes. Zhuang et al. (18) obtained antioxidant peptides by hydrolyzing corn protein powder with alkaline protease and flavored protease, which improved the deficiency of poor protein quantity of corn. Jang et al. (19) improved the nutrition, antioxidant, and bioavailability of corn bran and wheat bran mix by fermenting them with LAB and acid protease. However, it is rare to find studies on the fermentation of corn proteins in combination with milk proteins by LAB.

Due to the outstanding antioxidant potential of milk and corn proteins and the limited information on the production of bioactive peptides from milk fermented with Limosilactobacillus fermentum. This study expected to develop a corn fermented milk with the hope that its antioxidant capacity would fill the gap in developing a healthy antioxidant product from natural foods. Furthermore, the potential antioxidant peptides in the fermented milk were identified by ultrafiltration purification and LC-MS/MS. Finally, the structure-activity characteristics of the peptides were analyzed and validated.



Materials and methods


Screening of antioxidant peptides production capacity of LAB from fermented milk


Fermented milk preparation and peptide content assay

The 20 strains of LAB preserved in our laboratory were activated. The activated bacteria were inoculated into sterile skim milk at an inoculum level of 5.0% (v/v), mixed thoroughly, and then placed in a constant temperature incubator at 42°C to ferment until all the milk was curdled, and stored at 4°C for subsequent experiments.

Glutathione was used as the standard, and the peptide content was determined by the precipitation of macromolecular protein with trichloroacetic acid (TCA) and the biuret method (20). Concretely, glutathione was prepared as standard solutions with different concentrations (0, 0.4, 0.6, 0.8, 1, 1.2 mg/mL), and the absorbance values at 540 nm were measured by the biuret method and the standard curves were plotted. The peptide content of each fermented milk sample was calculated by precipitating the macromolecular proteins in the fermented milk samples with 10% trichloroacetic acid, centrifuging (4 × 103 g, 20 min) the supernatant, and adding bicarbonate reagent to determine the absorbance value at 540 nm.



Total acid and free acid in fermented milk assay

The titration acidity was determined in accordance with the National Standard of the People's Republic of China (GB 5413.34-2010) (21). Briefly, 10 g of fermented milk sample was mixed with 20 mL of boiled deionized water and titrated with 0.1 mol/L NaOH and phenolphthalein as an indicator. Titratable acidity was expressed as milliliters of NaOH (0.1 mol/L) consumed for the acidity value of fermented milk. The pH of the fermented milk sample was measured by recording by pH meter (Shanghai Yimai Instrument Technology Co., Shanghai, China).



Water-holding capacity and antioxidant activity of fermented milk

Based on the measurements by Sodini et al. (22), the WHC of the sample was measured. A homogenized sample of fermented milk (Y) was centrifuged at 4 × 103 g for 10 min at 4°C, and the whey supernatant, removed from the sample, was weighed (WE). The WHC is calculated as follows:
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The antioxidant capacity of LAB fermented milk was determined by the Trolox equivalent antioxidant capacity assay using the colorimetric Total Antioxidant Capacity Assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Results were obtained by interpolation to a Trolox (reference antioxidant) standard curve and expressed as Trolox equivalent antioxidant capacity (TEAC) (23). In addition, 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity was chosen to assess the antioxidant capacity of fermented milk (24).



LAB cell-envelope-proteinase assay

Lactobacillus can use cell-envelope-proteinase (CEP) to hydrolyze milk proteins into a series of short peptides, which is important for screening antioxidant peptide-producing LAB. We modified the CEP assay method, based on Sinsuwan et al. (25). After lysis of the bacterium using lysozyme, protease activity was measured at an absorbance of 410 nm using MeOsuc-Arg-Pro-Tyr-pNA (MS-Arg) as a specific substrate. Enzyme activity was defined as an increase of 0.10 per hour at 410 nm at 37°C indicating one unit of activity.




Identification of target LAB

LAB with superior fermentability and high production of antioxidant peptides were further identified by 16S rRNA analysis. The 16S rRNA sequence analysis procedure was as follows: total DNA of a strain was extracted using a bacterial genomic DNA extraction kit. The general primers 1492R and 27F were used for amplification. The PCR fragments (1,500 bp) were purified using a quick PCR purification kit and sequenced by Sangon Biotech (Shanghai, China). Then, a phylogenetic tree was constructed by generating a complete alignment of the 16S rRNA gene of the selected members in GenBank by using MEGA software (https://www.megasoftware.net/) bootstrap values. The identified strains were finally selected for subsequent testing.



Fermented milk with corn preparation

Alkaline protease was added to the milled corn to prepare corn digest A. Add 6% (v/v) Bacillus subtilis to A, ferment at 37°C for 18 h to fully hydrolyze the corn protein, and sterilize to prepare fermentation broth B. In the milk fermentation process, 9% (v/v) corn fermentation solution B was added to fresh milk and sterilized at 121°C for 5 min, then yogurt fermenter Lactobacillus bulgaricus and Streptococcus thermophilus (3% (v/v) inoculum), and Limosilactobacillus fermentum L15 (2% (v/v) inoculum) were added to make corn fermented milk at 42°C (26).



Purification of antioxidant peptides


Preparation of whey

The pH of the fermented milk was adjusted to 3.4–3.6 with 1 mol/L HCl, centrifuged at 8 × 103 g for 15 min, and the supernatant was taken, then the pH of the fermented milk was adjusted to 8.3 with 1 mol/L NaOH, centrifuged at 8 × 103 g for 15 min, and the supernatant was collected for the subsequent extraction of peptides.



Ultrafiltration

Protein was concentrated by centrifugal ultrafiltration. The above samples were purified using centrifugal ultrafiltration with 3 and 10 kDa molecular weight cutoff filters to obtain fractions of different molecular weights and freeze-dried them (27). The antioxidant capacity of freeze-dried samples was assessed by two well-established methods, including DPPH radical scavenging activity and TEAC (28). The fraction with the highest antioxidant activity was selected for the next step of isolation and purification.



Sephadex G-25 gel filtration

A gel chromatographic column filled with Sephadex G25 was used to separate the peptides. The chromatographic column was equilibrated and the filtered sample was loaded at a flow rate of 1 mL/min. The fractions with absorption peaks at 280 nm were collected and lyophilized (29). The lyophilized peptides were dissolved in water and assayed for their antioxidant activity. The fraction with the highest antioxidant activity was selected for subsequent analysis.




Identification of antioxidant peptides by LC-MS/MS and evaluation of antioxidant activity

To determine the peptide sequences, the Q Exactive Plus liquid mass spectrometry system (Thermo Fisher Scientific, Waltham, MA, USA) was used for analysis. Briefly, peptide samples were aspirated by the autosampler and bound to a C18 capture column (3 μm 120 Å, 100 μm 20 mm) and eluted to an analytical column (2 μm, 120 Å, 750 μm × 150 mm) for separation. Analytical gradients were established at a flow rate of 300 μL/min using two mobile phases (mobile phase A: 3% dimethyl sulphoxide (DMSO), 0.1% formic acid, 97% H2O, and mobile phase B: 3% DMSO, 0.1% formic acid, 97% ACN). The most abundant precursor ions were dynamically selected from a survey scan (350–1,800 m/z) of HCD fragments during mass spectrometry DDA mode analysis. The automatic gain control (AGC) target was set to 3 × 106 with a maximum injection time of 20 ms and a dynamic exclusion time of 35 s. Survey scans were performed at a resolution of 70,000 at m/z 200, HCD spectral resolution was set to 17,500 at m/z 200, normalized collision energy was 28 eV, and the screening window of the four-stage rod was set to 1.6 Da. The instrument was run with the peptide recognition mode enabled.

The mass spectrometry data generated by Q Exactive Plus is retrieved through ProteinPilot (V4.5) using the database retrieval algorithm Paragon. Search the proteome reference database using Maize_Bovine_Lab in UniProt. Search parameters were as follows: Sample Type selected Identification; Cys Alkylation selected Iodoacetamide; Digestion selected Trypsin; Search Effort set to Rapid ID. Search results were filtered by Unused ≥ 1.3, entries retrieved from the inverse library and contaminating proteins were deleted, and the remaining identification information was used for subsequent analysis. The identified peptides were sent to Shanghai Botai Biotechnology Co., Ltd. for synthesis according to their sequences. The synthesized peptides were verified by HPLC-MS to determine their molecular weight. The antioxidant capacity of the synthetic peptides was assessed by the DPPH radical scavenging activity and TEAC.



In silico analysis

ChemDraw online tools were used to map peptide chemical structures. The iso-electric point (pI) was analyzed by the online Innovagen server, available at www.innovagen.com/proteomics-tools. The PepDraw server (http://www.tulane.edu/~biochem/WW/PepDraw/) was used to evaluate the hydrophobicity and net charge (at neutral pH) of the peptides.



Statistical analysis

All experiments were repeated 3 times. All statistical analyses were performed by GraphPad Prism 7.0 software. Data were expressed as mean ± SD and analyzed by repeated measures with the one-way analysis of variance (ANOVA). Bonferroni's test group comparisons were also adopted in the group data analysis. p < 0.05 was considered to be statistically significant, and p < 0.01 was considered extremely significant.




Results and discussion


Quality analysis of fermentation strains

In order to assess the quality of the fermented strains, this study examined the fermentation characteristics of fermented milk samples in terms of both pH and titratable acidity. The pH value of fermented milk during its shelf life is generally 4.0–4.6, and the titratable acidity is generally between 70 and 110 mL NaOH/kg (30). A higher pH value indicates inappropriate fermentation and does not effectively inhibit the growth of negative microorganisms. Islam et al. (31) examined different varieties of fermented milk marketed and found a significant difference (p < 0.05) in the pH of fermented milk, the average pH of the fermented milk samples remained slightly acidic, averaging between 5.28 and 6.33. In this study, there were 10 strains of milk fermented by bacteria with pH values in the range of 4.0–4.6, but all the pH values of fermented milk were below 5.5, which may be related to single bacteria fermentation (Figure 1A). Total titratable acidity is the total amount of hydrogen ions in the fermented milk sample, except for binding to basic ions (32). Therefore, titratable acidity measurements are more relevant in the evaluation of microbial fermentation capacity. Figure 1B indicates that the acidity values of each fermented buttermilk ranged from 70 to 110 mL NaOH/kg. These data show that all strains of fermented milk were of good quality and could be used for subsequent experiments.
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FIGURE 1. pH (A) and acidity (B) of fermented milk produced from screened LAB (L1-20). The amount of peptide (C) of fermented milk of 20 screened LAB (L1-20). The DPPH radical scavenging ability (D) and Trolox equivalent antioxidant capacity (TEAC) (E) of fermented milk of 20 screened LAB (L1-20). Enzyme activity (F) of fermented milk of L15 and L16. Growth curve and acid production capacity of L. fermentum L15 (G). (H) Growth characteristics (optical density, OD600nm) of L. fermentum L15 grown in MRS medium at different pH values (F; 2.5, 4.0. 5.5, 7.0, and 8.5). (I) Growth characteristics (optical density, OD600nm) of L. fermentum L15 grown in MRS medium at different NaCl concentrations (w/v; 1, 2, 4, 6, and 8%). (J) The survival rate of L. fermentum L15 treated for different concentrations of bile salts. (K) The simulated gastrointestinal fluid environment in vitro on L. fermentum L15 growth. Genetic stability of peptide production (L) and TEAC (M) of fermented milk of L. fermentum L15. Different lowercase letters indicate significant differences between groups (p < 0.05).




Isolation, identification, and preservation of antioxidant peptides producing LAB from fermented milk

The antioxidant peptide is a bioactive peptide that can maintain the balance of free radicals and enhance the anti-aging ability of the body (33). Milk contains rich protein and is one of the main sources of bioactive peptides. LAB can produce antioxidant peptides using milk proteins. Thus, it is crucial to find excellent strains for preparing antioxidant peptides. Research has demonstrated that proteolytic strains contribute to the availability of free amino acids and peptides in fermented milk (34). The main production methods of bioactive peptides are protein enzymatic digestion and dairy product fermentation (35). Thus, 20 strains of LAB were selected to ferment milk to produce peptides and to determine the peptide content and their antioxidant capacity, respectively, in this study. Figure 1C clearly showed that L15 produced the highest amount of peptides (close to 0.6 mg/mL) from fermented milk and L16 produced more than 0.4 mg/mL of peptides. The fermented milk of strain L15 showed the strongest capability of scavenging DPPH radicals (Figure 1D), and all strains except strain L3 showed excellent scavenging capability of DPPH radicals. TEAC experiments further confirmed that strain L15 fermented milk exhibited the strongest antioxidant activity among all 20 isolates (Figure 1E). The screening of Lactobacillus delbrueckii subsp. bulgaricus L7 from Xinjiang cheese in our previous study showed a good antioxidant capacity. The DPPH radical scavenging capacity of L7 fermented milk was around 80% and the TEAC was around 0.15 mmol/L. In this study, strain L15 fermented milk had a DPPH radical scavenging capacity of >80% and TEAC of 0.348 ± 0.005 mmol/L, which is better than our previous study (36).

Besides, Cell-Envelope-Proteinase (CEP) is an enzyme in the protein system of LAB, which is a key enzyme for the hydrolysis of proteins into oligopeptides and then translocation into the cell. It is also an essential component for the utilization of bovine milk proteins by LAB (37). Figure 1F reveals that the CEP enzyme activity of L15 is more than two times higher than that of L16. Therefore, L15 was selected for subsequent physiological characterization of the strain in this study (Figures 1G–K). Figure 1G showed that strain L15 reached the logarithmic stage in 2 h and reached its lowest value in 10 h, which was beneficial for fermented milk fermentation. To function in the acidic environment of the stomach, LAB must have a considerable acid tolerance (38). It was evident from Figure 1H that strain L15 was still in a growth condition even if growth of strain L15 was hindered at pH 2.5 as compared to pH 4.0. This was superior to the acid tolerance of Lactiplantibacillus plantarum subsp. plantarum F8 that we previously reported (39). Strain L15 maintained a growth trend at NaCl concentrations up to 6% (Figure 1I) and had a survival rate >40% at 0.4% bile salt (Figure 1J). This strain showed better osmotic stress tolerance and bile salt tolerance than we previously screened Levilactobacillus brevis 54 (26). Besides, the survival rate of L15 was more than 60% after 4 h of gastrointestinal fluid stress (Figure 1K). Moreover, the antioxidant stability of L15 was found to remain consistent over 16 h of growth in this study (Figures 1L,M, p > 0.05). Taking into account the antioxidant capacity and fermentation ability of the strain, strain L15 was applied in subsequent studies.

The 16S rRNA gene sequence was submitted to the National Center of Biotechnology Information with accession number OP616039. 16S rRNA-directed phylogenetic analysis primarily supported the delimitation of strain L15 as Limosilactobacillus fermentum (formerly named Lactobacillus fermentum) (Figure 2). L. fermentum has been identified as one of the probiotics that can be used in food, indicating that the L15 strain can be safely used as a dietary supplement.
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FIGURE 2. Identification of strain L15. (A) Morphology of screened strain L15 on MRS plate and under the microscope. (B) Phylogenetic tree based on 16S rRNA gene sequences of strain L15. The evolutionary history was inferred using the Neighbor-Joining method, scale bar represents 0.01 nucleotide substitution per position.




Preparation and optimization of corn fermented milk

Maize proteins and their derived peptides have become an essential source of bioactive peptides (40). The protein content is increased to 60% in the crushed corn. In addition to physical fragmentation, enzymatic, chemical hydrolysis, and biofermentation are also used to produce protein hydrolysates (41). In order to improve the antioxidant capacity of corn fermentation also, in this paper, corn was fermented with Bacillus subtilis, which was enzymatically digested by alkaline protease and they were fermented into fermented milk. Optimal conditions for corn enzymatic digestion were obtained by single-factor experiments with response surface optimization (Supplementary Table S1). The optimal enzymatic solution for corn (OEC) was determined as follows: 9.82% maize addition, 6.53% alkaline protease addition, pH = 9.19, and temperature 49.53°C (Supplementary Figure S1). The optimal fermentation protocol for Bacillus subtilis (OFB) was 6% inoculum, 18 h fermentation time, pH = 8, 37°C fermentation temperature, and TEAC of the ferment solution was 0.748 ± 0.016 mM (Supplementary Figure S2). The orthogonal results are shown in Supplementary Table S2. The optimal conditions for fermented milk were 9% (v/v) for OFB addition, 3% (v/v) for the first fermenting agent (L. fermentum L15), 2% (v/v) for the second fermenting agent (direct injection fermenting agent), and 8% (w/v) for sucrose addition. The peptide content and TAEC of fermented milk were 0.914 ± 0.009 mg/mL and 0.781 ± 0.020 mmol/L, respectively (Supplementary Figures S3A–D). The pH and viable cell count of corn fermented milk during fermentation were determined. As shown in Supplementary Figure S3E, following 6 h of fermentation, the pH of the fermented milk dropped to below 4.5. The rate of viable bacteria in the fermented milk was increasing, and the content of viable bacteria reached about 10 log10 CFU, and the water-holding capacity of the fermented milk was 57.48 ± 0.01%, all of which were in accordance with the reported requirements of the marketed fermented milk (42).



Purification of antioxidant peptides

The antioxidant activity of protein hydrolysates and peptides was related to their molecular weight (18). Antioxidant peptides in fermented milk were purified by centrifugal ultrafiltration and gel chromatography separation in this study. After centrifugal ultrafiltration, three fractions, named Y1, Y2, and Y3, were separated according to their molecular weights of 3 and 10 kDa, and their antioxidant properties were evaluated. Figures 3A,B showed the DPPH radical scavenging rate and TEAC content of these fractions. There was no significant difference in the DPPH radical scavenging rate of three fractions in Figure 3A (p > 0.05), while Y2 had a stronger antioxidant capacity in Figure 3B (p < 0.05), which might be related to the fact that the DPPH radical scavenging rate method was more suitable for alcohol-soluble substances (43). The supernatant of the fermented milk sample was used for subsequent analysis, and the results of the DPPH tests were not as significant as TEAC after centrifugation.
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FIGURE 3. Isolation of antioxidant peptides from fermented yogurt. The DPPH radical scavenging ability (A) and TEAC (B) of each fraction are separated by centrifugal ultrafiltration. (C) Gel chromatogram of component Y2. The DPPH radical scavenging ability (D) and TEAC (E) of component Y2 are separated by centrifugal ultrafiltration. Different lowercase letters indicate significant differences between groups (p < 0.05).


Subsequently, Y2 was separated by gel chromatography Sephadex G-25, and we collected fractions A and B in Figure 3C to evaluate their antioxidant capacity. Among them, the shortest retention time of component A indicated the largest molecular weight, while the longest retention time of B indicated the smallest molecular weight. Figures 3D,E clearly showed that the antioxidant capacity of component B was stronger. Similarly, Hernández-Ledesma et al. (44) isolated 10 different peptide fractions from commercial fermented milk by reversed-phase high-performance liquid chromatography and showed that one of the fractions with significant antioxidant activity consisted of antioxidant peptides. In addition, it was shown that the antioxidant activity of hydrolysates was closely related to their molecular weight distribution, and peptides or protein hydrolysates with small molecular weight could react better and more fully with free radicals during the oxidation process (45), which was consistent with the results of this study.



Sequence and activities of the antioxidant peptides

The sequence identification of the isolated and purified fraction B was performed by LC-MS/MS. Due to the complex protein composition in corn fermented milk, a large number of peptide sequences were observed in this fraction. The antioxidant peptide capacity is related to the antioxidant peptide length. Lower molecular weight peptides had been reported to have higher antioxidant capacity. This is because lower molecular weight can readily react with lipid radicals, thus reducing free radical-mediated lipid peroxidation (35). We selected peptides with no more than 15 amino acids for further screening. Most of the peptides were derived from casein, glycoprotein, and lactoglobulin in milk, and a small percentage was derived from maize. We selected two peptides synthesized from maize and selected antioxidant peptides of bovine milk origin that have been reported as positive controls (Supplementary Table S3). The antioxidant peptide activity was related to the composition and sequence of amino acids, which had a significant effect on the antioxidant activity of the peptide (35). The peptides containing His, Leu, Tyr, Met, Pro, Trp, Phe, and Val were reported to have stronger antioxidant activity (46). Four peptides showed the presence of these amino acids in our study, namely FPKYPVEPF, HLPLPLLQSWM, IGGIGTVPVGR, and LTTVTVTPGSR, named B1, B2, B3, and B4. Therefore, the four peptides were resynthesized and their antioxidant activities were verified, and it was found that all four sequences of the peptides had more than 60% DPPH radical scavenging rate and more than 0.6 mmol/L TEAC content (Figure 4). Analysis of peptide data from the BIOPEP database showed that FPKYPVEPF and HLPLPLLQSWM were derived from bovine milk proteins. Among them, peptides FPKYPVEPF (47), and HLPLPLLQSWM (48) had been identified as antioxidant peptides by different researchers. Antioxidant peptides isolated from soybean hydrolysate and egg white hydrolysate have also been reported to be attributed to histidine due to the protons providing the ability of the imidazole moiety (49). It has also been reported that the antioxidant activity of peptides in β-casein trypsin hydrolysates VKEAMAPK is derived from methionine (50). Methionine residues in β-casein are preferred targets for oxidation, and these may be due to the release of -SH groups contributing to the antioxidant properties (51). Aromatic amino acids, such as Tyr and Phe, enhance antioxidant activity by effectively scavenging free radicals by providing protons like electron-deficient free radicals (52). Moreover, it has been demonstrated in our previous studies that bioactive peptide sequences containing two proline and one valine contribute to antioxidant activity (8).
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FIGURE 4. Mass spectrum and the primary structure of the peptide (A) FPKYPVEPF, (C) HLPLPLLQSWM, (E) IGGIGTVPVGR, and (G) LTVTVTVTPGSR. HPLC of synthetic peptides FPKYPVEPF (B), HLPLPLLQSWM (D), IGGIGTVPVGR (F), and LTVTVTVTPGSR (H). The DPPH radical scavenging ability (I) and TEAC (J) of peptides. B1, peptide FPKYPVEPF. B2, peptide HLPLPLLQSWM. B3, peptide IGGIGTVPVGR. B4, peptide LTVTVTVTPGSR. Different lowercase letters indicate significant differences between groups (p < 0.05).


The antioxidant capacity of IGGIGTVPVGR was predicted but not verified by Lu et al. (53) through the characterization and quantification of functional proteins and bioactive peptides produced during the enzymatic digestion of Hermetia illucens larvae fed with food wastes. Similarly, Karami et al. (54) isolated IGGIGTVPVGR peptide by proteinase K digestion of wheat germ and demonstrated its ability to inhibit angiotensin-converting enzyme (ACE). Interestingly, the present study found that IGGIGTVPVGR derived from maize proteins showed better antioxidant capacity, indicating adequate hydrolysis of maize by L. fermentum and alkaline proteases (serine protease) (Figures 4I,J). Besides, the peptide LTTVTVTVTPGSR from L. fermentum L15 fermented corn cow's milk protein hydrolysate, derived from corn protein, had strong antioxidant activity, which was consistent with previous studies that the free radical scavenging ability of proteins or peptides was related to serine content (55). Similarly, n-termini containing hydrophobic amino acids, including valine or leucine, had been reported as strong oxidants (56). Hydrophobic amino acid residues such as valine or leucine also contribute to the formation of antioxidant peptides.

At the same time, alkaline proteases could digest proteins from maize into peptides with antioxidant activity. Based on the digestion site, we found that the formation of IGGIGTVPVGR, and LTTVTVTPGSR matched perfectly with Arg (R), the digestion site of a serine protease (alkaline protease). In addition, the duplication of 2–3 amino acid residues in the peptide might be related to its antioxidant activity (57). Interestingly, our study revealed that the peptide IGGIGTVPVGR had successive repeating hydrophobic amino acid residues and in our identification results, 1 mg/mL of IGGIGTVPVGR showed a scavenging rate of 70.07 ± 2.71% of DPPH radicals and a total antioxidant capacity (ABTS method) measured at 0.62 ± 0.01 mmol/L (Figures 4I,J).

Moreover, the difference in antioxidant activity of the experimental samples could be attributed to the ability of the cultures to produce antioxidant peptides during the fermentation process, which contributes to the antioxidant activity. Virtanen et al. (58) found that the antioxidant activity was dependent on the strain used and increased during the fermentation process. Ferments of L. casei enhanced the antioxidant activity of cheddar cheese during ripening (59). It has also been observed that the antioxidant activity of fermented milk was strain dependent, and that fermented milk could be used as a carrier of antioxidant probiotic LAB from non-dairy sources (60). Farvin et al. (61) found that the high antioxidant activity of fermented milk may be due to the release of antioxidant peptides by lactic acid bacteria during fermentation, which is consistent with our results. LAB has a rich enzyme system that can effectively break down proteins. Both corn and bovine milk are rich in proteins, and this study found that the antioxidant peptides from bovine milk protein and those from corn protein both have superior antioxidant capacity. Except for IGGIGTVPVGR, LTTVTVTPGSR showed a scavenging rate of 70.07 ± 2.77% for DPPH radicals and total antioxidant capacity (ABTS method) was determined to be 0.64 ± 0.02 mmol/L (Figures 4I,J). The primary structures of corn-derived peptides IGGIGTVPVGR and LTTVTPGSR isolated from corn fermented milk were shown in Figure 5.


[image: Figure 5]
FIGURE 5. The primary structure of the peptides LTVTVTVTPGSR (A) and IGGIGTVPVGR (B) was generated by ChemBioDraw Ultra (13.0) software.





Conclusion

Overall, L. fermentum L15, a high antioxidant peptide-producing bacteria, was screened to ferment corn enzymatic digest and milk to produce an artificial corn fermented milk. Two novel maize-derived antioxidant peptides, IGGIGTVPVGR and LTTVTVTPGSR, were extracted from fermented milk by ultrafiltration purification and LC-MS/MS and were validated for their activity. This research has the potential to be applied to the development of healthy antioxidant products from natural foods, and it provides a theoretical basis for functional food development and also offers a new practical basis for exploring bioactive food-derived peptides.
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Sea buckthorn (Hippophae rhamnoides L.), an ancient miraculous plant, is of great interest because of its tenacity, richness in nutritional active substances, and biological activity. Sea buckthorn is a deciduous shrub or tree of the genus Hippophae in the family Elaeagnaceae. It is a pioneer tree species for soil improvement, wind and sand control, and soil and water conservation. Sea buckthorn contains many nutritional active components, such as vitamins, carotenoids, polyphenols, fatty acids, and phytosterols. Moreover, sea buckthorn has many health benefits, such as antioxidant, anticancer, anti-hyperlipidemic, anti-obesity, anti-inflammatory, antimicrobial, antiviral, dermatological, neuroprotective, and hepatoprotective activities. Sea buckthorn not only has great medicinal and therapeutic potential, but also is a promising economic plant. The potential of sea buckthorn in the human food industry has attracted the research interest of researchers and producers. The present review mainly summarizes the phytochemistry, nutrients, health benefits, and food applications of sea buckthorn. Overall, sea buckthorn is a dietary source of bioactive ingredients with the potential to be developed into functional foods or dietary supplements for the prevention and treatment of certain chronic diseases, which deserves further research.
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Introduction

Sea buckthorn (Hippophae rhamnoides L.) is a deciduous shrub or tree that is also known as Siberian pineapple, sand thorn, sea berry, and sallow thorn (1). Hippophae L. originated in the Hengduan Mountains and East Himalayas area and is widely distributed in the temperate regions of Eurasia (2). Every part of this plant (fruits, leaves, stems, branches, roots, and thorns) has been traditionally used in medicine, nutritional supplement, soil and moisture conservation, and the establishment of wildlife habitats. Therefore, sea buckthorn is popularly known as “Wonder Plant,” “Golden Bush,” or “Gold Mine” (3).

Since the 1940s, Russian scientists have researched the bioactive substances in the berries, leaves and bark of sea buckthorn, leading to the development of sea buckthorn foods and radiation protection creams for Russian cosmonauts (4). Sea buckthorn contains nearly 200 nutritional and bioactive compounds and is known as a “natural vitamin treasure house” and a “source of nutrition and health care” (5, 6). Sea buckthorn is therefore widely used by the food industry in the preparation of breads, yogurts, jams, beverages, teas and other products (7–9). The medicinal value of sea buckthorn has been recorded in the Tibetan medical classic “Somaratsa,” dating back to as early as the first half of the eighth century (10). Sea buckthorn has been extensively exploited in the folklore treatment of slow digestion, stomach malfunctioning, cardiovascular problems, liver injury, skin diseases, and ulcers (11). In recent years, there have been numerous reports on the pharmacological activities of sea buckthorn, including its anticancer, anti-inflammatory, antimicrobial and antiviral activities, and its ability to act in cardiovascular protection (12–16). There is no doubt that sea buckthorn has great medicinal and therapeutic potential, which may be attributed to the fact that sea buckthorn contains several vitamins, carotenoids, polyphenols, and fatty acids (17–20).

Sea buckthorn is a plant of ecological and economic importance. To promote the role of sea buckthorn in environmental protection, economic development, and human health, the International Sea Buckthorn Association (ISA) was established in 1999 by China, India, Canada, and other countries. In recent years, more countries have become aware of the therapeutic potential of sea buckthorn, and many countries are beginning to recognize and develop a sea buckthorn industry. According to statistics, as of December 2020, sea buckthorn had been distributed to 52 countries around the world, with a total area of 2.33 million hm2. Among this distribution, about 2.1 million hm2 is found within China and the rest is in other countries (21). With the increase of sea buckthorn planting and production, more attention should be paid to the exploitation and utilization of sea buckthorn. Thus, the present review aims to provide a comprehensive overview of the phytochemistry, nutritional and bioactive compounds, health benefits and food applications of sea buckthorn for reference by industrial manufacturers and researchers.



Botanical description


Morphology

Sea buckthorn is a deciduous tree or shrub of the Elaeaceae family and Hippophae L. genus (Figure 1). It is generally 1–8 m high, with some plants growing up to 18 m tall. The leaves are lanceolate or linear, usually 3–8 cm long and less than 7 mm wide. The upper surface of the leaves is dark gray, and the lower surface is distinct silver-gray (22). The fruits are spherical or oblate with a diameter of 5–8 mm. There are usually several fruits stuck together. The fruit is orange-yellow or brownish-red in color and has a ruffled surface. The pulp is oily and soft in texture. The seeds of sea buckthorn are about 4 mm long, 2 mm wide, and obliquely ovate. The seeds are brown and shiny, with a longitudinal groove in the middle. The seed coat is hard, and the seed kernel is creamy white (Figure 1) (23).
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FIGURE 1
Sea buckthorn in different periods.




Taxonomy

On the basis of the analysis of morphological variation, Arne Rousi classified Hippophae L. (2n = 24) into three species, H. rhamnoides L., H. salicifolia D. Don, and H. tibetana Schlecht. H. rhamnoides is divided into nine subspecies, which include the ssp. carpatica Rousi, ssp. caucasica Rousi, ssp. gyantsensis Rousi, ssp. mongolica Rousi, ssp. sinensis Rousi, ssp. turkestanica Rousi, ssp. yunnanensis Rousi, ssp. rhamnoides, and ssp. fluviatilis van Soest (24). Liu and He described a fourth species, H. neurocarpa. Liu and He, found on the Qinghai-Tibet Plateau of China (25). However, taxonomists still disagree on the precise classification of the genus Hippophae. Chinese scientist Hu has updated and improved the classification system and revised Hippophae L. into 6 species and 17 subspecies (Table 1) (26).


TABLE 1    Classification of Hippophae Linn.
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Nutrients and bioactive compounds

Sea buckthorn contains nearly 200 nutrients and bioactive components (5). Many of the components are well known for their health benefits. Vitamin C is a very important nutrient in sea buckthorn. Carotenoids and polyphenolic compounds, especially phenolic acids and flavonoids, are the main bioactive and antioxidant components of sea buckthorn (27). The fatty acids, phytosterols, organic acids, amino acids, and minerals contained in sea buckthorn also play an important role. The nutrients and bioactive composition content of sea buckthorn influence its health value (28). The nutritional and bioactive composition of sea buckthorn fruit varies considerably depending on genetic variation, the part analyzed, climatic, and growth conditions, year of harvest, degree of maturity, storage conditions, harvest time, and processing and analytic methods (29). Tables 2, 3 show the main nutrients and bioactive components in sea buckthorn fruits, respectively.


TABLE 2    Nutrients in sea buckthorn fruits.
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TABLE 3    Main bioactive components in sea buckthorn fruits.
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Nutrients


Vitamins and minerals

The quality of sea buckthorn fruit is often based on its nutritional value (29). Known as a “natural treasure trove of vitamins,” sea buckthorn is undoubtedly rich in vitamins (6). The vitamin C content of sea buckthorn fruits ranges from 52.86 to 896 mg/100 g (28, 29). It has been showed that the vitamin C content of 100 g of sea buckthorn berries (275 mg) is much higher than the equivalent quantity of mango (27.7 mg), apricot (10 mg), banana (8.7 mg), orange (50 mg), and peach (6.6 mg) (17). In addition, sea buckthorn berries contain vitamin A, vitamin E, riboflavin, niacin, pantothenic acid, vitamin B6, and vitamin B12. Mineral elements are involved in the formation of human tissues and the maintenance of normal physiological functions. Sea buckthorn berries contain many minerals, e.g., phosphorus, iron, magnesium, boron, calcium, aluminum, potassium and others (30, 31). Significant differences in the mineral content of sea buckthorn fruits have been reported at its different stages of maturity. The highest content of calcium, magnesium and phosphorus was found in ripe sea buckthorn fruits with 68.28, 145.67, and 457.7 mg/kg, respectively (32).



Carbohydrates

As the main component of dry matter, carbohydrates play numerous essential roles in living organisms. Monosaccharides are the main source of energy for human metabolism with polysaccharides acting as structural components and the main storage form of energy (33). Sugar content determines the sweetness of the juice. It has been reported that sea buckthorn fruits contain 1.34–2.87 g/100 g FW of sugar. The sugar with the highest content is glucose, accounting for 86.58–92.68% of the total sugar content (34). A study on the sugar composition of three German sea buckthorn varieties reported that the contents of glucose, fructose, and mannitol are 11.95–15.26 mg/mL, 1.75–6.75 mg/mL, and 1.32–6.21 mg/mL, respectively. The sugar content varies among varieties (35).



Organic acids and amino acids

Sea buckthorn fruit contains several organic acids and their derivatives. These organic acid derivatives can promote bone differentiation and contribute to the differentiation of mesenchymal stem cells into osteoblasts (36). Different species of sea buckthorn have different types and concentrations of organic acids. For example, subspecies of Russian sea buckthorn exhibit relatively low total acidity, with organic acid concentrations of 2.1–3.2 g/100 mL. Finnish genotypes were in the middle, ranging from 4.2 to 6.5 g/100 mL, whereas Chinese genotypes showed the highest organic acid concentration, with values between 3.5 and 9.1 g/100 mL (37). It has been reported that sea buckthorn juice contains nine organic acids, namely quinic acid, L-malic acid, D-malic acid, succinic acid, pyruvic acid, tartaric acid, acetic acid, formic acid, and citric acid (38). Another study on six sea buckthorn varieties in Poland detected oxalic acid and isocitric acid (34).

Furthermore, sea buckthorn is rich in amino acids, which are indispensable to the human body. Amino acids are the basic units that make up proteins and are closely related to life activities. Seventeen amino acids, including seven essential amino acids (threonine, valine, methionine, isoleucine, leucine, phenylalanine, and lysine), have been detected in sea buckthorn fruits (39), leaves, branches and seeds (40). The amino acid content in sea buckthorn seeds is 18.63%, in leaves 15.41%, in branches 11.62%, and in fruits 6.89%. The content of aspartic acid and glutamic acid were highest in sea buckthorn fruits, leaves, and branches, with 1.11 and 1.24% in fruits, 2.42 and 1.60% in leaves, and 3.71 and 0.97% in branches. The highest content of tyrosine and glutamic acid can be found in sea buckthorn seeds, at 4.72 and 3.42%, respectively (40).




Bioactive compounds


Carotenoids

Sea buckthorn fruits contain high levels of carotenoids, which give sea buckthorn its characteristic orange-yellow color. Carotenoids mainly act as antioxidants, although they also have other roles. For example, β-carotene is the precursor of vitamin A, and lutein/zeaxanthin constitutes the macular pigment of the eye (41). Carotenoids are considered to have health benefits and can reduce the risk of diseases, especially cancers and eye diseases (42). The content of carotenoids in different species and different parts of sea buckthorn varies greatly. Teleszko et al. (28) detected an average of 11 mg/100 g FW of total carotenoids in eight species of Russian sea buckthorn. In another study on six Romanian sea buckthorn varieties (H. rhamnoides ssp. carpatica), total carotenoid content ranged from 53 to 97 mg/100 g DW in berries, and ranged from 3.5 to 4.2 mg/100 g DW in leaves (18). β-Carotene is the main carotenoid in sea buckthorn. The percentage of β-carotene is 15–55% in berries, and 26–34% in the peel, pulp, and seed oil (28, 43). In addition, carotenoids include γ-carotene, cis-lycopene, lycopene, cis-γ-carotene, β-cryptoxanthin, α-carotene, and so on.



Polyphenols

Polyphenols are the main compounds with antioxidant activity in sea buckthorn. It has been reported that the polyphenol content in the fruit ranges from 12.36 to 34.6 mg GAE/g (GAE, gallic acid equivalents), higher than that in oranges (1.27 mg GAE/g) mandarins (1.16 mg GAE/g), blueberries (2.19 mg GAE/g), sour cherries (2.56 mg GAE/g), and strawberries (1.12 mg GAE/g) (29, 44, 45). A recent review showed that nearly 100 polyphenolic compounds have been isolated and identified from sea buckthorn (27). Polyphenols mainly include phenolic acids and flavonoids. Seventeen phenolic acids have been reported in sea buckthorn berries. Salicylic acid is the main phenolic acid in berries, accounting for 55–74.3% of the total phenolic acids (46). However, another study reported that gallic acid is the main phenolic acid in sea buckthorn fruit and leaves (27).

Flavonoids may have potential roles in the prevention of chronic diseases, such as diabetes, cardiovascular disease, and cancer (47). Guo et al. (48) found that the total phenols and flavonoid aglycones in sea buckthorn extract had antioxidant and anti-proliferative activities. To date, 95 flavonoids have been identified from sea buckthorn, including 75 flavonols, 2 dihydroflavones, 6 catechins, 1 leucocyanidin, 9 anthocyanidins, 1 proanthocyanidin, and 1 chalcone (49). Raudonis et al. (50) detected the total flavonoid content in 11 sea buckthorn varieties grown in Lithuania and found that total flavonoid content ranged 385–616 μg/g FW. Flavonols are the major constituents of flavonoids and are mainly present in the glycosylated forms of quercetin, isorhamnetin, and kaempferol (49). Flavonols range from 463.14 mg to 893.92 mg/100 g DM, accounting for approximately 99% of the total phenolic compounds (34). The content and composition of polyphenolic compounds are significantly influenced by geographical factors, climatic conditions and berry varieties. Chemical structures of the main phenolic compounds in sea buckthorn are shown in Figure 2.
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FIGURE 2
Structure of the main phenolic compounds in sea buckthorn.




Fatty acids

Sea buckthorn is rich in a variety of fatty acids that play an important role in human health, such as treating skin and mucous membrane disorders and dry eyes syndrome and reducing the risk of cardiovascular disease (30). Teleszko et al. (28) identified 11 fatty acids in sea buckthorn pulp oil. At present, 24 fatty acids have been identified in wild and cultivated sea buckthorn berries in Lithuania (Table 3). There were differences in the content of fatty acids between wild and cultivated sea buckthorn. The monounsaturated fatty acid content of wild sea buckthorn berries was significantly higher than that of cultivated berries, while the levels of polyunsaturated and saturated fatty acids were higher in cultivated berries (31). The main fatty acids in sea buckthorn berries are palmitic, palmitoleic, and oleic acids.



Phytosterols

Phytosterols, as a bioactive component, can prevent cardiovascular diseases. A recent study found that the total phytosterol content of berry lipids from eight Russian sea buckthorn species ranged from 6168.24 to 13378.22 μg/100 mL. Fourteen sterol compounds have been detected in sea buckthorn pulp lipids, namely 4-desmethyl sterols (cholestanol derivatives, including β-sitosterol, stigmasterol, campesterol, and Δ5-avenasterol), 4α-monomethyl sterols (e.g., citrostadienol), and 4,4-dimethylsterols (e.g., 24-methylenecycloartanol) (Table 3) (28).





Health benefits

Sea buckthorn contains a variety of bioactive components, including vitamins, carotenoids, polyphenols, fatty acids, and phytosterols. These components exert a wide range of health benefits by exerting antioxidant, anticancer, anti-inflammatory, antimicrobial and antiviral effects, as well as exerting protective cardiovascular, dermatological, neuroprotective, and hepatoprotective effects. The health benefits of sea buckthorn are categorized and summarized in Table 4, which highlights the study type, main results and potential bioactive components.


TABLE 4    Health benefits of sea buckthorn.
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Antioxidant activity

Many studies have confirmed the antioxidant activity of sea buckthorn in vitro and in vivo. Phenolic fraction from sea buckthorn fruits inhibits hydrogen peroxide (H2O2) or H2O2/Fe stimulated plasma lipid peroxidation and protein carbonylation. In fact, protein carbonylation is a relatively stable biomarker of oxidative stress. The phenolic constituents of sea buckthorn fruit reduced the concentration of carbonyl groups in plasma protein treated with H2O2 or H2O2/Fe. When plasma was treated with sea buckthorn phenolic fractions at a concentration of 50 g/mL for 60 min, the inhibition rate of plasma lipid peroxidation was as high as 60% (51). In vitro trials have shown that sea buckthorn extract with or without atorvastatin for the treatment of hyperlipidemia helped reduce the oxidative damage caused by lipid peroxidation (52). In addition, sea buckthorn leaf extract attenuates intracellular oxidative stress in a dose-dependent manner, thereby increasing neuronal PC-12 cell viability and membrane integrity (53). Serban et al. (54) retrieved 3,145 results from six databases, including PubMed, Scopus, Web of Science and others, among which 101 studies on cardiovascular disease showed that sea buckthorn fruit lowered blood cholesterol levels and reduced inflammation and oxidative stress parameters. Sea buckthorn seed oil inhibits ultraviolet (UV)-induced redox balance disturbance in skin cells. Gęgotek et al. (55) reported that fibroblast incubation with sea buckthorn oil causes decreases in reactive oxygen species (ROS) generation by approximately 25%. Sea buckthorn may be used as a natural source of antioxidants to prevent and treat diseases related to oxidative stress.



Anticancer activity

At present, many studies have shown that the bioactive components in sea buckthorn have anticancer activity. Sea buckthorn polyphenols, the active ingredient of kaempferol and its derivatives, have shown significant anti-colon cancer activity in vitro and in vivo. Sea buckthorn polyphenols upregulate expression of microRNA (miR)-195-5p and miR-497-5p and down-regulate the expression of miR-1247-3p to suppress cyclins expression, thereby arresting the cell cycle in the G1 phase and affecting further proliferation of colon cancer. In addition, sea buckthorn polyphenols (50 mg/kg) significantly reduced tumor volume and control tumor growth in xenografted BALB/c nude mice in vivo (56). Sea buckthorn leaf aqueous extract effectively targeted androgen receptor (AR) and significantly downregulated androgen response genes, prostate specific antigen (PSA), eleven-nineteen lysine-rich leukemia 2 (ELL2), ELL-associated factor 2 (EAF2), calreticulin (CALR) in vitro. Sea buckthorn leaf aqueous extract can effectively inhibit proliferation and migration of prostate cancer cells. Therefore, sea buckthorn leaves hold promise as a functional food that may play a key role in the prevention of prostate cancer in high-risk populations. However, the potential bioactive compounds in sea buckthorn leaves are yet to be investigated for the development of new treatment options for prostate cancer (12).

Kim et al. (57) reported that sea buckthorn leaf extract at concentrations of 6.2 and 62 μg/mL significantly reduced the production of intracellular ROS by 16.3 and 42.3%, respectively, up-regulated expression of the pro-apoptotic protein B-cell lymphoma-2 (BCL2)-associated X (Bax) and inhibited the rapid proliferation of C6 glioma cells (11 and 49.5%). Therefore, sea buckthorn may be a potential source of pharmacological interventions for glioma treatment. In addition, isorhamnetin, the active component of sea buckthorn, increased expression of the mitochondrial pathway pro-apoptotic protein (cytochrome c-caspase 9-caspase 3) in gastric cancer cells in a hypoxic environment. It also significantly inhibited the autophagy of MKN-45 gastric cancer cells and promoted the apoptosis of gastric cancer cells by activating the Phosphoinositide 3-kinase (PI3K)-protein kinase B (AKT)-mammalian target of rapamycin (mTOR) signaling pathway (58).

In short, these studies support the anticancer effect of sea buckthorn and suggest that polyphenolic compounds may be responsible for its anticancer activity. The anticancer mechanisms of sea buckthorn are related to the expression of cyclin, proapoptotic proteins, autophagy of cancer cells, and related signaling pathways. However, there are few in vivo experiments and clinical trials on the anticancer effects of sea buckthorn. Thus, further research on the anticancer effects of sea buckthorn in humans is needed. A growing number of studies have found that carotenoids, especially lycopene, can reduce the risk of prostate, breast, lung, cervical and other cancers (59). However, there are almost no studies on the anticancer activity of sea buckthorn carotenoids. The anticancer activity of sea buckthorn carotenoid extracts is a promising research direction.



Anti-hyperlipidemia activity

Hypercholesterolemia is an important risk factor for cardiovascular disease (60). The bioactive substance in the lipids of sea buckthorn pulp, phytosterols, plays an important role in the prevention of cardiovascular diseases, especially hypercholesterolemia (28). Numerous clinical trials have shown that spreads with added phytosterols have a stronger cholesterol-lowering effect, reducing low-density lipoprotein cholesterol (LDL-C) levels by about 10–15% (61). The mechanism of the hypocholesterolemic effect of phytosterols may be via the inhibition of endogenous cholesterol reabsorption and the promotion of its excretion in the form of neutral steroids (62). A meta-analysis from 11 independent randomized controlled trials concluded that supplementation with sea buckthorn berries/extracts significantly improved total cholesterol, triglyceride (TG), LDL-C, and high-density lipoprotein cholesterol (HDL-C) in subjects with hyperlipidemia, but not in healthy subjects (63).

In vivo animal trials showed that sea buckthorn has anti-hyperlipidemic effects. Flavonoid-enriched extract from sea buckthorn seed (FSH) at a dose of 100 and 300 mg/kg reduced serum and liver triglyceride concentrations by 16.67 and 49.56% in high fat diet (HFD)-induced obese mouse, respectively. FSH may improve lipid metabolism by inhibiting peroxisome proliferator-activated receptor gamma (PPARγ) expression, promoting PPARα expression, and suppressing adipose tissue inflammation (64). In addition, sea buckthorn fruit oil extract dose-dependently attenuated metabolic dysfunction in hamsters with hyperlipemia, including improving blood lipid composition (total cholesterol (TC), TG, HDL-C, and non-HDL-C levels), and relieving oxidative stress and liver impairment through the AMP-activated protein kinase (AMPK) and Akt pathways (65). In summary, sea buckthorn fruit, seed and oil are a source of phenolic compounds (especially flavonoids) and phytosterols. Sea buckthorn may be a valuable source of important bioactive compounds for the prevention and treatment of cardiovascular disease, which requires further research support.



Anti-obesity activity

Sea buckthorn polysaccharide promotes expression of PPARγ-coactivator 1α (PGC1α), uncoupling protein-1 (UCP-1), and PR domain containing 16 (PRDM 16) in adipocytes to activate the brown adipocytes and improve thermogenesis, thus inhibiting the accumulation of lipids and weight gain (66). Palmitic acid-rich sea buckthorn fruit oil extract reduces the weight of hypercholesterolemic hamsters and blood sugar elevation caused by dyslipidemia. Therefore, sea buckthorn fruit oil can relieve obesity caused by hyperlipidemia (65). It has been reported that FSH at doses of 100 and 300 mg/kg significantly reduced body weight gain in HFD-induced obese mice by 33.06 and 43.51%, respectively (64). Sea buckthorn freeze-dried powder is made by low-temperature freeze-drying technology, allowing the powder to retain all of the plant’s useful nutrients and functional ingredients. Sea buckthorn powder improves HFD-induced obesity by altering the composition and structure of gut microbiome (67). Sea buckthorn is likely to develop into functional foods and dietary supplements for obese people.



Antiplatelet activity

Anticoagulant and antiplatelet agents play an important role in the prevention and treatment of cardiovascular thrombotic events caused by various mechanisms. The polyphenols rich fraction of sea buckthorn fruit at the highest used concentration (50 μg/mL) has potent antiplatelet activity compared to polyphenol and triterpenic acid rich fractions from leaves and twigs. It has been shown to inhibit the expression of PAC-1 in three models of non-activated platelets, platelets activated by 10 μM adenosine diphosphate (ADP), and platelets activated by 10 μg/mL of collagen. This may be due to the inhibition of platelet aggregation as a result of the low expression of GPIIb/IIIa (68). Another report indicated that the non-polar fraction of sea buckthorn twigs showed stronger antiplatelet activity than the phenolic and non-polar fractions of leaves. This activity may be related to the regulation of arachidonic acid metabolism, changes in ROS concentration, and expression of platelet receptors (69). The 50 g/mL sea buckthorn fraction inhibited the adhesion of resting platelets and thrombin-activated platelets to fibrinogen by 65 and 55%, respectively (70).



Dermatological effect

Sea buckthorn has been reported to have a wide range of dermatological effects. Clinical trials have demonstrated the anti-psoriasis effects of sea buckthorn. Boca et al. (71) treated 10 patients diagnosed with mild to moderate psoriasis with topical sea buckthorn fruit extract. When compared with placebo-treated patients, the Psoriasis Area Severity Index (PASI) score and Dermatology Life Quality Index (DLQI) scores in the treatment group were improved at both the fourth and eighth weeks of treatment. Sea buckthorn also exhibits anti-psoriatic and anti-atopic dermatitis activities in animal models. In the 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced psoriasis-like lesion CD-1 mouse model, simultaneous oral (100 and 200 mg/kg) and topical (20 μL) application of sea buckthorn oil significantly inhibited ear edema (34.05 ± 7.65%, and 30.45 ± 8.90%, respectively) and reduced ear biopsy weights. Sea buckthorn oil has anti-inflammatory and anti-psoriatic properties. The possible mechanism for these effects may be that the high levels of fatty acids in sea buckthorn oil acts to inhibit reactive nitrogen and down-regulate nuclear factor kappa-B (NF-κB) protein and pro-inflammatory cytokines (72). Studies have suggested that 4 weeks of consecutive use of sea buckthorn oil decreases 2,4-dinitrochlorobenzene (DNCB)-induced atopic dermatitis (AD) severity in mice. This effect was due to inhibition of the thymus activation regulated chemokine (TARC) and macrophage-derived chemokine (MDC) in Interferon-γ (IFN-γ)/tumor necrosis factor-α (TNF-α)-stimulated HaCaT cells, which occurred by blocking activation of the NF-κB/signal transducerand activator of transcription 1 (STAT1) signaling pathway, thereby inhibiting the development of AD-like skin lesions. Sea buckthorn oil may be an effective therapeutic agent in the treatment of patients with AD (73).

Moreover, a randomized triple-blind clinical trial demonstrated that the healing period for second-degree burns in patients treated with 40% sea buckthorn cream was about 5 days shorter than for patients treated with 1% silver sulfadiazine dressings. The sea buckthorn cream had better clinical efficacy and shortened the healing time for second-degree burns (74). It was found that sea buckthorn seed oil promoted wound contraction by increasing hydroxyproline, hexosamine, DNA, and total protein content, which in turn promoted full-layer burn wound healing. The wound healing potential of sea buckthorn seed oil is dependent on the presence of omega-3 and omega-6 fatty acids, tocopherols and carotenoids (75). In addition, the palmitic acid-rich fraction purified from sea buckthorn seed oil has cell proliferation properties that promote growth of keratinocytes and dermal fibroblasts, which can be used to develop skin preparations and skin care products (76). UV light induces damage to the redox system and impairs lipid metabolism in skin fibroblasts and keratin-forming cells, and sea buckthorn oil can inhibit this effect and sea buckthorn seed oil may be a promising natural substance for skin photoprotection (55).

Overall, sea buckthorn has a therapeutic role in dermatology due to the high levels of saturated, monounsaturated and polyunsaturated fatty acids and other biological compounds that exert their effects. Determining the specific bioactive compounds and their mechanisms of action, however, requires further research.



Anti-inflammatory activity

Sea buckthorn is widely used in traditional medicine to treat inflammatory diseases. The anti-inflammatory activity of sea buckthorn has been demonstrated in many in vivo studies. For example, 70% methanolic extract of sea buckthorn (500 mg/kg) inhibited 48/80-induced edematous inflammation and significantly reduced the volume of foot swelling in rats (0.660 ± 0.082 mL, compared to 0.935 ± 0.041 mL in the control). The anti-inflammatory effect of the peel extract was greatest (0.470 ± 0.124 mL, compared with 0.920 ± 0.111 mL for the control). Ursolic acid and oleanolic acid were the main active compounds in the peel extract. They may cause membrane stabilization by inhibiting mast cell degranulation (77). The anti-inflammatory activity of sea buckthorn branches, leaves, and fruits was measured by nitric oxide (NO) production, and it was found that treatment with 10 μg/mL sea buckthorn extracts inhibited NO by 73–98%. Cytotoxic effects of sea buckthorn have not been observed in 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays. Sea buckthorn extracts displayed good anti-inflammatory activities in RAW 264.7 macrophages (78). Sea buckthorn leaves extract exhibited potent anti-inflammatory activity against lipopolysaccharide (LPS) stimuli by inhibiting the expression of NO, inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), and by decreasing levels of pro-inflammatory cytokines (15). Furthermore, sea buckthorn fruit extract, identified as a citric acid derivative, inhibited LPS-induced NO production in RAW 264.7 cells by inhibiting the expression of IκB kinase alpha/beta (IKKα/β), inhibitor of kappa Bα (I-κBα), NF-κB p65, iNOS, and COX-2, and the activities of interleukin 6 (IL-6) and TNF-α (79). Similarly, Mulati et al. (80) reported that sea buckthorn flavonoids significantly reversed high-fat and high-fructose diet (HFFD)-induced iNOS overexpression and reduced interleukin 1β (IL-1β) and COX-2 mRNA levels in the hippocampus of mice, suppressing the HFFD-induced inflammation reaction.

Therefore, the anti-inflammatory activity of sea buckthorn may be attributed to ursolic acid, oleanolic acid, citric acid derivatives and flavonoids. Its anti-inflammatory mechanism of action may be related to inhibition of the expression of pro-inflammatory cytokines (IL-6, IL-1β, and TNF-α) and a reduction in the production of pro-inflammatory mediators (NF-κB, iNOS, and COX-2). Sea buckthorn has shown promise as a source of bioactive compounds for the treatment of inflammatory diseases, but more in vivo and clinical studies are still needed to support this.



Antimicrobial and antiviral activity

It has been reported that sea buckthorn exhibits antimicrobial activities in vitro. Verma et al. (16) found that sea buckthorn leaf extract was significantly effective against all 67 gram-positive bacteria recovered from clinical samples. Sea buckthorn leaf extract at a 5% concentration inhibited S. aureus, S. epidermidis, S. intermedius, and S. pyogenes growth by almost 50%. Sea buckthorn extract may reverse the detrimental effects of S. aureus on human keratinocytes by down-regulating various pro-inflammatory cytokines and apoptotic pathways, such as ILs, TNFs, transforming growth factors (TGFs), IFNs, fibroblast growth factors (FGFs), MAPKs, matrix metalloproteinases (MMPs), and caspases and Wnts molecular pathways (81). Additionally, a study showed that 6 mg/mL of sea buckthorn berry and leaf extract significantly inhibits the growth of Methicillin-resistant S. aureus (MRSA) (82). Smida et al. (83) reported that an experimentally designed mouthwash based on sea buckthorn pulp oil had bactericidal effects on some periodontal pathogens and had the ability to inhibit the formation of single-strain and multi-strain biofilms.

Moreover, sea buckthorn exhibits significant antiviral activity. 14-Noreudesmanes and a phenylpropane heterodimer isolated from the 70% methanol extract of sea buckthorn fruit inhibited the replication of herpes simplex type 2 (HSV-2) virus. Therefore, sea buckthorn may be a potential source of antiviral agents with anti-HSV-2 activity and may provide an alternative drug candidate for the treatment of patient populations infected with acyclovir- and penciclovir-resistant strains of HSV-2 (14). In addition, it has been shown that immunization with sea buckthorn leaf extract and inactivated rabies virus antigens (SBTE + Rb) increases rabies virus neutralizing antibody (RVNA) titers and the cytotoxic T lymphocytes (CTLs) response. Compared with the Rb immunized group, memory T cells and plasma cells in the SBTE + Rb immunized group were significantly increased by 5.5 and 1.9%, respectively. The components of sea buckthorn leaf extract that exert adjuvant activity may be isorhamnetin and other flavonoids (84).



Neuroprotective activity

Alzheimer’s disease is a neurodegenerative disorder in which the typical histopathological changes are extracellular amyloid-β (Aβ) deposition and neurofibrillary tangles due to Tau protein hyperphosphorylation (85). Sea buckthorn removes intracellular Aβ deposits, with sea buckthorn powder at 1.5 g/mL being the most effective. This finding may be attributed to the higher levels of antioxidants present in sea buckthorn berry powder. Antioxidants inhibit Aβ-induced toxicity and prevent cell death by exerting a neuroprotective effect. Sea buckthorn holds promise as a potential therapeutic agent for the treatment of Alzheimer’s disease (86). Another study showed that sea buckthorn flavonoids stimulated insulin receptor substrate (IRS)/AKT activation, reduced protein tyrosine phosphatase 1B (PTP1B) expression and normalized insulin signaling pathways, neurogenic damage and ERK/CREB/BDNF signaling pathways. It inhibited insulin resistance and neuroinflammation, attenuated HFD-induced cognitive impairment, and effectively prevented memory loss (80). In addition, sea buckthorn improved epileptiform activity in the cerebral cortex and hippocampus in iron-induced epilepsy rats and reduced anxiety-like behavior, and improved memory impairment and histological damage in rats (87). In conclusion, sea buckthorn has been demonstrated to possess neuroprotective effects. The mechanisms include the removal of Aβ deposits, inhibition of Aβ-induced toxicity, and inhibition of insulin resistance and neuroinflammation. These effects may be attributed to the presence of flavonoids and other antioxidant compounds in sea buckthorn. In the future, it is necessary to investigate the neuroprotective effect of sea buckthorn on humans using clinical trials.



Hepatoprotective activity

Sea buckthorn extract and sea buckthorn oil have significant hepatoprotective activities. Sea buckthorn oil is rich in carotenoids and may be an important source of bioavailable lutein (88). Carotenoids such as β-carotene, lycopene, lutein, and β-cryptoxanthin exhibit hepatoprotective activity by reducing oxidative stress and regulating lipid metabolism in hepatocytes (89). Biochemical and histopathological studies have shown that sea buckthorn flavonoid extract significantly improves biomarkers, including TG, TC, LDL-C, aspartate aminotransferase (AST), and alanine aminotransferase (ALT) in the serum and liver of non-alcoholic fatty liver mice. The therapeutic effects of sea buckthorn were superior to that of curcumin (90). Furthermore, sea buckthorn fruit fermentation solution regulates hepatic lipid metabolism and oxidative stress by modulating the composition of the intestinal microbiota. Thus, sea buckthorn prevents alcoholic liver disease and exerts hepatoprotective effect (91). Another study found that the active ingredients in sea buckthorn inhibited the activation of hepatic stellate cells, reduced inflammatory cytokine levels, and reduced the development of bile duct ligation (BDL)-induced fibrosis in rats in a dose-dependent manner. Thus, sea buckthorn reduces liver injury and inflammation, and restored liver function (92). It has been reported that a flavonoid extract from sea buckthorn seed residues reduces the number of adipocytes in the liver of obese mice, which significantly reduces HFD-induced fatty infiltration in the liver tissue, and reduces expression of PPARγ in the liver and adipose tissue, resulting in reduced of fat accumulation (93). In general, the flavonoids and carotenoids in sea buckthorn have hepatoprotective effects. The mechanisms for these effects may be associated with the regulation of lipid metabolism and oxidative stress and a reduction in inflammatory factor levels. It is necessary to conduct more in vivo studies to explore the hepatoprotective activity of sea buckthorn.




Food applications

In addition to medical biological activities, sea buckthorn is also widely used in food, and has high economic value. Sea buckthorn is rich in nutritional value and contains a variety of biologically active compounds. Sea buckthorn is currently used as an antioxidant, antimicrobial and other natural additives in a variety of food products. The application of sea buckthorn in the food industry is more and more extensive, such as sea buckthorn oil, freeze-dried powder, fruit juice, fruit wine, milk tablets, fruit vinegar drinks, tea (94), preserved fruit, yogurt, and jam. The maximum utilization of sea buckthorn to improve the sensory properties and nutritional value of sea buckthorn products is currently being pursued by food industry manufacturers and researchers.


Food additives

The meat processing industry is currently seeking natural additives to replace chemical additives in their products. Kozhakhiyeva et al. (95) found that the new functional cooked and smoked horse meat Jaya product, produced by adding 5.0% sea buckthorn fruit powder extract, is rich in 1.0% bioactive substances. The samples showed a 38% reduction in lipolysis and a significant 24% reduction in lipid hydroperoxides after 21 days of storage. This improved the oxidative stability and quality of new functional horsemeat delicacies. The addition of 3% ethanolic extract of sea buckthorn fruit to pork sausage effectively inhibited lipid oxidation and reduced the total bacterial count. Total sausage colonies were reduced by approximately 7 times, improving the microbiological content of the sausage (96).

The addition of sea buckthorn fruit powder to wheat bread extends the shelf life of the bread by 1–3 days. It also improves the antioxidant and organoleptic properties of the bread (8). The addition of 0.8 g/L of sea buckthorn leaf powder to white wine increased its free radical scavenging activity from 28.4 to 55.8%. The reducing ability of white wine, as measured by the amount of reduced ferric ion in an antioxidant power assay, increased from 35.3 to 62.1% with the addition of sea buckthorn. The total phenolic content of white wine increased from 11 to 23.7% and the color intensity increased from 39.9 to 50.7%, which contributed to the antioxidant capacity of the wines without sulfites (97). Sea buckthorn leaves have significant antioxidant capacity (98), and can be used as an alternative to increase the antioxidant capacity of wines.

Studies have found that sea buckthorn juice and its by-products could be used in chewing gum formulations and significantly improve the antioxidant activity. It showed antimicrobial properties against MRSA, Klebsiella pneumoniae, Salmonella enterica, Pseudomonas aeruginosa, Bacillus cereus, etc. Sea buckthorn juice and its by-products have great potential as antimicrobial agents in the food industry (99).

Furthermore, sea buckthorn seeds used to purify chitinase, via its action on the antifreeze protein HrCHI4 preserved the integrity of frozen green pea membranes and helped preserve sample freshness by retaining volatile compounds. This study opens up the possibility of using edible products to preserve food and preserve its texture and freshness by natural means (100).

All in all, sea buckthorn has a promising future as a natural food additive. The bioactive compounds contained in sea buckthorn, such as polyphenols (especially flavonoids), ascorbic acid, vitamins, carotenoids, and antifreeze proteins exert antioxidant, antibacterial and antifreeze effects. In the future, it will be necessary to investigate these mechanisms of action in depth for better application in food production.



Sea buckthorn yogurt

Sea buckthorn, as a new plant-based additive, is becoming increasingly popular in dairy production worldwide due to its healthful, nutritional benefits. This is exactly the kind of nutritional quality that consumers are happy to seek. Sea buckthorn is rich in nutritional active substances and its addition to yogurt enhances the nutritional value of yogurt. Developed from sea buckthorn berries, sea buckthorn yogurt is rich in fat, protein, carbohydrates and antioxidants (vitamin C, vitamin E, carotenoids, phenols, etc.) meeting people’s nutritional needs. The yogurt can be stored safely at 4°C for 12 days and at 15°C for 3 days without losing its microbiological quality (9). In addition to adding sea buckthorn to yogurt, carrot (101), tomato (102), water chestnut (103), yellow peach, and passion fruit have also been added to sea buckthorn yogurt to develop novel healthy yogurt. The different additions add to the unique natural flavor of fruits and vegetables, enriching the yogurt with a variety of functional ingredients and making up for the nutritional deficiencies of plain yogurt (101).



Sea buckthorn jam and jelly

Sea buckthorn berries have a sour taste and a short shelf life. Therefore, processing berries into jam is an effective means to improve sensory characteristics and increase berry utilization. The jam, produced using sea buckthorn fruit at 102°C with stevia, contains high levels of total carotenoids and polyphenols and exhibits antioxidant activity. After 21 days of storage at room temperature, the value of yeast and mold was less than 100 CFU/g, and the value of Enterobacteriaceae was less than 5 CFU/g (104). Ordinary jam has a single flavor. In the Elaeagnus angustifolia and sea buckthorn compound jam, sea buckthorn was used both as a raw material and as an acidulant instead of citric acid. The jam has a shelf life of 177 days at 20°C without the addition of preservatives (105). In addition, sea buckthorn can be combined with sweet potatoes, pumpkins and carrots in a certain ratio to make novel, nutritious and healthy compound jam (106). A reasonable mixture of sea buckthorn juice with other fruit juices (papaya, watermelon, grape) can produce a delicious and nutritious jelly. Among them, sea buckthorn mixed jelly prepared in certain ratios with grapes has shown good organoleptic characteristics. The shelf life of sea buckthorn-grape jelly is 6 months at room temperature and its microbial load is also within the specified limits (107). Sea buckthorn has the potential to be a potentially rich source of bioactive compounds for the production of sugar-based products.



Sea buckthorn beverages

Sea buckthorn berry wastes are inevitably generated in the sea buckthorn processing industry, and improper disposal of these wastes will cause environmental pollution. Fermentation and reuse of these wastes can improve the utilization rate of sea buckthorn and increase the economic value of these wastes. Waste from the sea buckthorn processing industry can be used as a suitable substrate for fermentation. Fermentation under optimal fermentation conditions resulted in 3% ethanolic sea buckthorn beverage. This beverage contains high levels of phenolic compounds (including gallic acid, protocatechuic acid, vanillic acid, chlorogenic acid, etc.) and high antioxidant activity, and contains carbon dioxide and low levels of ethanol. So it is a refreshing and healthy functional drink (108). In addition to fermentation, a waste-free whole fruit pulp juice of sea buckthorn can be developed using the micro-wet milling (MWM) process. Compared to mixed milled and commercial sea buckthorn juice, MWM sea buckthorn juice has a better color (bright yellow tint, highest total carotenoid content of 145 ± 0.10 mg/mL), smaller particle size, higher ascorbic acid value (67.67 ± 1.15 mg/mL), total phenolic content and antioxidant activity. The process minimizes the loss of heat-sensitive bioactive compounds. It also provides a fiber-rich juice, showing great promise for processing sea buckthorn juice in the food industry (109). Sea buckthorn is rich in nutrients and bioactive compounds. The potential of sea buckthorn as a botanical ingredient for novel functional food applications is obvious. It is promising to make full use of sea buckthorn fruits, peels, and seeds and to explore new ways of processing sea buckthorn.




Toxicity and safety

Despite the long nutritional and medicinal history of sea buckthorn, there is still relatively little information available on the toxicity and safety of sea buckthorn. Wen et al. (110) reported that sea buckthorn berry oil was not a genotoxic or teratogenic substance. He found that sea buckthorn berry oil showed no mutagenic activity against histidine-dependent strains of Salmonella typhimurium at exposure concentrations ranging from 8 to 5,000 μg/plate. At a dose up to 9.36 g/kg body weight, sea buckthorn berry oil had no significant effect on sperm morphology and the micronucleus rate of polychromatic erythrocytes in mice. In addition, 4.68 g/kg of sea buckthorn fruit oil did not cause maternal toxicity or embryotoxicity in pregnant mice. The no-observed-adverse-effect level (NOAEL) for rats was determined to be 4.68 g/kg of body weight. A 90-day safety study showed that the NOAEL in rats was 100 mg/kg body weight/day of aqueous fruit extract of sea buckthorn (111). Furthermore, Zhao et al. (112) reported that the maximum tolerated dose of sea buckthorn oil in the acute toxicity study in mice was bigger than 18.72 g/kg. Ninety-day repeated oral toxicity tests in rats showed that the NOAEL was 9.36 g/kg body weight. Sea buckthorn is healthy and non-toxic enough to be used as a human food, medicinal product, or dietary supplement.



Conclusion and outlooks

Sea buckthorn is a unique and highly valuable plant with a wide distribution covering more than 2 million hectares of land worldwide. It contains nearly 200 bioactive compounds and has great benefits to human health, and in vivo, in vitro, and clinical trials in the past 5 years have demonstrated the health benefits of sea buckthorn. These biological activities include antioxidant, anticancer, anti-inflammatory, anti-hyperlipidemic, anti-obesity, antimicrobial and antiviral, dermatological, neuroprotective, and hepatoprotective effects. Moreover, sea buckthorn has created enormous economic value in the food industry and is a promising dietary source of bioactive components.

As a versatile economic and ecological plant, sea buckthorn undoubtedly has a bright future. This ancient plant has powerful therapeutic synergies and has made many contributions to humankind. Sea buckthorn has an outstanding ability to help with economic development and improve the ecological environment. In order to rationally develop and utilize sea buckthorn resources, further research should focus on: (1) Developing mechanical harvesting and reasonable preservation technology. Sea buckthorn is a berry plant and manual harvesting is inefficient. The berries have high moisture content and are easily squeezed leading to deformation and mold. It is necessary to improve the efficiency at the harvesting stage; (2) Isolation and identification of more specific bioactive compounds and further study of their health promoting mechanisms; (3) Conducting more clinical trials to verify the health benefits of sea buckthorn for humans; (4) Applying sea buckthorn in the prevention and treatment of diseases; (5) Developing functional foods and other products based on sea buckthorn; (6) Adhering to the mode of combining economy and ecology, and developing the sea buckthorn industry in a scientific, reasonable and sustainable manner.
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Introduction: Iron deficiency anemia (IDA) is one of the most common nutritional diseases encountered all over the world. Nowadays, oral iron supplementation is still the mainstay of IDA treatment.

Methods: In this study, a new iron nutritional supplement named pig skin collagen peptides ferrous chelates (PSCP-Fe) was prepared, and its structure was characterized by the scanning electron microscopy, sykam amino acid analyzer and Fourier transform infrared spectroscopy (FTIR). The anti-IDA activity of PSCP-Fe was evaluated in low-Fe2+ diet-induced IDA in rats. 16S amplicon sequencing technology was then used to reveal the mechanism of PSCP-Fe against IDA.

Results: The results of amino acid analysis and FTIR showed that aspartic acid (Asp), arginine (Arg), histidine (His), glutamic acid (Glu), cystine (Cys), and lysine (Lys) residued in PSCP chelated readily with Fe2+ through their functional groups. PSCP-Fe treated reversed the hematology-related indexes, such as red blood cells (RBC), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentrate (MCHC), serum ferritin (SF), serum hepcidin (HEPC) and serum transferrin receptor (TFR). And its regulatory action was better than that of FeSO4. Moreover, PSCP-Fe alleviated the hepatocyte apoptosis and necrosis, Fe2+ loss, and injury in IDA rats. In addition, PSCP-Fe could significantly retrace the disturbed profile of gut microbiota in IDA rats (p < 0.05) and significantly up-regulated the relative abundances of nine bacterial genus, including Lactobacillus, Alloprevotella, unclassified_of_Oscillospiraceae, and NK4A214_group (p < 0.05). It could also downgrade the relative abundances of Subdoligranulum and Coriobacteriaceae_UCG-002 (p < 0.05). The results of Spearman’s correlation analysis and distance-based redundancy analysis (db-RDA) revealed that Subdoligranulum and Christensenellaceae_R-7_group may be potential microbial markers for effective PSCP-Fe action in the treatment of IDA.

Discussion: Overall, our results elucidate the interactions between gut bacteria and related cytokines and reveal the mechanisms underlying the anti-IDA effect of PSCP-Fe. They will thus provide a theoretical foundation for PSCP-Fe as a new iron nutritional supplement.
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iron deficiency anemia, iron nutritional supplement, peptides-ferrous chelate, structural characterization, gut flora


Introduction

Iron deficiency anemia (IDA) is the most common nutritional deficiency in the world (1). The World Health Organization (WHO) estimates that two billion individuals, mostly residing in low- and middle-income countries, are influenced by IDA due to a variety of causes, including parasitic infections, nutritional deficiencies, chronic diseases, hemoglobinopathies, and lead poisoning (2). Moreover, IDA is frequently identified in high-risk groups in developed countries, such as infants, women of childbearing age, and pregnant women (3, 4). Clinical research indicates that IDA is an independent risk in multiple diseases. Children with IDA often suffer from intellectual disability, non-specific immune deficiency, inflammation, and cognitive impairment. Adults suffering from IDA may face tumors, paralysis, tissue ischemia, and digestive system diseases (3). Although physiological and nutritional studies have confirmed that many factors can cause IDA, an insufficient intake of iron through diet and malabsorption of iron are predominant causes for the occurrence of IDA. Therefore, the global incidence of IDA can be reduced by increasing the intake of iron-rich foods and improving iron absorption.

Oral iron supplements are the mainstay of treatment for IDA. Iron can be supplemented as inorganic and organic salts of iron, amino acid-iron, and peptide-iron chelates (3, 4). However, inorganic iron salts have many disadvantages, such as lower iron bioavailability, lower absorption, and poor stability, which severely restrict their clinical application. In addition, inorganic iron salts can also cause colitis and liver damage. Recently, many studies have shown that bioactive peptides from animals, plants, and marine algae, exhibit numerous merits, such as low toxicities, chelation sites, and excellent bioactivities as compared to prototype proteins. These peptides can be released from their parent protein via gastrointestinal digestion or enzymatic hydrolysis (5). Usually, food-derived bioactive peptides, containing between 2 and 20 amino acids, can be used to prepare nutritional supplements with iron chelates. Some ferrous-peptide chelates have been reported and applied to treat IDA, such as chickpea peptide-iron chelates and ferrous-hairtail peptide chelates (6, 7).

Improvement in the microenvironment for iron to be absorbed effectively is another approach to the treatment of IDA. The gut bacteria, i.e., the “new organ of the human body,” may act as a key modulator of iron homeostasis (8). In the intestine, despite its pivotal role in cellular proliferation, free Fe2+ may generate toxic reactive oxygen species (ROS), which can affect intestinal integrity by inducing oxidative stress (9). In addition, unabsorbed Fe2+ can stimulate virulence of pathogenic bacteria (e.g., Escherichia coli, Clostridium Welchii, Enterococcus faecalis), which contributes to an oxidative proinflammatory environment. Gut probiotics, including Lactobacillus, Bacillus, Bacteroides, and Clostridium, can inhibit the expression of transferrin receptor (TFR), thereby reducing the proportion of Fe2+ in gut and blood, which reverses the above-mentioned adverse reactions (10). In addition, the gut probiotics can release multiple metabolites [e.g., branched-chain amino acids, bile acids, short-chain fatty acids (SCFAs), and nucleosides] by fermenting nutrients, which can improve intelligence and immunity by increasing the release of neurotransmitters and immune factors (11). Therefore, gut probiotics may help overcome the challenges in IDA treatment by modulating intestinal bacteria.

Pig skin, which is often used as a by-product from meat processing premises, is associated with environmental problem and low economic value. Thus, the high value-added utilization of pig skin needs to be valued and solved (12). Based on morphology and physiological functions, domestic pig skin seems to be the closest to human skin in composition (13). For this reason, it is a good model for studies on wound healing and permeability (13, 14). It is rich in collagen, and thus, is marked as a good source of active peptides. Pig skin is also used as a raw material for the preparation of new Ejiao—a blood tonic in Traditional Chinese Medicine that has been used for 2000 years. However, there are only a few studies that explore the use of pig skin collagen peptides (PSCP) for the preparation of ferrous chelates. The therapeutic effect of these chelates on IDA has never been reported, and thus, the modulation of gut microbiota in the IDA model remains ambiguous. In this study, we first prepared PSCP by enzymatic hydrolysis of pig skin with trypsin and pepsin. PSCP was then chelated with Fe2+ to obtain the PSCP-ferrous chelates (PSCP-Fe). The microstructure and chelation sites in PSCP-Fe were identified via multiple analytical instruments. An IDA rat model was then established to evaluate the potential of PSCP-Fe for the treatment of IDA. The related mechanisms of PSCP-Fe against IDA were also revealed by correlation analysis of gut microbiota structure and cytokines.



Materials and methods


Materials and reagents

Fresh pig skin was purchased from Jinluo Foods Co., Ltd. (Yantai, China) and was stored at −20°C until further experimentation. Pepsin (3,000 U/mg) and trypsin (1,000–1,500 U/mg) were obtained from Shanghai Lanji Technology Development Co., Ltd. (Shanghai, China). Ferrous chloride (molecular weight 126.75 Da) was purchased from Shanghai Biological Technology of Vibration Spectrum Co., Ltd. (Shanghai, China). Ferrous sulfate tables were purchased from Shanxi Lijiu Pharmaceutical Co., Ltd. (Shanxi, China). Ascorbic acid, anhydrous ethanol, and other reagents used in this study were of analytical grade. The Prussian Blue Stain Kit and hematoxylin-eosin/HE staining kit were obtained from Solarbio Technology Co., Ltd. (Beijing, China).



Preparation and characterization of PSCP-Fe


Preparation of PSCP-Fe

Collagen was extracted from pig skin according to the method described by He et al. (15). After being defatted by petroleum ether, collagen was added to deionized water to obtain a concentration of 10% (weight/volume, w/v). The mixture was subjected to continuous enzymatic hydrolysis with pepsin (1.0% of the substrate, pH 1.5, 2 h) and trypsin (1.0% of the substrate, pH 8.0, 3 h) at 40°C. Finally, the enzyme solution was soaked in boiling water for 15 min to inactivate the enzymes. Samples were then centrifuged at 4,000 rpm for 10 min, and the supernatant was subjected to ultrafiltration using a 3 kDa cut-off membrane (Millipore Corporation, Bedford, MA, USA). The filtrate solution was lyophilized (−80°C, 48 h) to obtain the PSCP powder.

The PSCP-Fe was prepared following the procedure described by Ma et al. with minor adjustments (16). The PSCP (5%) were suspended in distilled water (20 mL, pH 7.0), mixed with 300 μL of FeCl2 (0.01%, w/v) and 75 μL of ascorbic acid (0.01%, w/v) at pH 5.0. The mixture was stirred at 40°C for 40 min, and anhydrous ethanol (6 of the solution) was added to remove unnecessary peptides. The mixture was centrifuged at 4,000 rpm for 10 min, and the precipitate, referred to as PSCP-Fe, was lyophilized (−80°C, 48 h). After the binding treatment, ferrous content in PSCP-Fe was measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Perkin Elmer, Waltham, MA, USA) according to the method of Li et al. (17).



Structural characterization of PSCP-Fe

The occurrence of chelation reactions often alters the apparent structure of the peptide. Hence, the scanning electron microscopy (Phenom XL, Phenom-World BV, Eindhoven, Holland) was used to distinguish PSCP-Fe and PSCP by applying 10 mA current and 5 kV voltage. The chelating ability of peptides and Fe2+ is closely associated with the types of amino acid residues present. The amino acid composition of PSCP-Fe was characterized by a known method (16) with minor modifications. 100 mg of PSCP-Fe was hydrolyzed with 6 M HCl at 110°C for 24 h. The mixture was then analyzed using a Sykam amino acid analyzer (S-433D, Sykam Corporation, Munich, Germany). The chelation sites on PSCP and ferrous could be more easily diagnosed using a Fourier transform infrared spectroscopy (FTIR), whose experimental design was as follows: 5.0 mg each of PSCP and PSCP-Fe mixed with potassium bromide were flaked and then analyzed using an FTIR spectrometer (Shimadzu IRTracer-100, JPN) in the wavelength range of 4,000–400 cm–1 at 30°C.




Evaluation of the effect of PSCP-Fe in the IDA rat model


Animals, diets, and experimental design

Forty-eight male Sprague-Dawley (SD) rats (SPF weighing 110 ± 10 g) were purchased from Jinan Pengyue Laboratory Animal Breeding Co., Ltd. (Shandong, China, SYXK (RU) 2019–0003). All rats were housed at room temperature (24 ± 2°C) with humidity (50 ± 5%) and 12 h light/12 h dark cycle. The animal usage protocol was approved by the Institutional Animal Care and Use Committee at Bin Zhou Medical University (approval certificate number: 2020–090). The animal facilities and protocols complied with the Guide for the Care and Use of Laboratory Animals [USA National Research Council, 1996 (18)].

Deionized water was provided continuously to all rats. After 7 days, all rats were randomly divided into control group (Control, 8 rats) and IDA groups (40 rats) based on body weights (BW). Rats in the control group were fed normal rodent chow (45 mg Fe kg–1 of diet, Pengyue, Shandong, China), and those in the IDA groups were fed a low-Fe2+ diet (4.93 mg Fe kg–1 of diet, Beijing Keao Xieli Animal Feed Co., Ltd., Beijing, China) for 5 weeks (6, 16). The health of the IDA model rats was assessed by hemoglobin (HGB), BW, and mental state of rats compare with those in the control group. Rats in the IDA groups were again allocated into five groups: the model group (Model, n = 8), the FeSO4 group (FeSO4, 1.62 mg Fe/100 g BW, n = 8), the low dose PSCP-Fe group (LPSCP-Fe, 0.81 mg Fe/100 g BW, n = 8), the medium dose PSCP-Fe group (MPSCP-Fe, 1.62 mg Fe/100 g BW, n = 8) and the high dose PSCP-Fe group (HPSCP-Fe, 3.24 mg Fe/100 g BW, n = 8). PSCP-Fe solutions were freshly prepared in distilled deionized water and intragastric administration was performed once per day for 3 weeks.



Biological sample collection and preservation

At the end of the experimental period, fresh feces of all rats were collected in sterile plastic tubes and then stored at −80°C until further analysis. The rats were fasted for 12 h before being anesthetized with 10% chloral hydrate. Blood samples from the abdominal aorta were collected and divided into two components. A component was used to analyze blood-related parameters associated with IDA, and another component was centrifuged at 4,500 rpm/min for 10 min at 4°C. Liver and colon tissues were stored in a 4% paraformaldehyde solution for histological analysis.



Determination of hematology-related indexes in IDA rats

The levels of red blood cells (RBC), HGB, hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentrate (MCHC) were determined using an automated hematology analyzer (BC-3000, Tokyo Mairui Co., Tokyo, Japan). Serum ferritin (SF), serum hepcidin (HEPC), and TFR were measured using enzyme-linked immunosorbent assay (ELISA) kits (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China).



Evaluation of liver and colon damage

A long-term iron-deficient diet causes the imbalance of liver function and iron loss. In this research, hepatic tissues fixed in 4% paraformaldehyde solution were dehydrated, embedded in paraffin, and cross-sectioned into 4-μm thick slices. The slices were then treated with HCl (5%) to release ferric ions, followed by treatment with 5% potassium ferrocyanide (Sigma, MO, USA) to produce insoluble ferric ferrocyanide and counterstained with the neutral red (18, 19). In addition, the H&E staining of colon tissue was carried out according to the previous method (20). Briefly, colon tissues were cut into 5 μm-thick sections and stained with the H&E kit (Solarbio Science and Technology, Beijing, China). All the stained samples were observed under the microscope (DM1000, Leica Microsystems, Wetzlar, Germany).




Gut bacteria analysis by 16S rRNA gene-based amplicon sequencing


Fecal DNA extraction and PCR amplification

The total bacterial DNA was isolated from fecal samples using the cetyltrimethylammonium bromide (CTAB) method. The specific experimental protocol was as follows: DNA concentration in all samples was detected by1% agarose gel. DNA was diluted to 1 ng/μL using sterile water. Extracted DNA from each sample was then used as a template to amplify the V3-V4 region of 16S rRNA genes using PCR (21). All PCRs were performed as 30 μL reactions containing 15 μL of Phusion® High-Fidelity PCR Master Mix with GC Buffer (New England Biolabs), 0.2 μM of forward and reverse primers each, and 10 ng of template DNA. The purity of PCR products was examined using electrophoresis (2% agarose gel).



16S rRNA gene-based amplicon sequencing and bioinformatics analysis

The sequencing libraries were generated using TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA) according to the manufacturer’s recommendations. Index codes were also added. The library quality was assessed on the Qubit @ 2.0 Fluorometer (Thermo Scientific). The library was then sequenced on an Illumina NovaSeq platform.

Analytical methods were used to identify bacteria and their abundances in the samples and among groups. The alpha diversity index of samples was evaluated using Mothur (Version 1.30) (22). Other related indexes, such as observed operational taxonomic units (OTUs), Chao1 richness estimator, Shannon diversity index, and Faith’s phylogenetic distance, were calculated to estimate microbial diversity within individual samples. The observed OTUs and Chao1 indexes reflect the abundance of species, while the Shannon and Simpson indexes represent the abundance and diversity of species constituting the samples. The QIIME analysis was used to analyze beta diversity, and the similarity in species diversity across the different groups of samples was compared. The beta diversities were visualized by PCoA (principal coordinate analysis) and NMDS (Non-metric multidimensional scaling, NMDS) frameworks. PCoA with Bray-Curtis distance was used to examine the separation of species and metabolites in the different samples (23). Differences in the relative abundance of the microbial features were determined by linear discriminant analysis (LDA) effect size (LEfSe) (24).



Spearman correlation analysis

The Spearman correlation coefficient1 was calculated to determine the potential correlations between the intestinal flora and different biochemical indicators. The correlations determined between the variables were displayed using heat maps. Finally, a network revealing the gut microbiota, associated markers, and disease relationships was drawn to evaluate the beneficial effects of PSCP-Fe against IDA.



Statistical analysis

All results were analyzed using the Statistical Product and Service Solutions (SPSS) 23.0 software (SPSS Inc., Chicago, IL, USA), and were presented as Mean ± standard deviation (SD). One-way ANOVA and Student’s t-test were used to assess statistical significance for multiple comparisons among the different groups. P < 0.05 and p < 0.01 were defined as statistically significant. Data visualization of results was performed using GraphPad Prism 8.0.2 software (San Diego, CA, USA).





Results


Structural characterization of PSCP-Fe

As shown in Figures 1A, B, the microstructure of PSCP-Fe was significantly different from that of PSCP. The PSCP surface was relatively flat, smooth, and voluminous. A few cracks were seen, which could have been carved by drying PSCP in the electron microscope. Conversely, the surface of PSCP-Fe was irregular and rough. The significant difference in the surface structures of PSCP and PSCP-Fe suggested the success of the chelation reaction. Amino acid composition analysis showed that PSCP and PSCP-Fe contained 17 amino acids, illustrating the integrity of amino acids during the chelation reaction (Supplementary Table 1). The contents of some amino acids, including aspartic acid (Asp), arginine (Arg), histidine (His), glutamic acid (Glu), cystine (Cys), and lysine (Lys), were increased in PSCP-Fe as compared to PSCP (Figure 1C). It has been reported that the composition and sequence of amino acids in peptides determine their ferrous-binding capacities (25). Thus, our results suggested that peptides containing the above amino acids may exhibit higher ferrous-chelating capacities (25–30).


[image: image]

FIGURE 1
The scanning electron microscopy of PSCP (A) and PSCP-Fe (B). Differences in amino acid content between PSCP and PSCP-Fe (C). The FTIR spectroscopy of PSCP and PSCP-Fe (D).


FTIR spectroscopy was applied to reveal the chelation sites on PSCP for Fe2+. PSCP could generate several infrared-active vibrational modes: −NH (−3,300 cm–1), −OH (−3,100 cm–1), C-O (−1,400 cm–1), and C = O (−1,500 cm–1) (31). As shown in Figure 1D, the FTIR spectrum of PSCP-Fe presented interesting features as compared to the spectrum of PSCP. Firstly, the C-O and C = O bands at 1393.92 and 1521.18 cm–1 in the PSCP spectrum were shifted to 1331.62 and 1535.59 cm–1 after binding with Fe2+, which might be caused by the combination of −COO and Fe2+. The amide (−NH) band at 3272.64 cm–1 in PCSP was shifted to 3306.69 cm–1 in PSCP-Fe, indicating that −NH was also involved in the chelation reaction. The Amide I peak was observed at 1,600–1,700 cm–1, which was the absorption band of C = O stretching. In this study, the band of amide I was shifted from 1633.71 to 1647.51 cm–1 after Fe2+ chelation. Moreover, the broad absorption bands at 900, 922, and 1,020 cm–1, which were generated by the benzene ring of tyrosine, remained consistent in PSCP and PSCP-Fe, excluding the possibility of tyrosine being coordinated to Fe2+. As the above results, Asp, Arg, His, Glu, Cys, and Lys in PSCP should be more easily chelated with Fe2+ through functional groups of −NH and −COO.



PSCP-Fe attenuates Low-Fe2+ diet-induced dysplasia and promotes iron absorption in IDA rats

Iron deficiency usually affects the growth and development of the body. In this study, rats that were given a low-Fe2+ diet indeed presented many undesirable morphological features as compared to the control rats. For instance, the BWs of IDA rats were significantly decreased (p < 0.05), this was accompanied by negative symptoms, such as dullness, unresponsiveness, and roughness of skin. These results suggested that the low-Fe2+ diet adversely affected the growth of rats. After 21 days of iron supplementation, the BWs in all PSCP-Fe treatment groups were significantly increased (p < 0.05), while the untreated IDA model and the FeSO4 treatment group, showed no significant difference (p > 0.05). In addition, there were no significant differences in BW among the three PSCP-Fe treatments (low, medium, and high), indicating that PSCP-Fe had a positive effect on the growth of IDA rats (Figure 2A).
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FIGURE 2
Effects of PSCP-Fe on body weight (A) and blood routine parameters (B) in IDA rats. The data in the columns are expressed as the mean ± SD (n = 8). Different marks (#, *) indicate differences at the p < 0.05 level. ###p < 0.001: Control vs. Model; *p < 0.05, **p < 0.01, and ***p < 0.001: Treatments vs. Model. Liver iron staining evaluation by Prussian blue staining method (C), × 400 magnification. Evaluate the histopathology changes of the rats colon tissues by H&E staining (D).


The serum indicators in the rat groups are shown in Figure 2B. The levels of RBC and HGB, MCHC, MCH, HCT, and MCV were significantly lower in the model group compared to the control group (p < 0.001). After iron supplementation, these serum indicators were significantly raised (p < 0.05). The RBC and HGB, MCHC, HCT, and MCV were significantly increased by 1.058, 1.026, 1.028, 1.010, and 1.004% in the MPSCP-Fe group compared to the FeSO4 group (p < 0.05). In addition, RBC, HGB, MCHC, MCH, HCT, and MCV were also increased by 1.075, 1.061, 1.028, 1.002, 1.050, and 1.015% in the HPSCP-Fe group compared to the FeSO4 group (p < 0.05). Therefore, PSCP-Fe can effectively improve anemia symptoms.

Simultaneously, the SF, HEPC, and TFR levels were also determined. The contents of SF and HEPC in the Model group were significantly decreased, while TFR was up-regulated compared to the control group (p < 0.001). However, all iron supplement significantly reversed the above situations (p < 0.05). Additionally, SF and HEPC levels were increased significantly (by 1.021 and 1.335%), while TFR levels were decreased (by 1.098%) in the MPSCP-Fe group compared with FeSO4 group. These results showed the effective effect of PSCP-Fe resist IDA.



PSCP-Fe can alleviate Fe2+ loss in the liver and colon damage

The iron deposition and pathological changes in liver tissues in each group of rats were assessed via Prussian blue staining assay. The rats in the IDA model group exhibited a series of adverse symptoms, including hepatocyte apoptosis and necrosis, nucleus pyknosis, hepatocyte edema, and ballooning degeneration. These pathological injuries were clearly alleviated upon supplementation with Fe2+, especially in MPSCP-Fe and HPSCP-Fe groups. Simultaneously, Fe2+ was scarcely observed in IDA rats, indicating a low-Fe2+ diet restricted the accumulation of Fe2+ in the liver. After treatment, all Fe2+ supplements reversed the above problem. PSCP-Fe revealed better enrichment effects of iron than FeSO4 at all doses. In addition, the reversal effect of HPSCP-Fe was better than that of LPSCP-Fe and MPSCP-Fe (Figure 2C), suggesting that PSCP-Fe could effectively promote the transportation and enrichment of Fe2+ to some extent.

The colon is critical for the transportation of Fe2+ from the intestine into the circulatory system (32). Fe2+ deficient diet caused colon damage, accelerating the process of IDA. In this study, IDA rats induced by a low-Fe2+ diet developed diarrhea, suggesting the occurrence of colon injury (33). HE staining was used to analyze the histology of the colon. Colon damage in the supplementary ferrous groups was much less than that observed in the IDA model group. Furthermore, colon morphology in the PSCP-Fe groups was the same as that observed in the control group, whereas colon morphology in the FeSO4 group was not the same as that observed in the control group (Figure 2D). These observations suggested that PSCP-Fe administration was beneficial to the colon or caused less irritation to the intestinal tract.



The PSCP-Fe treatment restored dysbiosis in the gut microbiota in IDA rats

In this study, 24 fecal samples from the Control, Model, HPSCP-Fe, and LPSCP-Fe groups were used to evaluate the ameliorative effect of PSCP-Fe against IDA. The composition and diversity of the bacterial communities were assessed through 16S rRNA gene sequencing. After quality filtering and trimming, 1,355,946 high-quality sequences were obtained with an average of 56,497 reads per sample. The Pan/Core and rarefaction curves showed the presence of clear asymptotes, confirming the completeness of the sampling (Supplementary Figure 1).

Illumina MiSeq 16S rRNA amplicon sequencing was conducted to determine the effects of PSCP-Fe treatment on gut microbiota. As shown in Figures 3A–C, the Sobs Chao index and Ace revealed that the alpha diversity in the model rats was significantly lower than that in the other groups (p < 0.05). However, PSCP-Fe recovered the alpha diversity relative to the IDA rats. The Venn plots showed the structural similarity and overlap of species in different groups. 728 OTUs were identified in the Control group, while only 517 OTUs were in Model group, indicating that the low-Fe2+ diet directly affected the composition of the intestinal flora (Figure 3D). With PSCP-Fe treatment, the numbers of OTUs were increased to 739 and 711 in HPSCP-Fe and LPSCP-Fe, respectively. Overall, the model, control, LPSCP-Fe, and HPSCP-Fe groups shared 299 OTUs with the following percentages: 41.07, 57.83, 40.46, and 42.05, indicating that the gut microbiota of the IDA model group changed significantly compare with the control group, while PSCP-Fe administration ameliorated this issue.
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FIGURE 3
PSCP-Fe treatment restored the distribution of gut flora composition in IDA rat. (A) The Sobs index of OTU level. (B) The Chao index of OTU level. (C) The Ace index of OTU level. In each group, n = 6. ***p < 0.001: control or treatment vs. model group. (D) Venn diagram of 16S rRNA based profiling. (E) Non-metric multidimensional scaling (NMDS) based on the Bray-Curtis dissimilarity. (F) Bray-Curtis PCoA of 16S rRNA based profiling. (G) Relative abundance of bacterial phylum. (H) Relative abundance of bacterial genus. (I) Taxonomic cladogram generated by LEfSe analysis showing taxa significantly enriched in control (red), model (blue), HPSCP-Fe (green), LPSCP-Fe (purple), respectively. Each ring represents a taxonomic level from phylum to genus. The diameter of each dot on the ring represents the relative abundance of the taxon.


The beta diversity was described by PCoA analysis and NMDS, it showed that there were different clusters among the four groups, with significant differences among the clusters (Figures 3E, F). The low-Fe2+ diet led to a decrease in the number of OTUs in IDA rats, but the situation could be reversed with PSCP-Fe intervention. Taken together, the results suggested that PSCP-Fe treatment could modulate the IDA-induced dysbiosis of intestinal flora and restored a microbial community similar to that in the control.



Comparison of gut microbiome at phylum and genus levels

At the phylum level (Figure 3G), Firmicutes and Bacteroidota were the two most dominant phylum with a relative abundance of 97.1% in the control group, 81.4% in the model group, 97.1% in the HPSCP-Fe group, and 98.4% in the LPSCP-Fe group. The differently abundant taxa among the experimental samples were identified using LEfSe performed at the taxonomic levels from phylum to genus, the above results is shown at Figure 3I. In addition, the low-Fe2+ diet could decrease the relative abundances of Firmicutes and Bacteroidota, yet PSCP-Fe fixed this deficiency. At the same time, microbiota composition at the genus levels were also identified (Figure 3H). For genus analysis, the composition of gut microbiota (greater than 0.1% abundance) is presented and summarized in Figure 4. 20 gut bacteria, such as Lactobacillus, norank_f_Muribaculaceae, Blautia, Subdoligranulum, unclassified_f Lachnospiraceae, NK4A214_group, Fournierella, Prevotellaceae_UCG-003, Akkermansia, and Coprococcus, were significantly altered (p < 0.05). The Kruskal Wallis test for the significance of difference was performed on genus-level OTUs and genera (p < 0.05). The 13 bacteria in IDA rats were significantly reduced as compared to the control (p < 0.05), and 7 bacteria had increased (p < 0.05). Lactobacillus, Alloprevotella, unclassified_of_Oscillospiraceae, NK4A214_group, Prevotellaceae_UCG-003, Colidextribacter, Coriobacteriaceae_UCG-005, Enterorhabdus, and Christensenellaceae_R-7_group were reduced in IDA rats upon PSCP-Fe treatment. However, two simultaneous doses of PSCP-Fe significantly increased the relative abundances of 5 out of 9 bacteria (p < 0.05). In addition, LPSCP-Fe and HPSCP-Fe could downgrade the relative abundances of Subdoligranulum and Coriobacteriaceae_UCG-002 (p < 0.05). Lactobacillus, Alloprevotella, unclassified_of_Oscillospiraceae, NK4A214_group, Prevotellaceae_UCG-003, Colidextribacter, Coriobacteriaceae_UCG-005, Enterorhabdus, and Christensenellaceae_R-7_group might benefit the action of PSCP-Fe in the treatment of IDA. However, Subdoligranulum and Coriobacteriaceae_UCG-002 contribute to the occurrence of IDA.
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FIGURE 4
Average relative abundance of difference features flora in feces of all groups. Data are presented as mean ± SD, n = 6. #p < 0.05, ##p < 0.01, ###p < 0.001: control vs. model; *p < 0.05, **p < 0.01, ***p < 0.001: treatment vs. model.




The correlation between hematological indicators and intestinal microbiota

To determine the regulatory mechanisms of different microbiota, the Spearman’s correlation analysis was used. The relative abundances of specific microflora were correlated with hematology-related indicators as shown in Figure 5A. Eighteen bacterial genus showed correlations with cytokines at different levels, among which five bacteria correlated positively with TFR (p < 0.05). Based on the correlation coefficients, correlations with TFR of different species were in the order of Subdoligranulum (p≈ 0.003) > Faecalibaculum (p≈ 0.009) > Coriobacteriaceae_UCG-002 (p≈ 0.027) > Lachnoclostridium (p≈ 0.046) > Adlercreutzia (p≈ 0.047). In addition, these gut bacteria presented negative correlations with RBC, HGB, HEPC, and SF. However, only Subdoligranulum was significantly negatively correlated with all four factors (p < 0.05), where the correlation coefficients were 0.009 (RBC), 0.002 (HGB), 0.01 (HEPC), and 0.002 (SF), showing that Subdoligranulum strongly promoted the occurrence of IDA. In addition, Faecalibaculum, Coriobacteriaceae_UCG-002, Adlercreutzia, and Lachnoclostridium showed significantly negative correlations with RBC. These five gut bacteria might be regarded as inhibitors of RBC recovery in IDA rats.
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FIGURE 5
Correlation analysis between related factors and microbiota at the genus level (A). Spearman’s correlation analyses were used to analyze the relative abundance (%) between the specific genus in each treatment group. 0.01 < *p ≤ 0.05, 0.001 < **p ≤ 0.01, ***p ≤ 0.001. (B) The db-RDA analysis result in different groups. (C) The db-RDA analysis result of gut flora and the related factors.


For the next analysis, 13 gut bacteria showed negative correlations with TFR and positive correlations with RBC, HGB, SF, and HEPC. Among these, Christensenellaceae_R-7_group, unclassified_f_Oscillospiraceae, Prevotellaceae_UCG-003, and Colidextribacter presented significantly negative correlations (0.0001 < p < 0.001) compared to the other 9 bacteria, indicating that these microbes seemed to be closely related to the inhibition of TFR expression. Nevertheless, 8 of the 13 bacteria, including Christensenellaceae_R-7_group, norank_f_Oscillospiraceae, unclassified_f_Oscillospiraceae, Prevotellaceae_UCG-003, Colidextribacter, Roseburia, Ruminococcus, and Alloprevotella, showed significantly positive correlations with RBC, HGB, HEPC, and SF (p < 0.05). The above bacteria might offer incredible functions for the recovery of active factors. Based on these correlation data, we found that different bacteria might play different roles in regulating cytokines. For cytokines, the correlations between HGB and Christensenellaceae_R-7_group, norank_f_Oscillospiraceae, unclassified_f_Oscillospiraceae, and Prevotellaceae_UCG-003 (0.0001 < p < 0.001) were 10 times stronger than the correlations with other bacteria (0.001 < p < 0.01). Moreover, norank_f_Oscillospiraceae and unclassified_f_Oscillospiraceae (0.0001 < p < 0.001) were more focused on restoring the RBC levels than the other 5 bacterial phyla (0.001 < p < 0.05). However, for SF, only unclassified_f_Oscillospiraceae showed a more intensive correlation (p < 0.01) than the other bacteria. Next, Christensenellaceae_R-7_group, unclassified_f_Oscillospiraceae, Roseburia, and Ruminococcus were found to have obviously correlations with HEPC (0.001 < p < 0.01).

Putting aside the above phenomenon, we found that the same bacteria revealed differential correlations with different cytokines. The negative correlation parameters of Subdoligranulum and SF, RBC, and HGB (0.001 < p < 0.01) were significantly higher than the correlation with HEPC (0.01 < p < 0.05). Thus, this bacterium was able to inhibit the expression of SF, RBC, and HGB, while inhibiting the expression of HEPC. In addition, Christensenellaceae_R-7_group could reverse HGB levels more (0.0001 < p < 0.001) than the levels of SF, RBC, and HEPC (0.001 < p < 0.05). Norank_f_Oscillospiraceae also exhibited the same property (0.0001 < p < 0.001). Both unclassified_f_Oscillospiraceae and Prevotellaceae_UCG-003, restored the levels of HGB and RBC (0.0001 < p < 0.001), rather than the levels of SF and HEPC (p < 0.01). The correlation gradation of Roseburia and cytokines was RBC (p≈ 0.004) > HEPC (p≈ 0.005) > HGB (p≈ 0.007) > SF (p≈ 0.02), illustrating that these genera might be of importance in increasing the levels of RBC, HEPC, and HGB. However, Ruminococcus seemed to be more associated with the regulation of HEPC (0.001 < p < 0.01). Alloprevotella did not offer significant correlations with any of the four factors.

In addition to the above-mentioned microbiota, some probiotics were found to be associated with sporadic cytokines. Lactobacillus showed a positive correlation between RBC and HGB (0.001 < p < 0.05), and its ability to regulate RBC might be more prominent than HGB. Coriobacteriaceae_UCG-005, a Gram-negative bacterium, was significantly positively correlated with HGB and SF (p < 0.05). Coincidentally, two bacteria were negatively correlated with TFR (p < 0.05). These results suggested that Coriobacteriaceae_UCG-005 and Lactobacillus should alleviate IDA by inhibiting the expression of TFR and increasing the levels of HGB, RBC, and SF.

The distance-based redundancy analysis (db-RDA) was performed to determine whether the cytokines correlated with microbiota (Figures 5B, C). The levels of SF, HGB, RBC, and HEPC were positively associated with each other, and negatively correlated with TFR. In addition, Subdoligranulum and Christensenellaceae_R-7_group (p < 0.05) were closely associated with cytokines (p < 0.05) than the other microbiota. Thus, the Subdoligranulum and Christensenellaceae_R-7_group should be potential microbial markers for PSCP-Fe action in the treatment of IDA.




Discussion

The active peptides from natural sources, such as wheat, egg white, and soy, often carry trace elements with incredible functions (4, 34). In this study, we chose pig skin as the chelating agent of Fe2+ to obtain PSCP-Fe. A range of analytical methods was then used to determine the chelating property of PSCP and Fe2+. It was found that the surface structure of PSCP-Fe was significantly different from that of PSCP. Pore traces of PCSP-Fe were likely to be left by the chelation reaction of PSCP with Fe2+, which has been reported in previous literature (35). Peptides containing Asp, Arg, His, Glu, Cys, and Lys residues exhibit higher iron-chelating capacity. Among these, Asp and Glu are acidic amino acids that can contribute more −COO to achieve chelation with Fe2+ compared to neutral amino acids. These chelating abilities have been confirmed in Fe2+-binding peptides in whey protein hydrolysates and soy protein (34, 36). Similarly, Arg, His, and Lys are basic amino acids that can provide −NH groups to combine with Fe2+ (37). These results are similar to the observation of Greve et al. (27), Johnson et al. (29), and De la Hoz et al. (30). Interestingly, Cys has been recognized as an important amino acid that has excellent ferrous binding capacity because of its functional groups (−NH, −COO, and −SH), especially when it is derived from digested meat protein (38, 39). FTIR analysis confirmed that the functional groups of these amino acids were involved in chelation with Fe2+. The absorption bands of −NH and −COO were changed significantly, showing the authenticity of the functional groups involved in the chelation reaction.

An early meta-analysis revealed that 42.7% of women in developing countries experience anemia during pregnancy, which is associated with a significantly higher risk of low birth weight in infants (40). Underweight and malnourished infants and toddlers are more susceptible to IDA. In this experiment, 4-week-old SD rats (weighing 110 g) were equivalent to a 4–6-years-old human child,2 and thus, were used to evaluate the effect of PSCP-Fe against IDA. The levels of RBC, HGB, HCT, MCV, and MCH in the blood can provide diagnostic evidence of IDA. We found that the low-Fe2+ diet could indeed cause significant changes in the above parameters (p < 0.05), while PSCP-Fe could reverse their deficiencies (p < 0.05). These results indicated that PSCP-Fe may treat IDA by interfering with the production of HGB and RBCs.

In addition, the levels of the secreted factors, including HEPC, TFR, and SF, were determined. HEPC is an antimicrobial peptide found in blood and urine. It is predominantly expressed in the liver and is regulated based on the hepatic iron stores (41). TFR is a liver-derived protein that can bind up to two iron atoms. Iron-laden transferrin delivers the metal to most cells upon binding to TFR (42). TFR mediates cellular iron uptake through clathrin-dependent endocytosis of iron-loaded transferrin, thus playing a key role in iron homeostasis. Moreover, SF is synthesized by the liver and can transport iron to all tissues through an affinity reaction, while transporting excess iron to the liver for storage. SF level is also widely measured as an indicator of iron status (43). The present study showed that PSCP-Fe could significantly increase the levels of HEPC and SF, while downgrading the levels of TFR (p < 0.05) compared to untreated IDA rats; its effect was thus better than FeSO4. These results were similar to the observations of Mantadakis et al. (3) and Xiao et al. (44). Certainly, the colonic damage caused by additive should not be ignored. The free Fe2+ can cause side effects, such as colon and liver damage and inflammation. Compared with the free Fe2+, the chelate of peptide and Fe2+ shows miraculous stability in a series of biomimetic experiments, and this chelate can only be degraded reluctantly in the duodenum. This suggests that the destruction of colon and intestine by chelate of Fe2+ and peptide is negligible (45, 46). In this research, we found that PSCP-Fe was beneficial to the colon or caused less irritation to the intestinal tract, and the reversal was much better than FeSO4, which was recommended by pharmacopeias and food additive regulations in many countries. These results indicated the security of PSCP-Fe. Surprisingly, in histopathology experiments, more Fe2+ was noted to be transported to the liver after supplementation by PSCP-Fe, confirming the therapeutic effect on IDA. Two possible mechanisms for the enhancement effect of peptides in the non-heme Fe2+ bioavailability have been reported, on the one hand, the peptide can intercept the incorporation between Fe2+ and non-nutritional factors in diet, such as phatic acid, oxalate or tannin. On the other hand, peptide can increase Fe2+ absorption by maintaining the morphology of Fe2+ and enhancing chelating capacity with Fe2+ (47). However, the role of PSCP in Fe2+ absorption was ambiguous in this study. In addition, whether the gut microbiota is related to the absorption of PSCP-Fe was not discussed in this study. These problems will be deeply dissected in our next work.

Neurological analysis suggested that the key role of iron absorption should be the intestinal solubility of oral iron (48). Gut microbiota is critical for maintaining iron homeostasis in the intestine. Escherichia, Salmonella, Faecalibaculum, and Vibrio cholerae have reported the ability to lock iron by generating siderophores, therefore, iron from daily diets cannot be transported into the circulatory system, leading to IDA (49). In addition, the imbalance in iron content caused by intestinal flora may increase the levels of fecal calprotectin, which is released by neutrophils and phagocytes, causing inflammation of the intestine (50). Specific bacterial genera that mediate the development of intestinal inflammation, such as Adlercreutzia, Coriobacteriaceae, Faecalibaculum, and Clostridium, can release many harmful metabolites (e.g., secondary bile salts, hydrogen sulfide, and indoles), accelerating inflammation and cancer-induction in intestinal tissue (51). These pathological conditions may also reduce the expression of the duodenal cytochrome B (DcytB) and divalent metal transporter 1 (DMT1) by disrupting the intestinal mechanical barrier, and their coupled action is required for Fe2+ absorption. It must be noted that the above bacteria are able to restrain the conversion of Fe3+ to Fe2+ by mediating intestinal pH, indirectly causing Fe2+ deficiency in vivo. In addition, the zonula occludens-1 (ZO-1) and occludin, which reflect the integrity of the intestinal mechanical barrier, can also be destroyed due to long-term erosion by harmful bacteria and their metabolites. In this case, lipopolysaccharide (LPS) entering the body can lead to tissue inflammation by increasing inflammatory factors, such as interleukin 6 (IL-6), interleukin 10 (IL-10), and tumor necrosis factor α (TNF-α). The latter activates the TLR/NF-κB pathway and inhibits the differentiation of immune cells, such as Thr17 and NK (52). Figure 6 shows the intervention mechanism of PSCP-Fe on IDA rats. In this study, we found that a low-Fe2+ diet altered the structure of gut microbiota and increased the relative abundances of Lachnoclostridium, Adlercreutzia, Faecalibaculum, Coriobacteriaceae_UCG-002, and Subdoligranulum, which is consistent with the literature (53). Some beneficial bacteria were also recovered by administering PSCP-Fe. Probiotics can alleviate IDA by making use of compound pathways that promote Fe2+ absorption. For instance, bacteria that produce (SCFAs) and lactic acid derivatives can restore the pH of the intestinal lumen, thereby promoting the conversion of Fe3+ to Fe2+, and they can also repair intestinal tissue and up-regulate the expression of related receptors to increase Fe2+ absorption. Surprisingly, SCFAs can inhibit the spread of LPS, and thus, eliminate inflammation. Here, PSCP-Fe increased the relative abundances of Blautia, Alloprevotella, Ruminococcus, Oscillospiraceae, Prevotellaceae_UCG-003, Roseburia, norank_f_Ruminococcaceae, and Christensenellaceae_R-7_group, which are producers of SCFAs, including butyric acid, propionic acid, and acetic acid. A previous report has indicated that Lactobacillus, which is the main probiotic found in human microbiota, exhibits a remarkable Fe3+-reducing activity due to its metabolite, P-hydroxyphenyllactic acid, and increases Fe2+ absorption through DMT1. Coincidentally, PSCP-Fe increased the relative abundance of Lactobacillus in IDA rats. Liver histopathology should reveal liver damage caused by harmful bacteria and their metabolites, along with injury to intestinal tissue. After PSCP-Fe treatment, the relative abundances of beneficial bacteria were positively correlated with iron enrichment and tissue repair. The fortification of iron also contributes to the reduction in beneficial bacteria and is directly associated with intestinal inflammation. However, beneficial bacteria did not decrease upon intervention with PSCP-Fe, demonstrating the safety of PSCP-Fe and the potential activities of PSCP.
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FIGURE 6
Intervention mechanism of PSCP-Fe on IDA rats.


Red blood cells, HGB, and SF are important indicators of iron in the body. HEPC and TFR are critical parameters for iron homeostasis and immune response in vivo. The Spearman correlation analysis was utilized to determine whether the five factors were associated with differential microflora. Five gut bacteria were positively correlated with TFR, and 13 gut bacteria showed positive correlations in RBC, HGB, SF, and HEPC. Subdoligranulum and Christensenellaceae_R-7_group were more closely related to the above five factors. Subdoligranulum is a butyric acid-producing bacteria, which plays an important role in alleviating obesity and Type-2 diabetes (54). However, we found that this bacterium did not increase iron content in the body by producing butyric acid; instead, it promoted iron release based on the positive correlation with TFR, highlighting its indistinct function in Subdoligranulum. Conversely, Christensenellaceae_R-7_group, which is known as special probiotics, has also been related to a healthy status in the context of different diseases, including obesity and inflammation. In a study on intestinal inflammation, Christensenellaceae _R-7_group remained depleted in individuals with Crohn’s disease (CD) and ulcerative colitis (UC), which are two major subtypes of inflammatory bowel disease (IBD) (55). Therefore, Christensenellaceae _R-7_group may increase Fe2+ absorption by repairing intestinal mucosa and upregulating receptor expression. These changes would in turn alleviate the low levels of HGB, RBC, and SF caused by IDA. This group can also up-regulate the expression of certain factors and increase HEPC levels. However, the mechanisms behind these changes have not yet been revealed, and the correlation between Christensenellaceae _R-7_group, PSCP and Fe2+ has been also hidden. Therefore, the relevant problems should be studied in follow-up experiments.
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Introduction: Tiger nut (TN) is recognized as a high potential plant which can grow in well-drained sandy or loamy soils and provide food nutrients. However, the overground tubers of TN remain unutilized currently, which limits the value-added utilization and large-area cultivation of this plant.

Methods: In the present study, the overground tubers of TN were subjected to enzymatic hydrolysis to produce fermentable sugars for biofuels production. Steam explosion (SE) was applied to modify the physical-chemical properties of the overground tubers of TN for enhancing its saccharification.

Results and discussion: Results showed that SE broke the linkages of hemicellulose and lignin in the TN substrates and increased cellulose content through removal of hemicellulose. Meanwhile, SE cleaved inner linkages within cellulose molecules, reducing the degree of polymerization by 32.13–77.84%. Cellulose accessibility was significantly improved after SE, which was revealed visibly by the confocal laser scanning microscopy imaging techniques. As a result, enzymatic digestibility of the overground tubers of TN was dramatically enhanced. The cellulose conversion of the SE treated TN substrates reached 38.18–63.97%, which was 2.5–4.2 times higher than that without a SE treatment.

Conclusion: Therefore, SE pretreatment promoted saccharification of the overground tubers of TN, which paves the way for value-added valorization of the TN plants.

KEYWORDS
 lignocellulosic biomass, tiger nut, enzymatic hydrolysis, steam explosion pretreatment, biorefinery


Introduction

Energy security is essential for the development of global economy. Traditional fossil fuels (e.g., oil, coal) are still the main energy sources in the world currently. However, the consumption of fossil fuels leads to severe environmental deterioration (1). Broad consensus on fossil fuel reduction and pollution minimization stipulates great research interest to renewable fuels (2). Nearly all cellulose is produced by photosynthetic higher plants and algae in the nature, and is considered to participate in the most vital global carbon flows. Additionally, cellulose is the only origin of “green” fixed carbon source and widely available worldwide (3). Biofuels from inedible cellulose are deemed as clean and renewable alternatives to the traditional fossil fuels, which mitigate climate change and reduce greenhouse gas emission. Commercial biofuels require cheap resources that are easy to harvest and collect. Tiger nut (Cyperus esculentus L., TN), a Corsa sedge genus perennial herb, is dated back to ~4,000 years ago and now widely cultivated in the tropic or temperate regions, with an annual mass of 9,000 metric tons (4). TN can be a major grower in well-drained sandy or loamy soils to achieve a high productivity and economic efficiency. The underground tubers of TN contain unsaturated fatty acids, protein, and vitamin E, which are commonly regarded as a “health” food. However, there is seldom report regarding the utilization of the overground tubers, despite more than 90 cm in height of the solitary stems growing from a tuber. Overground tubers of TN represent promising resources for biofuels production.

The key step in biofuels production is to release fermentable sugars form cellulose with economic competitiveness (5). Compared to chemical strategies, biological conversion of cellulose exhibits more attractiveness owing to the lower energy input and less environment pollution (6). Enzymatic hydrolysis of cellulose needs valid binding between the surface of substrate and cellulase. Cellulose is a linear polymer condensed by D-anhydroglucopyranose through β-1,4-glycosidic bonds, which exists as successive and stacked sheets of anhydroglucopyranose on top of each other, forming a three-dimensional particle. This particle exhibits distinct “faces” that interact with the aqueous environment and enzymes (7). The “faces” can be deemed as both external and internal surfaces. The former is closely related to crystallinity index (CrI), degree of polymerization (DP), and pore size, whereas the latter is correlated with shape or particle size. For example, it is reported that crystalline cellulose hydrolysis rates are commonly 3–30 times faster than amorphous cellulose (8). Additionally, other components, such as hemicellulose, lignin, and pectin, are commonly interconnected through non-covalent and covalent linkages, forming a complicated structural and chemical network coats the “faces” or generates non-productive enzyme binding. This physical and chemical complexity makes cellulose recalcitrant to enzymatic hydrolysis. Additionally, the recalcitrance presents substantial differences according to different biomass, organs, and maturity stages. Therefore, establishing appropriate pretreatment and saccharification technologies to improve the cellulose accessibility to cellulases is significantly important for enhancing the enzymatic digestibility.

Pretreatment is considered to be a foundational step to efficiently facilitate enzymatic hydrolysis through removing stubborn components and deconstructing lignocellulosic matrix, which is also a key criterion to determine economic viability of large-scale industrialization (9). Steam explosion (SE), a kind of mechanico-physico-chemical pretreatment, is becoming one of the most commonly used technologies with huge commercial potential, because it needs low capital investment and energy requirements (10). Also, SE is a clean process without any chemical addition. During the SE process, the sample is treated by saturated steam at high temperature and pressure for a short duration time (cooking stage), during which the hydrolytic breakdown occurs. And then a sudden pressure drop (decompression phase) occurs, which results in a vapor expansion inside the “capillary-like” structures and a dislocation of the fibrous structure. SE has been proven efficient for fractionating a broad range of lignocellulosic feedstock, including wheat straw, sugarcane bagasse, and corn stover. The byproducts could be generated during the SE process, which could be toxic for the following valorization processes. These inhibiting compounds are divided into three main groups: weak acids, furan derivatives, and phenolic compounds (11). In detail, acetic acid is formed from hemicellulose, which further reduces the pH of the cooking liquor. The low pH and high temperature during SE could promote monosaccharide degradation to generate furfural, 5-hydroxymethylfurfural (HMF), and levulinic acid. The phenolic compounds are formed from lignin degradation (12). Our previous studies have shown that the redistribution of lignin facilitates the enzymatic digestibility of cellulose (13). However, the precise mechanism from an integral sense, especially, the influence of lignin distribution around the surface of cell wall caused by SE pretreatment on the cellulose accessibility remains ambiguous. To the best of our knowledge, SE pretreatment of TN biomass is seldom studied. In order to facilitate the value-added utilization of the TN plants, SE was applied to modify the physical-chemical properties of the overground tubers of TN. The chemical compositions and physical parameters (e.g., CrI and DP) were measured to investigate the influences of SE on the TN substrates. Meanwhile, the morphological changes of the TN materials during SE processes were also analyzed. Enzymatic digestibility performance of raw and pretreated TN was compared to examine the effects of SE on saccharification efficiency. These findings from the present research would shed some light on the mechanisms of SE pretreatment and promote the valorization of TN biomass.



Materials and methods


Lignocellulosic materials and chemicals

The TN used in this study was cultivated in an experimental field of Inner Mongolia Academy of Agricultural & Animal Husbandry Sciences, China, and was harvested in September 2021. The overground tubers were collected, washed to remove impurity, and air-dried to constant weight. Cellulase cocktail (Trichoderma viride G) with average activity of 90.3 filter paper unit per gram was provided by Shanghai Yuanye Co., Ltd. Other chemicals (analytic grade) were purchased from Huhhot Shengkang Biotechnology Company, China.



Steam explosion pretreatment

The dried overground tubers of TN was chopped to smaller sizes (~10 cm in length) and pre-soaked in water with a solid-liquid ratio of 1:10 (w/v) overnight to guarantee the saturation moisture. The saturated sample was drained off and placed into the SE equipment (Hebi Company, China) which consisted of a steam generator, a 400 mL reaction cylinder, and a collecting tank. As shown in Table 1, four conditions with different severity factor (SF) were selected to obtain various pretreated TN (PTN). SF of each condition was determined according to equation developed by Melissa (14), shown below:

[image: image]


TABLE 1 Conditions for SE pretreatment.
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Where t is the residence time, min; and T is the holding temperature, °C.

After each pretreatment, the PTN was washed in a water bath with a solid-liquid ratio of 1:10 (w/v) at room temperature for 30 min to remove the soluble compounds and then oven-dried at 63°C to a constant weight. The other saturated sample without a SE pretreatment was also oven-dried at 63°C to a constant weight and named as unpretreated TN (UTN). The PTN and UTN were shredded to powders with a particle size of 0.42–0.88 mm. Three repetitions were performed for each treatment.



Chemical analysis
 
Composition analysis

The lignin and monomeric sugars in solid samples were analyzed using two-stage acid hydrolysis method recommended by National Renewable Energy Laboratory (15). The concentration of monosaccharides were analyzed through HPLC system equipped with a Bio-Rad Aminex HPX-87H column, with 5 mM sulfuric acid as mobile phase, eluted flow rate of 0.6 mL/min, and column temperature of 50°C.



Fourier transform infrared spectroscopy

The Infrared spectra of PTN and UTN in the region 4,000–400 cm−1 were obtained by FTIR spectrophotometer (IR-Affinity-1S, Shimadzu) in transmission mode, with 4 cm−1 resolution and 32 scans at room temperature. Milled sample powder (1 mg, 60 mesh) was mixed with of KBr (50 mg, spectrum grade) and pressed into a pellet. The characteristic bands were identified and analyzed according to literatures (16).




Physical analysis
 
Cellulose accessibility

The cellulose accessibility of various solid substrates was determined with the theoretical maximum adsorption amount of Congo Red (17). Precise 200 mg of dry sample was incubated with 4 mL of dye sodium citrate buffer (50 mM, pH 4.8) in a 10 mL centrifuge with gentle agitation at 50°C for 24 h. After centrifugation at 6,200 × g for 10 min, the absorbance of the supernatant was measured using UV-visible spectrophotometer (UV-1780, Shimadzu, Japan) at 498 nm. The adsorption isotherm was determined in duplicate with a series of increasing dye concentrations (0, 0.1, 0.5, 2.0, 3.0, and 4.0 g/L) and fitted by linear regression in Excel.



X-ray diffraction

The XRD patterns of various samples were detected on a X-ray diffractometer instrument (X'Pert PRO, PANalytical) using Cu Kα radiation (k = 1.54 Å), with a scattering angle (2θ) ranging from 5° to 40° and scanning increments of 0.02°, at 40 kV and 30 mA. The crystallinity index (CrI) was calculated as follows (18).

[image: image]

Where I002 represents the peak intensity of the crystalline area of the biomass in approximate 2θ between 22° and 23°; Iam represents the minimum intensity of the amorphous area in ~2θ between 18° and 19°.




Microscope imaging analysis

Transverse sections (12 μm) of various samples were obtained by cryostat (Leica, RM2015) at −20°C. Whole and uniform sections were maintained on a glass slide and observed by confocal laser scanning microscopy (CLSM, NIKON, AIR) with the identical condition: 20 × /1.40 NA Plan-Apochromatic objective lens, laser source at 20% power, and pinhole size of 1 AU. Excitation was conducted using a wavelength of 405 nm for lignin autofluorescence, and emissions 410–480 nm (blue fluorescence) was collected. At least five images for each sample were collected.



Enzymatic hydrolysis

Enzymatic hydrolysis was carried out with a cellulase loading of 20 FPU/g in 100 mL Erlenmeyer flasks containing 2 g of solid substrate and 40 ml of sodium citrate buffer (50 mM, pH 4.8, supplementing with 0.01 g/mL sodium azide) in a water–bath. The Erlenmeyer flasks were incubated in a shaker at 50°C and shaken at 150 rpm for 48 h. The generated glucose in enzymatic hydrolysates was analyzed on HPLC. The cellulose conversion based on cellulase mediated hydrolysis was used to express the enzymatic digestibility, which is calculated as the following Equation (19).
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Where mg and mc represents the amount of generated glucose and cellobiose during the enzymatic hydrolysis, respectively; 0.9 and 0.95 represents the conversion factor for glucan to glucose and cellobiose to glucose, respectively; m represents the amount of cellulose in substrate.




Results and discussion


Chemical properties of raw and pretreated tiger nut
 
Chemical composition

Chemical composition is of great interest as it relates to the pretreatment effectiveness and further conversion performance (20). It was found that the glucan content increased from 20.51% (UTN) to 38.22% (SF = 4.19) with the increment of SF (Figure 1), which was beneficial for increasing the cellulose accessibility and enhancing the enzymatic hydrolysis performance. In contrast, the xylan content gradually decreased from 15.96 to 6.97%, and the declining trend was not obvious when the SF reached 4.15. The results showed that SE removed hemicellulose significantly from the solid biomass materials. The xylan content decreased from 14.51 to 3.51% in the solid substrates as the SE severity increased. Eom and coworkers also reported that SE pretreatment degraded hemicellulose within rubber wood biomass, which was in line with the results in the present study (21). Lignin generally acts as a physical barrier or irreversibly adsorbs cellulases to prevent cellulose hydrolysis (22). However, inconsistent trend of lignin content during SE is often reported. Most published literatures reported that lignin content increased in the SE treated biomass substrates. For example, Nasir et al. found that the lignin content increased by 25.85% in the SE (1.0 MPa, 184°C, 15 min) treated corn stover (23). Whereas, the other party assumed the decreased results of lignin contents during the SE. Besserer and coworkers reported a delignification of 3 to 75% with an average of ~25% after SE treatments on Aucoumea klaineana Pierre sapwood based on both the microscopical data and chemical analysis (24). The lignin profiles after SE pretreatment was investigated in the present study to reveal the effects of SE on TN lignin. Results showed that the lignin content within PTN increased after SE pretreatment. It was deduced that lignin content variation might depend on the SE pretreatment time and temperature. Overall, SE pretreatment altered the compositions of TN materials, which should influence the subsequent enzymatic digestibility performance.
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FIGURE 1
 Compositions of TN before and after SE pretreatment.




FTIR spectra

The FTIR spectra in band shapes of UTN and PTN samples were presented and compared to clarify the details of chemical variations, especially for the representative spectral region of 1,800–800 cm−1. As shown in Figure 2, there was a significant peak at 3,356 cm−1 (O–H bending in polysaccharides) in all samples, indicating the preservation of cellulose. The mild decrease in the band at 898 cm−1 (β-glucosides in cellulose) after SE treatments suggested the breakage of β-1,4 glycosidic bonds in cellulose. Our previous study found that SE could depolymerize cellulose in the wheat bran to release glucose, which benefited to the subsequent biological conversion (25). The disappearance of the band near 1,732 cm−1 (C=O stretching in hemicellulose) and 1,249 cm−1 (C–O stretching hemicellulose and syringyl ring in lignin) implied the degradation of hemicelluloses and breakage of lignin and hemicellulose, which was in line with the results of hemicellulose content decrease. Slight and continuous increase in the band near 1,109 cm−1 (C–OH skeletal vibration) and 1,060 cm−1 (C–O deformation vibration in secondary alcohols or aliphatic ethers) suggested the chemical modification of lignin. Maniet and coworkers systematically investigated the influences of SE on lignin structure and revealed that an increase of the SE intensity induced β-O-4 and spirodienone substructure degradations, increase in COOH content and phenolic OH bonds, decrease of aliphatic OH ferulate and p-coumarate bonds, and changes in subunits proportions within the organosolv fescue lignin (26). Lignin degradation is an essential step for its bioconversion. Therefore, the SE treated lignin might be suitable for biological valorization for producing value-added products (e.g., lipids and polyhydroxyalkanoates). As the degradation of hemicellulose and lignin was observed, the inhibiting compounds should be generated during the SE treatment. Fortunately, these inhibitors can be removed effectively by facile detoxification methods (e.g., water-washing and drying). Li and Chen reported that water-washing removed 81% of the furfural and 85% of the phenol compounds from SE treated corn straw and hot air-drying can obtained 46% of the furfural removal and 8.1% of the phenol compounds removal, respectively (27). In the present study, the PTN samples were washed in a water bath with a solid-liquid ratio of 1:10 (w/v) at room temperature for 30 min and then oven-dried at 63°C to a constant weight to eliminate the influence of the inhibiting compounds on the following biological valorization processes. Overall, SE removed hemicellulose and broke the linkages of lignin, which mitigated the recalcitrance of the TN biomass to cellulases.
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FIGURE 2
 FTIR spectra of TN before and after SE pretreatment.





Physical properties of raw and pretreated tiger nut

Cellulose consists of crystalline and amorphous component. Additionally, the lignin and hemicellulose were deemed as amorphous components. XRD patterns depicted typical cellulose Iβ allomorphs in the samples regardless of SE pretreatments. The CrI of UTN (54.15%) was lower than that of PTN samples which ranged from 58.25 to 61.33% (Figure 3). This result revealed the disintegration of the amorphous components (e.g., hemicellulose, lignin, and extractives) by the SE treatments. Ying et al. also found that the degradation of hemicellulose in poplar by an acetic acid hydrolysis pretreatment resulted in an increase of the CrI value, which is in accordance with the present work (28). No significant increase in CrI of PTN was observed as the SF increased from 3.29 to 4.19. This indicated that the crystalline component became correspondingly more exposed despite of little disruption of hydrogen bonds within cellulose, which was responsible for the cellulase adsorption. Cellulose accessibility (CA) correlating to the adsorption behavior of cellulase directly impacts the sugar release. CA increased from 253.53 in UTN to 488.10 of PTN (SF = 4.19) as the severity of SE pretreatment increased, which can be primarily attributed to that the SE allows hemicelluloses solubilization and opens the lignocellulosic structure (26, 29). Thus, SE pretreatment enhanced the accessibility of the cellulose, which could subsequently promote the enzymatic digestibility. An obvious decrease of degree of polymerization (DP) was observed, in detail, the DP decreased from 839.85 (UTN) to 186.08 (SF = 4.19), which represented a 77.84% reduction of cellulose DP. This result suggested the breakage of inner linkages within cellulose chains during the SE process. This was aligned with the above hypothesis that SE could not only degrade the amorphous component but also destroyed basic bonds in cellulose, which resulted in the depolymerization and exposure of the cellulose (30). Huang and coworkers also reported a decrease of cotton stalk cellulose DP by 50–65% after SE (SF = 4.22). Furthermore, they found that the reduction of DP was one of the main factors enhancing the enzymatic hydrolysis (31). Overall, these physical parameter changes of TN suggested that more accessible substrates for enzymatic hydrolysis were presented by the SE pretreatment.


[image: Figure 3]
FIGURE 3
 Physical properties of TN before and after SE pretreatment. Bars followed by the different superscripts (a–e) show significant difference (p < 0.05) according to the Duncan's multiple range test.




Morphological properties of raw and pretreated tiger nut

Morphological alterations of TN during the SE pretreatments were observed using the CLSM imaging techniques. Visual observation suggested that the PTN samples were darker compared to UTN and slightly agglomerated but readily divided (Figure 4). Also, the UTN had rigid and smooth fibers, whereas the PTN looked porous, rough, irregular, and defibrillated. Color variation is a primary indicator of chemical variations in the lignocellulosic biomass. Similar results were also obtained from the SO2-catalyzed steam treated softwood pellets (32). The enhanced darkness was associated with surface burning and dissolution of extractives, lignin, and hemicellulose, which resulted in the destruction in mechanical strength and dimensional stability, providing readily degraded substrates for enzymes (33).


[image: Figure 4]
FIGURE 4
 Photos (top) and CLSM images of TN before and after SE pretreatment. Red was cellulose labeled with Congo. Scale bar = 100 μm.


Based on the microscopic inspection, it was found that SE pretreatment destroyed the rigid structure and dislocated the cell wall. Specially, dramatic structure changes were observed after SE pretreatment with a higher severity. In detail, during the high temperature cooking stage of the SE, the high temperature steam softened the TN biomass matrix structure. Meanwhile, hemicellulose was hydrolyzed by acetic acid derived from acetyl groups and/or other acids. Some inner linkages of lignin were destroyed and cellulose binding was reduced (34). During the subsequent instantaneous decompression stage, the structure of TN substrates was destroyed by the combined effects of water flashing and volume expansion. Furthermore, the TN biomass materials knocked against the inner-wall of the instrument and collided each other, resulting in a destroyed matrix structure of the biomass (30). As shown in Figure 4, when SF reached 4.15 or larger, the TN matrix was disrupted significantly. Therefore, SE treatment reduced the recalcitrance and presented a easily accessible TN substrate for the enzyme attack.

Furthermore, The CLSM images showed that almost no Congo Red was absorbed by the UTN. This phenomenon demonstrated that the cellulose was difficult to access in the raw TN materials, which also confirmed the recalcitrance in the natural plants (35). With the SF increase, it is interesting to note that the signal intensity of Congo Red became stronger. This result suggested that more cellulose were exposed as the SE severity increased. Accordingly, the cellulose could be more accessible by the cellulase, which was in line with the result that CA increased with the SF increase. The CLSM imaging techniques provided a more visible observation and easy understanding regarding the cellulose expose by the SE treatments (36). Therefore, SE pretreatment destructed the rigid structure and exposed cellulose in TN materials, which could facilitate the subsequent saccharification.



Enzymatic digestibility performance of raw and pretreated tiger nut

Cellulase was added to the TN substrates regardless of SE pretreatments to release fermentable sugars that can be further used for biofuels production. Previous study reported that a cellulase loading of 20 FPU/g was beneficial to the enzymatic hydrolysis (37). To investigate the effects of SE pretreatment on saccharification of TN biomass, enzymatic hydrolysis was conducted for 48 h with an enzyme loading of 20 FPU/g. As shown in Figure 5, the cellulose conversion of UTN was merely 15.39%. With the SF increased during the SE pretreatment, the cellulose conversion of PTN ranged from 38.18 to 63.97%, which was 2.5–4.2 times larger than that of the UTN. These results implied that SE significantly improved the cellulose conversion efficiency. Interestingly, the difference of cellulose conversion between PTN with SF of 3.89 (1.5 MPa, 10 min) and PTN with SF of 4.15 (1.8 MPa, 10 min) was not significant. Whereas, the cellulose conversion of PTN with SF of 4.19 (1.5 MPa, 20 min) reached 63.97%. These results suggested that the longer boiling time presented more significant impact on enzymatic digestibility than the higher boiling temperature during the SE process. Overall, SE broke the linkages of hemicellulose and lignin and increased the cellulose content within the solid TN substrates. Meanwhile, SE disrupted inner linkages within cellulose chains, reducing the degree of polymerization. As a result, cellulose after SE treatment was more easily accessible by the enzymes (38). Also, the smaller cellulose molecules were more readily degraded, resulting in a significantly improved saccharification efficiency. Enzymatic hydrolysis of cellulose to release fermentable sugars is a prerequisite determining the bioethanol production. Enzymatic digestibility is a significant indicator to evaluate the biorefinery performance of plant materials. For example, Liu et al. examined the enzyme digestibility of corn stover with different particle size to choose the optimal particle size for corn stover biomass utilization. It was found that the utilization of larger biomass particles was desirable for biofuels production and reduced process cost (39). In the present study, the enhanced enzymatic digestibility performance of the steam explosion treated TN demonstrated great potential for the value-added utilization of TN for a biorefinery scenario.


[image: Figure 5]
FIGURE 5
 Cellulose enzymatic hydrolysis performance of TN before and after SE pretreatment. Bars followed by the different superscripts show significant difference (p < 0.05) according to the Duncan's multiple range test.





Conclusion

TN grows well in well-drained sandy or loamy soils. The overground tubers of TN represent promising resources for biorefineries. By applying a steam explosion pretreatment, physical-chemical properties of the overground tubers of TN was significantly improved for facilitating the enzymatic hydrolysis to release fermentable sugars. In particular, SE increased cellulose content through removing the hemicellulose from the solid biomass. Moreover, SE reduced the degree of polymerization and improved the accessibility of cellulose, which benefited to the enzymatic adsorption and digestibility. The saccharification efficiency of the TN substrates was significantly enhanced by the SE pretreatment. Therefore, SE is an effective method for promoting the valorization of TN biomass toward a sustainable bioenergy production.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.



Author contributions

Z-MZ: writing and editing. WY: methodology, investigation, and formal analysis. CH: investigation and data curation. JL: investigation. HX: review and editing. DZ: review, editing, and funding acquisition. GL: conceptualization, design, and writing. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the National Key Research and Development Program of China (2019YF0507604) and the Science and Technology Planning Proiect of Inner Mongolia Autonomous Region, China (2021GG0212).



Acknowledgments

The authors would like to express thanks to Prof. Guangpeng Li and Yuyin Bao for their constructive direction and kind assistance.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Raud M, Kikas T, Sippula O, Shurpali NJ. Potentials and challenges in lignocellulosic biofuel production technology. Renew Sust Energ Rev. (2019) 111:44–51. doi: 10.1016/j.rser.2019.05.020 

 2. Velvizhi G, Balakumar K, Nagaraj PS, Ahmad E, Pant KK, Tejraj M, et al. Integrated biorefinery processes for conversion of lignocellulosic biomass to value added materials: paving a path towards circular economy. Bioresource Technol. (2022) 343:126151. doi: 10.1016/j.biortech.2021.126151

 3. Lin CY, Lu C. Development perspectives of promising lignocellulose feedstocks for production of advanced generation biofuels: a review. Renew Sust Energ Rev. (2021) 136:110445. doi: 10.1016/j.rser.2020.110445 

 4. Elena SZ, Juana FL, Jose APA. Tiger nut (Cyperus esculentus) commercialization: health aspects, composition, properties, and food applications. Compr Rev Food Sci F. (2012) 34211:366–377. doi: 10.1111/j.1541-4337.2012.00190.x 

 5. Zerva A, Pentari C, Ferousi C, Nikolaivits E, Karnaouri A, Topakas E. Recent advances on key enzymatic activities for the utilisation of lignocellulosic biomass. Bioresource Technol. (2021) 342:126058. doi: 10.1016/j.biortech.2021.126058

 6. Zhao L, Sun ZF, Zhang CC, Nan J, Ren NQ, Lee DJ, et al. Advances in pretreatment of lignocellulosic biomass for bioenergy production: challenges and perspectives. Bioresource Technol. (2022) 343:126123. doi: 10.1016/j.biortech.2021.126123

 7. Zhang YHP, Lynd LR. Toward an aggregated understanding of enzymatic hydrolysis of cellulose: noncomplexed cellulase systems. Biotechnol Bioeng. (2004) 88:797–824. doi: 10.1002/bit.20282

 8. Lynd LR, Weimer PJ, Van ZWH. Pretorius IS. Microbial cellulose utilization: fundamentals and biotechnology. Microbiol Mol Biol. (2002) 66:506–77. doi: 10.1128/MMBR.66.3.506-577.2002

 9. Mankar AR, Pandey A, Modak A, Pant KK. Pretreatment of lignocellulosic biomass: a review on recent advances. Bioresource Technol. (2021) 334:125235. doi: 10.1016/j.biortech.2021.125235

 10. Sarker TR, Pattnaik F, Nanda S, Dalai AK, Meda V, Naik S. Hydrothermal pretreatment technologies for lignocellulosic biomass: a review of steam explosion and subcritical water hydrolysis. Chemosphere. (2021) 284:131372. doi: 10.1016/j.chemosphere.2021.131372

 11. Hu BB, Wang JL, Wang YT, Zhu MJ. Specify the individual and synergistic effects of lignocellulose-derived inhibitors on biohydrogen production and inhibitory mechanism research. Renew Energ. (2019) 140:397–406. doi: 10.1016/j.renene.2019.03.050 

 12. He J, Huang CX, Lai C, Huang C, Li X, Yong Q. Elucidation of structure-inhibition relationship of monosaccharides derived pseudo-lignin in enzymatic hydrolysis. Ind Crop Prod. (2018) 113:368–75. doi: 10.1016/j.indcrop.2018.01.046 

 13. Li GH, Zhang Y, Zhao C, Xue HT, Yuan L. Chemical variation in cell wall of sugar beet pulp caused by aqueous_ammonia pretreatment influence enzymatic digestibility of cellulose. Ind Crop Prod. (2020) 155:112786. doi: 10.1016/j.indcrop.2020.112786 

 14. Melissa CES, Douglas HF, Pellegrini VOA, Francisco EGG, Eduardo RA, Pereira RL, et al. Physical techniques shed light on the differences in sugarcane bagasse structure subjected to steam explosion pretreatments at equivalent combined severity factors. Ind Crop Prod. (2020) 158:113003. doi: 10.1016/j.indcrop.2020.113003 

 15. Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D, et al. Determination of Structural Carbohydrates and Lignin in Biomass; Laboratory Analytical Procedure (LAP) (Technical Report) NREL/TP-510-42618. 

 16. Song WP, Peng LC, Bakhshyar D, He L, Zhang J. Mild O[[sb]]2[[/s]]-aided alkaline pretreatment effectively improves fractionated efficiency and enzymatic digestibility of napier grass stem towards a sustainable biorefinery. Bioresource Technol. (2021) 319:124162. doi: 10.1016/j.biortech.2020.124162

 17. Inglesby MK, Zeronian SH. Direct dyes as molecular sensors to characterize cellulose substrates. Cellulose. (2002) 9:19–29. doi: 10.1023/A:1015840111614 

 18. Jin KX, Kong LG, Liu XG, Jiang ZH, Tian GL, Yang SM, et al. Understanding the xylan content for enhanced enzymatic hydrolysis of individual bamboo fiber and parenchyma cells. Acs Sustain Chem Eng. (2019) 7:18603–11. doi: 10.1021/acssuschemeng.9b04934 

 19. Li GH, Chen HZ. Synergistic mechanism of steam explosion combined with fungal treatment by Phellinus baumii for the pretreatment of corn stalk. Biomass Bioenerg. (2014) 67:1–7. doi: 10.1016/j.biombioe.2014.04.011 

 20. Zhao JK, Yang Y, Zhang M, Rice CW, Wang DG. Elucidating thermochemical pretreatment effectiveness of different particle-size switchgrass for cellulosic ethanol production. Biomass Bioenerg. (2022) 164:106561. doi: 10.1016/j.biombioe.2022.106561 

 21. Tokla E, Sumate C, Boonya C. Enhanced enzymatic hydrolysis and methane production from rubber wood waste using steam explosion. J Environ Account Ma. (2019) 235:231–9. doi: 10.1016/j.jenvman.2019.01.041

 22. Huang CX, Jiang X, Shen XJ, Hu JG, Tang W, Wu XX, et al. Lignin-enzyme interaction: A roadblock for efficient enzymatic hydrolysis of lignocellulosics. Renew Sust Energ Rev. (2022) 154:111822. doi: 10.1016/j.rser.2021.111822 

 23. Nasir A, Chen HZ, Wang L. Novel single-step pretreatment of steam explosion and choline chloride to de-lignify corn stover for enhancing enzymatic edibility. Process Biochem. (2020) 94:273–81. doi: 10.1016/j.procbio.2020.04.036 

 24. Besserer A, Obame SN, Safou TR, Saker S, Ziegler DI, Brosse N. Biorefining of aucoumea klaineana wood: Impact of steam explosion on the composition and ultrastructure the cell wall. Ind Crop Prod. (2022) 177:114432. doi: 10.1016/j.indcrop.2021.114432 

 25. Zhao ZM, Wang L, Chen HZ. A novel steam explosion sterilization improving solid-state fermentation performance. Bioresource Technol. (2015) 192:547–55. doi: 10.1016/j.biortech.2015.05.099

 26. Maniet G, Schmetz Q, Jacquet N, Temmerman M, Gofflot S, Richel A. Effect of steam explosion treatment on chemical composition and characteristic of organosolv fescue lignin. Ind Crop Prod. (2017) 99:79–85. doi: 10.1016/j.indcrop.2017.01.015 

 27. Li H, Chen H. Detoxification of steam-exploded corn straw produced by an industrial-scale reactor. Process Biochem. (2008) 43:1447–1451. doi: 10.1016/j.procbio.2008.05.003 

 28. Ying WJ, Fang X, Xu Y, Zhang JH. Combined acetic acid and enzymatic hydrolysis for xylooligosaccharides and monosaccharides production from Poplar. Biomass Bioenerg. (2022) 158:106377. doi: 10.1016/j.biombioe.2022.106377

 29. He LW, Wang C, Shi HH, Zhou W, Zhang Q, Chen XY. Combination of steam explosion pretreatment and anaerobic alkalization treatment to improve enzymatic hydrolysis of Hippophae rhamnoides. Bioresource Technol. (2019) 289:121693. doi: 10.1016/j.biortech.2019.121693

 30. Zhao ZM, Wang L, Chen ZH. Physical structure changes of solid medium by steam explosion sterilization. Bioresource Technol. (2016) 203:204–10. doi: 10.1016/j.biortech.2015.12.043

 31. Huang Y, Wei XY, Zhou SG, Liu MY, Tu YY, Li A. Steam explosion distinctively enhances biomass enzymatic saccharification of cotton stalks by largely reducing cellulose polymerization degree in G. barbadense and G. hirsutum. Bioresource Technol. (2015) 181:224–30. doi: 10.1016/j.biortech.2015.01.020

 32. Tooyserkani Z, Kumar L, Sokhansanj S, Saddler J, Bi XT, Lim CJ, et al. SO[[sb]]2[[/s]]-catalyzed steam pretreatment enhances the strength and stability of softwood pellets. Biomass Bioenerg. (2013) 130:59–68. doi: 10.1016/j.biortech.2012.12.004

 33. Vitrone F, Ramos D, Vitagliano V, Ferrando F. Salvadó J. All-lignocellulosic fiberboards from giant reed (Arundo donax L): Effect of steam explosion pre-treatment on physical and mechanical properties. Constr Build Mater. (2022) 319:126064. doi: 10.1016/j.conbuildmat.2021.126064 

 34. Yu Y, Wu J, Ren XY, Lau A, Rezaei H, Takada M, et al. Steam explosion of lignocellulosic biomass for multiple advanced bioenergy processes: a review. Renew Sust Energ Rev. (2022) 154:2022. doi: 10.1016/j.rser.2021.111871 

 35. Omar MMA, Barta K, Beckham GT, Luterbacher JS, Ralph J, Rinaldi R, et al. Guidelines for performing lignin-first biorefining. Energ Environ Sci. (2021) 14:262–92. doi: 10.1039/D0EE02870C 

 36. Mhaske P, Farahnaky A, Kasapis S. Quantification using rheological blending-law analysis and verification with 3D confocal laser scanning microscopy of the phase behaviour in agarose-gelatin co-gels. Food Hydrocolloid. (2023) 134:108042. doi: 10.1016/j.foodhyd.2022.108042 

 37. Li GH, He W, Yuan L. Aqueous ammonia pretreatment of sugar beet pulp for enhanced enzymatic hydrolysis. Bioproc Biosyst Eng. (2017) 40:1603–9. doi: 10.1007/s00449-017-1816-9

 38. Liu LY, Chandra RP, Tang Y, Huang XY, Bai FW, Liu CG. Instant catapult steam explosion: an efficient preprocessing step for the robust and cost-effective chemical pretreatment of lignocellulosic biomass. Ind Crop Prod. (2022) 188:115664. doi: 10.1016/j.indcrop.2022.115664 

 39. Liu ZH, Qin L, Pang F, Jin MJ, Li BZ, Kang Y, Dale BE, Yuan YJ. Effects of biomass particle size on steam explosion pretreatment performance for improving the enzyme digestibility of corn stover. Ind Crop Prod. (2013) 44:176–84. doi: 10.1016/j.indcrop.2012.11.009 














	
	TYPE Original Research
PUBLISHED 11 January 2023
DOI 10.3389/fnut.2022.1118900






Identification and virtual screening of novel anti-inflammatory peptides from broccoli fermented by Lactobacillus strains

Yao Li1, Xinchang Gao2, Daodong Pan1, Zhu Liu3, Chaogeng Xiao4, Yongzhao Xiong1, Lihui Du1, Zhendong Cai1, Wenjing Lu4, Yali Dang1* and Xiuzhi Zhu5*


1State Key Laboratory for Managing Biotic and Chemical Threats to the Quality and Safety of AgroProducts, College of Food and Pharmaceutical Sciences, Ningbo University, Ningbo, Zhejiang, China

2Department of Chemistry, Tsinghua University, Beijing, China

3Zhejiang Institute for Food and Drug Control, Hangzhou, Zhejiang, China

4Zhejiang Academy of Agricultural Sciences, Hangzhou, Zhejiang, China

5Department of Gynecology and Obstetrics, The Second Affiliated Hospital of Zhejiang Chinese Medical University, Hangzhou, Zhejiang, China

[image: image2]

OPEN ACCESS

EDITED BY
Wenjie Sui, Tianjin University of Science and Technology, China

REVIEWED BY
Zhipeng Yu, Hainan University, China
 Rui Fan, Peking University, China

*CORRESPONDENCE
 Yali Dang, [image: yes] dangyali1978@126.com
 Xiuzhi Zhu, [image: yes] zhuxiuzhi13142@163.com

SPECIALTY SECTION
 This article was submitted to Nutrition and Food Science Technology, a section of the journal Frontiers in Nutrition

RECEIVED 08 December 2022
 ACCEPTED 28 December 2022
 PUBLISHED 11 January 2023

CITATION
 Li Y, Gao X, Pan D, Liu Z, Xiao C, Xiong Y, Du L, Cai Z, Lu W, Dang Y and Zhu X (2023) Identification and virtual screening of novel anti-inflammatory peptides from broccoli fermented by Lactobacillus strains. Front. Nutr. 9:1118900. doi: 10.3389/fnut.2022.1118900

COPYRIGHT
 © 2023 Li, Gao, Pan, Liu, Xiao, Xiong, Du, Cai, Lu, Dang and Zhu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Lactobacillus strains fermentation of broccoli as a good source of bioactive peptides has not been fully elucidated. In this work, the peptide composition of broccoli fermented by L. plantarum A3 and L. rhamnosus ATCC7469 was analyzed by peptidomics to study the protein digestion patterns after fermentation by different strains. Results showed that water-soluble proteins such as rubisco were abundant sources of peptides, which triggered the sustained release of peptides as the main target of hydrolysis. In addition, 17 novel anti-inflammatory peptides were identified by virtual screening. Among them, SIWYGPDRP had the strongest ability to inhibit the release of NO from inflammatory cells at a concentration of 25 μM with an inhibition rate of 52.32 ± 1.48%. RFR and KASFAFAGL had the strongest inhibitory effects on the secretion of TNF-α and IL-6, respectively. At a concentration of 25 μM, the corresponding inhibition rates were 74.61 ± 1.68% and 29.84 ± 0.63%, respectively. Molecular docking results showed that 17 peptides formed hydrogen bonds and hydrophobic interactions with inducible nitric oxide synthase (iNOS). This study is conducive to the high-value utilization of broccoli and reduction of the antibiotic use.
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 fermented broccoli, anti-inflammatory peptides, peptidomics, virtual screening, Lactobacillus


1. Introduction

Inflammation is the aggregate immunoreaction of the body to certain irritants, such as microbiological pollution, and oxidative stress (1). However, long-term inflammation may provocate diabetic mellitus, fat, cardiovascular disease, inflammatory bowel disease, neural inflammation, and other ailments (2). Adjusting mass propagation, swallowing of macrophages, and secretion of pro-inflammatory cytokines can effectively treat inflammation (3). In general, endocellular nitric oxide (NO) keeps stable at low levels for a long time. However, under the stimulation of various inflammatory conditions, iNOS catalyzes L-arginine oxidation to produce a large amount of NO, which results in tissue damage (4). Inhibition of iNOS could effectively control the inflammatory response in various pathological conditions (5). Therefore, inhibition of iNOS activity has become an important method of treatment of inflammatory diseases. Nevertheless, taking antiphlogistic drug medicines for a long time can easily lead to gastrointestinal diseases, renal insufficiency, and other side effects (6). Moreover, the misuse of antibiotics to treat inflammation caused by bacterial infections can easily make the bacteria resistant, making the infection more difficult to treat and ultimately likely leading to previously preventable deaths (7). In consequence, the evolution of innoxious and easily absorbed natural anti-inflammatory agents has become a research focus.

Fermentation, a microbial physiological process is attracting extensive concern for its effect on improving functional properties (8). Lactic acid bacteria (LAB) are the main microorganisms in fermented food, which have important effects on the quality and physiological activity of fermented food. The main genera of LAB such as Enterococcus, Lactobacillus, Streptococcus, and Tetragenococcus have been isolated from fermented foods worldwide (9). Besides the energy and nutritional properties of fermented filtrate, LAB fermentation as an excellent source of bioactive peptides is also well known (10). Many peptides with anti-inflammatory activity or other biological activity have been obtained from various fermented foods, such as fermented milk (11), fermented soybean (12), oyster (13), etc. Fermentation of unprocessed protein-rich organisms has become an important strategy for the production of bioactive peptides in the biotechnology industry.

Broccoli is a variety of Brassica species in Cruciferae with green flower balls as products, which is a favorable source of health-promoting nutrients. The most usual bioactive compounds in broccoli are considered to be secondary metabolites such as sulforaphane, phenolic acid, and flavone (14). Therefore, previous research always concentrated on the changes in these metabolites during the fermentation process (15, 16). But few studies have explored the peptide changes of broccoli during fermentation. Plant proteins are modified differently during fermentation to generate a series of hydrolysates with variant bioactivities, such as peptides. It is noteworthy that these hydrolysates are significant for the functions of fermented foods. Among them, bioactive peptides exhibit antihypertensive, hypoglycemic, cholesterol-lowering, anti-inflammatory, and other physiological activities (17). Enzymatic hydrolysis or fermentation to obtain active peptides has been widely used in food processing (18). Broccoli protein could be effectively degraded by its endogenous protease and exogenous protease secreted by microorganisms (19). It is a pity that there are few studies on the identification of peptides and active peptides of LAB fermented broccoli. Previously, active peptides with hypoglycemic and antihypertensive properties have been identified from broccoli, but peptides with anti-inflammatory properties have not been identified (20). Meanwhile, the traditional separation and purification of bioactive peptides are very cumbersome and time-consuming (21). The combination of peptidomics and virtual screening techniques (bioinformatics, molecular docking, etc.) can be used as a tool for the rapid screening of bioactive peptides, thereby effectively improving experimental efficiency.

In this paper, high-flux peptidomic methods were used to study the peptide profiles of fermented and unfermented broccoli of L. plantarum A3 and L. rhamnosus ATCC7469 and to quickly screen anti-inflammatory peptides. Finally, the molecular mechanism of anti-inflammatory peptides to the iNOS receptor was evaluated. This research will contribute to the high-value utilization of broccoli and provide a new understanding of increasing the functional value of broccoli fermented by LAB.



2. Materials and methods


2.1. Materials

The stems and leaves of broccoli (Brassica oleracea var. italica) were obtained from Wumei Market (Ningbo, China). Lactobacillus plantarum A3 and Lactobacillus rhamnosus ATCC7469 were preserved in our laboratory and used in this study. Peptides from broccoli were synthesized by GL Biochemical, Ltd. (Shanghai, China).

RAW264.7 cells were obtained from the Procell (Wu Han, China). Dulbecco's modified Eagle medium (DMEM), Penicillin/streptomycin solution (P/S), and fetal bovine serum (FBS) were obtained from HyClone (Logan, UT, USA). Lipopolysaccharides (LPS), CCK-8 kits, and nitric oxide test kits were provided by Bey time (Shanghai, China). TNF-α and IL-6 ELISA kits were purchased from Multi Sciences (Hangzhou, China). PierceTM Quantitative Peptide Assays Kit was purchased from Thermo Fisher Scientific (NY, USA). Other chemicals and reagents are analytically pure.



2.2. Sample preparation

The fresh stems and leaves of broccoli were washed with ultrapure water and juiced, and solid particles were separated by gauze filtration. The juice was transferred into a 200 ml conical flask and autoclaved at 121°C for 15 min to eliminate the influence of endogenous bacteria.



2.3. Broccoli fermentation

The two strains of lactic acid bacteria were activated in a constant temperature and humidity incubator at 37°C. The activated strains were centrifuged for 5 min at 10,000 × g. And then the precipitate was dissolved in 100 mL of broccoli juice. The initial cell density of the final solution was 107 CFU/mL and cultured at 37°C for 24 h. After fermentation, the supernatant was centrifuged and stored at −80°C. All fermentation experiments were repeated three times.



2.4. Peptide extraction

The peptides were rapidly extracted from the hydrolysate of broccoli by ultrafiltration centrifuge tube (Mw = 10 kDa, Merck KGa Darmstadt, Germany), freeze-dried, and stored at −80°C for further analysis. According to the manufacturer's instructions, the extracted peptides were further cleaned and concentrated using Oasis HLB cartridges (Waters, Milford, MA, USA), which were modified by our research team to remove salt from the sample. The specific program is shown in Supplementary Table S1. The peptide detection kit is used to determine the peptide content in the sample.



2.5. Peptide identification by LC-MS/MS

The detection system was combined with the Thermoelectric Easy-nLC 1200 (Thermo Scientific, P/N LC140) and the orbital trap Exploris 480 (Thermo Scientific, P/N BRE725533) for peptide identification. All mass spectrometer parameters were followed by Zhang et al. (22). The peptide was captured by a capture column (PepMap C18, 100 μm × 25 cm) for 3 min, and then the peptide was separated by gradient elution chromatography on a nano-upgrade analytical column (PepMap C18, 75 μM × 25 cm). Mobile phase A: 0.1% formic acid aqueous solution, mobile phase B: 0.1% formic acid acetonitrile solution; the separation gradient of mobile phase B increased from 5 to 30% within 60 min. The chromatographic flow rate was 300 nL/min. The sample volume was 5 μL; the column temperature was 55°C.

The full scan MS scan range was set to m/z 100–1,600, resolution 70,000 (m/z 200). The maximum ion introduction time was set to 50 ms, the Auto Gain Control was set to 5 × 105, the intensity of the first 15 parent ions in the high energy collision dissociation experiment, and the scanning rate was executed at 17,500. Based on the parent ion mass charge ratio automatic control scanning range, the minimum scanning range was set to m/z = 100, up to 2,000. When MS/MS analysis was performed, the minimum ionic strength was set to 13,000, the maximum ion introduction time was set to 100 ms, and the Auto Gain Control was controlled to 2.0 × 105. The parent ion error tolerance was set at 1.6 Da. Finally, ions with charges of 1, 2, 3, and 4 were collected, and the exclusion was set to MS/MS analysis of the parent ion within 10 s, and then 40 s, 30% collision energy was excluded.

PEAKS Studio 8.5 (Bioinformatics Solutions, Waterloo, Canada) was used for mass spectrometry data analysis and broccoli protein database matching (https://www.ncbi.nlm.nih.gov/data-hub/taxonomy/tree/?taxon=36774). The identified protein sequence data were retrieved from the UniProt KB database, and the retrieved sequences were searched locally for homology sequences and their functional annotations. PEAKS Studio was used to quantify the abundance of identified peptides. The false positive rate (FDR) of peptide identification was set at 1%. For the results of de novo sequencing, ALC (%) is the full mean local confidence. De novo sequencing data are more reliable when the ALC was greater than 80%, and these data were retained. The BIOPEP database was used to retrieve bioactive peptides and identify peptides from samples. Peptide mapping was done using the online tool Peptigram (23). The potential activity of each peptide was identified using the PeptideRanker tool.



2.6. Identification and function prediction of broccoli peptides

PeptideRanker scores above 0.5 were designated as potential bioactive peptides, where the higher the score, the higher probability of the peptide being bioactive. The anti-inflammatory peptides were predicted by AIPpred (24) and Antiinflam (25). The anti-hypertensive peptides were forecast by AHTpin (26), and mATPred (27). The pro-inflammatory activity of the peptides was predicted by VaxinPAD (28). AntiCP 2.0 (29) had access to predict anticancer peptides. The toxicity and major properties of peptides were identified using the ToxinPred13 and Innovagen platforms (http://www.innovagen.com/proteomics-tools).



2.7. Determination of the anti-inflammatory activity of broccoli peptides
 
2.7.1. Albumin denaturation assay (AI)

The anti-inflammatory properties of broccoli hydrolyzates were preliminarily determined by the albumin denaturation method (30). The reaction mixture was composed of 5 ml bovine serum albumin (1%, pH = 6.3), 0.5 mL broccoli sample solution, incubated at 37°C for 20 min, and then incubated at 51°C for 20 min. The absorbance at 660 nm was recorded using Tecan microplate reader (Infinite M2000 Pro, Switzerland). Diclofenac sodium was used as the positive control.



2.7.2. Determination of inflammatory factors

RAW264.7 cells were cultured in DMEM medium containing 10% FBS and 1% double antibody at 37°C and 5% CO2 incubator. CCK-8 reagent was used for cell viability assay.

RAW264.7 cells (3 × 106 cells / mL) seeded into 12-well plates were pretreated with various concentrations of broccoli hydrolyzates or synthetic peptides for 2 h before stimulation by LPS (200 ng/mL). NO was determined using Griess reagent. TNF-α and IL-6 were measured by ELISA kits according to the manufacturer's instructions. More details of the assay are shown in Supplementary Table S2.




2.8. Synthesis of specific sequence peptides

Peptide sequences from broccoli were synthesized by a solid-phase peptide program using a 9-fluorenyl methoxycarbonyl (Fmoc) protected amino acid synthesis method and an AAPPTEC 396 Automatic Peptide Synthesizer (Advanced Automated Peptide Protein technologies, USA). The purity of synthetic peptide was determined by HPLC to be more than 98%.



2.9. Molecular docking with iNOS

Discovery Studio software (Neo Trident Technology Ltd., Shanghai, China) was used for molecular docking. The peptide structure was drawn by Chem Draw Prime 19.1 software. The crystal structure of iNOS (PDB ID 3E6T) complexed with AR-C118901 was prepared. Molecular docking was referenced by Wang et al. (31) with some modifications. Before docking, the protein crystals were treated as required, water and cofactors were removed, hydrogen was added, and other programs were completed as required. Create a receptor region with a radius of 20Å. The docking energy score and interaction force type evaluate the results.



2.10. Statistical analysis

All experiments were repeated 3 times, and the results were expressed as mean ± standard deviation. Excel, SPSS Statistics 23.0 (IBM, NY, USA), and GraphPad Prism 9.0 (GraphPad Software, CA, USA) were used to process the data. P < 0.05 was considered significant.




3. Results and discussions


3.1. Proteomics analysis of peptides
 
3.1.1. General analysis

As a branch of proteomics, peptidomic analysis has access to use to identify the peptide of samples (32). After the raw data processing, 17,581 peptides were retained from all broccoli samples. Among them, 5,901 peptides were obtained by de novo sequencing. About 5,081, 6,359, and 4,894 peptides belong to 2,300, 1,982, and 2,126 proteins for broccoli from NC (broccoli hydrolysate fermented for 0 h), L. plantarum A3, and L. rhamnosus ATCC7469, respectively. Compared with before fermentation, the number of broccoli proteins decreased after fermentation, which indicated that a small cluster of proteins was degraded by Lactobacillus. Totally, 595 peptides were commonly found in each broccoli sample, and they belong to 559 accession proteins (Supplementary Figure S1). The major broccoli proteins were identified, such as jacalin (jacalin-related lectin 34-like isoform X1 and X2), photosystem I, rubisco, ribosomal protein, and other proteins. These identified proteins are different from previous studies (20).

Although most proteins were identified in all samples, there were still differences: 1,754 proteins were absent in NC, while 2,072 and 2,332 proteins were detected in L. plantarum A3 and L. rhamnosus ATCC7469, respectively. The difference may be due to the different processing methods of samples, and the extracellular enzyme of Lactobacillus is more complex than a single enzyme. However, their differences at the peptide level are considerable. A total of 6,368 peptides were identified in NC, 9,570 in L. plantarum A3, and 8,203 in L. rhamnosus ATCC7469.

Figure 1 shows the intersection of the peptides identified from the three samples. There were some differences in the peptide content of broccoli hydrolysate before and after fermentation. The most abundant peptide was from the hydrolysate fermented by L. plantarum A3 (16.23%), followed by L. rhamnosus ATCC7469 (11.21%). Interestingly, 5,130 peptides (accounting for 21.22% of the total) only existed in unfermented samples and had higher exclusive peptides compared with other groups. During sample treatment, high temperature and pressure might promote the release of peptides (33).
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FIGURE 1
 The cross plot of peptides identified in broccoli stems and leaves fermentation samples (NC, fermentation for 0 h; L. plantarum A3, Lactobacillus plantarum fermentation; L. rhamnosus ATCC7469, Lactobacillus rhamnosus fermentation). Different colors on the strip represent different molecular weights belonging to each cross-group peptide.


The restricted proteolytic ability of microorganisms is related to the unique sequence and functional peptide fragments produced by the proteolysis of specific residues (34). This indicates that even though different microorganisms of the same genus have different hydrolysis mechanisms, they can still hydrolyze target proteins at the same site and produce peptides with the same sequence (35). It is noteworthy that, all the peptides identified in the three samples were analyzed. As hydrolysates of proteins, amino acids and peptides undergo secondary hydrolysis during fermentation and are consumed by microorganisms (36). Compared with the NC, not only the total number of peptides increased after fermentation, but also the identified peptides were mainly distributed in small molecular weight (< 1,000 Da), which was significantly higher than NC. This may indicate that Lactobacillus has a good ability to hydrolyze broccoli protein, and can hydrolyze the peptides existing in the NC, resulting in more small molecule active peptides. This proved that Lactobacillus fermentation could be a good method for the hydrolysis of plant protein to produce peptides.



3.1.2. Changing of peptides during fermentation in broccoli

During the fermentation process, microorganisms secrete a succession of enzymes that convert macromolecular organic matter in the substrate into small molecules (37). Lactobacillus plantarum and Lactobacillus rhamnosus are typical LAB for fermentation. It is characterized by high proteolytic activity, extracellular cell wall serine protease, and intracellular peptidase has an extensive range of specificness, including aminopeptidase, carboxypeptidase, and dipeptidase (38). During the fermentation of broccoli, some water-soluble proteins were degraded by LAB, and these proteins were found to be regulatory enzymes in plant physiological metabolism. The peptides on the primary sequence of the identified protein were located and four of the most changed proteins were projected, shown in Figure 2. Among them, ribulose bisphosphate carboxylase was abundant in all samples and increased significantly after fermentation with normalized intensity of 108-109 (Figure 2A).
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FIGURE 2
 Mapping of the identified peptides for the three samples on the sequences of rubisco (A) photosystem-I protein (B) transketolase (C) jacalin (D), rubisco (E–G).


This indicates that ribulose bisphosphate carboxylase can be hydrolyzed by microorganisms to become a nitrogen source for its growth and reproduction during microbial proliferation. This result explains the mobile equilibrium of components in the broccoli fermentation broth. Photosystem-I protein same goes for 108 (Figure 2B). After fermentation, the sequence almost completely covered the entire protein, and the intensity increased significantly, and the intensity change was more significant in the 60–90 region. In addition, the strength of overlapping peptides at a certain position is proportional to the green depth. The peptides covered in the NC group were the least and the intensity was low, indicating that fermentation could promote protein release. Similar results apply to peptides derived from jacalin and transketolase. The peptides derived from these proteins have a low abundance in NC samples, which may be because these proteins have good thermal stability and are not easy to thermal decomposition. After fermentation, the primary sequence continuously covers the entire mature protein. Only the abundance of peptides at specific locations has been greatly improved. Rubisco is the most abundant protein in plants. Figures 2E–G shows the difference in peptide formation after the fermentation of three different types of rubisco proteins. Discontinuous coverage in the NC sample is then increased after fermentation and extended to the C-term region. However, there are large gaps between sequences in these regions. Even if they have similar cleavage sites at some positions, the relative strength of the peptides they produce is significantly different. Between 20–40 sites (Figures 2E, F), after fermentation, the green becomes deeper and the strength is significantly improved. In addition, the coverage of L. plantarum A3 was wider than that of L. rhamnosus ATCC7469 to produce peptides with high intensity. For photosystem-I protein, it was almost completely covered, and its strength was significantly improved after fermentation. After fermentation, its abundance is greatly increased, indicating that microorganisms can also use these two proteins for life activities. Other researchers reported similar results, and they found the most abundant category number was the 'catalytic activity' category of camellia proteins (36). This may provide evidence that the functional properties of proteins in broccoli are highly correlated with substrates.

To better understand the correlation between the digestion process of broccoli protein before and after fermentation and the appearance of its derived peptides, the peptide concentration was normalized and clustered. To reduce the effect of missing values, peptides present in all samples are clustered first. In addition, the second cluster analysis was performed on all peptides that existed in the fermentation group but did not exist in the NC group. Cluster analysis of the co-existing peptides between samples showed that the content of co-existing peptides before and after fermentation was different (Supplementary Figure S2). The small branch distance between L. plantarum A3 and L. rhamnosus ATCC7469 indicated that the similarity of peptide content between them was high. Additionally, quantitative results showed that the content of most peptides increased significantly after fermentation compared with NC group. In addition, the quantitative levels of broccoli peptides after fermentation with two different strains (FC ≥ 2 or ≤ 0.5, p < 0.5, n = 260) were compared, which were not present in NC (Supplementary Figure S3). Compared with L. plantarum A3, a total of 75 peptides were significantly enhanced and 185 peptides were significantly reduced. Compared with L. plantarum A3, a total of 75 peptides were significantly enhanced and 185 peptides were significantly reduced. This shows that there are significant differences in peptide release ability between different strains. Similarly, peptides from ribiso are the main peptides, but there are also peptides from ATP synthase subunit beta, Jacalin, and other small proteins. The hydrolysis of these proteins may contribute to the release of active peptides (36).



3.1.3. Bioinformatics analysis for the potential bioactivity of broccoli peptides

All peptides were searched in the BIOPEP-UWM database to appraise potential bioactive peptides. Unfortunately, no peptides completely matched with the database were found in this study. Most of the bioactive peptides in BIOPEP database were 2 to 3 amino acids. In our study, most peptides were found to be more than 4 peptides. Therefore, we used PeptideRanker online tool to predict all peptide activity detected in our study (Figure 3). In PeptideRanker, any peptide predicted to exceed 0.5 threshold is considered to have biological activity. Totally, 824 (12.94%), 2,060 (21.46%), and 1,707 (20.81%) peptides with a score of more than 0.5 were found in broccoli from NC, L. plantarum A3, and L. rhamnosus ATCC7469, respectively (Figure 3A).
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FIGURE 3
 Ranked according to the predicted probability of potential biological activity of peptides. Coverage (A) and classified (B).


The distribution of these potentially bioactive peptides is shown in Figure 3B. The percentage of peptides scored between 0.9 and 1.00 in broccoli from L. plantarum A3, and L. rhamnosus ATCC7469, was 4.37, 4.61, and 4.51%. In addition, the relative abundances of the potentially active peptides in the three samples were calculated. The standardized intensity of the samples from NC was found 7.98 ×108, the relative abundance of L. plantarum A3 was 6.92 × 1010, and L. rhamnosus ATCC7469 was 2.56 × 1010. Compared with unfermented broccoli, both the proportion and relative abundance of potential bioactive peptides increased significantly after LAB fermentation. And there are differences in strains, L. plantarum A3 fermentation than L. rhamnosus ATCC7469 fermentation is more obvious. Wei et al. (39) had similar research results to ours. The diversity and abundance of bioactive peptides increased significantly after fermentation of their furu samples, probably because most of the enzymes secreted during fermentation degraded the proteins to produce more bioactive peptides. This result showed that microbial fermentation could produce bioactive peptides by hydrolysis of proteins from broccoli, thereby improving their potential biological activities.




3.2. Functional prediction of bioactive peptides

Bioinformatics, which relies mainly on mathematical and statistical models to accurately predict the likely biological activities of individual peptides, seems to be useful for screening large numbers of peptides and assessing certain functions (35). The broccoli was fermented by LAB, and the protein was degraded by an extracellular protease to produce bioactive peptides, which gave it higher biological activity. To better study the bioactive peptides from broccoli, we selected peptides with PeptideRanker score > 0.5 for functional analysis. Anti-inflammatory, anti-hypertensive, anti-cancer, DPP IV inhibitory, and immunoregulatory activities were screened. The results showed that 84.16% of all predicted peptides had anti-inflammatory effects. In addition, 63.95% of the peptides were predicted to be antihypertensive peptides, 64.56% were considered to have anticancer activity, 47.70% were considered to be potential DPP IV inhibitors, and 7.43% of the peptides were predicted to have immunoregulatory activity (see Supplementary material B).

Computer screening of anti-inflammatory properties of peptides using network servers shows that there are a large number of anti-inflammatory peptides with different prediction probabilities in each hydrolysis station service. About 37.7% of the peptides in the hydrolysates fermented by L. plantarum A3 were predicted to be anti-inflammatory. In the hydrolysates fermented by L. rhamnosus ATCC7469, 31.83% of the peptides were anti-inflammatory, while only 14.59% of the NC were thought to be anti-inflammatory peptides. These predicted anti-inflammatory peptides contain one or more hydrophobic amino acids at the C- or N-terminus.

Besides, most peptides contain positively charged amino acids. Research has shown that the overall positive charge of peptides may be a chemokine, but their location is not fixed (40). Peptides with highly alkaline N-terminal or N-terminal Arg residues can bind to LPS released by bacteria, thereby blocking the inflammatory response.

To reduce the workload, of all the predicted anti-inflammatory peptides, 395 peptides (PeptideRanker score > 0.8) were retained for molecular docking after the removal of repetitive peptides and peptides longer than 15 amino acids (see Supplementary material B). These potential anti-inflammatory peptides are derived from F-box domain proteins, protein kinase domain-containing proteins, ribosomal proteins, rubisco, and other proteins, including uncharacterized proteins. Among them, the protein sources of most anti-inflammatory peptides have not been characterized. Of the identified proteins, proteins containing the F-box domain are the most abundant source of anti-inflammatory peptides among the three hydrolysates, followed by proteins containing the protein kinase domain. Some peptides were also identified from ribosomal protein and rubisco. F-box protein plays an important role in plant growth and development. Rubisco is the most abundant enzyme in plants and the most extensive source of plant bioactive peptides (41). Ribosomal proteins are also considered an important source of active peptides (42). Water-soluble proteins such as F-box domain protein, ribulose diphosphate carboxylase large chain, and 60S ribosomal protein L13a have a positive effect on the release of anti-inflammatory peptides. This indicates that potential anti-inflammatory peptides can be obtained from broccoli proteins, and increasing the content of active peptides in fermented broccoli will facilitate the degradation of these proteins, thereby improving the bioavailability of broccoli.



3.3. Determination of broccoli peptides activity

Inflammation is an important response of the body to foreign microbial infection and repair damage. But overage and unbounded inflammatory variations often lead to chronic maladies (1). Tissue protein degeneration is one of the causes of inflammation and arthritis (30). Therefore, ground on the prediction results of bioactive peptides, the albumin denaturation test (AI) was used to determine the anti-inflammatory activity of broccoli hydrolysate. The results of AI denaturation were expressed as diclofenac sodium equivalent (DSE) μg/mL, as shown in Table 1.


TABLE 1 Broccoli hydrolysate inhibition albumin denaturation test.
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The results showed that different broccoli hydrolysates could inhibit albumin denaturation. But there are significant differences between them. Compared with NC, the anti-inflammatory potential of the other two hydrolysates was significantly enhanced. Among them, the hydrolysate of L. plantarum A3 had the highest anti-inflammatory activity, followed by L. rhamnosus ATCC7469, with DSE values of 1,798.39 ± 1.14 and 1,403.744 ± 5.84 μg/mL, respectively. In addition, the anti-inflammatory ability of the samples was further determined by LPS-induced RAW264.7 inflammatory cell model. It found that all three hydrolysates could promote the proliferation of macrophages, and increased first and then decreased with the increase of concentration. However, no significant toxic effects were observed at high concentrations (Figure 4A).
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FIGURE 4
 (A) Effect of different concentration samples (mg/mL) on the viability of RAW264.7 cells. (B–D) represent the effects of different concentrations of samples on the secretion of NO, TNF-α, and IL-6 in RAW264.7 cells after LPS stimulation. #, LPS is significantly different from control; *, The difference between the experimental group and the LPS group was significant (P < 0.05).


Treatment of macrophages with LPS causes over-immunity, producing large amounts of inflammatory factors (43, 44). Mouse macrophage RAW264.7 cells are commonly used to assess anti-inflammatory properties because their high sensitivity to external stimuli leads to the secretion of inflammatory cytokines (45). The data showed that all of them could prominently inhibit the production of NO, TNF-α, and IL-6. Among them, L. plantarum A3 had the strongest anti-inflammatory effect. At the maximum concentration (2 mg/mL), the inhibition rates of NO, TNF-α, and IL-6 were 60.52 ± 2.32%, 55.09 ± 2.87%, and 28.29 ± 1.57%, respectively (Figures 4B–D). This further indicates that LAB fermentation could improve the functional activity of broccoli. This may be because fermentation promotes the release of bioactive peptides and other active substances in broccoli to enhance anti-inflammatory activity. The results also strongly suggested that starter selection is still a major and important step in the development of fermentation-based biological processes. The research of Sun et al. (46) also proved this point. They found that different lactic acid bacteria increase the antioxidant and hypoglycemic activity of pumpkin juice by releasing bioactive substances such as phenols. Among them, L. plantarum, L. acidophilus, and L. helveticus had the strongest antioxidant capacity after fermentation.



3.4. Molecular docking with iNOS

A total of 72 known active anti-inflammatory peptides were docked with iNOS receptors as the positive control (Supplementary Table S3). The docking energy results showed that the docking energy of short peptides was generally higher than that of long peptides. Since the long-chain peptide has side-chain radicals, it increases the possibility of combining with the reactive site of the receptor. Furthermore, long-chain peptides may have greater flexibility and shorter docking distances to receptors (47). Hence, when utilizing molecular docking to determine whether the peptide has anti-inflammatory activity, peptide chain length and docking energy should be combined for evaluation. In this study, 395 potential anti-inflammatory peptides screened from broccoli were docked by DS software.

Molecular docking results based on reported anti-inflammatory peptides, a total of 251 peptides were found to bind to iNOS. Among them, the samples fermented by L. plantarum A3 had the most peptides that could bind to iNOS, followed by the samples fermented by L. rhamnosus ATCC7469. As a result, 13 unique peptides in NC products were also found. Besides, 85 and 56 unique peptides were found in the hydrolysates of L. plantarum A3 and L. rhamnosus ATCC7469, respectively. These peptides are predicted to be non-toxic, providing the possibility for safe use. Wen et al. (48) predicted four anti-inflammatory peptides using the computer prediction method of Net MHC II pan 4.0. However, almost all anti-inflammatory peptides screened by this method are peptides longer than 10, which may be because MCII has an open binding cleft and interacts mainly with long peptides of 13–25 lengths, which may be a defect of the model (49). The use of machine learning and docking of iNOS receptors in this work avoids the disadvantage of not being able to screen short peptides, which indicates that selecting appropriate targets will help screen more anti-inflammatory peptides. Finally, following the docking results of peptides, anti-inflammatory peptides were further screened and combined with the synthesis cost of peptides. The peptides with the lowest docking energy were synthesized under the same chain length. Table 2 shows the 17 peptides obtained from broccoli, which are mostly derived from water-soluble proteins such as F-box domain-containing protein, rubisco (Supplementary Table S4). The results of the remaining molecularly docked peptides are in Supplementary material C. To further research the anti-inflammatory action of broccoli-derived peptides, these 17 peptides were verified by cell experiments.


TABLE 2 The energy of molecular docking of anti-inflammatory peptides with iNOS.
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3.5. Effect of synthetic broccoli peptides on the production of NO, TNF-α, and IL-6

The anti-inflammatory action of synthetic broccoli peptides was further verified by using an inflammatory cell model. Based on the cell viability test (Figure 5A), low concentrations (25, 50, and 100 μM) were selected as the test concentrations (cell viability >90%). It is well known that the release of NO is related to the expression of iNOS. When iNOS is inhibited, NO production is reduced, thereby reducing inflammation (4) Therefore, the Griess test was adopted to verify the inhibition of peptides screened by molecular docking on iNOS. The results showed that 17 peptides could inhibit the secretion of NO by macrophages after LPS stimulation. Among them, SIWYGPDRP had the strongest ability to inhibit the release of NO from inflammatory cells at a concentration of 25 μM, with an inhibition rate of 52.32 ± 1.48%. DGRYW reduced NO content in inflammatory cells in a dose-dependent manner. At the concentration of 100 μM, the inhibition rate of NO release was 53.94 ± 2.49% (Figure 5B). This indicates that the peptides may inhibit the production of NO by inhibiting the expression of iNOS to achieve the purpose of treating inflammation. This is identical to the anti-inflammatory effect of hazelnut peptides reported by Ren et al. (43).
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FIGURE 5
 Validation of anti-inflammatory activity of the broccoli-derived synthetic peptide. (A) Effect of synthetic peptide on RAW264.7 cell viability. (B) Effect of synthetic peptide on NO release from inflammatory cells. (C) Effect of synthetic peptide on TNF-α release from inflammatory cells. (D) Effect of synthetic peptide on IL-6 release from inflammatory cells. #, LPS is significantly different from control; *, The difference between the experimental group and the LPS group was significant (P < 0.05).


When the inflammation generates, iNOS inhibitors can attenuate the inflammatory reaction by restraining iNOS activity. In addition, it can also regulate the inflammatory pathway affecting the release of cytokines to inhibit the inflammatory reaction (50). TNF-α and IL-6 are representative inflammatory cytokines. The ability of 17 peptides to inhibit the secretion of inflammatory factors TNF-α and IL-6 was further explored and shown in Figures 5C, D. It is found that the ability of cells to secrete inflammatory cytokines (TNF-α and IL-6) was significantly enhanced after LPS induction. The production rates of TNF-α and IL-6 were significantly decreased after synthetic peptide treatment. GDRW and ADLAHLPF significantly inhibited the production of TNF-α and IL-6 and relieved the inflammatory response. ADLAHLPF, FGDFNPGGRL, and CKVWPPLH dose-dependently decreased TNF-α. At a concentration of 100 μM, their inhibition rates on TNF-α were 73.19 ± 5.31%, 68.44 ± 5.63%, and 73.83 ± 0.81%, respectively.

In addition, we found that the ability of some peptides to inhibit the release of TNF-α or IL-6 gradually decreased with the increase in concentration, and even there was almost no inhibition rate at high doses. Some peptides showed a U-shaped dose relationship only at medium concentrations. The peptide KASFAFAGL had the strongest inhibitory effect on TNF-α and IL-6 at a low dose, with inhibition rates of 43.59 ± 0.27% and 29.84 ± 0.63%, respectively. However, when its concentration exceeded 25 μM, it did not show inhibitory activity on TNF-α and IL-6 secretion. FGDFNPGGRL only inhibited IL-6 at a concentration of 50 μM. RFR showed the strongest ability to inhibit TNF-α at a concentration of 25 μM, with an inhibition rate of 74.61 ± 1.68%, but this ability gradually weakened as the concentration increased. These phenomena were possibly concerned with cell toleration. Peptides showed an inhibitory effect at a certain dose, but beyond this range, the inhibitory effect weakened or even disappeared. Complex mechanisms of conceivability changes, receptor internalization, and occupancy saturation result in different doses of peptide binding to the target, thereby affecting anti-inflammatory activity. Studies have shown that the peptide KIWHHFF identified from sturgeon protein inhibited LPS-induced IL-6 secretion only at the lowest concentration but did not exhibit TNF-α inhibitory activity (44). Zhao et al. (51) also proved that the peptides identified from antler proteins showed anti-inflammatory activity in a U-shaped dose effect.

Amino acid sequence and position are closely related to peptide function. Previous studies have shown that anti-inflammatory peptides were rich in hydrophobic amino acid residues and positively charged amino acid residues, especially N-terminal or C-terminal (40). Highly hydrophobic peptides can promote the interaction between peptides and cell membranes, thereby regulating downstream pathways and exhibiting anti-inflammatory effects. In addition, one or multiple glutamines, glutamic acid, tyrosine, tryptophan, cysteine, and asparagine acid residues may contribute to the immunoregulatory activity of food protein-derived peptides (52). In addition, peptides containing positively charged amino acid residues (lysine, arginine, and histidine) exert anti-inflammatory effects by binding to LPS released by bacteria. In this study, anti-inflammatory peptides were found to contain one or more hydrophobic amino acids. Such as GDRW, KASFAFAGL, FGDFNPGGRL, and ADLAHLPF were rich in hydrophobic amino acids and aspartic acid, and tryptophan. HFKQPW, RFR, and KWR all had positively charged amino acid residues. To sum up, the constitution and specific location of amino acids might contribute to the anti-inflammatory activity of 17 novel peptides.



3.6. Molecular mechanism based on iNOS of anti-inflammatory peptides

Comprehension of the important active sites of anti-inflammatory peptides was of great significance for understanding the recognition mode of ligands and receptors. Figure 6 reveals the interaction between anti-inflammatory active peptides and iNOS receptor binding sites. There were 43 active sites for non-bonded interaction between 17 anti-inflammatory peptides and iNOS receptors. Among them, Glu371, Asp376, Trp366, Gln257, Arg375, Arg260, and Arg382 are the most active sites for non-bond binding with anti-inflammatory peptides.
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FIGURE 6
 The docking sites and interaction forces of 17 anti-inflammatory peptides with iNOS (The abscissa represents the docking site between the peptide and the receptor, and the ordinate value represents the number of forces between the peptide and the receptor).


The peptide-iNOS interaction in the spatial pattern of binding force has a great impact on anti-inflammatory activity, including hydrogen bonds (salt bridge, conventional hydrogen bond, carbon-hydrogen bond, and pi-donor hydrogen bond) electrostatic interactions (attractive charge, pi-anion, and pi-cation), hydrophobic interactions (pi-pi T-shaped, pi-sigma, alkyl, and pi-alkyl), and other interactions (37). Figures 7A–D depicts 3D and 2D images of the binding of the anti-inflammatory peptide to the iNOS receptor, showing the most appropriate docking posture. The binding sites of the remaining anti-inflammatory peptides are shown in Supplementary Figure S4. The active sites and forces of 17 anti-inflammatory peptides were analyzed, and it was found that these peptides mainly bind to the iNOS receptor residues through hydrogen bonds and hydrophobic interaction, which was identical to the previous research by Peng et al. (4). The residues in iNOS for the formation of the salt bridge were concentrated on Glu371, Asp376, Arg382, Arg375, and Glu279, while the residues Gln257, Glu371, Trp366, Asp376, Tyr341, Tyr367, Arg260 contributed to the formation of traditional hydrogen bonds. The residues Glu371, Gln257, and Pro344 contributed to the formation of carbon-hydrogen bonds (Supplementary Figure S4 and Figure 7). As described by Cinelli, Do, Miley, and Silverman (53), iNOS has two main domains, C-terminal reductase containing a flavin mononucleotide (FMN) binding subdomain and an N-terminal oxygenase. In the H4B binding pocket of the oxygenase domain, residues Arg375, Trp455, Trp457, and Phe470 are essential for H4B cofactor binding, subsequent dimerization, and enzyme function. When residues Phe831 and Leu832 were metabolized by polar residues (serine and proline), iNOS activity decreased significantly. Anti-inflammatory peptides may bind to amino acid residues (Arg357, Trp457, and Cys194) in the iNOS activity pocket and interact with iNOS and limit iNOS activity (Figure 6).
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FIGURE 7
 Molecular docking diagram of anti-inflammatory peptide binding to iNOS receptor. (A–D) Three-dimensional and two-dimensional spectra of the interaction of some anti-inflammatory peptides with iNOS receptors.


Peptide AAMVWPPLGK (AK-10) has the lowest docking energy (−133.552 kcal/mol) with iNOS (Table 1). It could be found that Met368, Thr370, Ile195, Glu371, and Arg260 from hydrogen bonds with −C=O, Lys82, Lys82, and Glu279 form hydrogen bonds with −C=O and –NH3+ group, respectively, Arg376, Val346, and Met348 formed pi-alkyl bonds (Figure 7A). The peptide SIWYGPDRP with the strongest inhibitory activity on NO release at low concentration has lower docking energy (−88 kcal/mol) with the iNOS receptor (Table 1). As shown in Figure 7B, the interaction between ligand and receptor was mainly hydrogen bond and Alkyl. The N-terminal of SIWYGPDRP interacted with amino acid residues Trp457 and Arg193 through hydrogen bonds and Pi-Pi T-Shaped. In addition, hydrogen bonds were formed with Gly196, Gln257, Trp366, Arg382, and Glu371. In addition to hydrogen bonds, SP-9 also binds to the iNOS receptor cavity through salt bridges, electrostatic interactions, Alkyl, and carbon-hydrogen bonds, thereby inhibiting iNOS enzyme activity. Other anti-inflammatory peptides such as ADLAHLPF and GDRW also demonstrated that they can bind to iNOS receptor, as shown in Figures 7C, D. Hydrogen bond interactions are mainly formed between the oxygen atoms of these anti-inflammatory peptides and the hydrogen atoms of iNOS amino acid residues. Or the hydrogen atom between the amino acid residue and the amino group of the anti-inflammatory peptide forms a hydrogen bond interaction.




4. Conclusion

By peptidomic and virtual screening technology, 17 novel anti-inflammatory peptides were identified from L. plantarum A3 and L. rhamnosus ATCC7469. These anti-inflammatory peptides were mainly derived from water-soluble proteins dominated by F-box domain-containing proteins. These peptides exert anti-inflammatory activity by inhibiting the secretion of inflammatory factors by inflammatory cells. Combined with the molecular docking results, 17 peptides could produce hydrogen bonds and hydrophobic interactions with multiple receptor residues in the iNOS binding pocket. Additionally, molecular docking results showed that Glu371, Asp376, Trp366, Gln257, and Arg375 may play an important role in anti-inflammatory activity by molecular docking with iNOS. This study could provide a reference for the research and utilization of food anti-inflammatory peptides. It is estimated that only 10% of drugs have enough data to prove the safety and effectiveness of their use in pregnant women. This study may provide new ideas for anti-infection during pregnancy in terms of safety and effectiveness.
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In recent years, the global incidence of liver damage has increased. Despite the many known health benefits of red-fleshed apple flavonoids, their potential liver-protective effects have not yet been investigated. In this study, we analyzed the composition of red-fleshed apple flavonoid extract (RAFE) by high-performance liquid chromatography (HPLC). We then induced liver damage in mice with carbon tetrachloride (CCl4) and performed interventions with RAFE to analyze its effect on liver damage, using bifendate as a positive control. The results showed that catechin was the most abundant flavonoid in ‘XJ4’ RAFE (49.346 mg/100 g). In liver-injured mice, the liver coefficients converged to normal levels following RAFE intervention. Moreover, RAFE significantly reduced the enzymatic activity levels of glutamic oxaloacetic transaminase (ALT), glutamic alanine transaminase (AST), and alkaline phosphatase (ALP) in mouse serum. Furthermore, RAFE significantly increased the content or enzyme activity level of total glutathione, total antioxidant capacity, and superoxide dismutase, and significantly decreased the content of malondialdehyde in the liver of mice. In parallel, we performed histopathological observations of mouse livers for each group. The results showed that RAFE restored the pathological changes caused by CCl4 around the central hepatic vein in mice and resulted in tightly bound hepatocytes. The recovery effect of RAFE was dose-dependent in the liver tissue. Regarding intestinal microorganisms, we found that RAFE restored the microbial diversity in liver-injured mice, with a similar microbial composition in the RAFE intervention group and normal group. RAFE reduced the ratio of Firmicutes to Bacteroidetes, increased the levels of probiotic bacteria, such as Lactobacillus acidophilus, and Clostridium, and reduced the levels of harmful bacteria, such as Erysipelothrix Rosenbach. Therefore, RAFE ameliorated CCl4-induced liver damage by modulating the abundance and composition of intestinal microorganisms in mice. In conclusion, RAFE alleviated CCl4-induced liver damage in mice, with H-RAFE (5 mg kg–1) significantly improving liver damage in mice but M-RAFE (1 mg kg–1) significantly improving the imbalance of intestinal microorganisms in mice. Our research suggests that RAFE could be employed for the adjuvant treatment and prevention of liver damage, and may have important applications in food and medicine.
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1. Introduction

The liver is the largest digestive gland in the human body, participating in multiple vital functions, such as digestion, synthesis, storage, detoxification, and immunity (1, 2). However, the frequent abuse of alcohol, drugs, chemical additives, and food safety problems has led to annual increases in the incidence of liver injury. Persistent liver injury induces excessive proliferation and deposition of the extracellular matrix and gradually develops into liver fibrosis and cirrhosis, eventually leading to liver failure and even liver cancer (3). Liver injury is classified as acute or chronic according to the severity of the disease. Acute liver injury is a critical condition in humans, characterized by a rapid onset and significant damage, that can cause a large amount of liver tissue necrosis in a short period of time, as well as severe liver failure (4). Chronic liver injury has a complex pathogenesis and is characterized by abnormal proliferation and differentiation of hepatic stellate cells and cellular changes leading to massive deposition of extracellular matrix such as collagen, which ultimately results in abnormal intrahepatic tissue and fibroplasia (5). The main causes of liver injury are exposure to chemical agents (e.g., amoxicillin, ciprofloxacin, and oral contraceptives) and toxic compounds [e.g., alcohol, aflatoxin, and carbon tetrachloride (CCl4)]. Exposure of the liver to toxic substances leads to oxidative stress by generating large amounts of reactive oxygen species. Excess reactive oxygen species increase lipid peroxidation and cause oxidative injury to hepatocytes, which ultimately leads to fatty liver degeneration, chronic hepatitis, cirrhosis, and hepatocellular carcinoma (6–8). Currently, common treatments for liver injury include the use of specific detoxifying agents (e.g., N-acetylcysteine for acetaminophen toxicity), immunosuppressive therapy (e.g., corticosteroids for drug-induced hypersensitivity reactions or autoimmune injury), general hepatoprotective agents (e.g., ursodiol, silymarin, and glycopyrrolate) and liver transplantation (9). However, currently available treatments have various limitations (10). For example, specific antidotes can only treat specific cases of liver injury, and are virtually ineffective against general liver injury, immunosuppressive therapy is not always effective, and general hepatoprotective agents have little effect in the treatment of acute liver injury. Moreover, the drawbacks of liver transplantation include the limited availability of donor matches and the need for prolonged immunosuppressive therapy after transplantation (11). Therefore, it is crucial to find an effective treatment for liver injury that has a wide range of applications.

A study on CCl4-induced liver injury found that treatment with high concentrations of imatinib (a protein kinase inhibitor) effectively increased the non-protein sulfhydryl group content and superoxide dismutase (SOD) activity in the liver, but reduced myeloperoxidase activity in the liver to normal control values (12). However, serum levels of glutamic oxaloacetic transaminase (ALT), glutamic alanine transaminase (AST), and total bilirubin, as well as hepatic NADPH oxidase levels, were elevated after treatment with high concentrations of imatinib. These results indicate that treatment with high concentrations of imatinib did not protect the liver, but instead produced liver injury (12). Karimi et al. studied the protective effects of losartan (a receptor type I angiotensin inhibitor) combined with nilotinib (a multi-targeted tyrosine kinase inhibitor) on CCl4-induced liver fibrosis in rats, and found that this dual treatment had a synergistic effect. The treatment focused on the cytokines that are most important for improving liver fibrosis [transforming growth factor-β (TGF-β) and platelet-derived growth factor], and successfully reduced the expression of both cytokines. Although this treatment achieved the purpose of repairing liver injury, it also includes the side effects of some multi-targeted TK inhibitors, such as fatigue, rash, gastrointestinal symptoms, edema, neurological symptoms, etc., and is further inhibited by relatively high costs (13). Therefore, existing drugs for the treatment of CCl4-induced liver injury have certain disadvantages. Considering that natural active ingredients have few side effects, it is important to thoroughly explore the alleviation effect of such products on liver injury.

In recent years, several studies have confirmed the positive effects of plants and their natural products on the prevention and treatment of liver injury (14–16). Phenolic substances in plants are the most abundant and structurally diverse plant active substances, whose main role is alleviating oxidative injury, such as cancer, liver injury, and cardiovascular disease (17, 18). Moreover, polyphenols and flavonoids have the potential to protect against CCl4-induced liver injury in phenolics (19). Adewale and Abiodun reported that hibiscus polyphenol enrichment (HPE) exhibits protective and antioxidant effects against CCl4-induced liver injury (20). Specifically, elevated levels of malondialdehyde (MDA) were found in the livers of CCl4-treated animals, which represented an increase in hepatic lipid peroxidation and therefore hepatic injury; however, treatment with HPE significantly reduced lipid peroxidation levels, suggesting that its ability to protect against CCl4-induced liver injury may be attributed to its high antioxidant potential. Green tea polyphenols also inhibit oxidative injury and prevent CCl4-induced liver injury (21). Furthermore, total flavonoids extracted from Bidens bipinnata L. can improve acute liver injury in mice and liver fibrosis in rats by inhibiting oxidative stress. These results may be related to the inhibition of nuclear factor kappa B activation by these total flavonoids in hepatic stellate cells (22, 23). However, relatively few studies have investigated the role of polyphenols in apples on CCl4-induced liver injury, with red-fleshed apple variants being particularly rich in polyphenols, especially flavonoids.

Red-fleshed apples [Malus sieversii Roem. f. niedzwetzkyana (Dieck) Langenf.] are a variety of Xinjiang wild apples that are native to the Ili region of Xinjiang, China, and Kazakhstan in Central Asia, which have red or dark-red fruits, flowers, and leaves (24, 25). Red-fleshed apples are rich in a variety of active substances such as polysaccharides, polyphenols, anthocyanins, and flavonoids. Notably, the polyphenol content is almost three times that of white-fleshed apples (26). Flavonoids account for a relatively high proportion of the polyphenols in red-fleshed apples, and play a key role in anti-oxidation and maintaining cellular activity (27). Previous studies have investigated anthocyanins, which are a class of flavonoids, in red-fleshed apples. For example, Xu et al. found that red-fleshed apple anthocyanin extract (RAAE) alleviates busulfan-induced dysfunction of the male reproductive system in mice (28) by enhancing sperm motility, increasing the number of mice, and restoring spermatogenesis in male mice. Wang et al. further analyzed the mechanism by which RAAE alleviates busulfan-induced reproductive system dysfunction in mice (29), and found that the total antioxidant capacity (T-AOC), SOD activity, and glutathione catalase activity were significantly increased in the RAAE treatment group, indicating that RAAE can reduce the oxidative injury of busulfan in mice by reducing the content of reactive oxygen species and restoring the reproductive system function of mice. Previous research has also shown that red-fleshed apple flavonoid extract (RAFE) has antioxidant and cell viability maintenance capabilities; however, little research has explored the effects of red-fleshed apple flavonoids on CCl4-induced liver injury in mice.

Flavonoids are a class of polyphenolic compounds with a structure of 2-phenylchromone, which has the basic structure of C6-C3-C6. Flavonoids are also important secondary metabolites in plants (30–32) that are widely distributed and present at high levels. In plants, flavonoids are often combined with sugars and exist in the form of aglycones or carbon sugars. Multiple categories of flavonoids exist in plants, primarily chalcones, anthocyanins, flavanones, isoflavonoids, flavonoids, and flavonols (33). Chalcones are unique to apples (34). Years of research have shown that flavonoids have important biological activities that play an important role in plant protection and stress resistance, as well as certain antioxidant and antibacterial properties (30, 35, 36). Flavonoids can reduce the level of oxidative stress and have a certain ability to scavenge free radicals. More importantly, flavonoids can scavenge reactive oxygen species, thereby protecting human health (36, 37). For example, Duangjai extracted flavonoids from Pigeon Pea [Cajanus cajan (L.) Millsp.] seeds and explored their antioxidant capacity (38). Their results showed that the flavonoid extract can act as an activator and protect the cell membrane of the cell longevity protein (SIR2/SIRT1) from oxidative stress. Therefore, it is important to explore the further effects of flavonoids on hepatic oxidative stress.

In this study, we establish a CCl4-induced mouse liver injury model to explore the alleviation effect and mechanism of RAFE on CCl4-induced liver injury in mice. We had previously compared four varieties of red-fleshed apples and found that variety ‘XJ4’ had the highest total phenol and anthocyanin contents with a strong ability to scavenge free radicals (27). At the same time, we previously treated mice with busulfan-induced reproductive injury with ‘XJ4’ anthocyanin extract, and the combined analysis of microbiota and plasma metabolites showed that ‘XJ4’ anthocyanin extract could reduce busulfan-induced reproductive injury (29). So we selected ‘XJ4’ as the experimental material, and the control was the white-fleshed apple ‘Fuji’. The results of this study are expected to provide a theoretical basis for the selection of red-fleshed apples and their nutritional and healthcare functions.



2. Materials and methods


2.1. Flavonoid preparation and purification

Experimental materials were obtained from ‘XJ4’ apple fruits grown in the Modern Agricultural Science and Technology Demonstration Park of Qingdao Agricultural University, Jiaozhou, China (36°16′49′′N, 120°00′36′′E).

The preparation method of the RAFE was a slightly modified version of the method of Xiang (39). The apple fruits were cleaned, and 0.1% phosphoric acid/ethanol was added as the extracting solution in liquid nitrogen grinding, with a material-to-liquid ratio of 1:30 (g ml–1). The mixture was then sonicated (Ultrasonic cleaner, Baoding Shengfeng Instrument Technology Co., LTD., HP) for 30 min and macerated for 12 h with protection from light, then finally filtered to obtain a crude extract solution of flavonoids. Concentration was conducted with a rotary evaporator (Rotary evaporators, Shanghai Yarong Biochemical Instrument Factory, RE-6000A) at 35°C and low speed to remove the organic solvent from the extract until the crude extract became viscous. Finally, the crude extract was diluted by adding an appropriate amount of deionized water (100 ml).

The flavonoid extract was added to NKA-9 macroporous sorbent resin at pH7 and the flow rate of the upper sample was controlled at 1 ml min–1. After reaching equilibrium of resin adsorption, the impurities were eluted with deionized water, the macroporous resin was eluted with 100% (V/V) ethanol eluate at the same flow rate, and all eluates were collected. The eluate was concentrated and dried using a nitrogen blowing machine and vacuum freeze dryer sequentially, and the volume was fixed at a final concentration of 30 mg ml–1. Figure 1 shows the process flow for the preparation and purification of RAFE.


[image: image]

FIGURE 1
Process flow chart of ‘XJ4’ RAFE preparation and purification.




2.2. Flavonoid HPLC analysis

Protocatechin, catechin, epicatechin, rhizobioside, quercetin, centaureidin-3-O-galactoside, and centaureidin-3-O-glucoside standards were purchased from Sigma-Aldrich (St. Louis, MO, USA). Chromatography-grade methanol was purchased from Tedia (USA). All flavonoid standard stock solutions (1 mg ml–1) were stored at a low temperature and protected from light, and the standard curve was constructed using the external standard method. High-performance liquid chromatography (HPLC, USA, Agilent, 1260) was performed under the following conditions: the chromatographic column was an XDB-C18 column (150 × 4.6 mm, 5 μm); the mobile phase A was 1% aqueous acetic acid solution and the mobile phase B was methanol solution; the elution program was 0–10 min, 5–30%, 10–25 min, 30–50%, 25–35 min, 50–70%, and 35–40 min, 70–5% (all mobile phase B); the flow rate was 0.8 ml/min; the sample volume was 20 μl; the column temperature was 30°C; and the wavelength was 280 nm. Qualitative and quantitative analyses of flavonoids in ‘XJ4’ RAFE were performed according to the above methods and conditions.



2.3. Animal study

All animal experimental procedures were conducted according to the protocol of the Animal Care and Use Committee of Qingdao Agricultural University (license number: SYXK [SD] 20170005). Specific Pathogen Free (SPF) grade male ICR mice (3 weeks old, 20.0 ± 2.0 g) were housed in an SPF chamber at 22 ± 2°C with a 12 h light/dark cycle and 50–70% humidity, and all mice were fed and watered ad libitum. After 3 days of adaptation to the living environment, the mice were randomly divided into the following six groups (10 mice per group): normal control (NC), pathological control (MC), positive control (PC), low RAFE concentration (L-RAFE), medium RAFE concentration (M-RAFE), and high RAFE concentration (H-RAFE). The prepared RAFE was diluted into different concentrations and fed to mice in the RAFE intervention groups by gavage (0.2 mg kg–1, L-RAFE; 1 mg kg–1, M-RAFE; and 5 mg kg–1, H-RAFE). The NC group was administered saline gavage, the MC group was administered saline and CCl4 as a model (0.1% CCl4 olive oil solution 10 ml kg–1, intraperitoneal injection, twice a week, 4 weeks in total), and the PC group was treated with bifenthrin drops in aqueous solution (1 mg kg–1, gavage). CCl4 was injected intraperitoneally at the same time as the gavage in all groups except the NC group, and the injection volume was the same as that of the MC group. The gavage volume was 0.1 ml mouse–1, which was administered for 4 weeks. The establishment of the CCL4 liver injury model was established with reference to Keshavarz et al. and slightly modified (40, 41).



2.4. Sample collection

After 35 days, the mice were deprived of food for 12 h then euthanized by cervical dislocation under ether anesthesia. After euthanasia, heart blood and liver tissues were taken from the mice, weighed, and stored at −80°C for further analysis.



2.5. Biochemical assays of mice plasma and liver tissue

Superoxide dismutase, T-AOC, and MDA diagnostic kits were purchased from Solebro Biotechnology (Beijing, China). AST, ALT, alkaline phosphatase (ALP), and total glutathione (T-GSH) diagnostic kits were purchased from the Nanjing Jiancheng Institute of Biological Engineering, Nanjing, China. Tests were performed according to the manufacturer’s instructions.



2.6. Histopathological observation of mice livers

We processed the mice liver tissue samples fixed in 4% paraformaldehyde. The samples were paraffin-embedded and cut into sections 7–8 μm thick, which were stained with hematoxylin-eosin (H&E) dye, then observed and imaged using an optical microscope (Leica fluorescence microscope, Germany Leica Microsystems, DM2500) with a 40× objective to assess pathological changes in the liver tissue.



2.7. Sequencing of microbiota from small intestine digesta samples

The samples used for 16S rRNA gene sequencing were fecal samples from mice fed for 5 weeks. Genomic DNA was extracted using the CTAB method (Nobleryder, China), followed by agarose gel electrophoresis to determine DNA purity and concentration. Finally, the DNA sample was diluted with sterile water to 1 ng μl–1.

The template was diluted genomic DNA, and the variable region V4 of the 16S rRNA gene consisted of forward primers 515 F (5′-GTGCCAGCMGCCGCGGTAA) and 806 R (3′- GGACTACHVGGGTWTCTAAT). PCR uses specific primers with barcodes and a highly efficient High-Fidelity DNA polymerase [Phusion® High-Fidelity DNA polymerase (M0530S, New England Biolabs, USA)] to ensure amplification efficiency and accuracy. The PCR system comprised Phusion Master Mix (2×) 15 μl, PrimerF (1 μM) 1 μl (1 μM), PrimerR (1 μM) 1 μl (1 μM), gDNA (1 ng/μl) 10 μl (5–10 ng), and ddH2O to make up 30 μl of the system. The PCR reaction program was: 98°C pre-denaturation for 1 min; 30 cycles of 98°C for 10 s, 50°C for 30 s, 72°C for 30 s, and 72°C for 5 min.

PCR products were detected by electrophoresis on 2% agarose gel. The PCR products that passed the test were purified using magnetic beads and quantified using enzyme labeling, then detected by 2% agarose gel electrophoresis after mixing the product in equal amounts according to the concentration of the product. Target bands were recovered using a gel recovery kit (Qiagen). Library construction was performed using a library construction kit (TruSeq DNA PCR-Free Sample Preparation Kit). The constructed libraries were then quantified by Qubit and Q-PCR. If the library qualified, sequencing was performed using NovaSeq6000 (Illumina Novaseq6000, Illumina Corporation, Illumina, San Diego, CA, USA).



2.8. Statistical analysis

Data analysis of the gut microbes was performed using the cloud platform.1 If there were only two groups of samples, the t-test and Wilcoxon test were used; if there were more than two groups of samples, the Tukey test and Kruskal–Wallis test were used. The remaining graphs were produced using GraphPad Prism software (version 8.0.2; GraphPad Software Inc., San Diego, CA, USA). The data were tested for multiple comparisons using Dunnett’s method in SPSS (version 24.0; SPSS Inc., Chicago, IL, USA) and ordinary one-way ANOVA. P < 0.05 was set as the threshold to indicate a significant difference.



2.9. Data and materials availability

The microbiota raw sequencing data generated in this study have been uploaded to the NCBI SRA database with accession numbers: RJNA901622.2




3. Results


3.1. HPLC analysis of RAFE flavonoid composition and contents

To clarify the composition and content of flavonoids in ‘XJ4’ RAFE, we used HPLC to draw standard curves for eight standards, such as catechins, and delineated the linear range of each standard (Table 1). Flavonoids were identified by comparing the retention times of sample peaks and standard peaks, and the contents of various flavonoids in RAFE were calculated using the standard curves (Figure 2). In the chromatogram of ‘XJ4’ RAFE (Figure 2), we detected eight flavonoid compounds, including one flavonol, three flavanols, two anthocyanins, and two dihydrochalcone. The data showed that ‘XJ4’ RAFE had a high content of catechin (49.346 mg⋅100 g–1), followed by quercetin (23.087 mg⋅100 g–1), and the least abundant substance was rhizobioside (0.827 mg⋅100 g–1). Interestingly, the levels of centaureidin-3-O-galactoside and centaureidin-3-O-glucoside reached 13.306 mg⋅100 g–1 and 4.426 mg⋅100 g–1, respectively (Table 1).


TABLE 1    Contents of flavonoids identified in RAFE and related HPLC data.
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FIGURE 2
Composition and content of flavonoids in RAFE based on HPLC analysis. HPLC plot of RAFE, where the eight peaks labeled in the plot correspond to the flavonoid compounds with the same serial numbers as those in Table 1.




3.2. Effects of RAFE on body weight and liver of mice with CCl4-induced liver injury

Studies have shown that flavonoids have protective effects against CCl4-induced liver injury in mice. An elevated liver index is an important indicator of liver injury. During rearing, body weight, fluid consumption, and food consumption were measured every 2 days in each group. Based on the weekly data, we found no significant changes (P > 0.05) in the above three basic life indicators (Figures 3A–C). CCl4-treated mice showed a significant increase in liver size and liver index compared to the normal controls, but RAFE treatment produced a certain recovery effect, especially in the H-RAFE group, where the liver coefficient was significantly lower than that of the MC group (P < 0.01) and almost returned to the level of the NC group (Figures 3D, E). The PC group showed a significant effect on the recovery of liver coefficients (Figure 3E). According to the liver images, the livers of the MC group exhibited obvious edema expansion and a yellowish color, as well as many white dotted lesions on the surface of the liver. Conversely, treatment with three different concentrations of RAFE and bifendatatum restored the color and edema of the liver, especially in the M-RAFE, H-RAFE, and PC groups, which were almost restored to normal levels (Figure 3D).
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FIGURE 3
Effects of RAFE on basic life indicators and livers of mice. (A) Weekly body weight, (B) weekly fluid consumption, (C) weekly food consumption, (D) morphological observation, and (E) liver coefficient. Data are expressed as the mean ± SD (n = 4 or 6) **P < 0.01, ***P < 0.001, compared with the pathology group.




3.3. Effect of RAFE on serum biochemical indexes of mice with CCl4-induced liver injury

Liver injury adversely affects the transport function and membrane permeability of hepatocytes and causes enzymes to leak out of cells. The most important enzymes that reflect liver injury are ALT, AST, and ALP. In this study, we determined the enzymatic activity levels of ALT, AST, and ALP in mouse plasma (Figure 4). We found that ALT, AST, and ALP enzyme activities increased sharply after CCl4 intervention in plasma, to 3.86, 12.93, and 82.16 U/L, respectively, whereas the enzyme activity of NC group was only 0.46, 7.38, and 46.56 U/L (Figure 4). This indicated that the liver tissue of mice was severely damaged after CCl4 treatment. After RAFE intervention, the levels of ALT, AST, and ALP were all significantly reduced, especially in H-RAFE and M-RAFE groups, where the enzymatic activity of AST was restored to almost normal levels (P < 0.0001) (Figure 4B). Simultaneously, ALP and ALT levels were significantly decreased in the H-RAFE and M-RAFE groups. Interestingly, RAFE reduced ALT activity in a dose-dependent manner (Figure 4A). Bifendate, a clinical drug used for the treatment of hepatitis, also significantly reduced the plasma levels of ALT, AST, and ALP (Figure 4). These results suggest that RAFE can effectively relieve liver injury caused by CCl4.
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FIGURE 4
Effect of RAFE on serum biochemical parameters in mice. (A) ALT, (B) AST, and (C) ALP. Data are expressed as the mean ± SD (n = 4 or 6) *P < 0.05, ***P < 0.001, #P < 0.0001, compared with the pathological group.




3.4. Effects of RAFE on biochemical indices and liver in CCl4-liver injury mice

Carbon tetrachloride-induced liver injury is associated with lipid peroxidation in mice, and elevated MDA levels are a key manifestation of liver injury caused by lipid peroxidation. In this study, the level of MDA increased from 17.36 nmol/g quality in the MC group to 27.65 nmol/g quality in the NC group (Figure 5D), which indicated that CCl4 treatment caused significant peroxidative injury in the mouse liver. However, the level of MDA decreased after RAFE treatment, and the most pronounced effect was in the H-RAFE group, with a reduction of 18.60 nmol/g quality (Figure 5D). This suggests that RAFE alleviates CCl4-induced liver peroxidation. SOD is the most important antioxidant enzyme in biological systems. T-GSH is the main non-enzymatic antioxidant and regulator of intracellular redox homeostasis. Normally, there is a physiological balance between the production of reactive oxygen species, free radicals, and antioxidant enzymes. Peroxidation of liver tissues usually results in high consumption of antioxidant enzymes/antioxidants, such as SOD and T-GSH. In this study, SOD, T-GSH, and T-AOC decreased to 44.80 U/g quality, 157.59 μmol/L, and 29.76 μmol/g quality, respectively, in the MC group (Figures 5C, E, F). However, RAFE intervention significantly increased the levels of SOD, T-GSH, and T-AOC (Figures 5C, E, F), which followed the same trend as that of enzyme activity in the mouse plasma (Figure 4). Interestingly, the best recovery of T-GSH was observed in the L-RAFE group, which returned to normal levels of 237.67 μmol/L (Figure 5C). The PC group also showed better recovery of biochemical parameters in the liver (Figures 5C–F). Recovery of these liver indices showed that RAFE can improve CCl4-induced oxidative stress and help reduce oxidative injury in the mouse liver.
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FIGURE 5
Effect of RAFE on biochemical indexes of mouse livers and liver histology. (A) Histopathological observations of mouse livers (40× magnification), (B) liver porosity, (C) T-GSH, (D) MDA, (E) T-AOC, and (F) SOD. Data are expressed as the mean ± SD (n = 4 or 6) *P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.0001, compared with the pathological group.


Histopathological observations provide visual data on the recovery effect of RAFE in mouse liver injury. H&E staining of liver sections showed that the NC group had well-preserved cytoplasm and typical hepatocytes with clearly visible central veins. The hepatocytes were tightly bound to each other, and the liver porosity was only 2.34% (Figures 5A, B). In contrast, significant pathological changes were observed in the hepatocytes around the central vein of the liver in the MC group, and the cells were loosely bound with a liver porosity of 24.05%. However, after RAFE intervention, hepatic tissue cells normalized, liver porosity significantly decreased, hepatocellular lesions around the central vein were reduced, and the H-RAFE group showed the best recovery, with a 7.89% reduction in porosity, indicating a recovery effect that was second only to that of bifendate. The results of the histological observation analysis were consistent with the trend of serum and liver recovery, which suggested that RAFE intervention significantly ameliorates severe histological lesions in mice with CCl4-induced liver injury.



3.5. Effect of RAFE on intestinal microorganisms in mice with CCl4-induced liver injury

It has been shown that there is a bidirectional relationship between the liver and gut microbes, with the portal vein enabling direct transport of gut-derived products to the liver, as well as a hepatic feedback pathway of bile and antibody secretion to the intestine (42). Here, we investigated whether flavonoids extracted from red-fleshed apples can restore liver injury by regulating intestinal microorganisms. We determined the effect of RAFE on the overall structure and abundance of mouse intestinal microorganisms by analyzing the gene sequence of the 16S rRNA (V4 region) in mouse feces. The smoothed dilution curve indicated the reliability of the sequencing results (Figure 6A). The petal diagram showed that CCl4 reduced the number of operational taxonomic units (OTUs) in the pathological group from that in the normal control group, whereas the bifendate and RAFE intervention groups both restored the number of similar microorganisms to a certain extent, especially in the H-RAFE group. This suggests that RAFE has the potential to restore intestinal microbes (Figure 6B). The statistical results of the alpha index showed that the diversity of NC and MC groups was negatively correlated, and intervention with RAFE partially restored the diversity of intestinal microbes in mice with CCl4-induced liver injury. Overall, H-RAFE intervention showed the best effect; however, drug treatment also restored intestinal microbe levels (Figure 6C).
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FIGURE 6
Effect of RAFE on OTUs and alpha diversity of mice intestinal microorganisms. (A) Grouped dilution curves, where a flatter curve indicates a more uniform species distribution, (B) petal plot, and (C) alpha diversity analysis (Chao1, Shannon, Goods, Simpson, Ace, PD, and observed). n = 3 samples/group.


Beta diversity analysis was used to assess the similarity between groups. OTU-based non-metric multidimensional scaling analysis showed that the MC group was clearly distinct from the other treatment groups, whereas all other treatment groups had certain similarities with the NC group, which suggested that RAFE could restore the composition of intestinal microbes (Figure 7A). We then performed principal co-ordinates analysis based on the unweighted UniFrac distance. The results showed that the MC group had lower community similarity with the NC group, whereas the distance to the NC group after RAFE treatment was relatively close and the species composition structure was similar, illustrating the success of CCl4 modeling and the therapeutic effect of RAFE (Figure 7B). The unweighted pair-group method with arithmetic mean dendrogram based on the unweighted UniFrac distance showed that the NC and MC groups had different gut microbial compositions because the two groups were located on different branches, and the microbial composition after RAFE and bifendate intervention was closer to that of the NC group, especially for the M-RAFE group (Figure 7C).
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FIGURE 7
Effect of RAFE on beta diversity of mice intestinal microorganisms. (A) Non-metric multidimensional scaling analysis based on OTU levels, (B) 2D plot of unweighted UniFrac distance-based principal co-ordinates analysis, where closer sample distances indicate more similar species composition structures, and (C) unweighted pair-group method with arithmetic mean clustering tree based on unweighted UniFrac distances. n = 3 samples/group.


To identify the specific taxa associated with RAFE, the relative abundance of intestinal microbes was determined at the phylum and genus levels (Figures 8A, B). At the phylum level, the microbial community was mainly composed of Firmicutes, Proteobacteria, and Bacteroidetes. The abundance of Firmicutes was higher in the MC group, whereas the abundance of Bacteroidetes was lower, resulting in an increase in the ratio of Firmicutes to Bacteroidetes (F/B) compared to the NC group. RAFE treatment affected the F/B ratio in two ways, increasing the relative abundance of Bacteroidetes and decreasing the relative abundance of Firmicutes, thereby reducing the F/B ratio and returning F/B to normal levels. Interestingly, the interventions of both RAFE and bifendate increased the relative abundance of Proteobacteria and Actinobacteria compared to that in the MC group (Figure 8A). At the genus level, the intervention of RAFE reduced the relative abundance of Staphylococcus, increased the relative abundance of probiotics such as Lactobacillus, and restored the intestinal microbial level almost back to normal (Figure 8B). To further validate the differences in intestinal microbes across all groups, the abundance of different species was analyzed at the phylum and genus levels. On the phylum-level abundance heat map, the top 35 dominant bacterial groups in the NC group were similar to those in the bifendate group and RAFE intervention groups (Figure 8A). Interestingly, on the genus-level heatmap, the dominant flora of the NC group was only similar to that of M-RAFE (Figure 8B).
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FIGURE 8
Effect of RAFE on species abundance at different taxonomic levels of mice intestinal microorganisms and linear discriminant analysis effect size. (A) Abundance chart at the gate level, with a stacked bar diagram of relative species abundance at the gate level on the left and a heat map of species abundance at the gate level for the top 35 microorganisms on the right, (B) abundance chart at the genus level, with a stacked bar diagram of relative species abundance at the genus level on the left and a heat map of species abundance at the genus level for the top 35 microorganisms on the right, and (C) evolutionary branching diagram, where the circles radiating from interior to exterior represent the taxonomic level from phylum to genus or species. Each small circle at different taxonomic levels represents a taxon at that level, and the diameter of the small circles is proportional to the relative abundance size. Coloring principle: species with no significant differences are uniformly colored yellow, and species with differences follow the group for coloring. n = 3 samples/group.


Linear discriminant analysis effect size indicated that the dominant microbes in the MC group were Firmicutes, and intervention with M-RAFE mainly increased nine microbiota induced by CCl4 in mice, including Lachnospiraceae, Muribaculaceae, Clostridia, and other probiotics (Figure 8C). Taken together, these data suggest that the gut microbiota of mice induced by CCl4 are imbalanced, and that RAFE can modulate gut disturbance in mice with liver injury by increasing the microbial diversity and relative abundance of probiotics.




4. Discussion

Liver disease is a deadly disease that occurs worldwide. The abuse of alcohol, chemical drugs, and food safety problems lead to the frequent occurrence of liver injury. According to statistics, more than 75 million people worldwide are at risk of alcoholic liver injury and related diseases. Moreover, approximately 2 billion people are obese and overweight so at risk of non-alcoholic fatty liver disease (43). The current common treatment for liver injury is drug intervention, which can cause undesirable side effects. In recent years, natural plant extracts have received extensive attention because of their safety and ease of preparation. Natural plant extracts are rich in various components, such as flavonoids, which are widely recognized as effective functional components.

Flavonoids have extremely high medicinal value as natural plant extracts, and have been shown to prevent and treat cardiovascular diseases by reducing blood lipids and cholesterol, exhibit anti-oxidation effects, and protect the liver (44, 45). Studies have shown that the bioactive components in blueberries include anthocyanins, polyphenols, and pectin, with the pectin in blueberry powder also including anthocyanin-3-glucoside and anthocyanin. These components can protect vision by reducing vascular endothelial growth factors and activating Akt signaling (46). Ma et al. found that silymarin intervention improved liver steatosis and hepatic lobular inflammation (46). Another study found that black tea extract prevents liver fibrosis in rats by regulating the TGF-β/Smad/ERK signaling pathway (47). Thus, flavonoids have high medicinal value. Nevertheless, few studies have analyzed apple flavonoids, and none have used RAFE to study liver injury and intestinal microbes in CCl4-induced mice. The flavonoid content varied significantly among apple varieties (48), and the flavonoids in the peel and flesh of common apples on the market varied greatly (49), but the composition of flavonoids in apples did not vary much. Our XJ4, as a red-fleshed apple, is rich in flavonoids in both skin and flesh. Compared with the common apples in the market, the flavonoid content is much richer. In this study, we showed that RAFE contains eight flavonoids, including one flavonol, three flavanols, two anthocyanins, and two dihydrochalcones. Therefore, we speculate that RAFE can improve antioxidant capacity and relieve liver injury by regulating intestinal microbes to interfere with biochemical indexes of the plasma and liver.

The CCl4-induced liver injury model is widely recognized as a common model for screening liver-protective drugs. This model can lead to increased liver weight, an abnormal increase in serum ALT and AST levels, a significant increase in SOD activity, and decreased levels of GSH (50). CCl4 can also cause lesions in liver tissue, resulting in loose liver tissue, loss of structural integrity, gaps around liver cells, and inflammatory reactions (43). Studies have shown that the flavonoid extract of baicalin can alleviate abnormalities in serum biochemical indicators and heterologous liver injury by reducing inflammation and oxidative injury (51, 52). Another study showed that puerarin alleviates liver injury in rats and zebrafish and attenuates inflammatory infiltration (52, 53). The liver index directly reflects changes in liver weight, and an abnormal liver index is a clear sign of the development of liver disease. Yan et al. found that lychee extract, which is rich in flavonoids, attenuates CCl4-induced hepatomegaly in rats and has a positive effect on pathological changes in liver tissue (54). Our study found that RAFE has a similar function, not only normalizing the liver index and restoring abnormal enzyme activity and biochemical indices in serum, but also relieving liver tissue injury and reducing liver porosity. In addition, MDA and T-AOC in the liver showed that CCl4 also caused oxidative stress and oxidative injury to the liver. Interestingly, oxidative injury to the liver was alleviated by different doses of RAFE, where the degree of remission was positively correlated with the dose. This shows that RAFE has antioxidant functions and alleviates liver injury; however, the specific mechanism remains unclear.

The gut has a complex microbial system for nutrient absorption, metabolism, and protection (55). Some of these colonies, such as Lachnospiraceae, Lactobacillus acidophilus, and Clostridium, are considered beneficial, whereas other bacterial groups, such as Pseudomonas, Staphylococcus, and Fusobacterium, are pathogenic bacteria that may produce toxins (56). Poor living and eating habits and the exogenous intake of harmful substances will cause imbalances in the abundance of intestinal microorganisms, as well as structural changes, increase the toxins produced by harmful bacterial colonies, or fail to maintain the corresponding functions of beneficial bacteria, resulting in diarrhea and injury to internal organs. As the largest digestive gland in the human body, the liver is one of the most vulnerable organs (57, 58). It has been shown that there is a bidirectional relationship between the liver and the gut and its microbiota – the gut-liver axis – and that toxic substances can disrupt gut microbes and the intestinal barrier, thereby increasing microbial exposure and the pro-inflammatory environment of the liver (42). In our previous study, we showed that RAAE could improve the abundance and structure of gut microbes. Therefore, we speculate that RAFE may also have beneficial effects on liver injury by improving the diversity and abundance of gut microbial populations. Studies have shown that aronia polyphenols can protect the liver by maintaining the balance of intestinal flora and reducing the translocation of bacteria to enhance intestinal barrier function (57). Changes in the gut microbiota driven by blueberry extract reduce inflammation, protect the integrity of the gut epithelium, and improve gut health, thereby reducing the translocation of bacterial products across the epithelial barrier (59). Li et al. found that treatment of mice on a high-fat diet with sarsaparilla polyphenols increased the ratio of Bacteroidetes to Firmicutes in their gut flora, but decreased the relative abundance of Verrucobacterium, thereby alleviating non-alcoholic liver injury caused by a high-fat diet (60). Our study showed that RAFE can interfere with the gut microbiome of mice, which is consistent with other related studies. However, we found that the regulation of gut microbes by RAFE, especially the regulation of the F/B ratio, not only decreased or increased the relative abundance of a certain phylum but also increased Bacteroidetes and decreased the relative abundance of Firmicutes, resulting in a change in the ratio of the two bacterial groups. Moreover, M-RAFE intervention mainly increased the nine species of microflora induced by CCl4 in mice, including probiotics such as Lachnospiraceae, Muribaculaceae, and Clostridia. This phenomenon has rarely been reported in previous studies.



5. Conclusion

In conclusion, our study shows that RAFE contains a variety of flavonoids that can restore the disturbance of intestinal microbes by regulating beneficial bacteria and reducing harmful bacteria. RAFE also improves the abnormal biochemical indicators of the plasma and liver caused by CCl4 poisoning, relieves oxidative injury to liver tissue, and reduces inflammation to protect the liver. According to experiments at different RAFE concentrations, we found that the relieving effect of RAFE on liver injury was not dose-dependent. This suggests that RAFE could be used for the adjuvant therapy and prevention of liver injury. Therefore, this research can promote the use of RAFE in food and medical applications.
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Houttuynia cordata polysaccharides (PSY) are known to exhibit a variety of beneficial activities, but these are currently not specifically utilized in food. Hence, using the two edible parts of Houttuynia cordata, a herbaceous plant native to Southeast Asia, this study developed polysaccharides of a stem (HCPS)-whey protein concentrate (WPC) complex and a leaf (HCPL)-WPC complex, and studied their stability, structure and antioxidant activity. The results showed that stability differed in complexes with different proportions, exhibiting only relative stability in the two complexes in which the ratio of HCPS-WPC and HCPL-WPC was 1:4, but increased stability in the HCPL-WPC complex (ζ-potential of HCPL-WPC: | -21.87 mv| >ζ-potential of HCPS-WPC: | -21.70 mv|). Structural characterization showed that there was electrostatic interaction between HCPS and WPC and between HCPL and WPC. The HCPL-WPC was found to have better antioxidant activity. The findings of this study, thus, provide a reference for the development of Houttuynia cordata polysaccharide applications in food.
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1. Introduction

Houttuynia cordata is a characteristic, nutritionally rich food in Southwest China, with many Chinese people also utilizing it as a traditional medicine in the treatment of cough, dyspnea, and pneumonia (1). Research has shown that H. cordata is rich in phenols, flavonoids, volatile oils, polysaccharides (PSY), and other active substances, Houttuynia cordata contains 15.73∼20.29% polysaccharide (2). Shi et al. (3), for example, found that orally administered H. cordata PSY could directly regulate the dynamic balance of Th17/Treg cells in the intestines and lung, and reduce lung injury in influenza infected mice. Because of their unique physical and chemical properties and potential biological activity, PSY are often added to food to improve its functional characteristics (4). As yet, few studies have been published on the interaction between H. cordata PSY and whey protein (WP), however, there are reports on the interaction between PSY extracted from other plants and WP. Niu et al. (5) studied the interaction mechanism between plantain PSY and WP by preparing a mixture of PSY and WP. At the same time, by comparing the bile acid binding ability of PSY and the PSY-WP mixture, the authors ascertained that the mixture had a threefold greater bile acid binding ability than PSY alone, making it suitable for development into a nutritional additive for the prevention of hyperlipidemia.

Proteins and PSY are two important and abundant biological macromolecules. Commonly, they are separately added to food as functional components (6), to improve the taste, structure, tissue state, stability, apparent characteristics and shelf life of food, while simultaneously increasing its functional characteristics (7). WP is a high-quality natural protein with a high biological titer in milk, in which it accounts for approximately 20% of total protein (8). WP contains β-lactoglobulin, α-lactalbumin, lactoferrin and lysozyme growth factor (9), all trace components that provide a variety of biological activities and health functions. Consequently, WP has the characteristics of high nutritional value, reasonable amino acid composition, easy digestion and absorption by the body, and a high utilization rate of functional activity. It has been found that polysaccharide and WP form complexes through non-covalent and covalent interactions (10). Non-covalent interactions mainly include electrostatic interactions, hydrogen bond actions, hydrophobic interactions and steric exclusion (11); Covalent interactions is mainly the chemical reaction between protein and polysaccharide, such as enzyme cross-linking and non-enzyme cross-linking (12). The interaction between PSY and WP has been widely studied (13) in order to overcome the shortcomings of WP sensitivity to temperature, pH value and ionic strength and, thereby, improve the utilization of WP. For example, WP and PSY were used to prepare covalent complexes through the Maillard reaction, which effectively improved and enhanced the functional properties of WP (14). In addition to the Maillard reaction, the soluble complex formed by the interaction between polysaccharide and WP in an aqueous solution can also be used as a fat substitute, thickener, stabilizer or transport carrier in functional food (15), which not only changes the structure of the food, but also improves its functional characteristics (16).

The edible parts of H. cordata include mainly its stems and leaves. In this study, the complex of WPC-HCPS and WPC-HCPL were prepared, the main objective of which was to investigate the effects of proportion on the interaction of the complex.



2. Materials and methods


2.1. Materials and chemicals

Whey protein concentrate (WPC, 80% protein) was obtained from Yuanye Bio-Technology Co., Ltd. (Shanghai, China). H. cordata was purchased from Wuxi Xiaogu E-commerce Co., Ltd. (Chongqing, China). Hydrochloric acid, sodium hydroxide and absolute ethanol were provided by Chengdu Kelong Chemical Co., Ltd. (Chengdu, China). All chemicals were of analytical grade.



2.2. Extraction of H. cordata stems and leaves (HCPS and HCPL)

The fresh H. cordata were dried at 55°C and then the stems (HCPS, 1 kg) and leaves (HCPL, 1 kg) powdered separately and soaked in absolute ethanol overnight at room temperature. Following suction filtration, the HCPS were extracted with deionized water (30 L) at 90°C for 5 h, while the HCPL were extracted with deionized water (50 L) at 90°C for 3 h. The extracts were then concentrated and absolute ethanol was added to the concentrates, whereafter they were left to stand overnight at 4°C, the precipitation then redissolved in deionized water and protein was removed using Sevage reagent. Thereafter, the samples were dialyzed against flowing deionized water for 36 h. The HCPS and HCPL were collected for simple purification by dynamic elution with macroporous resin, then concentrated and vacuum dried. HCPS was mainly composed of Man (4.22%), Rha (24.75%), GlcA (3.67%), GalA (10.42%), Glc (30.42%), and Xyl (20.55%), and HCPL was mainly composed of Man (1.33%), Rha (3.40%), GlcA (1.50%), GalA (2.19%), Glc (8.30%), Xyl (4.12%), Gal (1.50%), and Ara (61.33%) by monosaccharide analysis (17).



2.3. Preparation of complexes

Whey protein concentrate stock solution (10% w/v) and HCPS and HCPL stock solutions (0.25% w/v) were prepared in deionized water and stored at 4°C to ensure both protein dissolution and polysaccharide hydration. The WPC stock solution and HCPS and HCPL stock solutions were mixed separately at volume ratios of 1:0, 4:1, 3:2, 1:1, 2:3, 1:4, and 0:1. The pH value of each mixed solution was adjusted from 6.77 to 7, and the WPC-HCPS and WPC-HCPL solutions were kept overnight at 4°C, then restored to room temperature before use.



2.4. Turbidimetric analysis

The turbidimetry of the mixed solutions at different volume ratios was measured at 600 nm using a Fluostar Omega microplate reader (SpectraMax i3x, Molecular Devices, USAx), using the method described by Aryee and Nickerson (18). The mixed solutions were diluted 1:10. Deionized water was used as the control.



2.5. Particle size and zeta potential measurements

The laser particle size analyzer (Zetasizer Nano ZEN3600, Malvern, UK) was used to determine the particle size and zeta potential of the two mixed solutions (WPC-HCPS and WPC-HCPL) with different proportions. The average particle size was obtained via equilibrium for 2 min at 25°C. The zeta (ζ)-potentials of the complexes (WPC-HCPS and WPC-HCPL) were measured and the ζ-potential was estimated according to the Formula 1:

[image: image]

where UE is conductivity mobility, ε is the permittivity [F(Farad/m)], η is the solution viscosity (mPa.s), κ is the Debye length (nm–1), α is the particle radius (nm), and f(κα) = 1.5.



2.6. Rheological measurement

A rheometer (MCR302, Anton paar, Austria) was used to measure the mixed solutions in different proportions, and a 50 mm aluminum plate fixture was selected for the measurement. The distance between the fixture and the Peltier plate was 1 mm. Measurements were carried out at 25°C with a shear rate in the range of 0.1–1,000 s–1.



2.7. Differential thermogravimetric measurements

The differential thermogravimetric (DTG) curves of the mixed solutions at different volume ratios were recorded using a DTG-60 analyzer (Shimadzu, Japan). The scanning was determined in the range of 30–800°C, the heating rate was 10°C/min, and the nitrogen flow rate was 30 mL/min.



2.8. Ultraviolet spectrophotometric determination

Each sample was placed in a quartz colorimetric cell for individual ultraviolet (UV) spectrophotometric determination, in which the absorption spectra were scanned in the wavelength range of 230–500 nm.



2.9. Fourier transform infrared spectroscopy

The Fourier transform infrared (FTIR) spectra of lyophilized WPC-HCPS and WPC-HCPL were recorded using an FTIR spectrophotometer (Spectrum Two N, PerkinElmer, USA) within a range of 400–4,000 cm–1 via 32 scans at a resolution of 4 cm–1. The lyophilized samples were mixed well with potassium bromide and then compressed, after which each milligram of sample was further mixed with 100 milligrams of potassium bromide.



2.10. Scanning electron microscopy

Complex solutions were freeze-dried and then observed via a scanning electron microscope (SEM; Gemini 300, ZEISS, Germany), according to the method of Timilsena et al. (19). The lyophilized samples were plated with gold and also then studied via SEM with a scanning voltage of 3 kV.



2.11. Antioxidant activity


2.11.1. Scavenging efficiency of DPPH ⋅

The scavenging efficiency of complexes for DPPH ⋅ were determined using the methods of Cheng et al. (20). With vitamin C as the control, 2 mL of each complex was mixed with 0.1 mM DPPH ⋅ solution of the same volume and then shaken well. The system was then left to react in a dark place for 30 min, whereafter it was measured at 510 nm. The sample and the DPPH ⋅ solution were then replaced with deionized water and absolute ethanol, respectively. The scavenging efficiency was then calculated using Formula 2:
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where A0 is deionized water and DPPH ⋅ solution, A1 is complex and DPPH ⋅ solution, A2 is complex and absolute ethanol.



2.11.2. Scavenging efficiency of ⋅OH

The scavenging efficiency of ⋅OH was assessed, with reference to the method described by Tian et al. (21). The two complexes were mixed well with a ferrous sulfate (FeSO4) solution (9 mmol/L) and a hydrogen peroxide (H2O2) solution (6 mmol/L) under a constant temperature 37°C for 10 min, whereafter a salicylic acid solution (9 mmol/L) was added to this mixture and then left to react at 37°C in the dark for 30 min. Finally, the mixture was measured at 600 nm. The scavenging efficiency was then calculated using Formula 2:

[image: image]

where A0 is deionized water+ FeSO4+H2O2+ salicylic acid solution, A1 is complex+FeSO4+H2O2+salicylic acid solution, and A2 is complex+ FeSO4+ deionized water+ salicylic acid solution.



2.11.3. Scavenging efficiency of ABTS+⋅

The scavenging ability of ABTS+⋅ was determined according to the method described by de Falco et al. (22). ABTS and potassium persulfate were mixed and stored at 4°C. The ABTS+⋅ stock solution was then diluted to an OD value of 0.7–0.8 before use. The samples were mixed with the ABTS+⋅ solution, left to react for 3 min and then measured at 734 nm. Deionized water was used as the blank control. The calculation formula was as follows:
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Where, ODcontrol is the blank control and ODsample is the sample.



2.11.4. Reduction capacity of Fe3+

The reduction ability of the sample to Fe3+ was determined using the method reported by Yildirim et al. (23). The samples were mixed well with phosphate buffer (0.2 mol/L, pH 6.6) and potassium ferricyanide solution (1%), then left at 50°C for 20 min, and then cooled. Trichloroacetic acid (10%) was added to the above mixture. After being left to stand for 10 min, the absorbance of the mixture was measured at 700 nm. The reduction capacity was expressed in terms of OD value.




2.12. Statistical analysis

All the results were expressed as the mean ± standard error (SE) in the tables. Differences between groups were determined via Tukey’s test analysis using SPSS 26 statistics software. A probability value of p less than 0.05 was considered significant.




3. Results and discussion


3.1. Turbidimetric and particle size analysis

Turbidity value can reportedly show the formation of a complex or condensate during the interaction between polysaccharide and protein (24). In this study, the OD of the HCPS and HCPL changed little, indicating that they were not affected by acidification in Figure 1 (25). Maximum OD was reached at approximately pH 5.0 due to the isoelectric point (pI) of the WPC in the range of pH 5.0–5.2 (Figure 1) (13). The turbidity curve of the WPC first increased and then decreased. The OD of both the HCPS-WPC and HCPL-WPC peaked at pH 4.0 and the curve shapes of the complexes were similar to that of the WPC. The same phenomena were previously observed in WP isolate and a carrageenan system (26). Compared with the WPC, the peak of complexes shifted to a lower pH, thus demonstrating the electrostatic interaction between HCPS or HCPL and WPC, as shown in Figure 1 (27). The HCPS-WPC complexes were observed with the peak of turbidity at a ratio of 1:4 (pH 4.0). At this time, the complexes contained a significantly large amount of coacervates (Figure 1A). The HCPL-WPC complexes were also at the maximum OD at pH 4.0 when the ratio was 1:4 (Figure 1B). However, the OD of HCPL-WPC complexes were higher than that of the HCPS-WPC at the same ratio (pH 3.0–5.0). This phenomenon can be explained by the precipitate yield of the HCPS-WPC complexes, which was less than that of the HCPL-WPC (28). Overall, 1:4 was found to be the optimal ratio for the interaction between HCPS or HCPL, and WPC. Further understanding of the interactions between HCPS and WPC, and HCPL and WPC, under neutral pH conditions could improve the application of HCPS and HCPL in the field of functional food. Therefore, this paper studied the effect of protein-polysaccharide ratio on the type and degree of interaction between HCPS or HCPL and WPC at pH 7.
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FIGURE 1
Curves of the turbidity of HCPS-WPC (A) and HCPL-WPC (B) at different volume ratios to the pH. Particle size (C) of complexes. The ζ–potential of complexes (D).


As shown in Figure 1C, particle sizes were found to increase with the increase in HCPS and HCPL. Furthermore, the particle size of the HPCL-WPC was greater than those of the HPCS-WPC. The maximum difference between the particle size of the WPC and that of the complexes was only 32.6 nm, which could be related to the relatively dispersible structure of complexes (29).



3.2. ζ–potential

The ζ-potential of the HCPS-WPC and HCPL-WPC complexes could reflect the interaction between polysaccharide and WP, as well as their stability. A high absolute value of ζ-potential is indicative of a stable system (30). The ζ-potential of HCPS-WPC and HCPL-WPC is shown in Figure 1D. HCPS, HCPL and WPC were all found to have negative ζ-potential at pH 7.0, and the ζ-potentials of complexes with different volume ratios were insignificant. However, ζ-potential was below that of the WPC when the HCPL-WPC was at a volume ratio of 3:2 and in the HCPS-WPC at ratios of 3:2 and 4:1, indicating that the negative charges of HCPS and HCPL interacted with positive charges of WPC (31). As shown in Figure 1D, the highest ζ-potential was observed in both HCPS-WPC (-21.70 ± 0.85 mv) and HCPL-WPC (-21.87 ± 0.29 mv) at ratios of 1:4, because the increase of WPC led to the increase in ζ-potential. Moreover, the potential value of the HCPL-WPC was comparatively higher than that of the HCPS-WPC in the same ratio.



3.3. Thermogravimetric analysis

Thermogravimetric analysis revealed the thermal degradation of both HCPS-WPC and HCPL-WPC, as shown in Figure 2. With the gradual increase in program temperature, thermogravimetric change occurred in roughly three stages. For HCPS-WPC, the first stage of weightlessness occurred mainly in the range of 40–120°C (Figure 2A), and was due to the water in the sample. Concurrently, the derivative thermogravimetric (DTG) curve appeared to peak at the corresponding temperature (Figure 2B). Subsequently, the second stage of weightlessness was seen in the range of 220–400°C (Figure 2A). The thermogravimetric loss of approximately 50% in this stage was attributed to structural water and the cleavage of protein and polysaccharide (32). The thermal decomposition rate of the HCPS-WPC shifted to a high temperature and increased by 30°C compared with the HCPS, thus indicating that the HCPS-WPC had better thermal stability (Figure 2B). Finally, carbonization occurred in the third stage (530–650°C), in which the average loss rate was 22% (33), and the carbonization temperature of the HCPS-WPC was higher than that of the HCPS.
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FIGURE 2
Thermogravimetry curve of HCPS-WPC (A) and HCPL-WPC (C). The differential thermogravimetric curve of HCPS-WPC (B) and HCPL-WPC (D).


For the HCPL-WPC, thermogravimetric analysis showed similar results to the thermogravimetric changes occurring in the HCPS-WPC. However, the thermal decomposition temperature of the HCPL-WPC was 40°C higher than that of HCPL in the second weightlessness stage, and the weight loss temperature in the third stage was 540–660°C. In brief, the interaction of WPC with HCPS and HCPL improved the thermal stability of the complexes, which was also previously observed in a mixture of oat β-glucan/soy protein isolates (34).



3.4. Rheological analysis

The apparent viscosity changes in the HCPS-WPC complexes at different volume ratios were selected for study (Figure 3A). Shear thinning was observed in all complexes, in which viscosity decreased with the increase of shear rate. The viscosity was dependent on the volume ratio in the HCPS-WPC, with a declining trend of apparent viscosity in line with the increasing WPC. The apparent viscosity of the HCPL-WPC (Figure 3B) also decreased with the increase of shear rate, and the viscosity difference between the HCPL-WPC complexes was not significant. These complexes exhibited the characteristics of pseudoplastic fluids (35). However, the viscosity of the HCPS-WPC was higher than that of the HCPL-WPC, possibly due to the higher pectin content of HCPS.
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FIGURE 3
The viscosity curve of HCPS-WPC (A) and HCPL-WPC (B).




3.5. UV analysis

The interactions between HCPS and WPC, and HCPL and WPC, were further explored via UV-vis spectroscopy. An absorption peak of amino acid residues was observed at 260–280 nm. Changes in peak intensity could be used to indicate the strength of an interaction (36). As shown in Figure 4, the WPC had a maximum absorption peak at 270–280 nm, corresponding to the vibration of Tyr (277 nm). After WPC was mixed with HCPS and HCPL, respectively, the absorption peak increased significantly, which might have been due to the formation of covalent conjugated complexes (37). More importantly, the peak change in the HCPL-WPC was greater than that of the HCPS-WPC, indicating that the HCPL-WPC interaction was stronger. As is evident in Figure 4, the peak positions of the complexes changed and gradually increased with the increase in PSY, possibly due to the microenvironmental change of amino acids. Thus, these results showed that the structure and microenvironment of the amino acid residues in WPC might be affected by changes in the polysaccharide-protein ratio which, in turn, affects the interactions between HCPS or HCPL and WPC.
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FIGURE 4
The ultraviolet-visible spectroscopy of HCPS-WPC (A) and HCPL-WPC (B).




3.6. FTIR analysis

The FTIR spectroscopy in this study provided more information about the interaction between PSY and WPC, as shown in Figure 5. The spectrum of HCPS revealed that the broad band at 3,396 cm–1 was attributed to O–H vibration, while the stretching vibration of C = O on carbonyl groups was observed at 1615.8 cm–1 (Figure 5A). For WP, a 1648.3 cm–1 band was derived from the C = O stretching of amide I, while the C–N stretching of the amide II peak was observed at 1533.8 cm–1, and the strong band at 3285.7 cm–1 was associated with O–H stretching vibration. In the HCPS-WPC complexes, with the increase of WPC and the decrease of HCPS, the O-H absorption peak shifted, it can be inferred the presence of hydrogen bonding and electrostatic interactions between polysaccharide and WP (38). Meanwhile, the amide I peaks of the HCPS-WPC complexes shifted and the peaks related to the amide II were shifted to the higher wavenumber. The shifting of amide characteristic peaks was due to the effect of HCPS-WPC electrostatic interactions on the α -helix structure of the WPC (Figure 5A) (39). Furthermore, compared to the native HCPS, the C = O on carboxyl groups was not observed in the HCPS-WPC complexes, and the bands ranged from 1074.3 to 1077.2 cm–1.
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FIGURE 5
Fourier transform infrared spectra of the HCPS-WPC (A) and HCPL-WPC (B).


The HCPL and HCPL-WPC complexes are depicted in Figure 5B. In the HCPL, the 3,394 cm–1 band was attributed to the O–H stretching vibration, while the distinctive bands at 1,742 and 1,615 cm–1 were related to the stretching vibration of C = O on the carboxyl and carbonyl groups, respectively. The spectrum of HCPL-WPC complexes showed two important bands in the ranges of 1646.2–1651.5 cm–1 and 1533.8–1,538 cm–1, associated with the shifting of amide I and amide II, respectively. One samples band range from 1074 to 1082.3 cm–1 was also observed in the HCPL-WPC complexes (35).

In general, the secondary structure and groups of the WPC were affected by additions of HCPS and HCPL. The contribution of the electrostatic interactions between the carbonyl groups of HCPS or HCPL and the amino groups could explain the shift in amide peaks. Similar interactions have been previously reported in the complex coacervation of pea protein isolate and tragacanth gum (30).



3.7. SEM analysis

The morphological microstructures of the WPC, HCPS, HCPL, HCPS-WPC, and HCPL-WPC complexes at the ratio of 1:4 are presented in Figure 6. The microstructure of pure WPC was found to be orderly and complete, while its internal structure was mainly spherical (Figures 6A, B). The electron microscope image showed that the surface of HCPS was smooth and intertwined, and the structure was irregular (Figure 6C). HCPL was found to have a more dispersed and flakey structure, indicating it to be mainly amorphous (Figure 6E). In the microstructure of HCPS-WPC (Figure 6D), a smooth and blocky surface was observed, and WPC was adsorbed concurrently by the HCPS. The microstructure of HCPL-WPC was found to be similar to that of the HCPS-WPC, with WPC similarly adsorbed by the HCPL. In brief, the interactions between HCPS or HCPL and WPC were evident. The smooth surface of the complex microstructures could have been due to the use of metal coating (40).
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FIGURE 6
Scanning electron microscope observations of WPC (A,B), HCPS (C), HCPL (E), HCPS-WPC 1:4 (D) and HCPL-WPC 1:4 (F).




3.8. Antioxidant activity

The antioxidant capacities of the complexes HCPS, HCPL and WPC are shown in Figure 7. The scavenging capacities of the DPPH ⋅, ⋅ OH and ABTS+⋅ of the complexes were higher than those of the pure HCPS, HCPL, and WPC, indicating the synergistic effect between HCPS or HCPL and WPC. Among them, the antioxidant capacity of the HCPL-WPC was slightly higher than that of the HCPS-WPC, but the antioxidant capacity of the HCPL was lower than that of the HCPS, which might have been due to the stronger interaction and synergy between HCPL and WPC. These findings concur with the results of the UV analysis in this study. However, the Fe3+ reduction capacity of the complexes was lower than those of the HCPS and HCPL, it might be that the interaction between WPC and polysaccharide would inhibit the Fe3+ reduction capacity of complexes. In general, the antioxidant activity of the complexes was superior. For better comparison, vitamin C was used as a positive control. Furthermore, in the study of flaxseed gum-WP isolate, the antioxidant capacity of the mixture was also found to be superior to the compounds alone (17).


[image: image]

FIGURE 7
The antioxidant capacity analysis. Different lowercase letters indicate significant differences in HCPS-WPC (p < 0.05). Different uppercase letters indicate significant differences in HCPL-WPC (p < 0.05).





4. Conclusion

This study explored the interactions between HCPS and WPC, and HCPL and WPC. Turbidity analysis revealed that the interactions of the complexes were greatest when pH was 4 and the mixing ratios of HCPS-WPC and HCPL-WPC were 1:4. The physicochemical properties and structural characterization of the two complexes under neutral conditions were also examined and it was found that there was electrostatic interaction between HCPS/HCPL and WPC under neutral conditions, and that the addition of WPC improved the thermal stability of the complexes. Rheological studies showed that HCPS-WPC and HCPL-WPC were pseudoplastic fluids, and FTIR further confirmed the interaction between HCPS/HCPL and WPC. Comparative analysis of the two complexes showed that the HCPL-WPC system was more stable and also had a higher level of antioxidant activity. This research, thus, provides in-depth information regarding the interactions between HCPL and WPC, which can contribute to the development of functional foods with special nutritional value.
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Samples Al(g of DSE)
NC 280.89 + 3.1646°

L. plantarum A3 1,798.39 £ 1.0014°

L. thamnousus ATCC7469 1,403.744 & 5.8357°

Lowercase letters a, b, and c indicate significant differences between samples (p < 0.05).
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Samples Peptide Abbreviation Length -CDOCKER -CDOCKER

energy interaction
(kcal/mol) energy (kcal/mol)
NC & L. plantarum A3 GDRW GW-4 4 92.9559 78.0537
DGRYW DW-5 5 110217 72.6409
AAMVWPPLGK AK-10 10 133552 123.125
L. plantarum A3 QGAGYRW Qw-7 7 121.395 93.4092
KASFAFAGL KL-9 9 116507 97.8707
ENFH FH-4 4 95.6975 73.2568
MHHYW MW-5 5 106.761 88.6178
SIWYGPDRP SP-9 9 81.799 103.996
HFKQPW HE-6 6 114.205 103551
FGDFNPGGRL FL-10 10 129.955 99.2752
L. rhamnousus ATCC7469 DPWHNF DE-6 6 110.896 89.0591
WKRW WW-4 4 90.0464 82.2929
NG, L. plantarum A3 & KWR KR-3 3 75.5454 66.923
L.thamnousus ATCC7469
L. plantarum A3 & L. thamnousus RFR RR-3 3 71.6026 66.1001
ATCC7469
ADLAHLPE AF-8 8 124.091 96.4943

The abbreviation is composed of the first amino acid + terminal amino acid + peptide chain length.
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In vivo

In vivo

Common skin and wound
pathogens

Human keratinocytes (HaCaT)

cells

Staphylococcus aureus (MRSA)

HSV-2 virus infected Vero cells

Healthy Swiss albino mice

AB-induced Neuroblastoma cells

HFFD-induced obese mice

Iron-induced epileptic rats

Tetracycline-induced ICR mice
fatty liver model

Alcoholic liver disease mice
model

BDL-induced liver fibrosis model
in rats

High-fat diets-induced obese
mice model

J Gram positive bacteria (S. aureus, S. epidermidis,
S. intermedius, and S. pyogenes)

J Various proinflammatory cytokines and apoptotic pathways

Inhibits the growth of MRSA

| Herpes simplex type 2 virus yield

4 RVNA titers and CTL population
4 Memory T cells, plasma cells

J Intracellular Ap depositions and AB-induced toxicity

J Insulin resistance, neuroinflammation, and cognitive

impairment in the CNS

J Memory impairment, anxiety-like behavior, histological
impairments

| Liver Index, serum Index, TG, TC, LDL-C, AST, ALT

and alcoholic fatty liver

 liver fibrosis by inhibiting HSC activation

J Fat infiltration of liver tissues caused by high-fat diet and the

expression of PPARy in liver and white adipose tissues

J Kidney and spleen injury caused by alcohol, liver hypertrophy,

14-Noreudesmanes and a
phenylpropane
heterodimer

Isorhamnetin and other
flavonoids

Flavonoids

Flavonoids

Flavonoids, triterpenes
and related SCFAs

Flavonoids, phenolic
acids

Flavonoids

(16)

(81)

(82)

(89

(86)

(80)

(90)

(€2Y)

(92)

(93)
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Group Dosage (mg-kg™!-day™!) Thymus index (mg 10 g~ ') Spleen index (mg 10 g~ 1)

NCG - 16.27 £ 0.89 33.57 £1.32
CyG - 6.94 4 0.51% 20.11 & 1.02%
Prevent CCP2 + Cy (L) 100 9.46 & 0.56** 22.97 £ 1.35%
CCP2 + Cy (M) 200 13.32 £ 0.74%* 29.47 £ 0.78**
CCP2 + Cy (H) 400 11.27 £ 0.34%* 26.38 + 0.68**

Data are presented as mean =+ SD, n = 6.
#p < 0.01 was significant when compared to the NCG group.
**p < 0.01 was significant when compared to the CyG group.
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--------- > Structure information:
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Target gene

1L-2
1L-6
TNF-a
IL-8
GAPHD

Forward primer

atgaacttggacctctgegg
gatgaagggctgcttccaac
ctgaacttcggggtgatcgg
atgacttccaagetggecgtg

agatccctccaaaatcaagtgg

Reverse primer

atgtgttgtcagagceecttt
gcttetccacagecacaatg
tgctectecacttggtggtt
ttatgaattctcagccctcttca

ggcagagatgatgaccctttt

Product size (bp)

129
128
157
302
220
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Component

Xyl
Man
Gle
Gal

Area (standard nC*min)

31.524
19.437
36.050
25.143

Area (CCP2 nC*min)

37.3365
46.8032
44.0274
50.6455

nC*min is the unit of area provided by the gas chromatography (Figure 2A).

Molecular Weight (g/mol)

150.13
180.16
180.16
180.16

Molar ratio

1.14
1.86
1.00
1.57
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Genus Section Species

Hippophae L. Hippophae Hippophae salicifolia
Hippophae rhamnoides

Gyantsenses Hippophae goniocarpa

Hippophae gyantsensis

Hippophae neurocarpa

Hippophae tibetana

Subspecies

ssp. sinensis

sSp. yunnanensis
ssp. turkestanica
ssp. mongolica
ssp. caucasica
ssp. carpatica
ssp. rhamnoides
ssp. fluviatilis
ssp. litangensis
ssp. goniocarpa
ssp. litangensis
ssp. gyantsensis
ssp. stellatopilosa
ssp. neurocarpa

ssp. tibetana
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Class

Vitamin
(mg/100 g)

Mineral

(mg/kg
DW)

(mg/kg DM)

Organic
acid
(mg/100 g)

Amino acid
(mg/100 g)

Compounds

Vitamin C

Vitamin E
Vitamin By,
Riboflavin
Vitamin Bg

Niacin

Vitamin A
Pantothenic acid
Phosphorus (P)
Potassium (K)

Calcium (Ca)
Magnesium (Mg)
Iron (Fe)

Zinc (Zn)
Manganese (Mn)
Copper (Cu)
Boron (B)

Nickel (Ni)
Cadmium (Cd)
Lead (Pb)

L-malic acid

D-malic acid
Succinic acid
Citric acid
Tartaric acid
Quininic acid
Pyruvic acid
Acetic acid
Formic acid

Oxalic acid

Isocitric acid

Aspartic acid

Serine
Glutamic acid
Glycine
Alanine
Cysteine
Tyrosine
Histidine
Arginine
Proline
Threonine

Valine

Methionine
Isoleucine
Leucine
Phenylalanine
Lysine

Total

Content

275

3.54
5.4
1.45
1.12
68.4
432.410/100 g
0.85 mcg/100 g
491
1,674

1,290
990
291

29.77

108.37

17.87

13.61-16.3

0.41-0.49
0.023-0.045
0.034-0.038
26.45

22.90
6.96
2.01
5.39
16.00
0.32
0.08
1.94

10-20

20-21
240-560

11-80
260-360
60-80
56-92
20-41
38-51
56-62
130-180
64-130
47-63
74-92
11-20
52-80
90-130
60-82
78-93
1,460-2,190

Analytical method

HPLC

HPLC

ICP-AES

GFAAS

HPLC

HPLC, UPLC

HPLC

indicates that the value is not available. DW, dry weight basis; DM, dry matter basis.

Specie/varieties

Wwild

Wild ssp. rhamnoides and
Mazeikiai

Botanicheskaya

Aromatnaja,

Botaniczeskaja-Lubitelskaja,
J6zef, Luczistaja, Moskwiczka,

and Podarok Sadu

Shenqiuhong, Wucifeng,
Xinjiyihao, Xinjierhao

Location

Ladakh

Iran

Lithuania

Japan

Poland

China

References

17)

(30)

(3D

(38)
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Class

Carotenoids
(mg/100 g DW)

(mg/100 g)
(mg/100 g DM)

Polyphenols
(mg/kg DM)

(mg/kg FW)

(mg/mL)

(mg/100 g DW)

Compounds

Lutein

Zeaxanthin
B-Cryptoxanthin
3-Carotene
a-Carotene
y-Carotene

Cis B-Carotene
B-Carotene
Lycopene
Xanthophylls

Total carotenoids

Phenolic acid

Ferulic acid

Gallic acid

Vanillic acid

Caffeic acid
Protocatechuic acid
m-Coumaric
o0-Coumaric
p-Coumaric acid
Quinic

Cinnamic
2,5-Dihydroxybenzoic
3,4-Dihydroxycinnamic
Pyrocatechuic

Salicylic
p-Hydroxyphenyl-lactic
Veratric
Hydroxycaffeic
Syringic

flavonoid

quercetin-3-O-rutinoside
isorhamnetin-3-O-rutinoside
isorhamnetin-3-O-glucoside
Catechin

Rutin

Quercetin

Isorhamnetin

Kaempferol

Content

.8-2.5
3-1.6
4-19
0.9-1.6
.6-1.8
3-2.1
9-7.5
13-20
37.76-80.73

53-97
51.8-89.4

3,570-4,439

5.1-17.8
1.0-4.6
1.4-8.4
0.9-6.7
0.7-4.3
0.3-6.1
2.2-13.3
1.4-9.8
3.5-193.9
0.8-803.9
0.1-3.1
5.9-27.3
0.2-32.1
21-47.5
5.3-24.7
3.3-63
9.1-58.5
2.5-12.8
381-616

99-280
102-229
83-195
8.51
9.45
5.16
10.3-15.1

1.02-1.5

Analytical Specie/varieties
method
HPLC-PAD ssp. Carpatica (Victoria, Tiberiu, Sf.
Gheorghe, Serpenta, Serbanesti 4, and
Ovidiu)
UV/VIS -
UPLC Aromatnaja, Botaniczeskaja-Lubitelskaja,
Jozef, Luczistaja, Moskwiczka, and
Podarok Sadu
ssp. Carpatica
UPLC Aromatnaja, Botaniczeskaja-Lubitelskaja,
Jozef, Luczistaja, Moskwiczka, and
Podarok Sadu
GC-MS Nadba, ltycka, Nevlejena, Otradnaja,
Podarok, Sadu, Trofimowskaja, and
Hybrid 29-88
RP-HPLC Avgustinka, Botaniéeskaja, Botani¢eskaja
Liubitelskoje, Hibrid peréika, Julia,
Nivelena-1, Nivelena-2, Otradnaja,
Padarok sadu, Trofimovskaja,
Vorobjevskaja
HPLC Botanicheskaya
RP-HPLC SSp. sinensis, ssp. yunnanensis, ssp.

mongolica, ssp. turkestanica

Location

Carpathians

Iran

Poland

Carpathians
Poland

Poland and

Byelorussia

Lithuania

Japan

China

References

(18)

29
(39

(18)
(349

(46)

(49)

(38)

(48)
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Phenolic acids

O«_OH on?
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HO)D ]Q)LOH /ODMOH OH " 0oH
HO ke HO" OH
HO HO O OH HO
S OH OH OH
Salicylic acid Galllic acid Ferulic acid Vanillic acid Quinic acid 2,5-Dihydroxybenzoic acid Caffeic acid

Flavonoids

Quercetin Isorhamnetin Kaempferol Rutin

OH
OH OH O
HO 0

(+)-Catechin Naringenin Luteolin Leucocyanidin Proanthocyanidin
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Peak number Compound Calibration curves R? Test range Retention Content
(ng/ml) time (min) (mg/100 g)
1 Cyanidin-3-O-galactoside ¥ =20569x—226.41 0.9907 6.25-100.0 2.504 13.306
2 Cyanidin 3-O-glucoside y=4343.9x+3.7214 0.9996 6.25-100.0 2.670 4.426
3 (—)-Catechin hydrate ¥ =5350.1x—16.872 0.9977 0.25-8.0 7.452 5.148
4 (+)-Catechin ¥ =6171.9x+8.7721 0.9986 3.75-60.0 12.304 49.346
5 (—)-Epicatechin y = 15833x—20.699 0.9931 3.75-60.0 12.674 19.719
6 Phloridzin y=16967x—1.0121 0.9995 6.25-100.0 21.610 0.827
7 Quercetin y=32111x—254.54 0.9981 1.56-50.0 29.048 23.087
8 Phloretin y=121700x+13.2 0.9982 6.25-100.0 30.370 1.923
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