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Editorial on the Research Topic
 Dietary Polyphenols for Improving Gut Health: Volume 1



Polyphenols are a large subgroup of phytochemicals which are often in abundance in commonly consumed foods such as fruits, vegetables, and grains. Dietary polyphenols are known to have many biological activities, some of which can potentially protect against various chronic diseases and benefit tissues such as the gut. Within the gastrointestinal tract, dietary polyphenols have been shown to benefit colorectal tissue integrity and function, gut bacterial growth and activities, and the immune system. Studies have also shown that gut microbes can often convert polyphenols into secondary bioactive metabolites that can influence health. Our understanding of the role that dietary polyphenols play in modulating gut health continues to grow, and with it the opportunity to translate this into the development of new or improved dietary supplements or therapies. Thus, current scientific research on polyphenols has aroused great interest and significantly attracted the attention of researchers. This Research Topic aimed to expand our knowledge of how dietary polyphenols can maintain or improve intestinal health, with an emphasis on how this could be translated into their use as dietary supplements to prevent disease or therapies to treat disease.

This Research Topic comprises 8 reviews of the current literature, 1 mini-review, and 13 original research articles by experts in the field. These articles selected by the editors will provide our readers with a deeper understanding of the benefits of dietary polyphenols in improving gut health. These papers are summarized as follows.


EXPLORING THE GASTROINTESTINAL PROTECTIVE EFFECTS OF POLYPHENOLS BASED ON FOODOMICS APPROACHES

Foodomics is emerging as an important high-throughput analysis approach widely applied in food and nutrition studies. Foodomics integrates several analytical platforms and data processing methods for genomic, transcriptomics, proteomics, and metabolomics studies, enabling exploration of the interactions between polyphenols and the gastrointestinal tract at the molecular level. Zhang et al. completed and published a comprehensive state-of-the-art review on the subject, and contributes to our understanding of the gastrointestinal protective effects of polyphenols.



POLYPHENOLS, IMMUNITY, AND GASTROINTESTINAL INFLAMMATORY DISORDER

Immune function is closely related to gut health. Dietary polyphenols were found to promote host immunity through different pathways. Gallic acid (GA) is a typical polyphenol compound common in foods such as tea. Yang et al. reviewed how GA influences the gut microbiota and highlights its modulations of the immune response to maintain intestinal health. Another mini-review contributed by Singh et al. described the effects of polyphenol-rich green tea and its main polyphenolic compounds (–)-epigallocatechin-3-gallate (EGCG), in protecting against malignancy and inflammation. They focused on the cellular mechanisms involved in downregulating the calcium signaling of T cell function by EGCG at the post-transcriptional level.

Ma et al. conducted a research study on a similar topic in which they explored the protective effects of EGCG against acute lipopolysaccharide-induced acute injury. They noticed that EGCG gavage reshaped the intestinal microbial community, reversed the changes in the abundance ratio of Firmicutes/Bacteroidetes, and significantly reduced the abundance of Enterobacteriales. Such protective effects were also attributed to EGCG's modulating effects on the metabolism of sphingolipids.

Colitis is a common gastrointestinal inflammatory disorder and is often studied using animal models. The dextran sulfate sodium (DSS)-induced colitis murine model is widely used. Chen et al. and Hou et al. investigated the protective and therapeutic effects of dietary polyphenols on dextran sodium sulfate (DSS)-induced colitis in mice. Chen et al. showed that juglone, a natural polyphenol found in walnut trees, alleviated DSS-induced mice colitis by decreasing intestinal inflammation and reducing oxidative stress. Hou et al. noticed taxifolin, a natural polyphenol be extracted from onions and other vegetables, prevented DSS-induced mice colitis by blunting the NF-κB signaling, enhancing intestinal barrier, and modulating gut microbiota. Another interesting study performed by Yue et al. applied Irinotecan (CPT-11) as the colitis-inducing reagent. The gastrointestinal toxicity caused by CPT-11 strongly limits its anticancer efficacy. They showed the natural flavonoids from Glycyrrhiza uralensis fisch corrected general intestinal microbial dysbiosis and fecal metabolic disorders in CPT-11-induced colitis mice and proposed G. uralensis diet as an adjuvant for chemotherapy. Yan et al. contributed an original research article which reported the protective effects of chlorogenic acid (a key coffee polyphenol) against indomethacin-induced gastrointestinal inflammation and mucosa damage. Based on cecal microbiota transplantation approaches, they revealed that chlorogenic acid helped maintain intestinal integrity and alleviate inflammatory responses, primarily by inhibiting the growth of Bacteroides and the accumulation of Bacteroides-derived LPS.



POLYPHENOLS AND COLORECTAL CANCER

Colorectal cancer (CRC) is one of the most prevalent cancers in the world. In this topic, Ding et al. and Long et al. reviewed the potential of polyphenols to protect against CRC. They provided comprehensive information on understanding the regulatory mechanisms involved, including modulations of the intestinal microbiota, inflammation, as well as cancer cell proliferation and apoptosis-related signaling. Also, Chen et al. explored the effects of berberine (BBR) on inhibiting colorectal cancer. They showed that BBR induced alterations in the microbiota and their metabolism in AOM/DSS mice. These articles are expected to help in the development of future applications of dietary polyphenols in clinical intervention strategies, especially for CRC therapies and prevention.



POLYPHENOLS, GUT MICROBIOTA DYSBIOSIS, AND METABOLIC DISEASE

Gut microbiota dysbiosis is closely related to the development of metabolic disease, such as obesity. Zhao et al. found that monosodium glutamate (MSG)-induced abdominal obesity, accompanied by gut microbiota dysbiosis, contributes to neuronal damage in the hypothalamus. Dietary quercetin modulated the gut microbiota, alleviated hypothalamic damage and down-regulated liver RetSat expression, thus ameliorating abdominal obesity. Ding et al. showed that honokiol supplementation improved obesity by regulating the intestinal microbiota and its production of metabolites, and found that sex may be an important factor in determining honokiol activity in obese mice induced by a high-fat diet-induced obese mice.



POLYPHENOLS AND GASTROINTESTINAL TRACT

The gastrointestinal tract is the organ within the body, and its actions play a significant role in shaping the functionality, integrity and composition of the gut microbiota. In the gastrointestinal tract, dietary polyphenols remain largely unabsorbed and accumulate in the large intestine, where they can undergo metabolism by intestinal microbes. In their article, Ray and Mukherjee describe the fates of dietary polyphenols within the gastrointestinal tract and link this with intestinal microbial ecology, biological activities, and human well-being and disease.



POLYPHENOLS AND THE GUT-KIDNEY AXIS

Recent studies suggest that there is a potential link between the development of chronic kidney disease (CKD) and functional disorders of the gastrointestinal system. A review presented by Bao et al. showed that polyphenols, such as anthocyanin, catechin, chlorogenic acid, and resveratrol, can regulate the intestinal microbiota. These polyphenols can reduce kidney injury by inhibiting pathogenic bacteria and decreasing host inflammation.



POLYPHENOLS AND THE GUT-LIVER AXIS

Liver diseases represent a major health burden worldwide. The gut microbiome is often involved in liver diseases and may act via the so-called gut-liver axis. Fu et al. showed that a high-fat diet promotes macrophage-mediated hepatic inflammation and aggravates diethylnitrosamine-induced hepatocarcinogenesis in mice. A study by He et al. showed Holly (Ilex latifolia Thunb.) polyphenol extracts could alleviate hepatic damage caused by diquat, a powerful herbicide with strong hepatotoxicity, in challenged piglets. Another study by Luo et al., showed polyphenol components of triadica cochinchinensis honey (TCH) improved alcohol-induced liver disease by reshaping the gut microbiota of mice.



POLYPHENOLS AS ANTIBIOTIC SUBSTITUTE IN FARM ANIMALS

Farmed animals remain the main human-consumed sources of protein, and their production requires significant antimicrobial use (AMU). There is an urgent need to find efficient/cost-effective approaches for decreasing AMU, in particular the use of antimicrobials such as antibiotics, which lead to antimicrobial resistance, during farm animal production. Hasted et al. reviewed the immunostimulatory potential of fruits and their extracts in poultry, and showed they had great promise as a replacement for antibiotic applications in poultry production to maintain poultry health and reduce public health risks. A research article contributed by Cao et al. integrated microbiome and metabolomics approaches to revealed that a polyphenol-rich grape seed extract could be used as an antibiotic substitute in broiler chickens. Another research article presented by Feng et al. explored the effects of polyphenol-rich Ulva prolifera extract on intestinal oxidative stress in weaned piglets and intestinal porcine epithelial cells (IPEC-J2) challenged with hydrogen peroxide. They showed that U. prolifera extract alleviates oxidative stress via Nrf2 signaling, but independent of the AMPK pathway in weaned piglets.

Proanthocyanidins are naturally occurring polyphenols with variable molecular structures and bioactivities. Andersen-Civil et al. reviewed the modulating effects of dietary proanthocyanidins on enteric infections and immunity.

Collectively, the articles in this Research Topic provide novel insight and a comprehensive set of information relating the effects of dietary polyphenols on the activities and health of the gut. These papers are expected to contribute to the development of strategies and products that utilize polyphenols, in the prevention/therapy of the gastrointestinal disorders. The editors hope that this topic will shed a light on future research in this growing and exciting area of nutrition and Microbes/Nutritional Immunology.
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Background: Accumulating data support the fact that the gut microbiota plays an important role in the progression of obesity and its related metabolic disease. Sex-related differences are an important consideration in the study of gut microbiota. Polyphenols can regulate gut microbiota, thereby improving obesity and its associated complications. There have been no studies conducted on the ability of honokiol (HON, an extract from Chinese herbal medicine) to regulate gut microbiota. The aim of this study was to examine whether HON supplementation would improve obesity by regulating the gut microbiota and its related metabolite levels, and whether there were sex-based differences in high-fat diet-induced obese mice.

Methods: C57BL/6 mice (n = 120) were fed a normal chow diet (ND group), high-fat diet (HFD group), or HFD plus HON at 200, 400, and 800 mg/kg BW for 8 weeks. Body weight, adipose tissue weight, adipocyte diameter, insulin resistance, blood lipid and serum inflammatory cytokines, gut microbiota, and its metabolite were examined at the end of the experiment.

Results: The HON supplementation reduced body weight, adipose tissue weight, adipocyte diameter, insulin resistance, blood lipid, and serum inflammatory cytokine levels in HFD-fed mice, and this effect was significant in the high-dose group. In addition, HON not only reversed gut disorders in HFD-fed mice, such as by enhanced the abundance of Akkermansia and short-chain fatty acids (SCFAs) producing Bacteroides and reduced Oscillospira, but also improved the SCFAs and endotoxin (LPS) levels, although there were sex-based differences. The correlation between several specific genera and obesity-related indexes was revealed through Spearman's correlation analysis. Moreover, HON may have dose-dependent effects on regulating gut microbiota to alleviate obesity.

Conclusions: These findings suggest that HON can prevent diet-induced obesity and its associated diseases by regulating the gut microbiota and improving microbial metabolite levels. Moreover, our findings indicate that sex may be an important factor affecting HON activity.

Keywords: honokiol, gut microbiota, metabolites, mice, health


INTRODUCTION

Obesity and related metabolic diseases, which are caused by a high-fat diet (HFD) and sedentary lifestyle, have been increasing with the improvements in standard of living and the changing lifestyle and have become an urgent public health problem (1). The underlying cause of obesity includes a higher energy storage than consumption due to genetic or environmental factors, as well as an excessive proliferation and differentiation of the body's adipocytes, which ultimately results in weight gain (2). The gut microbiota is made up of trillions of bacteria (3, 4) affecting the nutrient digestion and energy metabolism of the host by regulating nutrient uptake and energy and fat storage. It, therefore, plays an important role in the development of obesity and related metabolic diseases (5, 6). Studies have found that obese people have a less rich microbiota than lean people (7). High-energy and HFD-induced weight gain and fat accumulation were inhibited in germ-free (GF) mice (8, 9). The obese phenotype was also transferred when the microbiota of obese mice was transplanted into GF mice (9). Antibiotic therapy in obese mice reduced obesity and improved glucose metabolism (10). In addition, it was shown that a decrease in Akkermansia and Bacteroides abundance and an increase in Oscillospira abundance are closely related to the occurrence and development of obesity (11–13). These results indicate that microbiota plays an important role in the development of obesity. Moreover, obesity would lead to an increase in serum LPS concentration (14), which is the main component of the outer membrane of Gram-negative bacteria (15). Lipopolysaccharide could lead to metabolic inflammation and insulin resistance (14). Studies have demonstrated that Akkermansia can improve the body's inflammatory response and protect the intestinal barrier (11), Oscillospira is closely related to the body's inflammatory response and intestinal permeability (13), and Bacteroides can promote health by producing short-chain fatty acids (SCFAs) to provide energy for intestinal epithelial cells and inhibit LPS-induced inflammation (12, 16). These results suggest that regulating gut microbiota may be an important measure to prevent obesity and obesity-related metabolic syndrome.

There is increasing evidence that plant functional components, especially polyphenols, can regulate gut microbiota, thereby improving obesity and its associated complications (17, 18). For example, the addition of apple proanthocyanidins significantly increased the ratio of Bacteroidetes/Firmicutes, and the abundance of Akkermansia, alleviated the weight gain, inflammation, and intestinal permeability, and improved lipid metabolism induced by a HFD (17). Supplementing a basic diet with resveratrol changed the gut microbiota in mice. When this gut microbiota was transplanted into HFD-fed mice, the recipients had less weight gain, increased insulin sensitivity, alleviated inflammation, and improved lipid metabolism and intestinal barrier function (18). In addition, gut microbiota could play a beneficial role in the host by producing SCFAs, such as butyrate, which provide energy for intestinal epithelial cells and inhibit inflammation induced by LPS, promoting health (12, 16). These results suggest that polyphenols can improve obesity and related complications by regulating gut microbiota and metabolites.

Honokiol (HON) is a naturally occurring, pleiotropic lignan that was confirmed as one of the main biological active components of Magnolia officinalis, a traditional Chinese medicine (19). HON has been shown to have broad-spectrum antibacterial (20), anti-tumor (21), neuro-modulating (19), and anti-oxidation activities (22) by modern pharmacological tests, and has now become more widely studied due to its pleiotropic effects. In previous reports, supplementation of HON and magnolol ameliorated body fat accumulation, insulin resistance, and adipose inflammation in HFD-fed mice (23). However, only 5–10% of HON are absorbed in the small intestine as dietary polyphenol. The rest are transported to the posterior intestine for microbial degradation and utilization, and shape the structure of gut microbiota (24). Therefore, it cannot be ignored that the role of gut microbiota in the process of HON acting on the host. In addition, studies have confirmed that sex-related differences are an important consideration in the study of gut microbiota. For example, women had fewer metabolic disorders caused by diet (25, 26), and inflammatory bowel disease caused by microbiota changes in the gut was more common in women than in men (27, 28). However, whether there are sex-related in the regulation of high-fat-induced gut microbiota, improving obesity and related complications by HON, has not been studied.

Therefore, the aim of this study was to investigate whether HON can improve obesity and its related complications by regulating gut microbiota, and whether this effect was associated with sex differences.



MATERIALS AND METHODS


Materials

HON samples (purity > 99.9%) were purchased from Victory Biological Technology Co., Ltd. (Sichuan, China).



Animal and Experimental Design

After approval by the Committee on the Ethics of Animal Experiments of Hunan Agriculture University, 120 C57BL/6 mice (SPF, 6 weeks old, 60 male and 60 female) were purchased from the Hunan SJA Laboratory Animal Co., Ltd (Hunan, China). All mice were housed 2/cage at 23 ± 2°C with 50 ± 5% relative humidity and with a 12-h light–dark cycle. After 1 week of acclimation, the mice were randomly divided into five groups randomly (24 mice per group, half male and half female), and fed a normal chow diet (ND group, D12450J, 10% kcal from fat, 3.85 kcal/g, Research Diets, Inc., USA), high-fat diet (HFD group, D12492, 60% kcal from fat, 5.24 kcal/g, Research Diets, Inc., USA), and HFD with HON at 200 mg/kg BW (H200 group), 400 mg/kg BW (H400 group), and 800 mg/kg BW (H800 group) for 8 weeks. Body weight was measured weekly, and food intake was recorded daily. After 8 weeks of experimental treatment, blood samples were collected from the orbital plexus and the mice were sacrificed. The adipose tissues were removed, rinsed with a physiological saline solution, weighed, and stored at −80°C until analyzed. Meanwhile, cecal contents were collected in Eppendorf tubes and immediately stored at −80°C for subsequent analysis. The animal experimental protocols were conducted in accordance with the Institutional Animal Care and Use Committee of Hunan Agriculture University.



Insulin Resistance Assessment

The blood insulin of fasted mice (overnight) was measured using a commercial ELISA kit (Wuhan Cusabio biotech Co., Ltd., China), according to the manufacturer's recommendations. Blood glucose was determined with an automatic biochemical analyzer (Shenzhen Mindray Bio-Medical Electronics Co., Ltd., China). The homeostasis model assessment-insulin resistance (HOMA-IR) was calculated using the following formula: HOMA-IR = fasting blood glucose (mmol/L) × fasting insulin (mU/L)/22.5.



Biochemical Analysis and Cytokine Measurements

Serum triglyceride (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) were determined by an automatic biochemical analyzer (Shenzhen Mindray Bio-Medical Electronics Co., Ltd., China). Free fatty acids (FFA) were determined using a commercial kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Serum LPS-binding protein (LBP), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), interleukin-1β (IL-1β), and interferon-γ (IFN-γ) concentrations were then quantified using commercial ELISA kits (Wuhan Cusabio biotech Co., Ltd., China).



Histological Examination

Epididymal WAT was dissected, washed in saline, and immediately fixed in 4% paraformaldehyde. Fixed tissues were embedded in paraffin and 4-μm sections were prepared and stained with hematoxylin and eosin (H&E) for general morphological observations. Images were acquired at 200 × magnification. The sizes of white adipose tissue was measured using Photoshop CS6 (Adobe Systems Inc., San Jose, CA, USA).



SCFA Analysis

About 60 g of cecal contents were weighted accurately using a 1/10000 balance, added to 1.5 ml of ultrapure water, and vortexed uniformly for 2 min overnight. The mixtures were then centrifuged at 12,000 g for 15 min, and the supernatants and 25% metaphosphoric acid were mixed in a proportion of v:v = 9:1 for SCFA analysis. The SCFA content was determined using an Agilent 7890A at a programmed temperature (Agilent Technologies Inc., USA).



Gut Microbiota Analysis

Five cecal content samples from each group were selected for microbiota 16S rRNA analysis. Total bacterial genomic DNA samples were extracted using a Fast DNA SPIN extraction kit (MP Biomedicals, Santa Ana, CA, USA), following the manufacturer's instructions. The quantity and quality of the extracted DNAs were measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis, respectively. The V3–V4 hypervariable region of the bacterial 16S rRNA gene was amplified using universal primers (338F and 806R). Sequencing was performed on the Illumina HiSeq platform using HiSeq2500 PE250 (Illumina, USA).

The Quantitative Insights Into Microbial Ecology (QIIME, v1.8.0) pipeline was used to process the sequence data. Briefly, raw sequencing reads with exact matches to the barcodes were assigned to their respective samples and identified as valid sequences. Low-quality sequences were filtered according to the criteria of Chen and Jiang (29). After chimera detection, the remaining high-quality sequences were clustered into operational taxonomic units (OTUs) at 97% sequence identity by UCLUST (30). The abundance of each OTU in each sample and the taxonomy of these OTUs are represented by an OTU table. Data analyses were mainly performed using QIIME and R packages (v3.2.0). OTU-level alpha diversity indices, such as the Chao1 richness estimator, ACE metric (Abundance-based Coverage Estimator), Shannon diversity index, and Simpson index, were calculated using the OTU table in QIIME. Beta diversity analysis was used to investigate the structural variation of microbial communities across samples using UniFrac distance metrics (31) and visualized via principal coordinate analysis (PCoA), nonmetric multidimensional scaling (NMDS), and the unweighted pair-group method with arithmetic means (UPGMA) hierarchical clustering (32). Venn diagrams were generated to visualize the shared and unique OTUs among samples or groups using the R package Venn Diagram, based on the occurrence of OTUs across samples/groups regardless of their relative abundance (33). A heatmap was created on the basis of the top 50 dominant genera using R packages (V3.5.2). The Spearman's rho nonparametric correlations between the gut microbiota and obesity-related indexes were determined using R packages (V3.5.2).



Statistical Analysis

Data are expressed as the mean ± SEM (the standard error of the mean). A two-sided unpaired Student's t-test with Benjamini–Hochberg correction was used to compare the two groups. The differences among the four groups were analyzed using one-way analysis of variance (ANOVA) followed by Duncan's test. Significance was set at P < 0.05.




RESULTS


HON Suppresses HFD-Induced Increases in Body Weight of Mice

In female and male mice, the body weight and weight gain of HFD-fed mice were significantly higher than those of the ND-fed and HFD + 800 mg/kg HON-fed mice at the end of study (P < 0.05, Figures 1A–C). The HFD + 200 mg/kg HON diet had similar effects on male mice (P < 0.05, Figures 1A–C). In addition, while the weights of the female mice in the H800 group significantly decreased compared to those of female mice in the HFD group by 7 weeks, the difference in the weights of the male mice was seen 4 weeks earlier (P < 0.05, Figures 1A,B). Total food intake did not vary significantly among the HFD-fed groups of female mice and male mice except for the H800 group (Figure 1D), where a significant decrease of food efficiency ratio (FER) was observed for the H800 group of female mice and H800 and H200 groups of male mice compared with the HFD group (P < 0.05, Figure 1E), suggesting that the effects of HON on body weight did not result from the reduction of food intake but from the FER (weight gain divided by food consumption weight). These results imply that HON reduced weight gain in HFD-fed mice and that there were sex-based differences in the body weight, weight gain, and FER (P < 0.05, Figures 1C–E); Moreover, the food intake of HFD + 800 mg/kg HON male mice was notably lower than that of the female mice (P < 0.05, Figure 1D).
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FIGURE 1. Effect of HON on body weight and food intake in HFD-fed mice. Mice were fed with a normal chow diet (ND), a high-fat diet (HFD), HFD plus HON at 200 (H200), 400 (H400), and 800 (H800) mg/kg BW for 8 weeks. Changes in the (A,B) body weight; (C) body weight gain; (D) total food intake; and (E) FER. Mean ± SE (n = 12). HON, honokiol. Statistically significance results between female and male treatment groups were expressed by lowercase letters (a, b, c) and uppercase letters (A, B, C) based on ANOVA with Duncan's range tests. Mean values with different letters indicate statistically significance results (P < 0.05). Statistically significant results in different sexes group are marked by *P < 0.05 and **P < 0.01.




HON Prevents Increases in Adipose Tissue Mediated by a HFD in Mice

Since HON decreases the body weight of HFD-fed mice, we investigated whether the decreased body weight gain was due to a reduction in adipose tissue mass by weighing the fat pads. As shown in Figures 2A,B, the HFD significantly increased weights of the abdominal WAT, epididymal WAT inguinal WAT, perirenal WAT, and mesenteric WAT fat pads over those of the ND-fed group. HON supplementation decreased the HFD-induced gains in WAT weights, especially at high doses (P < 0.05, Figures 2A,B). Histological sections from the inguinal WAT of HFD group showed that adipocyte diameter was greater in the HFD than the ND group, while adipocyte size was clearly smaller in the H200, H400, and H800 groups than in the HFD group (P < 0.05, Figures 2C–F). Adipose mass was correlated with body weight in the mice fed HON, suggesting that the HON-induced decrease in body weight increase could be attributed to a reduction in adipose tissue weights. Results showed that HON significantly decreased adipocyte diameter in inguinal WAT compared to the HFD group (P < 0.05, Figures 2C–F), suggesting that HON may inhibit adipogenesis and hyperplasia of inguinal WAT.


[image: Figure 2]
FIGURE 2. Effect of HON on adipose mass gain. (A) Changes in fat pad weights of abdominal white adipose tissue (WAT), (B) epididymal WAT, (A,B) inguinal WAT, (A,B) perirenal WAT, (A,B) mesenteric WAT and (A,B) brown adipose tissue (BAT). Mean ± SE (n = 12). Inguinal WAT; Average adipocyte diameter of inguinal WAT ×200 magnification (C–F). ND, normal chow diet; HFD, high-fat diet; HON, honokiol. H200, H400, and H800 correspond to honokiol supplemented with 200, 400, and 800 mg/kg in high fat diet, respectively. Statistically significance results between female and male treatment groups were expressed by lowercase letters (a, b, c) and uppercase letters (A, B, C) based on ANOVA with Duncan's range tests. Mean values with different letters indicate statistically significance results (P < 0.05).




HON Ameliorates Serum Lipid Profile and Attenuates Systematic Inflammation in HFD-Fed Mice

Obesity is accompanied by increased serum lipid levels and inflammatory cytokine levels (34). As shown in Figure 3, compared to the ND-fed group, mice in the HFD-fed group had significantly increased serum levels of TG, TC, HDL-C, LDL-C, FFA, TNF-α, IL-6, and IL-1β, and decreased IFN-γ serum levels. HON supplementation remarkably reduced serum lipid levels (TG, TC, FFA, and LDL-C) and systematic inflammation (TNF-α and IL-1β) compared to those in the HFD group (P < 0.05). HFD plus HON at 400 and 800 mg/kg significantly increased serum levels of IL-6 and decreased FFA concentration (P < 0.05, Figure 3). In addition, male mice had lower serum levels of IL-6 and IL-1β than female mice and there was no significant difference between TC and FFA.


[image: Figure 3]
FIGURE 3. Effects of HON ameliorates serum lipid profile and attenuates systematic inflammation in HFD-fed Mice. Serum levels of TNF-α (A), IL-6 (B), IL-1β (C), IFN-γ (D), LDL-C (E), HDL-C (F), TC (G), TG (H), FFA (I). ND, nomal chow diet; HFD, high fat diet; HON, honokiol. H200, H400, and H800 correspond to honokiol supplemented with 200, 400, and 800 mg/kg in high fat diet, respectively. Statistically significance results between female and male treatment groups were expressed by lowercase letters (a, b, c, d) and uppercase letters (A, B, C, D) based on ANOVA with Duncan's range tests. Mean values with different letters indicate statistically significance results (P < 0.05). Statistically significant results in different sexes group are marked by *P < 0.05 and **P < 0.01.




HON Reduces Insulin Resistance in HFD-Fed Mice

Studies indicated that diet-induced obese mice would have significantly increased fasting glucose and an elevated HOMA-IR value (34). In the present study, all the HON treatments, except for the high dose of HON on male mice, resulted in a significant reduction in fasting glucose and insulin levels along with a decrease in HOMA-IR in HFD-fed mice (P < 0.05, Figures 4A–C), suggesting that HON can improve insulin resistance. In addition, there were sex-related in fasting glucose and HOMA-IR.
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FIGURE 4. Preventive effects of HON on the development of insulin resistance in HFD-fed mice. Fasting blood glucose (A), fasting insulin (B), and HOMA-IR (C), calculated according to the formula: fasting blood glucose (mmol/L) ×fasting insulin (mIU/L)/22.5 are shown. ND, normal diet; HFD, high-fat diet; HON, honokiol. H200, H400, and H800 correspond to honokiol supplemented with 200, 400, and 800 mg/kg in high fat diet, respectively. Statistically significance results between female and male treatment groups were expressed by lowercase letters (a, b, c, d) and uppercase letters (A, B, C, D) based on ANOVA with Duncan's range tests. Mean values with different letters indicate statistically significance results (P < 0.05). Statistically significant results in different sexes group are marked by *P < 0.05 and **P < 0.01.




Effects of HON Treatment on the Gut Microbiota Composition in Diet-Induced Obese Mice

Increasing evidence shows that the gut microbiota plays an important role in the development of obesity and obesity-related complications (6, 35). Therefore, after 8 weeks of feeding, we sequenced cecal content samples to elucidate the effects of ND, HFD, and HFD supplemented with HON on the gut microbiota structure. In female mice, at all detected, 672 OTUs were detected in all groups (Figure 5A). There were 248, 181, 100, 127, and 227 unique OTUs in the ND, HFD, H200, H400, and H800 groups, respectively. There was no significant difference in the value of ACE, Chao1, Shannon, and Simpson between the ND, HFD, H200, and H400 groups (Table S1). However, significant differences in ACE and Chao1 were found between mice in the HFD and H800 groups (Table S1). In male mice, 559 OTUs were presented in all groups (Figure 5B). There were 256, 147, 100, 192, and 200 unique OTUs in the ND, HFD, H200, H400, and H800 groups, respectively. Significant differences were also found in the ACE, Chao1, Shannon, and Simpson measures of the HFD and H800 groups (Table S3). PCA revealed a significant separation on the microbiota of the groups (Figure 5G). Collectively, these results indicated that HON modulated the gut microbiota of HFD-fed mice. Moreover, the HFD-fed group had significantly reduced Muribaculaceae and Bifidobacterium, and significantly increased Oscillospira and Lactococcus (P < 0.05, Figures 5D,E and Table S4), and decreased Akkermansia but not significant compared to the ND group (Figures 5D,E and Table S4). The changes in Akkermansia and Oscillospira were opposite to those in the female mice (Figures 5C–F and Table S2). Moreover, compared to the HFD-fed group, the abundances of Akkermansia in all HON treatment, as well as Bacteroides (the SCFA-producing microbiota), Bilophila, Unclassified_Enterobacteriaceae, and Fusobacterium in the H800 group were remarkably enriched. While Muribaculaceae, Oscillospira, and Ruminococcus in all HON treatments, and Unclassified_Clostridiales, Unclassified_Ruminococcaceae, rc4-4, Lactococcus, and Dehalobacterium in the H800 group were sharply reduced (P < 0.05, Figures 5D,H and Table S4). Notably, Akkermansia, which belongs to the phylum Verrucomicrobia, was enriched and Unclassified_Clostridiales, which belongs to the Phylum Fusobacteria, were reduced by HON supplementation in HFD-fed male mice but not female mice.
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FIGURE 5. HON alter the composition of the gut microbiota in HFD-fed mice. Venn diagrams showing the unique and shared OTUs in the gut microbiota of the groups (A,B). Community taxonomic composition and abundance distribution map at genus level (C,D). Hierarchically clustered heat map analysis of the top 50 most abundant of gut microbes at genus level (G,H). PCA clustering analysis (E,F). H200, H400, and H800 correspond to honokiol supplemented with 200, 400, and 800 mg/kg in high fat diet, respectively.




HON Improves Related Gut Metabolites in HFD-Fed Mice

Since gut microbiota was modulated by HON supplementation in HFD-fed mice, we next investigated the effect of HON on microbial metabolites, SCFAs, and LBP. The HFD-fed group had a reduced concentration of total SCFAs and increased concentration of LBP in the cecum compared to ND-fed group (P < 0.05, Figures 6E,F). HON treatment increased the cecum concentration of SCFAs especially high dose of HON treatment, which markedly increased concentrations of propionate, acetate, butyrate, and total SCFAs, and significantly decreased concentrations of LBP (P < 0.05, Figures 6A–C,E,F). Since SCFAs could effectively inhibit the release of LPS endotoxin as shown in Figure 6, HON treatment significantly reduced the concentration of LBP in mice (P < 0.05), thereby reducing metabolic endotoxemia in HFD-fed mice, and there were sex-related in LBP (36).
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FIGURE 6. HON improve related gut metabolites in HFD-fed mice. Concentrations of propionate (A), acetate (B), butyrate (C), isovalerate (D), total SCFAs (E), LBP (F). ND, nomal chow diet; HFD, high fat diet; HON, honokiol. H200, H400, and H800 correspond to honokiol supplemented with 200, 400, and 800 mg/kg in high fat diet, respectively. Statistically significance results between female and male treatment groups were expressed by lowercase letters (a, b, c) and uppercase letters (A, B, C) based on ANOVA with Duncan's range tests. Mean values with different letters indicate statistically significance results (P < 0.05). Statistically significant results in different sexes group are marked by *P < 0.05 and **P < 0.01.




Correlation of Gut Microbiota With Obesity-Associated Indexes

Spearman correlation analysis was used to determine the potential correlation between gut microbiota and obesity-related indexes (Figure 7). There was a significant positive correlation between Dehalobacterium, Oscillospira, rc4-4, Muribaculaceae, and TNF-α, LBP, and IL-1β in female mice (Figure 7A). Bifidobacterium was negatively correlated with body weight, mesenteric fat and GLU, TG, TC, and HDL-C. Akkermansia was negatively correlated with LBP (Figure 7A). In male mice (Figure 7B), Ruminococcus, Oscillospira Muribaculaceae, Dehalobacterium, Lactobacillus, and rc4-4 showed a significant positive correlation with LBP and IL-6, while Unclassified_Enterobacteriaceae were significantly negatively correlated with LBP and IL-6. Bifidobacterium showed a significant negative correlation with body weight, perinenal WAT, inguinal WAT, epididymal WAT, TC, HDL-C, LDL-C, HOMA-IR, IL-1β, and TNF-α, while Lactococcus showed a significant positive correlation with body weight, mesenteric WAT, perinenal WAT, and epididymal WAT, TC, HOMA-IR, TNF-α, and IL-6. Notably, as a genus that was differentially regulated by the treatments, Akkermansia was significantly negatively correlated with body weight, perinenal WAT, inguinal WAT, TG, LBP, and IL-6, and positively correlated with total SCFAs, and propionate. These results suggest that Akkermansia and Bifidobacterium may play an important role in the prevention of obesity and related complications, while Lactococcus may promote the occurrence and development of obesity. Dehalobacterium, Oscillospira, Muribaculaceae, rc4-4, and Ruminococcus may be closely related to the occurrence of obesity. In addition, there were sex-related in the Akkermansia abundance.
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FIGURE 7. Relationship between intestinal microbiota and Obesity-related Indexes analyzed with a Spelman correlation heatmap. Analysis of correlation between gut microbiota at the genus level and obesity-related indexes are shown in the (A,B). The colors range from blue (negative correlation) to red (positive correlation). *P < 0.05 and **P < 0.01.





DISCUSSION

Obesity is a common metabolic disease accompanied by numerous health problems (1). As a natural bioactive substance, polyphenols can prevent diet-induced obesity and related complications by regulating the composition of gut microbiota (17, 18). Previous studies have confirmed that HON can improve diet-induced liver lipid metabolism in obese mice (37, 38). Nevertheless, the effects of it on gut microbiota, and its ability to treat obesity and related complications by regulating the composition of gut microbiota have not previously been reported. In this study, we demonstrated that HON can alleviate obesity and its related complications induced by a HFD by altering gut microbiota, and indicated that sex may be a vital factor affecting the improvement of gut microbiota composition by HON.

A HFD can induce obesity and associated complications in mice, such as excessive fat accumulation, dyslipidemia, inflammation, and increased insulin resistance (39). HON supplementation can reverse the occurrence of high-fat-induced obesity and the above related obesity complications in mice. This suggests that HON has a beneficial effect on obesity, and which is achieved not by lowering food intake, but by reducing the FER in mice. Only a small portion of polyphenols can be absorbed by the small intestine, with most decomposed and utilized by microbiota in the hindgut (24). Recently, a rapidly expanding field of research has shown that the gut microbiota is a significant factor in obesity through the regulation of nutritional access, energy distribution and fat storage (5). Moreover, high fat could bring about an imbalance of gut microbiota in obese people (6) and the gut microbiota has been recognized as a crucial environmental factor in the pathogenesis of obesity (3). These results suggest that polyphenols may improve obesity and its related complications by affecting the gut microbiota.

In addition, when gut microbiota detection was performed on animals with specific genetic background, the results were more evident than those considering different sexes, which was also the reason for inconsistent conclusions in relevant studies (40, 41). Therefore, when observing the interaction between the gut microbiota and environmental factors, such as diet, sex as a crucial factor is worth considering (42, 43). The evidence indicates that women were less likely to suffer from diet-related metabolic disorders than men (25, 26).

Akkermansia is a genus of Gram-negative anaerobic bacteria belonging to the Verrucomicrobia, and its abundance is significantly negatively correlated with obesity. Sustained intervention with a HFD in mice for 8 weeks resulted in a 100-fold reduction in the abundance of Akkermansia in the cecum (44). The alteration in Akkermansia abundance was correlated with changes in lipid metabolism and the expression of inflammatory response markers (45). Akkermansia intervention could improve obesity and related complications such as fat accumulation, insulin resistance, and circulating levels of inflammatory factors induced by a HFD (44). These results indicate that Akkermansia play an important role in improving obesity and related complications. In addition, it has been demonstrated that polyphenols can improve obesity and related complications by changing the abundance of Akkermansia in the gut (17). In this study, we demonstrated that a HFD resulted in a significant decrease in cecum Akkermansia abundance and that supplementation with HON led to a significant increase in Akkermansia in male mice. In addition, HON decreased adipose tissue weight and serum inflammatory factor levels, and improved insulin resistance and dyslipidemia in HFD-fed male mice. Correlation analysis also discovered that Akkermansia were negatively correlated with body weight, adipose tissue weight of WAT and TG, LBP, and IL-6, which is consistent with previous studies. These results suggest that HON can improve obesity and related complications by increasing the abundance of Akkermansia in the gut. It is worth noting that the HFD increased the cecum abundance of Akkermansia, and HON supplementation did not have a significant impact on their richness in female mice. This result was contrary to what was seen in male mice, and the correlation analysis of Akkermansia with obesity and related indexes was also different in male and female mice, indicating that Akkermansia abundance may be associated with sex. The study also confirmed that the abundance of Akkermansia was varied in mice of different sexes (43, 46), which was related to the secretion levels of hormone and bile acid (43).

Bacteroides is a Gram-negative anaerobic belonging to Bacteroidetes, which produce SCFAs. Bacteroides abundance was related to the occurrence and development of obesity and a HFD reduce its abundance (12, 47). A Mediterranean diet is associated with more Bacteroides than the Western diet (48). Oral Bacteroides uniformis significantly reduced body weight, increased the number of adipocytes, and improved glucose tolerance, dyslipidemia, and the immune response in obese mice (49). Besides, the abundance of Bacteroides was correlated with sex (50); it decreased with the increasing body mass index (BMI) in men, but there was no correlation in women (50). In this study, we found that the abundance of Bacteroides of male mice in the HFD-fed group was reduced more than 2.5 times, and a high dose of HON significantly increased their abundance of it and the concentration of cecal SCFAs, but there was no significant change in female mice. Correlation analysis also showed that the abundance of Bacteroides was positively correlated with the gut acetate levels in male mice, but there was no such correlation in female mice, which was consistent with the abovementioned results. Moreover, SCFAs can effectively prevent obesity, dyslipidemia, and inflammation (51). Therefore, we speculate that HON may prevent obesity and related complications by producing SCFAs through posterior intestinal fermentation, and that sex is an important factor for different outcomes.

Oscillospira was negatively correlated with emaciation or lower BMI in children and adults (52, 53). A Western diet was associated with higher abundance of Oscillospira than a Mediterranean diet (48). A study by Amandine et al. showed that Oscillospira's abundance was positively correlated with obesity index and epididymal adipose tissue (54). A similar result was also found in this study, suggesting that HON may produce anti-obesity effects in HFD-fed mice by reversing the abundance of Oscillospira. In addition, the HFD-fed group of female mice did not have an increased abundance of Oscillospira compared with male mice. Studies also found that Oscillospira's abundance was closely related to sex (42) and that there were sex-based differences in the changes in abundance caused by HFD, which, like Akkermansia, might be related to bile acid and sex hormone secretion (43). Correlation analysis showed that there was a significant positive correlation between Oscillospira and LBP, and TNF-α. These findings indicate that Oscillospira may facilitate the occurrence and development of obesity and related complications, and there is a large relationship between gut microbiota and sex.

LBP is an acute phase protein that specifically binds to LPS, promoting innate immunity and thus acts as an ideal biomarker of gut microbiota antigen inflammation. Gut microbiota can reduce serum LPS level (15), and its imbalance can lead to more bacterial lipopolysaccharides entering the bloodstream from the intestinal tract, resulting in inflammatory obesity and insulin resistance in obese mice (6, 48). In the present study, the levels of LBP in the high-fat group were significantly higher than those in the ND group, and was significantly reduced by adding HON. Correlation analysis showed that there was a significant positive correlation between Dehalobacterium, Oscillospira, Muribaculaceae, rc4-4, and Oscillospira and LBP, which was reduced by supplementation with HON compared to the HFD-fed group of mice. This indicates that HON may prevent the occurrence and development of obesity and obesity-related complications by decreasing the amount of LPS produced by gut microbiota.

Surprisingly, in this study, the H800 group had a reduced total food intake and there was no improvement insulin resistance in male mice in this group. We speculated that HON increased the concentration of SCFAs in the cecum, which were absorbed into the hepatic vein system through the intestines, promoted liver metabolism processes, such as gluconeogenesis, provided energy for liver metabolism (55). Elegant rodent studies have demonstrated that SCFAs have a suppressive effect on appetite and energy intake via central nervous system-related mechanisms and the gut–brain axis (56, 57). In addition, HON may have dose-dependent effects on gut microbiota. This study found that compared with other doses, the high dose of HON significantly reduced the richness of the gut microbiota, which also reduced the abundance of Unclassified_Clostridiales significantly in male mice, and reduced the abundance of Muribaculaceae more significantly in female mice.



CONCLUSIONS

HON can prevent diet-induced obesity and associated complications by regulating gut microbiota and metabolites. Sex and dose may be important factors that deserve our attention while using this compound. This study provides a new perspective on the anti-obesity effect of the Chinese medicinal herbal extract HON, but its precise mechanism of action needs to be further verified.
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Polyphenols are essential antioxidants in our regular diet, and have shown potential antibacterial effects. Other important biological effects, such as anticancer or antibacterial activities, have been demonstrated by some polyphenols. In recent years, the benefits of polyphenols to human health have attracted increasing attention from the scientific community. Recent studies have shown that polyphenols such as anthocyanin, catechin, chlorogenic acid, and resveratrol can inhibit pathogenic bacteria such as Escherichia coli and Salmonella to help regulate intestinal microflora. An imbalance of intestinal microflora and the destruction of intestinal barrier function have been found to have a potential relationship with the occurrence of chronic kidney disease (CKD). Specifically, they can aberrantly trigger the immune system to cause inflammation, increase the production of uremic toxins, and further worsen the condition of CKD. Therefore, the maintenance of intestinal microflora and the intestinal tract in a stable and healthy state may be able to “immunize” patients against CKD, and treat pre-existing disease. The use of common antibiotics may lead to drug resistance in pathogens, and thus beneficial polyphenols may be suitable natural substitutes for antibiotics. Herein we review the ability of different polyphenols, such as anthocyanin, catechin, chlorogenic acid, and resveratrol, to regulate intestinal microorganisms, inhibit pathogenic bacteria, and improve inflammation. In addition, we review the ability of different polyphenols to reduce kidney injury, as described in recent studies.
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INTRODUCTION

Chronic kidney disease (CKD) affects over 10% of the population and is increasingly pervasive in several nations, largely due to aging populations and changing lifestyles (1). Disease presence and occurrence vary due to differences in people's pre-existing underlying conditions and access to government-subsidized care. In many countries, the frequency of CKD is as high as 200 cases per million per year (2).

CKD is characterized by chronic renal damage and/or functional impairment, and it is often associated with high rates of morbid obesity and mortality throughout its progression, from early to advanced stages, at which point renal replacement therapy (i.e., dialysis or transplant) is required. Although, significant progress has been achieved in the prevention, detection, and treatment of CKD, it remains a significant public health problem (3), and there is therefore an immediate need to develop new approaches to treat patients with CKD (4).

The human intestinal tract is the location of a diverse bacterial community denoted the intestinal microbiota. It has a key role in preserving the well-being of humans, but it is vulnerable to external factors such as dietary patterns and the use of medications (5). The microbiota retains a codependent relationship with its human host in normal conditions, but its dysfunction has been linked with a number of diseases. For example, intestinal microbial dysbiosis occurs in CKD, manifesting as an increase in pathogenic flora relative to symbiotic flora (5). CKD has also been observed to increase the permeability of the intestinal barrier, leading to the increased passage of endotoxins and other bacterial substances into the blood (6).

In a specific example, an accumulation of uremic contaminants is usually associated with an increased risk of CKD development. Some uremic toxins or their precursors are generated by the processing of nutrients by intestinal microbiota, where these precursor are typically trimethylamine N-oxide (TMAO), indole-3-acetic acid, p-cresyl sulfate, and indoxyl sulfate. A higher intake of certain nutrients may also affect the intestinal microbiota, and lead to the increased bacterial production of uremic toxins or precursors. Thus, circulating concentrations of nutrient-derived uremic contaminants are associated with an increased risk of CKD development (7).

Dietary polyphenols found in a wide range of plant foods have been shown to be correlated with beneficial effects in the hosts (8). Polyphenols can also help to prevent chronic diseases such as cardiovascular disease, hypertension, obesity, and neurodegenerative diseases (1). Studies have shown that dietary polyphenols can help to maintain bowel health by promoting the development of beneficial bacteria (i.e., Lactobacilli and Bifidobacteria), thereby maintaining microbial gut equilibria, and by inhibiting pathogenic bacteria, thus demonstrating polyphenols' positive prebiotic effect (8).

In this article we review the evidence in the literature of a link between intestinal health and CKD, with a special focus on the effects of polyphenols on the regulation of intestinal microbial communities and immune responses for the prevention and treatment of CKD.



POLYPHENOLS


Definition and Dietary Sources

Polyphenols are a class of phytochemicals with the strongest presence in plants. They are the products of secondary plant metabolism via two fundamental metabolic pathways: the shikimate pathway and the acetate pathway. Polyphenols are categorized as flavonoids or non-flavonoids, and are present in two main structural forms: bound to sugars to form glycosides, which have enhanced solubility, or as free, non-sugar-bound species, known as aglycones (9). Polyphenol aglycones are a heterogeneous molecular group, classified into four main classes according to their chemical structure: flavonoids (e.g., flavonols, flavanols, flavanones, anthocyanidin, chalcone, dihydroflavonoles, and isoflavone), lignans, stilbenes, and tannins [e.g., phenolic acids, such as hydroxybenzoic, hydroxygenylpropanoic, and hydroxybenzoic acids (5)].

The potential health benefits of polyphenols and their possible ability to help prevent cancer and cardiovascular diseases have made them a subject of intensive research. Polyphenols have demonstrated health-enhancing effects in anticarcinogenic, antimicrobial, vasodilatory, and analgesic processes (10). Mechanistically, the in situ intestinal processing of polyphenols by microbes in the human intestine yields potentially bioactive low-molecular-weight metabolites, which are the putative health-enhancing species (11).



Bioavailability of Dietary Polyphenols

There are different ways to define bioavailability, and the commonly accepted conceptualization is that it represents the proportion of nutrients that are digested, absorbed and metabolized by normal biochemical pathways. It is therefore important to know not only how many foods or dietary supplements contain a given nutrient, but also how much of this nutrient is bioavailable (12). Various polyphenols, such as flavonoids and phenolic acids, have been found to reduce the absorption of minerals such as iron, zinc and copper species, and other trace components, most likely due to chelation, e.g., by galloyl and catechol hydroxyl groups. For example, polyphenols like epigallocatechin gallate (EGCG) and other gallates appear to negatively affect iron and zinc absorption in Caco-2 (colon cancer) cells (13). The effect of the intake of minerals on the bioavailability of polyphenols has been thoroughly evaluated, except for the more controversial effect on zinc (14).

In the past, the concept of a prebiotic applied only to carbohydrates, but recent evidence has led to a new definition: “a prebiotic is a non-ingestible compound that modulates the structure or function of gut microbiota through its metabolization by microorganisms in the intestines, thereby giving the hosts a physiologically beneficial effect.” Crucially, this new definition includes polyphenols as relevant microbiota modulators (15). A human study found that red wine polyphenol consumption increased the levels of Enterococcus, Prevotella, Bacteroides, Bifidobacterium, Bacteroides uniformis, Eggerthella lenta, and Blautiacoccoides in the rectale group in the intestine. Meanwhile, the quantity of Lactobacillus spp. was unchanged. Moreover, the development of pathogenic bacteria such as Clostridium difficile, Clostridium perfringens, and Bacteroides spp. was significantly constrained by the treatment of cultures with different tea phenols (16). In addition, while anaerobes such as Bifidobacterium and Lactobacillus are less affected, Vendrame et al. observed a significant increase in the quantity of Bifidobacterium after the consumption of beverages containing wild blueberries, indicating that wild blueberry-derived polyphenols play a key role in the regulation of intestinal microbiota composition (16).



Anthocyanins, Catechins, Resveratrol, and Chlorogenic Acid
 
Anthocyanins

Anthocyanins are water-soluble plant pigments that exhibit intensely vibrant violet, red, or blue colors. The comprise a primary subclass of polyphenol flavonoids, and epidemiological studies have shown that they can improve a diverse range of health indicators, such as vision, blood pressure, and cognition, as well as protect against risk factors for heart disease (17).

The growth of Bifidobacterium spp. and Lactobacillus-Enterococcus spp. have been found to be widely and significantly enhanced by anthocyanins, indicating that anthocyanin metabolites support intestinal bacterial community members (11). Studies have shown that dietary anthocyanins obtained from fruits and vegetables can protect against bowel inflammation and offer other colon health benefits. Thus, anthocyanins are active in maintaining intestinal mucosity, restoring the epithelial barrier structure, immuno-modulating and controlling the microbiota, which combine to provide anti-inflammatory benefits (18, 19). In a model of DSS-induced murine colitis, a 2-week diet of cooked black bean (20% consumption) dramatically blocked colon shortening and spleen enlargement (20). Bibi et al. found that red raspberry anthocyanins exhibited protective barrier activity in the intestine; specifically, they significantly inhibited the elevation of claudin-2 protein and increased the expression of claudin-3 and ZO-1 under dextran sulfate sodium (DSS) treatment (21).

These results show that anthocyanins are able to protect the intestinal barrier by modulating tight junction-positive and -negative protein ratios, exemplifying the anti-colonic inflammation effects of anthocyanins from various fruits and vegetables (22, 23). In addition, anthocyanins have high antioxidant abilities, attributable to the ability of their phenolic groups to donate electrons, or transfer electrons from hydrogen atoms, to quench free radicals. Moreover, anthocyanins have shown anti-estrogenic, anti-inflammatory, cell proliferation-inhibiting abilities, and the capacity to reduce lipid accumulation during adipocyte differentiation, further demonstrating their ability to decrease disease risk (24).



Catechins

Catechins are volatile and can be easily degraded and metabolized by interactions with hydroxyl groups on phenol rings under physiological conditions. Even when administered intravenously, catechins are partly degraded before they reach the target tissues (25). Catechins also undergo metabolic breakdown in the liver, small intestine, and colon (26). Several recent studies have described the anti-infective characteristics of the primary catechin of green tea leaves, epigallocatechin-3-gallate (EGCG). Several authors have observed that EGCG blocks the entry of the hepatitis C virus by impairing viral attachment to the cell surface (27). EGCG has also been found to block cell invasion by multiple viruses and exhibit anti-HIV-1 viral effects at several points in the viral lifecycle (28). It has also been shown that catechins and tea epigallocatechins have a protective effect in gastrointestinal ailments such colitis and colon cancer (5). The antimicrobial activity of green tea catechins (GTCs) has been widely researched, and green tea has been shown to function synergistically with various antibiotics in many ways, directly and indirectly, against these pathogens. Antimicrobial activity can also be derived from the anti-inflammatory and antioxidant properties of green tea (26).

During carcinogenesis, the diversity and count of microbiota are enriched, Bacteroides spp. thrive and the abundance of butyrate-producing bacteria, such as Clostridiaceae and Ruminococcus, decreases continuously (29). In comparison, EGCG treatment during colon carcinogenesis maintains a relatively stable intestinal microbiota composition (29). This tumor-suppressive effects of EGCG may be attributable to its enhancement of the accumulation of beneficial microbes such as Bifidobacterium (29). Thus, EGCG and other dietary components affects the intestinal microbiota. In addition, EGCG exhibits antioxidant behavior and epigenetic effects, such as inhibiting DNMT1 to block CpG methylation, thus re-activating silenced genes, such as tumor suppressors (30). These results jointly indicate the protective effects of epicatechin against high-fat diet (HFD)-related increased intestinal permeability and endotoxemia, and against cancer. This also partly explains epicatechin's ability to prevent steatosis and insulin resistance in people who consume an HFD (31). Further studies are needed to investigate the molecular mechanisms of bioactive catechins (32).



Resveratrol

Resveratrol is an antifungal and antibacterial stilbenoid derived from plants and can be obtained from diets consisting of various fruits such as grapes and their juice, oranges and cranberries, red currants and peanut skins (33). In both in vitro and in vivo studies, resveratrol has proved to be an effective antioxidant, antibacterial, anti-obesity, anti-inflammatory, and anti-cancer agent (34–36). Resveratrol is generally thought to be an efficient scavenger of reactive oxygen species (ROS) and free radicals. Moreover, Manach et al. suggested that the main nutrient antioxidants in the colon are polyphenols because the small intestine utilizes other antioxidants such as vitamins E and C. Khader et al. also reported novel resveratrol analogs that may alleviate ischemia-reperfusion-induced renal damage by the regulation of IL-1, IL-6, and TNF-α levels, and the modulation of the host energy metabolism (37). In contrast, Bienholz et al. reported that resveratrol itself did not ameliorate ischemia-reperfusion-induced acute kidney injury in rats (38).

Although the effect of resveratrol on host metabolism has been shown to be positive, analyses of the plasma concentrations have indicated that resveratrol has low bioavailability, as it is too rapidly metabolized to be an effective orally administered medication. Hepatic and gut microbial enzymes can metabolize resveratrol (34), and, surprisingly, numerous studies have suggested that the composition of intestinal microbiota is modulated by resveratrol, and that this may account for its anti-obesity activity and metabolic benefits. Resveratrol intake (200 mg/kg/day) effects were first demonstrated in an overweight HFD mouse model, where a marked improvement in gut microbial dysbiosis and reduced fat/body weigh were observed. Impressively, the counts of Lactobacillus and Bifidobacterium and the levels of Bacteroidetes and Firmicutes–which usually decrease in obese animals—significantly increased, while the concentration of Enterococcus faecalis decreased (36).

Other research has revealed that resveratrol can enhance the integrity of cell junctions by upregulating the expression of intestinal tight-junction proteins such as tight-junction protein 2 (39) and occludin. In addition, resveratrol has been shown to facilitate the assembly of close junction protein claudine 4, which may reverse the increase in intestinal permeability caused by the widespread mycotoxin deoxynivaenol. Given the role of resveratrol in maintaining an intact intestinal barrier and the “leaky gut” pathophysiology present in several mechanisms of disease, this research avenue warrants further investigation (33).

Finally, the dietary use of resveratrol is partly able to ease the adverse effects of heat stress in broilers by restoring the damaged structure of the villus-crypt in the intestinal barrier, altering intestinal microflora profiles and increasing the mRNA expression of genes related to tight- and adherence-junctions of the gut (35).



Chlorogenic Acid

Chlorogenic acid (3-O-caffeoyl-quinic acid, C-QA) is the caffeic ester of quinic acid, and one of the most abundant phenolic acids in the Western diet. It was found that some C-QA bypasses absorption in the small intestine and travels to the colon, where it is converted into several metabolites by the resident microbiota (40). C-QA administration (150 mg per kg daily) significantly increased body fat depletion, decreased lipid levels in plasma and altered levels of mRNA of lipogenesis and lipolysis related-genes in adipose tissues. In addition, C-QA reversed gut microbiota dysbiosis caused by an HFD, substantially inhibiting the growth of Desulfovibrionaceae, Ruminococcaceae, Lachnospiraceae, Erysipelotrichaceae, and boosting the growth of Bacteroidaceae and Lactobacillaceae.

The C-QA-generated amelioration of HFD-induced dysbiosis in gut microbiota may partly explain its beneficial effects on HFD-induced obesity (41). Moreover, C-QA therapy has been shown to reverse the deleterious effect of lead ion (Pb2+)-induced intestinal microbiota compositional changes. For example, the proportion of Helicobacter increased from 2.95% (Pb2+) to 11.24 % (Pb2 + + C-QA) and the proportion of Lachnospiraceae NK4A136 group decreased from 7.09% (Pb2+) to 2.68% (Pb2+ + C-QA) (42). This suggests that C-QA is a natural product capable of reversing Pb2+-induced nephrotoxicity and hepatotoxicity.

In a DSS-induced colitis mouse model, C-QA acted on the bacterial population to modify intestinal structure, leading to lower intestinal and systemic inflammation and increased healthy progression, related to a proportional increase in Akkermansia (43). Moreover, C-QA reduced diversity loss in the composition of fecal microbiota in ACTH-treated rats (44). C-QA enhanced microbiota diversity at the genus and order level: pre-treatment with C-QA increased the relative abundance of certain primary bacteria in the gut, such as Desulfovibrionales, Desulfovibrio, and Burkholderiales, as well as Klebsiella and Bifidobacterium.





INTESTINAL MICROBIOTA


Gut Microbiota

The body's gastrointestinal system is colonized by an extremely large number of microorganisms, primarily bacteria. It has been calculated that the human adult microbiota comprises ~1014 bacterial cells, equivalent to ~10 times the total average number of human cells. Meanwhile, the metabolic capacity of the intestinal microbiome is ~10 times greater than the liver's metabolic abilities (45). The host organism and the intestinal microbiota change and develop together, executing a wide range of immunogenic, and metabolic interactions (46–48). Commensal bacteria promote cell generation, growth, and maturity within the intestine, improve immune functions and provide a defense against enteric pathogens (49). Indeed, the intestinal microbiota plays a crucial role in preventing and protecting the host organism from infection, as it inhibits the spread and colonization of pathogens. Moreover, intestinal microbiota assist in the process of native immune-cell differentiation and development (46).

Advanced metagenome research, such as DNA sequencing-based studies used for microbial ecology analysis, has identified strong correlations between intestinal microbiota and human disease. Knowledge of the intestinal microbiome and various microbial functionalities has accumulated in recent decades, primarily generated from large-scale research projects such as the Human Microbiome Project (HMP), the European Metagenomics of the Human Intestinal Tract (MetaHIT), integrative HMP (iHMP), and MetaGenoPolis. As technology and clinic-based care become more interconnected, it will become possible to monitor and assess an individual's health on the basis of his/her intestinal microbiome data (50).

In addition, intestinal microbes are involved in the physiology of the gastrointestinal tract, and changes in their relative population concentrations can damage the beneficial relationship between microbiota and host organism, and have a direct effect on health (51). Over the last decade, researchers have emphasized several key dimensions of the mammalian host–gut microbial interaction. The microbiota plays a very significant role in human metabolism, and is now regarded as a metabolizing “organ” with effects on endo- and xenobiotic catalysis, carbohydrate metabolism and on other key chemical and immunological processes (52).



Dysbiosis of Gut Microbiota

The effect of the intestinal microbiota on human health merits more attention given that significant differences in the composition of intestinal bacteria or the gut itself are seen in subjects with inflammatory bowel disease, autoimmune diseases, allergies, and lifestyle-related illnesses (53). Notably, the dietary-influenced composition of microbiota is not consistent throughout a person's life; for example, it is normal for the diet of elderly people to change due to decreasing taste and smell perception, tooth loss and chewing problems, or because illnesses necessitate the removal of certain components from their diets (45).

In the last 50 years, many sociocultural developments have brought new, greater disturbances to the human gut microbial ecology, as the modernization of the Western industrial lifestyle has led to the increased intake of antibiotics and components from the production of meat-based and hygiene goods (e.g., emulsifiers and sweetening agents). Complex habitats such as the bacterial intestinal ecosystems can maintain only a few balanced equilibrium states (54), and when these delicate equilibria are strongly perturbed, host immune cells target resident bacteria. In people with certain genetic defects in immune response control, this can create chronic bowel inflammation (53). In another example, research comparing human host insulin sensitivity, the fasting serum metabolome, and the intestinal microbiome with findings from mice studies has indicated that specific bacteria can cause resistance to insulin (55).

Additionally, the early composition of microbiota in preterm infants has been shown to be an indicator of the future occurrence of necrotizing enterocolitis (56). Animal studies have also demonstrated that the early microbiota composition is a key driver of the correct subsequent development of homeostasis, and of the host as a whole (5). Inflammatory bowel disorders (IBDs), inflammatory skin diseases such as psoriasis and atopic dermatitis, auto-immune arthritis, type 2 diabetes, obesity, and atherosclerosis have been found to be associated aberrant structure and function of the intestinal microbiota (57).



Polyphenols Alter the Gut Microbiota Composition

Some phenolic compounds with bacteriostatic and bactericidal activity have been considered as potential antimicrobial agents. It has been shown that these can be used to prevent bacterial infections in the stomach and urinary epithelium (11). The effects of common polyphenols on the growth of human intestinal bacteria and their adherence to enterocytes were investigated by Parkar et al. (58). The in vitro viability of representative gut microflora was found to be affected by doses of polyphenols equivalent to concentrations likely to be present in the gastrointestinal tract, but these effects depended on the type of polyphenols analyzed, and did not include rutin (45).

Polyphenol-rich cocoa decreased the Firmicutes/ Bacteriodetes ratio and increased Faecalibacterium prausnitzii levels in pigs (59). The countering of intestinal microbiota dysbiosis in rats fed with an HFD and sucrose diet inhibited body weight gain, decreased serum insulin, reduced the Firmicutes/Bacteriodetes ratio, and restricted bacterium production associated with lifestyle-associated obesity (60, 61). A relative increase in the abundance of bactericides in subjects drinking red wine polyphenols has also been reported (62).

Bifidobacterium is a widely used probiotic strain with documented health benefits in areas such as immuno-modulation, cancer prevention, and IBD control (57). Vendrame et al. found a significant rise in Bifidobacteria in subjects who drank a wild blueberry-based beverage, showing the important role of polyphenols within wild blueberries in the regulation of the intestinal microbiota structure and environment (16). Table 1 provides a summary of recent studies on the effects of various polyphenols on intestinal health.


Table 1. Recent studies on the effects of different polyphenols on intestinal health.
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CHRONIC KIDNEY DISEASE


Causes

CKD is characterized by an unusual renal structure or activity with health consequences spanning more than 3 months. Indicators include albuminuria, irregular urinary debris, abnormal vision, serum electrolyte and pH changes and a glomerular filtration rate (GFR) <60 ml.min−1 relative to a normal body surface area of 1.73 m2 (78).

CKD is a major risk factor for cardiovascular disease (CVD). Uremic conditions such as CKD are treated as a consequence of aggregation of so-called uremic retention solutes (URSs), usually released from the kidneys as organic waste materials. URSs derived from phenols and indoles exist along the gastrointestinal tract (GIT), and intestinal microbiota have been shown to have be crucial in preventing detrimental effects of USRs on the cardiovascular system (79).

Hypertension, leading to renal arteriolar sclerosis and nephrosclerosis, is another important risk factor for CKD. Increasing evidence has shown that the intestinal microbiota can affect arterial blood pressure. In addition, experiments involving the transplantation of fecal material from hypertensive rats to standard-stretched mice and rats have revealed a causal relationship between gut dysbiosis and hypertension in normotensive animals. Hypertension may therefore be another gut dysbiosis mediated cause of CKD (80).

Chronic kidney failure is generally associated with aging, diabetes, asthma, obesity, and cardiovascular diseases in the developed world, with diabetic glomerulosclerosis and hypertensive nephrosclerosis being the suspected pathological entities. However, precise diagnosis is often difficult (2). Renal hypoplasia/dysplasia, posterior urethral valve problems, and other congenital kidney-or urinary tract abnormalities are the most severe etiologies. Other etiologies include polycystic kidney disease, cortical necrosis, and renal vascular thrombosis (81). CKD is usually detected in many patients during diagnostic screening procedures for other diseases. Declines in kidney function cause central and peripheral neural activity changes, due to synergistic pathway defects such as vascular calcification and urinary toxin increases both in humans and in rodents, leading to many neurological complications (82).



Immunity
 
Gut Microbiota and Inflammation

Current evidence suggests that the host–microbiome relationship is bidirectional in people and animals with CKDs. Changes in microbiosis and function lead to excessive levels of uremic contaminants (e.g., indoxyl sulfate, p-cresyl sulfate, and TMAO) and decreases in levels of protective metabolites, and these changes are implicated in oxidative stress, uremia, inflammation, and deterioration of kidney function, and increased incidence of cardiovascular risk and mortality (83).

A variety of proteinuric kidney diseases such as IgA nephropathy and lupus nephritis are associated with microbial dysbiosis. By regulating the activity of regulatory T cells (Treg), intestinal microbiota can influence the development of idiopathic nephrotic syndrome, which has been shown to be alleviated by increased Treg activity. In addition, the development of renal amyloidosis may be facilitated by the chronic inflammation caused by intestinal dysbiosis, as this contributes to the production of chronically regulated serum amyloids A (SAA) (80). Levels of claudin-1, occluding, and ZO-1 protein are excessively reduced in the colonic mucosa of animals with CKD, as shown by Vaziri et al. (84). This suggests that the disruption of the colonic epithelial tight-junction could lead to bacterial and endotoxin translocation across the intestinal wall, generating the systemic inflammation typical of CKD. A damaged bowel barrier structure has been shown to enable the transmission of uremic toxins, contributing to an accumulation of these toxins, due to the compromised excretory process (85).

In addition, as proteobacteria may cause inflammation by damaging intestinal barrier functions and generating pro-inflammatory compounds such as uremic metabolites and serotonin, an increased Proteobacteria count may contribute to the pathogenesis of a number of chronic inflammatory diseases, and thus lead to proteinuric nephropathy (80).



Gut Microbiota and Immunity

When analyzing the causes of CKD and the factors affecting its progression—such as type 2 mellitus (T2DM), overweightness and hypertension—it can be concluded that lifestyle changes can directly and positively affect the natural course of CKD (1). Post-natal bacterial bowel colonization stimulates the immune system and decreases sensitivity to food and toxins. Human immune regulation of the microbiota is best demonstrated by a gut microbial human-immune maturation induction experiment. In this manner, different species of microbiota have been shown to cause levels of forkhead protein 3-expressing Tregs to increase, or to differentiate. Some of these Tregs are active in microbial antigen detection, and in germfree mice with a number of specified benign commensals, levels of colonic Tregs also increase (85). Cumulative analyses and experiments have shown that some microbial species of human intestinal microbiota are correlated with multiple physiological disorders, including those with effects on human health. The Bifidobacteria in breast-fed children are a typical example of this association.

Thus, the protective effect of nutritious feeding and numerous studies on immune disorders and diseases have been demonstrated (51). Host genes and immune function also influence gut microbiota composition. To date, the human genes believed to affect the structure of the intestinal microbiota have been mostly those coding for proteins of the immune system (86).




Gut Microbiome in Kidney Disease

Intestinal dysbiosis, typical in CKD subjects, results from qualitative and quantitative modifications of the host microbiome profile and resultant effects on the intestinal barrier. Increased CKD, increased cardiovascular risk, uremic toxicity, and inflammation are associated with modifications to the microbiota and the subsequent diverse host responses (85). Experimental and clinical data from genomic and non-genomic studies have suggested that an unusual composition of microbiota exists in CKD (7), and preliminary results have suggested that the composition of the microbiota in chronic renal failure patients and early stages of CKD may be altered (87). More recently, the accumulation of uremic toxins was shown to be due to a number of microbiota strains. For example, the breakdown of tyrosine and phenylalanine by variety of obligate or non-obligate intestinal anaerobics such as the genera Bacteroides, Lactobacillus, Enterobacter, Bifidobacterium, and in particular Clostridio leads to the generation of p-cresyl from its conjugate p-cresyl sulfate (PCS) (88).

In 1965, Einheber and Carter found that anephric mice with an unaltered intestinal microbiome survived longer than anephric mice (85). There is now extensive evidence that the intestinal barrier is damaged in CKD, leading to the translocation of uremic toxins originating from bacteria and other noxious luminal products into the bloodstream, resulting in inflammation, and the activation of leukocytes. Gas chromatography studies in CKD rats and end-stage kidney disease (ESKD) patients showed significant changes in exhaled breath gases compared with those of healthy controls, further evidencing the altered gut microbe composition in these patients (89).

The gut microbiome may also secrete useful kidney-preserving metabolites such as short-chain fatty acids (SCFAs) (86), which can reduce CKD injuries. For example, in research by Wang et al., butyrate levels were approximately three times higher in the healthy controls than in CKD patients. They also showed that mice transplanted with fecal microbiota obtained from CKD subjects showed accelerated CKD progression, in the form of higher levels of TMAO, and that this could be reversed by additional butyrate supplementation (90). Thus, delayed CKD progression may be mediated SCFA produced by intestinal microbiota.



Polyphenols, Microbiota and CKD

The accumulation of uremic toxins is related to the increased risk of CKD development. Many uremic toxins are derived from the absorption of nutrients by gut microbiota, as these nutrients enhance bacterial growth, which in turn produce more uremic toxins. Thus, possible treatments can involve diet modification, changes in microbiota, reducing the production of uremic toxins by microbiota, increasing the excretion of toxins or targeting the removal of certain uremic toxins (7). Of these, diet is the most powerful and easily controlled factor in intestinal microbiota modulation. To date, however, no research on the impact on the gut microbiota profile of CKD has been undertaken, and most related questions remain unanswered.

The bioactive compounds in foods like polyphenols, and their potential to modulate intestinal microbiota, have been given more recent attention. These compounds, which are powerful antioxidants and natural anti-inflammatory agents, are widely used to prevent inflammation and oxidative stress in chronic “burden of lifestyle” illnesses (91). Several studies have confirmed the capacity of probiotics to control gastrointestinal disease, and the success of treating CKD patients with Clostridium difficile infection should be paid particular attention in this regard (79). The findings of various studies, which have been based on a number of laboratory models, including in vitro experiments, in vivo experiments, and clinical studies, have reinforced the support for the health-promoting properties of polyphenols. Table 2 summarizes various types of polyphenol effects on CKD found in recent years.


Table 2. Effects of various types of polyphenols on CKD observed in recent years.
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Resveratrol treatments of the CRL-2573 rat kidney cell line and mesangial primary cells prevented the fibronectin expression and the proliferation of high glucose-induced mesangial cells, respectively (109). Resveratrol decreased atrophy in skeletal muscles in chronic muscle disease via the muscle-specific ring-finger protein 1 (MURF1) signaling pathway (92). Also, it significantly reduced creatinine-mediated interstitial damage in murine CKD models (93), with resveratrol-treated mice showing better renal function and increased albuminuria, and good histological test results.

In another example, the angiotensin II (Ang II)-angiotensin II type 1 receptor (AT1R) axis was suppressed and the function of the angiotensin II type 2 receptor (AT2R)–Ang 1-7-Mas receptor (MasR) axis was enhanced by resveratrol. Additionally, the expression of nicotinamide adenine dinucleotide phosphate oxidase 4, 8-hydroxy-2′-deoxyguanosine, 3-nitrotyrosine, collagen IV, and fibronectin were decreased, while the expression of endothelial nitric oxide synthase and superoxide dismutase 2 were increased following resveratrol treatment. Resveratrol can thus have protective effects on aging kidneys, via Ang II inhibition, and MasR activation leading to decreased oxidative stress, inflammation, and fibrosis (94).

Research also showed that resveratrol decreased in vitro LPS-induced inflammatory effects in kidney cells, and lead to the activation of nuclear factor E2-related factor 2 (Nrf2) signaling, resulting in nuclear Nrf2 accumulation, and increased expression of Nrf2 target genes heme oxygenase (HO)-1 and NAD(P)H dehydrogenase (quinone) 1 (NQO1). This was corroborated by the induction of the expression of HO-1 and NQO1 being observed to occur subsequent to in vitro and in vivo resveratrol treatment. It is worth noting that the knockdown of Nrf2 effectively abrogated the downregulation of TNF-α, IL-1β, and kidney injury molecule-1 (KIM-1) expression resulting from in vitro resveratrol treatment. These findings also indicated that resveratrol improved acute kidney damage from sepsis in a pediatric acute kidney injury (AKI) model via the Nrf2 signaling pathway (95). In vitro studies have also demonstrated that resveratrol increased cell viability, reduced NF-κB phosphorylation, and the production of inflammatory conditions in LPS and tunicamycin-induced HK-2 cells via the restriction of inositol-requiring enzyme 1 (IRE1) activation. Resveratrol administration also immediately protected against septic AKI by inhibiting IRE1-NF-κB pathway-triggered inflammatory reactions in the kidney. Resveratrol could be thus be a rapid and elegant treatment for septic disease (96).

In cultured human glomerular endothelial cells, anthocyanins prevented high glucose-induced oxidative stress, and apoptosis through activation of AMPK. These findings suggest that anthocyanins reduce diabetic nephropathy via the phosphorylation of AMPK, the major energy-sensing enzyme, with subsequent effects on its target molecules, which seem to inhibit lipotoxicity-related apoptosis and oxidative stress in the kidney (98).

When either H. sabdariffa aqueous extract or the anthocyanins isolated from it were used with adenine, the detrimental impact of adenine-induced CKD was remarkably reduced, and this was mostly in a dose-dependent manner. The beneficial effects were akin to those obtained by treatment with the ACE inhibitor lisinopril (99). PCE (anthocyanin-rich purple corn extract) reduced the mesangial and endothelial induction of angiopoietin (Angpt) proteins under hyperglycemic conditions (100), and the induction and activation of VEGF receptor 2 (VEGFR2) was inhibited by treating db/db mice with PCE. These results showed that PCE antagonized glomerular angiogenesis by disturbing the Angpt-Tie-2 ligand-receptor system connected to the renal VEGFR2 signaling pathway, due to chronic hyperglycemia and diabetes. PCE could therefore be a strong, abnormal angiogenesis therapeutic agent for diabetic nephropathy that causes renal disease (100).

Reductions in levels of antioxidant thiols, superoxide dismutase, and catalase have also been found in the renal tissues of cadmium-intoxicated rats. These alterations have often been associated with mitochondrial dysfunction, supported by an increase in the production of mitochondrial ROS and a decrease in mitochondrial membrane potential. These results indicated that, probably by means of its antioxidant, anti-inflammatory, and mitochondrial defense abilities, catechin effectively protected the kidney against cadmium toxicity (101). In another example, histopathology showed degenerative changes in glomeruli and tubules 2 weeks after administration of gentamicin to rats. These renal structural and functional defects have been correlated with renal oxidative stress in such rat models, as demonstrated by the substantial, measured reductions in renal glutathione (GSH).

Catechin hydrate therapy showed significant nephroprotective action in the prevention of renal structural and functional abnormalities, and oxidative stress, in rats with gentamicin-induced nephrotoxicity (102). Oxidation was much less pronounced in ammonium metavanadate (AMV)-treated animals who received EGCG, and antioxidant enzyme activity kept close to control values. There have been other, less noticeable histopathological shifts, and taken together with those detailed above, the findings confirmed that green tea and other sources of flavonoids could provide significant defense against oxidative stress caused by ammonium metavanadate (103). Pre-treatment with epicatechin ultimately inhibited upregulation and NOX activation of toll-like receptor 4 (TLR4) and subsequent downstream events, preventing the adverse effects of LPS, e.g., activation of the NF-κB pathway.

C-QA protects liver and kidney injury in mice caused by D-galactose, due to C-QA's antioxidation and anti-inflammation effects (110). C-QA also attenuates AKI caused by LPS by inhibiting the TLR4/NF-κB signaling pathway (107). The results of this study indicated that C-QA decreased LPS-induced kidney damage by suppressing oxidative stress, inflammation, apoptosis and autophagy, enhancing kidney regeneration (111). M2/M1 macrophage polarization modulation (112) increased the ability of quercetin to reduce kidney damage and fibrosis, and treatment with quercetin improved kidney function, reduced oxidation stress factors, serum fibroblast growth factor 23 (FGF23) levels, and renal inflammation in a rat model of adenine-induced chronic kidney disease (113). Quercetin also reduced kidney damage from doxorubicin (114). Histological findings showed that rutin administration significantly reduced the interstitial lesions of renal cells and removed the deposits of UUO collagen. However, in rats with obstructive nephropathy, rutin increased interstitial kidney fibrosis (108).

Antioxidant functions in lupus nephritis (LN) was evaluated in the context of CKD. In this study, a routine dose of EGCG enhanced renal function and decreased proteinuria in a mouse model of LN (115). Furthermore, serum, urine, and kidney oxidative stress parameters in the EGCG-treated mice were considerably reduced. In a mouse model of crescentic glomerulonephritis, the therapeutic potential of EGCG was also demonstrated. This research has shown that EGCG treatment can improve renal function can be and histopathology in kidney function-impaired mice (116). The treatment also regenerated Nrf2 and its downstream products, including a catalytic subset of glutamate-cysteine ligase, a subunit modification of glutamate-cysteine ligase, and glutathione peroxidase (GPx) (116). Funamoto et al. also reported that EGCG may have a renoprotective effect after cardiopulmonary bypass in diabetic rats (117). In related work, green tea supplementation prevented the growth of rat kidney-side crystals, decreased oxalate excretion, and had inhibitory effects on the activities of N-acetyl-β-D glucosaminidase (118).

The prevention of the adverse effects of high fructosis (10% w/v of fructose in drinking water) in male Sprague Dawley rats in rat chow diets in 8 weeks was also observed. Dietary supplementation with epicatechin ameliorated the following ill effects in fructose-fed rats: proteinuria, decreased nephrine, synaptopodin, and tumor transcription factor (TF1) of Wilmes levels in the renal cortex, and all podocyte dysfunction indicators associated with increased oxidative stress markers, changes in activity, and expression of non-synthase (NOS) and an increased inflammatory effect (119).




SUMMARY AND PERSPECTIVES

The intestinal microbiota has emerged as an important factor in the learning and control of the immune system, and has previously unknown functions in affecting the manifestations of many non-communicable diseases. Therefore, raising similar questions about the effects of the intestinal microbiota on CKD (120) seems logical and reasonable. In comparison, the effects of food and nutraceuticals on the uremic phenotype and its contribution to intestinal dysbiosis, given the enormous capacity of food to be used as medicine for CKD, warrant much greater attention (91).

As there is mounting evidence of the therapeutic effects of dietary polyphenols, an understanding of the in vivo absorption and metabolism of these compounds is increasingly important (12). In future years, meticulous analysis of these topics will be needed to exploit the potential of these research avenues.
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Background: Chlorogenic acid (CGA), a natural bioactive polyphenol, exerts anti-inflammatory, antioxidant, and antibacterial effects that support the maintenance of intestinal health. However, the influence of CGA on gut microbiota and their metabolites, as well as its potential effects and mechanism of action in inflammatory bowel disease, remain to be elucidated.

Methods: First, an oral gavage was used to administer CGA to indomethacin-treated mice. Then, fecal microbiota transplantation was performed to explore the role of intestinal microbiota in indomethacin-induced inflammation.

Results: CGA treatment protected against body weight loss, damage to intestinal morphology and integrity, inflammation, and alteration of microbiota composition in indomethacin-treated mice. Interestingly, CGA failed to inhibit inflammation or protect intestine integrity in mice treated with antibiotics. Notably, mice who had been colonized with intestinal microbiota from CGA-treated or CGA-and-indomethacin-treated mice, through the fecal microbiota transplantation program, were protected from indomethacin-induced inflammation, growth of Bacteroides, and the accumulation of Bacteroides-derived LPS, in congruence with those who had been treated with CGA.

Conclusion: The results suggest that CGA may protect intestine integrity and alleviate inflammatory responses, primarily by inhibiting the growth of Bacteroides and the accumulation of Bacteroides-derived LPS, in indomethacin-induced colitis. This newly identified mechanism broadens our knowledge of how CGA exerts protective effects on intestinal inflammation and provides strategies for the prevention of gastrointestinal mucosal damage in patients treated with indomethacin.

Keywords: chlorogenic acid, indomethacin, inflammatory bowel disease, intestinal integrity, microbiota


INTRODUCTION

Chlorogenic acid (CGA), one of the most common and abundant polyphenols, is present in a wide variety of beverages and foods. This natural bioactive substance has been attracting the attention of researchers due to its strong anti-inflammatory and anti-oxidant properties, which are hypothesized to contribute to CGA's therapeutic effects on many diseases, including diabetes (1), cardiovascular diseases (2), cancer (3) and inflammatory bowel disease (4). However, although the biological function of CGA has been explored in detail, a paucity of reports exists on the specific mechanisms underlying the effects of CGA on inflammatory responses and mucosa damage in colitis.

Recently, studies have focused on the importance of microbiota to intestinal health, and have proven it to be critical for the maintenance of the intestinal immune system and the prevention of epithelial mucosa (5). Importantly, the microbiota is suggested to mediate the beneficial effects of dietary factors on colitis. CGA has been proven to modulate intestinal microbiota, through methods such as selectively increasing the relative abundance of the Bifidobacterium spp. and Clostridium coccoides-Eubacterium rectale groups in humans (6), Akkermansia in rodents (7), and lactobacillus in pigs (8). However, the mechanism by which changes in certain bacteria mediate CGA's effects on intestinal function and inflammation remains to be elucidated.

It is suggested that dietary CGA is only absorbed at a rate of approximately 33% in the small intestine, and as a result, most dietary CGA is able to reach the large intestine (9). In the present study, mice were treated with indomethacin, which induced ulceration in the small intestine and colon (10); this allowed for a focus on the effects of CGA on the colon. The changes in microbiota composition that may contribute to the beneficial effects of CGA on inflammatory response and intestinal function were identified. Through microbiota transplantation and LPS analyses, this study revealed that CGA protects against indomethacin-induced inflammation and mucosa damage by decreasing Bacteroides-derived LPS.



MATERIALS AND METHODS


Animal Experiments

Experiment 1: Thirty-two C57BL/6J mice (7 weeks old) were purchased from Hunan SJA Laboratory Animal Co., Ltd (Changsha, China). After acclimating for 1 week, they were each assigned to one of four treatment groups: (1) Control group (CON); (2) Indomethacin group (IND); (3) Chlorogenic acid group (CA); (4) Indomethacin and chlorogenic acid group (IND-CA) (Figure 1A). Mice in the IND group were gavaged with PBS for the first 7 days and then with 5 mg/kg indomethacin (Selleck Chemicals, Houston, TX, USA) for the last 5 days; Mice in the CA group were gavaged with 50 mg/kg chlorogenic acid (Sigma, St. Louis, MO, USA) for the whole 12-day experiment; Mice in the IND-CA group were gavaged with chlorogenic acid for the whole period and with indomethacin for the last 5 days. Body weight was recorded daily for the last 6 days. Experiment 2: Sixteen mice (7 weeks old) were allowed to acclimate for 1 week, and then assigned to either the IND-CA or IND-CAA group (n = 8) (Figure 1B). Mice in the IND-CA group were treated with the same protocol as in Experiment 1 with regular drinking water, while mice in the IND-CAA group were treated as did in the IND-CA group and further treated with antibiotic water (1 g/L each of gentamicin and streptomycin, and 0.5 g/L each of ampicillin and vancomycin; Meilun Bio, Dalian, China) from Day 8 and onward. All animals were maintained in plastic cages under standard conditions and had free access to feed and water.


[image: Figure 1]
FIGURE 1. Chlorogenic acid prevented morphological damage to intestines of indomethacin-treated mice. A timeline with treatment in Experiment 1 (A) and Experiment 2 (B); (C) Body weight changes after the mice were gavaged with indomethacin; (D) Intestinal length; (E) HE staining of colon morphology (200×); (F) Ultrastructural observation of microvilli in colon by TEM (5000×). The morphology changes were marked with black arrows in (E,F). Values are expressed as mean ± SEM, n = 8. *P < 0.05; **P < 0.01.


The experimental protocol was approved by the Institutional Animal Care and Use Committee of Hunan Agricultural University (20190501) and mice were treated according to the animal care guidelines of Hunan Agricultural University (Changsha, China).



Gut Microbiota Transplantation

After treating with the antibiotic water for 10 days, the microbiota-depleted mice were given transplants of donor microbiota. Fecal samples (100 mg) were obtained from mice in the CON, CA, and IND-CA groups. The collected fecal samples were re-suspended in 1.0 mL sterile PBS and then centrifuged at 3000 g. The antibiotic-treated mice were gavaged with 0.1 mL/day microbiota supernatant for 5 days. After microbiota transplantation, the mice who received feces from these three groups were designated as MT-CON, MT-CA, and MT-IND-CA, respectively. Finally, these mice were further gavaged with 5 mg/kg indomethacin for another 5 days.



Sample Collection

At the end of the experiments, all animals were sacrificed and intestine length was measured. Then, colonic samples were collected and immediately frozen in liquid nitrogen and stored at −80°C until analysis of gene and protein expression was conducted. Additionally, colonic samples were either fixed in 10% neutral formaldehyde or in 2.5% glutaraldehyde for histological examination. Finally, cecum contents were collected for the analysis of microbiota composition.



Histological Analyses

The samples (1.0–1.5 cm proximal to the anus) fixed in formaldehyde were embedded in paraffin and 8-μm sections were stained with hematoxylin and eosin (HE) for the observation of histological morphology as previously described (11). In addition, pre-treatment of colonic samples and transmission electron microscopy (TEM) were performed. Briefly, the samples fixed in glutaraldehyde were rinsed in PBS twice and then post-fixed in osmium tetroxide. Then, the samples were dehydrated in 30, 50, 70, 90, and 100% acetones solutions, respectively. Finally, the dehydrated samples were embedded in araldite, and then stained with uranyl acetate and lead citrate for observation under a transmission electron microscope (Zeiss, Thornwood, NY, United States).



RT-qPCR Analysis

RT-qPCR analysis was performed as previously described (12). Briefly, a TRIZOL kit (Takara, Dalian, China) was used for the extraction of total RNA from colonic samples (1.5–2.0 cm proximal to the anus), which was reverse transcribed using a cDNA Reverse Transcription Kit (Takara). Then, RT-qPCR was performed with SYBR Green mix (Takara) according to the manufacturer's instructions. The primers are listed in Table 1.


Table 1. Primer sequences for RT-qPCR.
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Protein Qualification by the Wes Simple Western System

Protein qualification was performed using the Wes Simple Western System (ProteinSimple, San Jose, CA, USA) as previously described (13). Proteins extracted from colonic samples (2.0–3.0 cm proximal to the anus) were mixed with dithiothreitol, Master Mix, Simple Western Sample Buffer, and fluorescent standards (ProteinSimple) and loaded into Wes 25-well plates. Thereafter, primary antibodies (phosphorylated NFκB (pNFκB) and NFκB, Abcam, Cambridge, MA, USA), secondary antibodies, stacking gel matrix, luminol-peroxide mixture, and separation gel matrix were added. Results were collected using the “gel view” function of the Protein Simple software.



Immunofluorescence Assay for Tight Junction Proteins

Colonic samples embedded in paraffin were sliced into 8-μm sections and incubated with primary antibodies (occludin and claudin-1) overnight at 4°C. Subsequently, the slices were further incubated with the secondary antibodies at 37°C for 1 h. They were then mounted on a slide with DAPI (Sigma) and representative pictures were taken using a Zeiss LSM880 confocal microscope (Shanghai, China).



FITC-Dextran Intestinal Permeability Assay

Oral gavage of FITC-dextran (Sigma) was performed to determine intestinal permeability. Animals were gavaged with 600 mg/kg FITC-dextran. Serum samples were collected 4 h later, and FITC-dextran concentrations were assayed by fluorometry.



Determination of Myeloperoxidase, Eosinophil Peroxidase and LPS Contents

Myeloperoxidase (MPO), eosinophil peroxidase (EPO), and LPS concentrations were determined using ELISA quantitative kits (Meimian, Nanjing, China) according to the manufacturer's instructions.



Gut Microbiota Profiling

Samples of cecum contents were collected and homogenized, and then used for DNA extraction using the QIAamp DNA stool Mini Kit (Qiagen, Shanghai, China). The V3–V4 regions of bacterial 16S rRNA gene sequences were amplified. PCR was performed in a solution consisting of 12.5 mL of Phusion High-Fidelity PCR Master Mix (Beverly, MA, United States), 50 ng of template DNA, and 1 mL of forward and reverse primer, respectively. The PCR products (400–450 bp) were purified for MiSeq Illumina sequencing, which was performed using the Illumina HiSeq2500 platform (San Diego, CA, United States). Then, the merged reads were assigned to each sample based on their unique barcodes. Based on 97% sequence similarity, OTUs were obtained by clustering the high-quality clean tags. Analysis was performed with representative OTUs using the Greengenes database with the RDP algorithm.



Statistical Analysis

Data were collected for statistical analysis performed using the t-test or one-way ANOVA with SPSS 18.0 (Chicago, IL, USA). All data were expressed as means ± standard error (SEM) and a P-value of <0.05 was considered statistically significant.




RESULTS


Chlorogenic Acid Prevented Morphological Damage to Intestines of Indomethacin-Treated Mice

The indomethacin-treated group showed significantly decreased body weight at the third day of treatment, while no changes were observed in the mice of the other three groups (Figure 1C). Intestinal length was significantly decreased in the indomethacin-treated group, while this change was prevented when chlorogenic acid was added to the treatment protocol (Figure 1D). HE staining results showed partial loss and sloughing of colonic villi in mice treated with indomethacin, while no changes were observed in the villi shapes of the other three groups (Figure 1E). Moreover, TEM results showed that the microvilli were irregular as a result of indomethacin treatment, while no such change was observed in the other groups (Figure 1F).



Chlorogenic Acid Prevented Inflammation in the Colons of Indomethacin-Treated Mice

As shown in Figure 2, indomethacin treatment gave rise to significant increases in the gene expression of TNFα, IL1β, and IL8 in the colon, while chlorogenic acid prevented these increases. No significant change in the gene expression of IL6 was observed among the four treatment groups. In addition, pNFκB protein expression in the colon was significantly increased due to indomethacin treatment, while no change was observed in the mice treated with chlorogenic acid.


[image: Figure 2]
FIGURE 2. Chlorogenic acid prevented inflammation in the colons of indomethacin-treated mice. Relative mRNA expression of TNFα (A), IL1β (B), IL6 (C), and IL8 (D); (E) pNFκB expression determined by the WES Simple Western System. A full image of panel (E) shown in Supplementary Figure 1; (F) Relative abundance of pNFκB, (F) is the quantification of the WB in E. Values are expressed as mean ± SEM, n = 8 for results of gene expression and n = 3 for results of protein expression. *P < 0.05.




Chlorogenic Acid Prevented Intestinal Barrier Dysfunction in Indomethacin-Treated Mice

Indomethacin treatment significantly decreased occludin and claudin-1 protein expression, while it failed to cause such changes in mice treated with chlorogenic acid (Figures 3A–C). The FITC fluorescence intensity and the EPO and MPO concentrations were significantly increased by indomethacin treatment, while no such changes were observed in mice treated with chlorogenic acid (Figures 3D–F).


[image: Figure 3]
FIGURE 3. Chlorogenic acid prevented intestinal barrier dysfunction in indomethacin-treated mice. Occludin (A) and claudin-1 (B) expression in colon by immunofluorescence assay (Red, tight junction proteins; Blue, DAPI); (C) Relative fluorescence intensity of occluding and claudin-1 (n = 3); (D) Concentration of FITC-dextran in serum; EPO (E) and MPO (F) concentrations in colonic tissue. Values are expressed as mean ± SEM, n = 8. *P < 0.05.




Chlorogenic Acid Decreased Bacteroides Abundance and LPS Content in Indomethacin-Treated Mice

The microbiota of the ceca of different groups were analyzed. PCoA analysis highlighted the differences in the composition of microbiota between the IND group and the other three groups (Figure 4A). The Firmicutes/Bacteroidetes ratio was significantly lower in the IND group when compared with the ratios in the other three groups (Figure 4B). Additionally, the relative abundance of Bacteroides at the genus level and Bacteroidetes at the phylum level in the microbiota of the IND group was significantly higher than those of the other three groups (Figures 4C,D). Notably, LPS levels in the colonic tissue and cecum had significantly increased in the IND group, while no similar change was observed in the other three groups (Figures 4E,F).


[image: Figure 4]
FIGURE 4. Chlorogenic acid decreased Bacteroides-derived LPS content in indomethacin-treated mice. (A) PCoA plot of the cecum microbiota; (B) Relative ratio of Firmicutes to Bacteroidetes; Relative abundance of Bacteroides at the genus level (C) and Bacteroidetes at the phylum level (D); Relative LPS content in the colonic tissue (E) and cecum (F). Values are expressed as mean ± SEM, n = 8. *P < 0.05.




Microbiota Depletion by Antibiotics Blocked the Anti-inflammatory Effect of Chlorogenic Acid in Indomethacin-Treated Mice

As shown in Figure 5, mice in the IND-CAA group had higher gene expression of TNFα, IL1β, IL6, and IL8 in colonic tissue than those in the IND-CA group. Additionally, mice in the IND-CAA group had higher concentrations of EPO and MPO in colonic tissue than did those in the IND-CA group.
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FIGURE 5. Microbiota depletion by antibiotics blocked the anti-inflammatory effect of chlorogenic acid in indomethacin-treated mice. Relative mRNA expression of TNFα (A), IL1β (B), IL6 (C), and IL8 (D); EPO (E) and MPO (F) concentrations in colonic tissue. Values are expressed as mean ± SEM, n = 8. *P < 0.05.




CGA-Originated Microbiota Prevented Intestinal Morphology Damage and Barrier Dysfunction Caused by Indomethacin

After the gut microbiota transplantation program, mice in the MT-CA and MT-IND-CA groups experienced less body weight loss than mice in the MT-CON group (Figure 6A). Compared with those in MT-CON group, mice in MT-CA and MT-IND-CA exhibited longer intestine length and lower FITC fluorescence intensity in serum (Figures 6B,C). HE staining results showed that mice in the MT-CON group had partial loss and sloughing of colonic villi, while no such changes were observed in mice of the MT-CA and MT-IND-CA groups (Figure 6D). In addition, results of an immunofluorescence assay showed that mice in the MT-CON group had a lower expression level of occludin and claudin-1 than did mice in MT-CA and MT-IND-CA (Figures 6E,F).


[image: Figure 6]
FIGURE 6. CGA-originated microbiota prevented intestinal morphology damage and barrier dysfunction caused by indomethacin. (A) Body weight changes after the mice were gavaged with indomethacin; (B) intestinal length; (C) Concentration of FITC-dextran in serum; (D) HE staining of colon morphology (200×), The morphology changes were marked with black arrows; Occludin (E) and claudin-1 (F) expression in colon by immunofluorescence assay (Red, tight junction proteins; Blue, DAPI). Values are expressed as mean ± SEM, n = 4. *P < 0.05; **P < 0.01.




CGA-Originated Microbiota Prevented Intestinal Inflammation and Inhibited the Growth of LPS-Producing Bacteroides Caused by Indomethacin

Mice in the MT-CON group had higher gene expression of TNFα, IL1β, IL6, and IL8 in colonic tissue than those in the MT-CA and MT-IND-CA groups (Figures 7A–D). Additionally, mice in the MT-CON group had a lower Firmicutes/Bacteroidetes ratio and more abundant Bacteroides and LPS levels when compared with those in the MT-CA and MT-IND-CA groups (Figures 7E–G).


[image: Figure 7]
FIGURE 7. CGA-originated microbiota prevented intestinal inflammation and inhibited the growth of LPS-producing Bacteroides caused by indomethacin. Relative mRNA expression of TNFα (A), IL1β (B), IL6 (C), and IL8 (D); (E) Relative ratio of Firmicutes to Bacteroidetes; (F) Relative abundance of Bacteroides at the genus level; (G) Relative LPS content in the colonic tissue. Values are expressed as mean ± SEM, n = 4. *P < 0.05.





DISCUSSION

The natural polyphenol CGA has numerous biological functions, and the protective effects of CGA on the gastrointestinal tract have been widely demonstrated in a variety of in vivo and in vitro models (4, 14, 15). Dietary CGA plays important roles in the maintenance of intestinal morphology, intestinal permeability, and barrier function via different mechanisms. Since intestinal permeability is positively associated with mitochondrial dysfunction, a previous study has suggested that CGA exerts its beneficial effects by decreasing mitochondrial lipid peroxidation and ameliorating mitochondrial respiratory chain dysfunction (15). The strength of the intestinal physical barrier is determined by its major structural basis, the tight junction. Moreover, the activation of myosin light chain kinase (MCK) is essential for intestinal barrier function, as it triggers changes in tight junctions by promoting the phosphorylation of myosin light chain. CGA has been proven to decrease MCK expression and improve the dynamic distribution of tight junction proteins in a rodent model of colitis (16), confirming its beneficial effects on intestinal barrier function. This study found that CGA prevents increases in intestinal leakage, as serum FITC-labeled dextran was found to decrease. Moreover, CGA increases the expression of tight junction proteins in the colon. These results suggest that CGA exerts the same effects on intestinal permeability and barrier function in indomethacin-induced colitis, which gives insight into the protective effects of CGA on the gastrointestinal tract in different models of colitis. Ulcerative colitis is a common form of inflammatory bowel disease (IBD) characterized by inflammation and colonic mucosa. It is important to alleviate the inflammatory response during IBD treatment. In vitro experiments have shown that CGA exerts strong anti-inflammatory effects via the activation of the Nrf2 or NFκB signaling pathway in Caco-2 cells challenged with a mixture of phorbol, 12-myristate, 13-acetate, and interferon γ or a mixture of TNFα and H2O2 (4, 14). Moreover, CGA prevents inflammatory cell infiltration and inhibits the over-accumulation of inflammatory cytokines in the rodent model of colitis induced by dextran sulfate sodium (4, 7). However, although the anti-inflammatory effects of CGA have been proven in this model of IBD, further evidence is needed to confirm these findings. This study found that CGA deceases the expression of inflammatory cytokines and inhibits the expression of NFκB in indomethacin-induced colitis, and these new findings allow for a broader understanding of the effects of CGA on the prevention of IBD.

Indomethacin, one of the most widely used non-steroidal anti-inflammatory drugs, exerts adverse effects on gastrointestinal mucosa (17). Indomethacin treatment results in extraintestinal lesions, inflammatory responses, and the inhibition of mucosal cell renewal. Consequently, it is a priority to find strategies to effectively and safely prevent gastrointestinal mucosal damage and inflammation in patients treated with indomethacin. Additionally, based on its adverse effects on intestine, indomethacin has been used to induce colonic ulceration in rodents, which has been suggested to be an appropriate animal model for IBD research (10). The model has some advantages, such as being easily induced and sharing some similarities with Crohn's disease. However, the detailed mechanism underlying the pathogenesis of indomethacin-induced colonic ulceration and inflammation remains to be elucidated. This study provides evidence that indomethacin treatment damages intestinal epithelial cell barrier integrity, increases gene expression of pro-inflammatory cytokines, increases protein expression of pNFκB, and affects microbiota composition. It is possible that indomethacin might affect the intestinal microflora and damage the epithelium, leading to the activation of inflammatory signaling pathways such as NFκB, which causes pro-inflammatory cytokines to be over-expressed and accumulate in the intestine. CGA might directly prevent indomethacin-induced activation of NFκB and its down-stream targets including certain cytokines, as numerous previous studies have demonstrated in certain rodent models of colitis (4, 7). Another possibility is that CGA could also indirectly affect the NFκB pathway via inhibition of certain upstream signals, such as changes in microbiota composition and related metabolites (7, 18).

Several studies have demonstrated the influence of CGA on gut microbiota composition. A previous study found that CGA increases the abundance of the phyla Firmicutes and Bacteroidetes in weaned piglets (19). The researchers suggested that the increased abundance of Bacteroidetes, which produces short-chain fatty acids (SCFAs) such as butyrate, would partially benefit intestinal function. Surprisingly, CGA decreased the abundance of the genus Bacteroides at the same time. The effects of CGA on the concentration of SCFAs align with another study on weaned piglets, which found that dietary CGA supplementation led to an increase in butyric acid in the intestine (8). However, a study on growing pigs did not show increased abundance of Firmicutes and Bacteroidetes (20). Unfortunately, the content of SCFAs was not determined, but they found that other metabolites such as 5-hydroxytryptamine increased, accompanied by changes in the microbiota composition of the colon. The effects of CGA on experimental colitis induced by dextran sulfate sodium were explored by another study, and microbiota was suggested to play a critical role in mediating the ameliorative effects of CGA (7). The proportions of Firmicutes and Bacteroidetes are decreased in colitis mice. Notably, a significantly increased proportion of Akkermansia, a mucin-degrading bacterium, is suggested to improve the mucus layer integrity. We found that dietary CGA increases the Firmicutes/Bacteroidetes ratio in indomethacin-treated mice, which is in accordance with the aforementioned results in several animal models of intestinal dysfunction. However, unlike previous studies, this study found that CGA affects Bacteroides abundance and decreases LPS content by decreasing the level of LPS-producing Bacteroides in the colon. The Bacteroides genus is sometimes associated with health conditions (21); some of its strains such as Bacteroides dorei and Bacteroides fragilis are suggested to promote the development of diseases such as diabetes and coeliac disease (22, 23). LPS is one of the major products of Bacteroides and may induce intestinal epithelial barrier dysfunction and inflammation (24). Notably, CGA had little effect on indomethacin-induced inflammation in the colons of antibiotic-treated mice, which suggests the prevention of intestinal inflammation by CGA could be largely influenced by the microbiota. Importantly, mice colonized with fecal microbiota from mice in the CA and CA-IND groups showed similar effects (intestine length, morphology and integrity, cecum Bacteroides abundance and LPS content, and colonic inflammation) as CGA did after indomethacin treatment. It can be inferred from these facts that the intestinal microbiota, primarily LPS-producing Bacteroides, mediate the effects of CGA on the prevention of indomethacin-induced inflammation.

In conclusion, it was found that CGA could protect against indomethacin-induced inflammation and mucosa damage. Importantly, the results also suggest that CGA may protect intestine integrity and alleviate inflammatory responses, primarily by inhibiting the growth of Bacteroides and the accumulation of Bacteroides-derived LPS. This newly identified mechanism broadens the base of knowledge on how CGA exerts its protective effects on intestinal damage, and may help to provide strategies for the prevention of gastrointestinal mucosal damage in patients treated with indomethacin.
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Colorectal cancer (CRC) is one of the most prevalent cancers that threaten people in many countries. It is a multi-factorial chronic disease caused by a combination of genetic and environmental factors, but it is mainly related to lifestyle factors, including diet. Plentiful plant foods and beverages are abundant in polyphenols with antioxidant, anti-atherosclerotic, anti-inflammatory, and anticancer properties. These compounds participate in host nutrition and disease pathology regulation in different ways. Polyphenolic compounds have been used to prevent and inhibit the development and prognosis of cancer, and examples include green tea polyphenol (–)epigallocatechin-3-O-gallate (EGCG), curcumin, and resveratrol. Of course, there are more known and unknown polyphenol compounds that need to be further explored for their anticancer properties. This article focuses on the fact that polyphenols affect the progression of CRC by controlling intestinal inflammation, epigenetics, and the intestinal microbe in the aspects of prevention, treatment, and prognosis.

Keywords: polyphenols, colorectal cancer, intestinal inflammation, epigenetics, microbe


INTRODUCTION

Colorectal cancer (CRC) is one of the most common malignancies worldwide (1, 2). Like many diseases, the formation of CRC is caused by various genetic and environmental factors (3). Globally in 2018, CRC ranked third in the morbidity of all new cancer cases, with more than 1.8 million new cases, and the second in mortality, with more than 860,000 deaths (4). CRC has a genetic susceptibility syndrome, but this condition accounts for only a small portion of CRC cases (5). According to the analysis of twin and family studies, the heritability of CRC is only 12–35%. The relatively low heritability level of CRC reflects the importance of the environment, that is, the environment plays a greater role in causing sporadic CRC (6). Cancer prevention is one of the most significant priorities in public health (7). Epidemiological studies on the relationship between dietary habits and disease risk have shown that diet has a direct impact on public health (8). Much effort has been made to assess the preventive chemical effects of natural products in the past few decades. Polyphenols have attracted much attention due to their advantages of few side effects, wide availability, and low toxicity (9). Polyphenols are widely found in the plant kingdom. They are considered potentially useful for anti-inflammatory and anti-tumor drugs, which may be one of the good candidate drugs for cancer prevention and treatment on account of affecting the disease process of cancer in many ways (10, 11). Hence, polyphenols are considered as potential molecular sources for the treatment of various malignant tumors.



HEALTH-RELATED PROPERTIES OF POLYPHENOLS

Polyphenols are phytochemicals existing in plants, widely found in tea, vegetables, soft fruits, and wine, which can regulate intestinal microecological stability and reduce cancer risk (12–14). Although symptoms cannot be described in their absence, in vitro and animal model studies have shown that polyphenols have a wide range of pharmacological and therapeutic properties, including anticancer (13), anti-inflammatory (15), antioxidant (16), and vascular protective properties (17). The evidence revealed that epigallocatechin-3-gallate (EGCG) suppressed the growth of melanoma cells by activating 67-kDa laminin receptor (67LR) signaling pathway. That is, 67LR participates in the upregulation of miRNA let-7b expression induced by EGCG through cAMP/protein kinase A (PKA)/protein phosphatase 2A (PP2A) signaling pathway, while the upregulation of let-7b results in the downregulation of a high mobility group A2 (HMGA2), the target gene related to tumor development (18). Olive oil polyphenols represented the pro-oxidative and proinflammatory effects undergoing the representative mixture of oxysterols, while Caco-2 completely differentiates into intestinal epithelial-like cells. In addition, olive oil polyphenols could directly regulate the phosphorylation of p38 and JNK1/2 and the activation of NF-κB after phosphorylation of IκB and maintain the level of NO with that of the control group by inhibiting iNOS induction (19). Polyphenol-rich plum could prevent weight gain and increase the proportion of high-density lipoprotein cholesterol and total cholesterol in plasma. In addition, it could reduce the level of angiotensin II in plasma and its receptor Agtr1 in heart tissue, which reveals that polyphenols may be a receptor-γ agonist activated by peroxisome proliferators, and these results suggest that polyphenol-rich plum may possess the properties of myocardial protection (20). The study showed that chlorogenic acid stimulates the expression of IFN-γ mRNA and increases the number of IFN- γ+ CD4+ cells in mouse lymphoid aggregation cells, while the number of cells (IFN- γ+ CD4+, IFN-γ+ CD49b+, and IL-12+ CD11b+) in mouse spleen increased significantly, which indicated that polyphenols had a certain stimulating effect on the cellular immune system of mice (21). Table 1 shows the health properties of a variety of polyphenols from different sources. Diet composition and habits are closely related to the occurrence of cancer. The study has shown that green tea polyphenols have a protective effect on female CRC patients, and there is a significant negative correlation between the daily intake of 1 cup of tea and the risk of CRC (30). In addition, the study of F344 rat model treated with n azoxymethane showed that polyphenon E reduced tumor diversity and tumor size while reducing the nuclear expression of β-catenin, inducing apoptosis, and increasing RXRα, β, and γ expression levels in adenocarcinoma (26). Due to the fewer side effects and low toxicity of polyphenols, the biological activity of polyphenols has become a hot topic in many research fields over the years (31).


Table 1. The health-related properties and mechanisms of polyphenols.
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THE PHYSIOPATHOLOGY OF COLORECTAL CANCER

The colon is a part of the digestive system and has a complex three-dimensional structure, and the length of the human colon is about 100–150 cm (32, 33). Its main function is to absorb the water and electrolyte left after the small intestine washes and excretes the feces. In terms of deconstruction, the colon begins with the cecum, followed by the colon, transverse colon, descending colon, sigmoid colon, and rectum. This organ is covered by double outer muscles and smooth muscle cells (34). In the mass, the development of cancer can be divided into three stages: initiation, progress, and promotion (35), as shown in Figure 1. The initial stage of CRC starts from the normal mucosa, and the cell replication is indiscriminately disordered and shows abnormal proliferation with the formation of enlarged crypt clusters (36, 37). If there is no appropriate intervention treatment in the development process, the adenoma will expand into CRC, which can spread in the body through metastasis (36). The development of CRC is a multi-step process that follows an adenoma-cancer sequence and has a background of genomic instability (38). CRC shares a number of common molecular characteristics, including microsatellite instability, chromosomal instability, and epigenetic silencing through the CpG island methylated phenotype (39). According to the unique genetic, pathological, and clinical characteristics of these pathways, these can be used for the molecular classification of CRC and comprehensive analysis of tumors to improve the diagnosis, treatment, and prognosis of the disease according to the unused conditions (39). According to the evidence provided by the World Cancer Research Foundation, processed foods, such as those smoked, pickled, or preserved with chemical preservatives, and red meat will increase the possibility of inducing CRC. In contrast, fiber-rich foods can reduce the risk of CRC (40, 41).


[image: Figure 1]
FIGURE 1. The process of colorectal cancer. The development of cancer includes three stages: initiation, progress, and promotion. Poor dietary habits, such as the long-term consumption of processed meat (smoked meat, picked meat, sausage, etc.) and red meat, may accelerate tumor burden and eventually induce CRC. CRC, colorectal cancer.




THE TRANSFORMATION AND BIOAVAILABILITY OF POLYPHENOLS IN THE INTESTINE

Metabolism is a key step in the digestion and absorption of nutrients and further participation in various physiological activities or responses in the host, as well as a key area of interaction between the host and the microbiome (42, 43). Intestinal microbes can metabolize a variety of dietary nutrients, such as indigestible carbohydrates and host metabolites (2). The relationship between dietary polyphenols and the prevention of human malignancies has been a research hotspot in the past few years. One of the reasons for investigating these compounds is that they have a protective effect on CRC (44). In terms of extraction techniques, it can be divided into extractable polyphenols (EPP) and non-extractable polyphenols (NEPP) (45). EPP includes low molecular weight compounds from monomers to decamers, which are soluble in organic solvents, such as methanol, ethanol, and ethyl acetate (46). EPP has a wide range of chemical structures, including hydrolyzed tannins, flavonoids, benzoic acid, hydroxycinnamic acid, stilbene, and others (46). EPP dissolve in the stomach and small intestine, where they can be absorbed at least partially through the small intestinal mucosa, which in turn produces metabolic and systemic effects. For example, dietary extractable proanthocyanidins (EPA) is partially hydrolyzed into epicatechin in the small intestine and absorbed (47, 48). Then a part is widely conjugated in the liver (49), while the other part, together with dietary fiber and indigestible substrates, reaches the colon where the intestinal flora catabolizes to produce metabolites, such as phenylacetic acid, phenylpropionic acid, and phenylbutyric acid (50, 51).

Since NEPP reach the colon almost intact, which is the primary site of their metabolic transformation, it is clear that their primary health trait is gastrointestinal health (52, 53). NEPP are a concentrated tannin and hydrolyzable phenolic high molecular weight compound or polyphenols related to fiber and protein in the diet, which remain in water or organic extracts (54). After being ingested, NEPP are not released from the food matrix through chewing, the acidic environment in the stomach, or the action of digestive enzymes (52). NEPP are not bio-accessible in the small intestine. They reach the colon from the gastrointestinal tract as an insoluble substrate, where they release single polyphenols and different bioavailable metabolites through the workings of the bacterial community in the colon (46). In other words, NEPP can provide absorbable and bioactive metabolites for the intestinal tract once they are fermented by colonic microorganisms. The study showed that 10 ml/kg of proanthocyanidins-rich dietary fiber could induce changes in the expression of tumor suppressor genes and proto-oncogenes genes and affect lipid synthesis, energy metabolism, cell cycle, and apoptosis, which suggested that polyphenols might help reduce the risk of CRC (55).



POLYPHENOLS PARTICIPATED IN COLORECTAL CANCER

As a source of biological compounds, natural products have a great potential value because they can reduce/inhibit the risk and development of cancer, which is very useful for medical applications (56). CRC is caused by a series of pathological changes in the transformation of the normal colonic epithelium into invasive carcinoma. The development of CRC spans a multi-step process of 10–15 years, which provides opportunities for its early detection and prevention. Dietary polyphenols have been shown to have anticancer effects by affecting epigenetics (57), inflammation (58), mRNA expression (59–61), and gut microbes (14). The continuous discovery and mining of polyphenols have opened up new directions for the prevention and treatment of cancer. There are now polyphenols and derivatives used in clinical anti-colorectal cancer (62). For instance, silymarin could inhibit Wnt signal transduction in CRC cells to reduce the expression of hydro-catenin and TCF4, thus achieving the apoptosis and proliferation effects on cancer cells. Studies have revealed that EGCG (63), resveratrol (64), and curcumin (65) possess the properties of apoptosis, anti-proliferation, anti-angiogenesis, and cell cycle arrest in the development of CRC.


Epigenetic Modifications

Traditionally, cancer is regarded as a series of diseases driven by progressive genetic abnormalities, including tumor mutations (suppressor genes and carcinogenic genes), and chromosomal abnormalities (66). However, cancer is also a disease driven by “epigenetic changes,” and they are derived from normal cells, which mediate mechanisms that do not affect the original DNA sequence but regulate heritable changes in gene activity through meiosis and mitosis (67, 68). Epigenetic changes include DNA methylation, histone modification, microRNA, and nucleosome positioning (69). Epigenetic driver genes are thought to be involved in the early stages of the tumor, and DNA methylation changes are a hallmark of CRC (70).


DNA Methylation

Abnormal DNA methylation is often detected in gastrointestinal tumors and may therefore be used for the screening, diagnosis, prognosis, and prediction of colorectal cancer (71). DNA methylation is a eukaryotic genomic modification event that occurs at the fifth carbon site of the cytosine residue in CpG dinucleotide, which is essential for mammalian development. Polyphenols in the diet may reduce the risk of colon cancer by altering DNA methylation. EGCG, one of the major polyphenols in green tea, has been shown to inhibit DNA methyltransferase (DNMT) activity and to reactivate methylation-silencing genes in cancer cells. In addition, EGCG can activate methylation-silencing genes in a variety of cancer cells, such as HT-29, KYSE 150, and PC3, indicating that EGCG may prevent cancer by reversing the silencing of related genes (72). The gallic acid portion of the D ring in EGCG can interact with the cytosine active site on the DNMT enzyme, which may be one of the reasons EGCG can be an effective DNMT inhibitor (57). Moreover, the combined application of EGCG and sodium butyrate promoted colorectal cancer cell apoptosis and induced cell cycle arrest and DNA damage (73). Curcumin-induced DNA methylation in CRC cell lines (HCT116, HT29, and RKO) was time-dependent, and curcumin treatment results in methylation changes at partial methylation sites rather than CpG sites that are completely methylated (74). Polyphenols inhibit DNA methylation and DNMT activity in two ways: reducing intracellular S-adenosylmethionine (SAM) concentration and non-competitively inhibiting DNMT activity or inserting DNMT binding vesicles to form a competitive inhibition (75).



miRNA

MiRNAs are a new class of small molecule ncRNAs that can be combined by miRNA targets of various signal pathways, usually as a modulator of gene expression (76). MiRNA is dysregulated in cancer cells through the epigenetic mechanism in cancer cells/colonic tumor tissue—overexpressed and underexpressed miRNA (77, 78), suggesting that miRNAs are associated with cancer and may have a vital role in diagnosis, prediction, and as therapeutic targets for CRC (79). There is increasing evidence that polyphenols play an anti-tumor role by regulating miRNA and its target protein in different cancer cells. The study demonstrated that resveratrol had protective properties on colon cancer SW480. The results showed that resveratrol treatment reduced the key effector transforming growth factor β (TGF-β) signal pathway, tumor suppressor PTEN and PDCD4, and Dicer-1, which were responsible for the enzyme process of transforming pre-miRNA into mature miRNA, while enhancing the expression of miR-663, a tumor suppressor microRNA targeting TGF β 1 transcript (80). Moreover, the combination of resveratrol and quercetin (RQ) reduced the production of ROS and improved the antioxidant effect of in the HT-29 cell line. In addition, RQ reduced the expression of Sp1, Sp3, and Sp4 mRNA and reduced microRNA-27a (miR-27a) and the induced Sp-inhibitor zinc finger protein ZBTB10, which indicated that the interaction between RQ and miR-27a- ZBTB10 axis played a role in Sp down-regulation. These indicated that polyphenols could be used as natural anticancer agents (81).




Intestinal Microbe

Intestinal microbes play a key role in the integration of environmental factors with host physiology and metabolism, which may affect the occurrence and development of CRC through the changes of immune and metabolic signals mediated by metabolism, including the balance of intestinal cell proliferation and death, and the changes of host metabolic activity (82, 83). CRC is closely related to microbial changes near the mucosa where the tumor is located, and part of this ecological disorder is characterized by the expansion of bacterial taxa, while the dominant species in the development of CRC is still unclear (84, 85). Although the available epidemiological evidence is limited, relatively consistent research data indicates that the number of butyrate-producing bacteria in CRC has decreased while Fusobacterium nucleatum (Fn) and Bacteroides fragilis have increased (86, 87). Moreover, a retrospective analysis of 13,096 adult bacteremia without a history of cancer indicates that the late diagnosis of CRC may be related to Bacteroides fragilis and Streptococcus gallolyticus, which may be related to intestinal disorders and barrier dysfunction that cause these bacteria to enter the bloodstream (88). As mentioned above, NEPP have bioavailability in the colon, where polyphenols and gut microbes form a two-way interaction in which polyphenols regulate the composition and diversity of intestinal microbes. At the same time, intestinal microorganisms decompose the ingested polyphenols and then release more active and easily absorbed metabolites than natural polyphenols, which may provide more possibilities for preventing CRC (89, 90). The correlation analysis of the gram-negative anaerobic commensal bacteria Fn and human CRC genome showed that in 99 CRC patients, fluorescence in situ hybridization was used to connect CRC and Fn amplification. It was found that the Clostridium sequence was associated with lymph node metastasis (91, 92). Tea polyphenols have different degrees of antibacterial activity, which may hinder the bacterial cell membrane and the chelation of iron. The study showed that EGCG and theaflavin could reduce the expression of two virulence factors (hemolysis and hydrogen sulfide) expressed by FN and inhibit the adhesion of FN to oral epithelial cells and matrix proteins (93). Mucus-associated Escherichia coli (E. coli) is more common in CRC tissues, and their abundance is associated with tumor stage and prognosis (94). Pathogenic E. coli producing pathogenic colibactin is more common in terminal illness, and the CRC-related E. coli could significantly increase the number of polyps in ApcMin/+ mice, indicating that E. coli may promote the occurrence of tumors (95). Red wine polyphenols could be dose-dependent to prevent intestinal cytotoxicity to HT-29 caused by E. coli 270 (96). How microbial diversity suppresses tumorigenesis and which species or their interactions are associated with CRC development remain to be further explored. In addition, it is challenging to explore the effect of the abundance of specific strains in commensal bacteria on the development of CRC experimentally (87).




OTHER POTENTIAL ROLES OF POLYPHENOLS ON INTESTINAL INFLAMMATION

The intestine is a multi-functional organ whose functions include digestion/absorption, barrier function, and recognition of external stimuli and signal transduction (97). Chronic inflammation occurs when the gut is constantly damaged by external stress (such as food, bacteria, and environmental chemicals). Inflammation is a non-specific immune response that protects the body from myriad biological and chemical threats in the surrounding environment, relying on the dense cellular and molecular control mechanisms of the intestinal mucosa (98). Polyphenols may play an anticancer role by regulating inflammatory pathways through key signal transduction pathways and thus affect the course of the disease. The key signaling pathways include NFκB and signal transducer and activator of transcription (STAT3), as well as phosphatidylinositol 3-kinase (PI3K) and cyclo-oxygenase (COX) (99). Curcumin mediates its chemotherapy by regulating NFκB transcription factor expression, inhibiting NFκB-regulated gene products, such as COX-2, adhesion molecule, matrix metalloproteinases (MMPs), iNOS, Bcl-2, and TNF, and regulating cyclin expression (cyclin D1 and p21) (100). The upregulation of STAT3 can attract chemokines from immune and inflammatory cells to induce tumor-related inflammation (101). EGCG could inhibit the phosphorylation of STAT3 (102), while resveratrol inhibits IL-6-induced intercellular cell adhesion molecule-1 (ICAM-1) gene expression by interfering with STAT3 phosphorylation (103). The PI3K signaling pathway plays a vital role in tumorigenesis, which includes inhibiting apoptosis, increasing cell proliferation and growth, and reducing cell cycle arrest (104, 105). The study has shown that curcumin inhibited the expression of oncogene MDM2 through the PI3K signaling pathway, which is related to cell survival and proliferation (106). Moreover, cyclo-oxygenase-2 (COX2) is an inducer of prostaglandin synthesis, and its tumor-promoting effect is mediated by its main end product, prostaglandin PGE2 (107). COX2 has displayed overexpression during the development of CRCs. The study of pomegranate extract could significantly downregulate the expression of COX-2 protein and the constitutive expression and phosphorylation of NF-kB p65 in HT-29 cells (108).



CONCLUDING REMARKS

Due to uncontrolled cell division in cancer, the development of cancer is related to many factors, including diagnosis, drug-induced cytotoxicity, chemotherapy resistance, and prognosis. The development cycle is long, affecting a large number of people. Inhibiting DNMT activity and regulating mRNA changes and intestinal changes through natural compounds may be powerful approaches to cancer prevention by regulating multiple cell functions to destroy multi-stage cancer diseases, thereby mediating multiple anticancer pathways. Polyphenols are widely found in food and beverages, and the combination of polyphenols and traditional drugs can improve therapeutic effects, reduce the drug resistance of tumor cells, and reduce the toxicity of chemotherapy drugs. The influence of polyphenols on the intestinal microbiota has been widely recognized, but their changes and mechanism of action in the progress of CRC need a lot of research and supplement. Substantial evidence proves that polyphenols are among the best choices for the prevention and treatment of CRC. On the concentration and bioavailability of polyphenols, whether a moderate-to-high dose will have a beneficial effect on health without affecting gut barrier integrity and gut microbe remains unclear. Whether the rich and complex polyphenols in the daily diet will affect the therapeutic effect of polyphenols is also unclear. That may be further elucidated with the development of techniques and research in the field of omics.
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Gallic acid (GA) is a naturally occurring polyphenol compound present in fruits, vegetables, and herbal medicines. According to previous studies, GA has many biological properties, including antioxidant, anticancer, anti-inflammatory, and antimicrobial properties. GA and its derivatives have multiple industrial uses, such as food supplements or additives. Additionally, recent studies have shown that GA and its derivatives not only enhance gut microbiome (GM) activities, but also modulate immune responses. Thus, GA has great potential to facilitate natural defense against microbial infections and modulate the immune response. However, the exact mechanisms of GA acts on the GM and immune system remain unclear. In this review, first the physicochemical properties, bioavailability, absorption, and metabolism of GA are introduced, and then we summarize recent findings concerning its roles in gastrointestinal health. Furthermore, the present review attempts to explain how GA influences the GM and modulates the immune response to maintain intestinal health.
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INTRODUCTION

Gallic acid (GA), 3,4,5-trihydroxybenzoic acid, is a polyphenol compound (1) and has gradually won a considerable amount of attention because it is ubiquitous in fruits, vegetables, and herbal medicines, such as grapes (2–4), gallnuts (5, 6), pomegranates (7, 8), and tea leaves (9, 10). In 1786, Carl Wilhelm Scheele, a famous Swedish chemist, was the first to identify and isolate GA and pyrogallic acid from plants (11). Since then, reports on GA and its derivatives have gradually increased, which has increased awareness in the understanding of GA. In addition to the edible uses of GA and its ester derivatives as flavoring agents and preservatives in the food industry (12, 13), there are also various kinds of studies on their biological and pharmacological activities, including antioxidant (14, 15), antimicrobial (16, 17), anticancer (18, 19), anti-inflammatory (20, 21), gastroprotective (22–25), cardioprotective (26, 27), neuroprotective (28–30), and metabolic disease prevention activities (31–33). To date, however, virtually no published studies exist on the mechanisms of action of GA through the gut microbiome (GM) and immune response.

Therefore, in this review, we first cover the physicochemical properties, absorption, and metabolism of GA and then summarize recent findings concerning their roles in gastrointestinal diseases. Moreover, the current review tries to shed light on the regulatory mechanism of GA through modulation of the GM and immune response. Finally, we summarize our findings based on the obtained information and provide an outlook for further investigations. Relevant references and data for this review were derived from the Web of Science and PubMed databases, from which we chose the most relevant literatures that have investigated the effect of GA and its derivatives on the treatment or prevention of gastrointestinal diseases, especially focusing on the GM and immune response.



PHYSICOCHEMICAL PROPERTIES OF GA

Frequently, polyphenols are mainly divided into two categories, including flavonoids (anthocyanins, flavanols, flavanones, flavonols, flavonones, and isoflavones) and non-flavonoids (phenolic acids, xanthones, stilbenes, lignans, and tannins). Phenolic acids arise from two major phenolic compounds: benzoic acids and cinnamic acids, separately based on the C1-C6 and C3-C6 backbones. p-Hydroxybenzoic acid, protocatechuic acid, vanillic acid, GA, and syringic acid are hydroxybenzoic derivatives, and hydroxycinnamic acids include p-coumaric acid, ferulic acid, caffeic acid, and sinapic acid (34, 35). Due to their different structures, hydroxycinnamic acids show higher antibacterial activity than hydroxybenzoic acids (36). Tannins are classified as hydrolysable tannins (HTs) and condensed tannins (CTs) (11). HTs contain a glucose unit and esterified gallic acid. As presented in Figure 1, GA is a trihydroxybenzoic acid with the molecular formula C7H6O5 and molecular weight of 170.12 g/mol, and hydroxy groups are at positions 3, 4, and 5. It is a colorless or slightly yellow crystalline compound, and the melting point is 210°C, with decomposition between 235°C and 240°C producing carbon dioxide and carbon monoxide. Its density is 1.69 kg/L, its pKa is 4.40, and its log P is 0.70 at 20°C. It is soluble in water, alcohol, ether, and glycerol, and practically insoluble in benzene, chloroform, and ether petroleum (1). GA is a secondary metabolite widely distributed in several fruits, vegetables, and herbal medicines (37), and it is used in photography, pharmaceuticals, and analytical reagents (38). GA is found both free and as part of HTs. It is the most basic constituent donor used to synthesize HTs through esterification of GA with glucose and products of their oxidative reactions. HTs contains mainly glucogallin, gallotannins, ellagitannins, and their derivatives (39). Tannase (a glycoprotein esterase) hydrolyzes GA from gallotannins, thereby increasing available GA absorbed in the gastrointestinal tract (GIT) (40, 41). The GA groups are usually bonded to form dimers, such as ellagic acid.


[image: Figure 1]
FIGURE 1. Detailed classification and chemical structures of polyphenols, phenolic acids, GA, and its derivatives. HTs, hydrolysable tannins; CTs, condensed tannins; MG, methyl gallate, C7H5O5-CH3; PG, propyl gallate, C7H5O5-(CH2)2-CH3; OG, octyl gallate, C7H5O5-(CH2)7-CH3; DG, dodecyl gallate, C7H5O5-(CH2)11-CH3; TG, tetradecyl gallate, C7H5O5-(CH2)13-CH3; HG, hexadecyl gallate, C7H5O5-(CH2)15-CH3; EC, epicatechin, C15H14O6; ECG, epicatechin gallate, C22H18O10; GCG, gallocatechin gallate, C22H18O11; EGC, epigallocatechin, C15H14O7; EGCG, epigallocatechin gallate, C22H18O11.


The GA derivatives include two types: ester and catechin derivatives. The most common ester derivatives of GA are alkyl esters, which are composed mainly of methyl gallate (MG), propyl gallate (PG), octyl gallate (OG), dodecyl gallate (DG), tetradecyl gallate (TG), and hexadecyl gallate (HG), and some of the main catechin derivatives are epicatechin (EC), epicatechin gallate (ECG), epigallocatechin (EGC), gallocatechin gallate (GCG), and epigallocatechin gallate (EGCG) (42–45). In particular, EGCG, a main bioactive compound, has been observed to have potent anticancer activities and protective effects on cardiovascular and metabolic diseases with multiple mechanisms (46–49). Owing to the properties of potent antioxidants scavenging of reactive oxygen species, several GA derivatives, such as DG, PG, OG, TG, and HG, are widely used in the food manufacturing, pharmaceutical, and cosmetic industries (43, 45, 50). The detailed classification and chemical structures of polyphenols, phenolic acids, GA and its derivatives are shown in Figure 1.



BIOAVAILABILITY, ABSORPTION, AND METABOLISM OF GA

It has been widely claimed that polyphenols are good source of natural health products and are beneficial for human health (51–55). Oliver et al. found that polyphenols have high instability to light, heat, and pH due to the existence of multiple hydroxyl groups (56). To a great extent, these external factors affect their commercial popularization and application. In addition, the poor solubility characteristics limit their wide application in the fields of food products and supplements (57, 58). Moreover, polyphenols are quickly absorbed in the GIT, with rapid metabolism within the human gut and a high elimination rate in vivo, resulting in low and inconsistent oral bioavailability (59–61). Similarly, as a phenolic acid in polyphenols, GA and its derivatives also have the above disadvantageous properties, poor bioavailability, stability, and solubility (3, 62). Fortunately, the developing colloidal delivery systems could significantly improve its bioavailability, which brings large possibility for application in human.

The 4-O-Methygallic acid (4-OMeGA) is the primary metabolite of GA in human plasma and urine (3, 63, 64). After oral administration, nearly 70% of GA is absorbed and then excreted via urine as 4-OMeGA (65, 66). Barnes et al. identified GA metabolites (pyrogallol-1-O-glucuronide, 4-OMeGA, 4-OMeGA-3-O-sulfate, pyrogallol-O-sulfate, deoxypyrogallol-O-sulfate, and O-methylpyrogallol-O-sulfate) in the urine of healthy volunteers over a 12 h period by tandem mass spectrometry (MS/MS) analysis after the consumption of 400 g/d Keitt mango for 10 days (67). Further study indicated that after a single oral administration of Polygonum capitatum extract at 60 mg/kg (equivalent to 12 mg/kg GA), GA was distributed mainly in rat kidney tissue (1,218.62 ng/g); the lung tissue had the second highest GA content (258.08 ng/g); the concentration of GA in the liver and heart was slightly lower than that of the lung; the spleen contained very little GA; and GA could not be found in brain tissue (62). However, a study suggested that the rat brain deposition of GA increased with repeated dosing of grape seed polyphenolic extract (3). In a urinary excretion study, approximately 16.67% of the intake GA was excreted in an unchanged form, and the predominant metabolite 4-OMeGA of GA was detected in the urine sample (62). The theaflavin galloyl moiety of black tea was consumed by GM, and the released GA was further transformed to 3-O-methyl GA (3-OMeGA), 4-OMeGA, pyrogallol-1-sulfate, and pyrogallol-2-sulfate, which were excreted via urine amounts to 94% of the intake (68). Figure 2 shows the absorption, metabolism, and distribution of GA in vivo.
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FIGURE 2. The absorption, metabolism, and distribution of GA. GA, gallic acid; 4-OMeGA, 4-O-methygallic acid; 3-OMeGA, 3-O-methygallic acid; H, M, and L represent the high, middle, and low content of GA in corresponding tissues and organs, respectively; the 4-OMeGA in black boxes represent that it is the primary metabolite of GA in different organs.


These research results indicate that GA undergoes extensive metabolism after digestion, but its effectiveness is limited because of rapid metabolism and elimination. How to improve the bioavailability of GA remains a problem. To overcome these challenges, colloidal delivery systems have been tested to increase the intestinal absorption of GA and subsequently enhance its bioavailability in corresponding target organs and tissues. Natural proteins, polysaccharides, and biopolymer-based delivery systems have been widely used in the research of polyphenols (69), and colloidal encapsulation could enhance the efficacy of polyphenols in the field of food and biomedical applications (70, 71). Similarly, the phospholipid complexation delivery system also shows a good effect on GA. GA–phospholipid complex improved the bioavailability of GA by increasing absorption, decreasing elimination rate, and lengthening duration of action in rat serum (72). GA liposomes decorated with lactoferrin (LF-GA-LIP) could be developed as a favorable delivery system because it displayed a delayed-release effect in simulated digestion (73). Recent studies reported that the addition of tannase could enhance GA bioaccessibility in green tea and mango juice (40, 41). Repeated dosing and the use of structural analogs or derivative compounds of GA also were effective measures to improve the plasma levels of GA (3).

However, the application of these colloidal delivery systems still has many difficulties, such as the astringent taste of GA, and the bioavailability and potential toxicity of GA complexations should be explored through in vitro and in vivo trials. A more comprehensive understanding of GA is necessary. Only then can GA complexations be used safely and reasonably as supplements and drugs in production.



GA IN GASTROINTESTINAL HEALTH AND DISEASE

Over the past decade, researchers have provided plenty of emerging evidence that the GM plays a crucial role in the maintenance of physiological homeostasis within the GIT, and microbiome dysbiosis is directly related to many health problems, such as gastrointestinal disease. Several studies in animal models investigate the effects of GA consumption on gastrointestinal diseases and its mechanisms of action.


Gastric Cancer

Gastric cancer (GC) is one of the main causes of cancer deaths in the world and over 1 million new cases were diagnosed in 2018 (74). Gastric microbiota plays an initial role in GC (75), and infection with Helicobacter pylori (H. pylori) is the strongest risk factor linked to GC (76). Almost all cases of GC can be related to H. pylori (77). An aqueous extract of ginger (GA and cinnamic acid) could protect the gastric mucosa against stress induced mucosal lesions by suppressing H. pylori, blocking H+, K+-ATPase action, and providing antioxidant protection (25). The study suggests that GA has potential for prevention and treatment of GC through decreasing H. pylori; however, the aqueous extract was a mixture instead of pure GA; thus, the mechanism of action is uncertain, and further research is needed.

Meanwhile, GA has potent therapeutic effects on the non-steroidal anti-inflammatory drug (NSAID)-induced gastric mucosal damage by preventing oxidative stress and inhibiting the activation of the mitochondrial pathway of apoptosis in gastric mucosal cells (78). Similarly, gastric adenocarcinoma cell metastasis was inhibited by GA, whose possible mechanism may occur through inhibitory effects on the Ras/PI3K/AKT signaling pathway and transcriptional factor NF-κB, resulting in the antimetastatic effects (79). A study verified the protective mechanism of GA and its novel derivative [(E)-3,4,5-trihydroxy-N-(2-(piperazin-1-yl) ethyl) benzimidic acid] against ethanol-induced gastric ulcerogenesis, suggesting that the gastroprotective activity may be related to antioxidant properties, immunomodulatory markers, Hsp70 and Bcl-2-associated X protein, and inhibition of mitochondrial apoptosis (80). Interestingly, the combination of GA plus famotidine exhibited a synergistic role in the protection of rat gastric mucosa (81). This study provides a possibility for GA to enhance the therapeutic effect of antibiotics.



Colorectal Cancer

Colorectal cancer (CRC) has the third highest cancer incidence around the world, and it constitutes a major global health burden threatening public health (82). The high number of studies have found that the GM plays a crucial role in colorectal carcinogenesis (83). Previous studies reported that dietary polyphenols benefit colorectal tissue integrity and function, gut bacterial growth and activities (84, 85). Although there is no direct evidence to suggest that GA prevents the occurrence of CRC by changing GM, we can indirectly speculate that GA influence the GM of CRC based on the related literatures of polyphenols and CRC.

GA and its derivative 3-OMeGA decreased human colon cancer cell viability by suppressing cell proliferation and regulating the signaling pathways of NF-κB, AP-1, STAT-1, and OCT-1 (86). Additionally, polymer nanoparticles assembled from GA-grafted chitosan (GA-g-CS) and caseinophosphopeptides (CPPs) were developed to deliver (-)-EGCG as novel functional foods. The GA-g-CS-CPP nanoparticles demonstrated powerful antioxidant activity and cytotoxicity against Caco-2 colon cancer cells, and the EGCG-loaded GA-g-CS-CPP nanoparticles further amplified the anticancer activity against Caco-2 cells (87). Similarly, GA-conjugated chitosan efficiently inhibited pulmonary metastasis of CT26 mouse colorectal carcinoma cells (88). In 1,2-dimethyl hydrazine-induced colon carcinogenesis in rats, the activity of phase II enzymes decreases, and phase I enzymes increases, whereas it is interesting to note that GA treatment could shift the above changes toward normal levels (89).



Inflammatory Bowel Disease

Inflammatory bowel disease (IBD), including Crohn's disease (CD) and ulcerative colitis (UC), has long been doubted to correlate of an abnormal host reaction to GM (90). Both diseases are chronic and inflammatory disorders in the GIT with an increasing incidence rate being related to the rapid development of industrialization (91). Patients with these disorders have greater incidence to evolve into colon cancer (92, 93). Numerous experimental and clinical studies have indicated that various dietary polyphenols have beneficial effects against IBD (94–96).

GA could inhibit inflammation in dextran sulfate sodium (DSS)-induced colitis in mice through the suppression of p65-NF-κB and IL-6/p-STAT3Y705 activation (22), and suppress lipopolysaccharide (LPS)-induced inflammation in transgenic mice by regulating immune system processes and downregulating the NF-κB pathway (97). Li et al. was the first to perform 16S gene sequencing on mice fecal and combined with metabolomics analysis; the results indicated that GA significantly attenuated UC by influencing composition of mice GM and metabolites (98). What makes us delighted is that a pilot study in patients with IBD found mango pulp (gallotannins and GA) intake markedly increased the abundance of beneficial bacteria such as Lactobacillus spp., Lactobacillus plantarum, Lactobacillus reuteri, and Lactobacillus lactis, which was accompanied by increased fecal butyric acid production (99).

However, there is only very limited evidence on the effectiveness of GA in GIT health, and very few human studies have been conducted on the impact of GA on GIT health. There is no adequate evidence to confirm the impact of GA on GIT health and disease. Further high-quality researches are needed to establish the mechanism of action of GA and its derivatives on GIT health. Several human studies have preliminarily interpreted the link between the GM and IBD. Thus, the GM could be a research direction between GA and GIT health in the future.




EFFECTS OF GA ON THE GM

The GM is a key modulator of human health (100, 101). Trillions of microbes living in GIT finely regulate homeostasis in GIT ecosystem, most of which are beneficial to human health, affecting maintenance of the metabolic function of the host, development of the innate and adaptive immune systems, and resistance against invasion of enteric pathogens (102). In recent years, it has become a popular research hotspot in biomedical research because researchers have identified relationships between GM compositions and health (103). The microbial diversity and homeostatic configuration of the GM are affected by various factors, and diet appears to exert the greatest influence on the GM. Dietary components are utilized by the GM to produce energy and metabolites, which can mostly enter the bloodstream to affect intestinal function and the immune system (104). As an active ingredient in dietary polyphenols, GA has potent antimicrobial properties and is beneficial to human and animal health.


Antimicrobial Properties in vitro

GA has broad-spectrum therapeutic properties including antibacteria, antifungal, and antiviral activities in vitro (Table 1). An in vitro study reported that GA suppressed viable bacteria and Escherichia coli (E. coli) biofilm formation by regulating pgaABCD gene expression (105); meanwhile, GA effectively inhibited Shigella flexneri biofilm formation and activity by regulating the expression of the mdoH gene and the OpgH protein (106), and had a specific antibiofilm effect on Staphylococcus aureus (S. aureus) by regulating the expression of the ica operon (107). Additionally, GA not only has potent anti-bacteria activity, but also against Eumycetes (36, 119). A storage test performed on fresh black truffles revealed the antimicrobial activity of GA observed in vitro, with a dramatic decline in the abundances of not only Pseudomonas spp., but also Enterobacteriaceae and Eumycetes (108), and it was observed that GA has a broad-spectrum antifungal activity for all tested dermatophyte strains (Trichophyton rubrum, Trichophyton mentagrophytes, Trichophyton violaceum, Microsporum canis, Trichophyton verrucosum, and Trichophyton schoenleinii) and Candida strains (Candida glabrata, C. albicans, and Candida tropicalis) (109). In addition, GA might be a sensitive reagent inhibiting influenza A (H1N1) virus infection (110) and has anti-HBV activity (111). Based on its powerful antimicrobial activity, GA is used to synthesize a kind of antimicrobial agent, such as trimethoprim, to treat some microbial infectious diseases (120).


Table 1. The antimicrobial activity of GA observed in vitro.

[image: Table 1]

The synergistic effects of natural antimicrobial compounds could increase the antimicrobial potential. A combination of GA and octyl gallate enhanced the antimicrobial activity for Enterococcus faecalis compared with the efficacy of individual compounds (112). A laccase-catalyzed chitosan–GA derivative markedly suppressed the growth of E. coli and S. aureus, and it could disrupt their cell membranes causing leakage of cytoplasm and increasing relative conductivity. Further, the cytotoxicity was notably decreased by proper modification of chitosan with GA (113). Furthermore, synthesized GA-chitosan-modified silver nanoparticles (GC-AgNps) exhibited good antibacterial activity against E. coli (114). LF-GA-LIP also exerted greater antibacterial capabilities against E. coli and S. aureus than GA-LIP (73). A GA-grafted chitin-glucan complex (GA-g-chitin-glucan complex) showed better antibacterial activity than the unmodified chitin-glucan complex (115). Shamsi et al. reported that a GA-loaded graphene oxide-based nanoformulation (GAGO) could be used as a potential antibacterial agent against S. aureus (116). The ZnO nanoparticles functionalized with GA displayed stronger antibacterial activity against methicillin-resistant S. aureus and E. coli compared with non-functionalized ZnO nanoparticles (117). Similarly, a study on chickens displayed a synergistic effect of GA and eugenol in reducing the heat lethality of Salmonella spp. (121).

GA and its derivatives (octyl gallate, propyl gallate) as well as binary combinations exhibit significant inhibition against Carnobacterium divergens ATCC 35677 and Leuconostoc carnosum ATCC 49367 originating from meat, and octyl gallate and propyl gallate were more effective than GA (17). Halogenated GA analogs might be promising drugs. Sherin et al. synthesized fifteen novel GA esters, and the most effective compound found was 3-chloropropyl 3,4,5-trihydroxybenzoate, a debenzylation of gallic acid ester, specifically against resistant gram-negative strains, such as P. aeruginosa, E. coli and E. aerogenes (118).

Such meaningful observations in vitro indicate that GA and its derivatives have antimicrobial activities, which can be strengthened by a favorable delivery system. However, in vitro studies raise a question of whether GA exerts healthy effects by changing the GM composition in vivo. Thus, studies in vivo in animals and humans need to be carried out.



Action of GA on the GM in Animals and Humans

Most plant-derived polyphenols must be transformed through the GM and intestinal enterocyte enzymes to be absorbed at enterocyte and colonocyte levels. The GM could transform polyphenols to final bioactive derivatives exhibiting antimicrobial properties. Therefore, an appropriate GM is extremely important for fighting against infectious diseases (122). Similarly, metabolism of GA in the GIT also requires the participation of the GM and intestinal enterocyte enzymes. As described in Figure 3 by Pereira-Caro et al. the principle pathways for GA in the colonic microbiota and mammalian phase II metabolism are proposed (68). The effect between the GM and GA is mutual; intestinal bacteria has the ability to metabolize GA, and GA also can induce changes in the microbiota toward a more favorable composition and activity, including the production of short-chain fatty acids (SCFAs) in the colon (22).


[image: Figure 3]
FIGURE 3. Proposed principle pathways for GA in the colonic microbiota and mammalian phase II metabolism. Red arrows indicate microbiota-mediated steps, and blue arrows represent mammalian enzyme-mediated conversions. The names in yellow boxes indicate the main metabolites accumulating in urine after GA intake. This figure is quoted from Pereira-Caro et al. (68).


From the GM point of view, A recent study of animal model on the attenuation of DSS-induced rat UC by GA showed that GA dramatically decreased the GM abundance but had little impact on diversity. Changes in microbiota induced by DSS were characterized by a decrease in some probiotics predominantly in the Lactobacillaceae and Prevotellaceae families, and an increase in some pathogenic bacteria dominated by the Firmicutes and Proteobacteria phyla; GA reversed the above-mentioned changes and make them similar to the control group (22). Because fecal metabolites are byproducts of the interplay between the host and microbiota, changes in metabolites in vivo can act as evidence for alteration of the microbiota. Detection of the fecal SCFAs by gas chromatography concluded that the SCFAs contents were higher in the control group than GA and DSS group. Analysis of nuclear magnetic resonance-identified metabolites further revealed GA-induced metabolites changes mainly in increasing carbohydrate metabolism and bile acid metabolism and decreasing amino acid metabolism (22). All of above results demonstrate that GA-induced alterations in metabolites and GM in DSS-colitis provide new insight into the attenuation of UC by GA. Metabolomics data of rat plasma, liver, urine, and feces were analyzed by nuclear magnetic resonance whose results showed that changes in metabolites correlates to GA intake, and GA effectively promoted glycogenolysis, glycolysis, and TCA cycle and had positive effects on the metabolism of nucleotides, choline, bile acids, and amino acids (123). Fecal propionate and butyrate are fermentation products of insoluble polysaccharides and proteins (124). Remarkable increases in the levels of fecal propionate and butyrate and decreases in the levels of pyruvate, 2-ketoglutarate, lysine, alanine, and keto-acids suggested that GA could promote the GM fermentation of both proteins and polysaccharides. Research evidence suggests that GA has a great potential to be a natural antifungal agent for clinical application. A study in mice proved that intraperitoneal injection of GA markedly improved the rate of curability in a mouse model of systemic fungal infection (109).

In summary, available results in vitro and limited animal researches in vivo show GA can positively affect the composition of the GM or suppress the growth of pathogenic bacteria. However, it is a great pity that studies on the effects of GA and its derivatives on the human GM are lacking. The analysis of metabolites levels in human feces, urine, and blood combined with metagenomic analysis could offer a in-depth understanding of the impact of GA on humans.




GA IN IMMUNOMODULATION

The gut is an immune organ in which more than half of all immune cells are concentrated. The gut immune system linked to obesity, diabetes, food allergies, and IBD (125), thus, the gut immune function is closely related to human health. Various factors affect the development of the gut immune system, especially the GM and antigens, and they can drive the maintenance of gut barrier function and the development of the mucosal immune system (126). The mucus layer serves as the first protective barrier of the gut composed of an outer, loosely adhered layer and an inner, denser layer adhered to the underlying epithelium; the outer mucus layer is generally related to the GM (127). Immune dysfunction in the intestinal mucosa increases the risk of diarrhea in the host and has a negative impact on the balance of the GM (128), which could result in many serious consequences. Many studies have confirmed the regulatory role of plant-derived polyphenols in gut immune function (129, 130), thus fruits and vegetables rich in polyphenols are considered to be a preventive agent to promote intestinal health via modulating the intestinal mucosal immune response (127, 131).

The majority of immune-related disorders, such as pathogen-mediated infectious diseases, allergic diseases, and cancers, linked to inflammation (132). In the allograft model, GA accelerated the differentiation of T cells, increased the number of Tregs and exerted an anti-inflammatory effect, so GA has potential to treat diseases caused by excessive activation of immune cells (20). GA could decrease the exacerbated response of the body against an infectious agent to enhance innate immune activation by reducing the anti-apoptotic role of LPS, blocking the induction of neutrophil extracellular traps and preventing the formation of free radicals induced by LPS (133).

GA exhibited a protective effect against oxidative stress-induced cellular injury in human lymphocytes through immunomodulatory, antioxidant, and cytoprotective properties (134) and provided effective prevention against complications relating to immunological and thrombo-regulatory mechanisms via reverting the ATP and ADP hydrolysis and adenosine deaminase activity in lymphocytes, and preventing the increase in nucleoside triphosphate diphosphohydrolase, and adenosine deaminase activities in platelets (135). Additionally, GA inhibited the production of reactive oxygen species and nitric oxide, proinflammatory cytokine release, and phagocytes-induced lymphocyte proliferation in human peripheral blood mononuclear cells (136). The synergistic effect of GA and asparaginase also improved the antiproliferative effect on lymphoblastic cells (137).

GA could improve immunomodulatory activity by increasing of phagocytic capability, lysosomal volume, nitrite release, and intracellular calcium ([image: image]) levels in macrophages (138) and downregulate the MAPK-linked phagocytic signaling pathway in mouse murine macrophages (139). The efflux transporters P-glycoprotein and multidrug resistance proteins might participate in the transport of GA, and paracellular transport appeared to be the major limiting factor for the uptake of GA in Caco-2 cell monolayers (140). Polysaccharide nanofibers improved GA and EGCG permeability by opening the tight junctions of human differentiated epithelial Caco-2 cell monolayers and inhibiting efflux transporters (141). Cotreatment with curcumin and GA normalized the circulatory pro-inflammatory, anti-inflammatory cytokines, chemokines, N-εCML, CRP, and HbA1c (142). In addition, The GA derivatives (G-4, G-7, G-9, G-10, G-12, and G-13) also exhibited immunomodulatory activity and had high binding affinities for the INFα-2, IL-6, and IL-4 receptors, among which G-7 has the greatest immunomodulatory activity (143).

The possible mechanism of action of GA on the remission of immune-related diseases is summarized in Figure 4.


[image: Figure 4]
FIGURE 4. The possible mechanism of action of GA on the remission of immune-related diseases. The red box represents animals with immune-related disorders, and the green box indicates the attenuation effect of GA on immune-related disorders. The up arrows indicate a rising trend, and the down arrows show a declining trend.


The immunomodulatory activities of GA have not been deeply studied, and researchers should conduct a large number of experiments and preclinical studies on the immunomodulatory potential of GA to provide enough evidence to confirm the effectiveness and safety of GA. Furthermore, patients with immune-related diseases should be chosen as the research objects so that GA is further developed as a therapeutic agent for immune-related disorders.



CONCLUSION AND OUTLOOK

This review summarizes the physicochemical properties and bioavailability of GA, and reports related to the impact of GA on gastrointestinal health focus mainly on GM, immunomodulation and mechanisms of action. According to these existing studies, GA and its derivatives have the potential to be novel agents for the treatment and prevention of gastrointestinal diseases through interaction with the GM and modulation of the immune response. Current in vitro evidence and results in animal models confirm the pharmacological and therapeutic interventions of GA. However, there is very limited clinical evidence for the effectiveness of GA in human gastrointestinal health and disease, and the exact underlying mechanisms of action are still obscure and unexplored. To clarify the interactions among the GM, immune response, and gastrointestinal disease in humans upon GA intervention, further investigation in other animal models and in humans is needed to verify the previous findings from animal models. Additionally, more efficient GA delivery systems need to be developed to improve GA bioavailability. With the rapid development of omics techniques, it is necessary and important to integrate genomics, transcriptomics, proteomics, and metabolomics to phenotyping to explore the molecular effects of GA in order to clarify its underlying mechanism of action.
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Berberine (BBR) has been reported that it has effects on inhibiting colorectal cancer (CRC). However, the mechanism of BBR on CRC also remains largely unknown. Herein, we investigated the therapeutic effects of BBR on CRC from the perspective of gut microbiota and metabolic alterations, which can provide a holistic view to understand the effects of BBR on CRC. First, azoxymethane (AOM)/dextran sodium sulfate (DSS) mouse was used as CRC animal model, then the degree of colorectal carcinogenesis in AOM/DSS mice with or without BBR administration was measured. The composition and abundance of gut microbiota was investigated by using 16S rRNA. Meanwhile, feces samples were analyzed with 1H NMR spectroscopy to investigate the metabolic alterations. As a result, BBR significantly reduced intestinal tumor development with lower macroscopic polyps and ki-67 expression of intestinal tissue, and better colonic morphology in mice. Moreover, BBR altered the composition of gut microbiota in AOM/DSS mice obviously, which were characterized by a decrease of Actinobacteria and Verrucomicrobia significantly at the phylum level. At the genus level, it was able to suppress pathogenic species, such as f_Erysipelotrichaceae, Alistipes, and elevate some short-chain fatty acids (SCFA)-producing bacteria, including Alloprevotella, Flavonifractor, and Oscillibacter. Metabolic data further revealed that BBR induced metabolic changes in feces focus on regulating glycometabolism, SCFA metabolism and amino acid metabolism, which also provides evidence for alteration of the microbiota because these feces metabolites are the products of interactions between the host and the microbial community. This study showed that BBR induced alterations in microbiota and metabolic in AOM/DSS mice, which might providing new insight into the inhibition effects of BBR on CRC.
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INTRODUCTION

Berberine (BBR) is a natural pentacyclic isoquinoline alkaloid, which is isolated from Chinese herbs, such as Coptis chinensis, Hydrastis, Cortex Phellode, and Berberis (1). Multiple studies have confirmed that BBR had a variety of bioactivities, including anti-inflammatory (2, 3), anti-microbial (4), and hypoglycemic and lipid-lowing efficacy (5, 6). Several clinical and preclinical studies also demonstrate the ameliorative effect of berberine against several disorders including metabolic, neurological, cardiological, and gastrointestinal problems (7, 8). Additionally, 9 conducted a double-blind, randomized, placebo-controlled clinical trial, and found that BBR at 0.3 g twice daily was safe and effective in reducing the risk of recurrence of colorectal adenoma (9). Therefore, BBR is currently gaining more attention due to its promising therapeutic effects on colorectal cancer (CRC). Moreover, emerging evidence demonstrated that BBR suppressed colon tumorigenesis via controlling cell signaling pathways, inducing apoptosis, attenuating oxidative stress, and inhibiting inflammatory response (10). However, its clinical efficacy also hard to be explained entirely because its absolute bioavailability is very low (11). Thus, the pharmacological mechanism of BBR on CRC needs further research.

Colorectal cancer is a leading cause of cancer-related mortality in the world (12). It is well known that CRC is a multifactorial disorder involving both genetics (13, 14) and external environment (such as diet, smoking, and lifestyle) (14–16). Recently, an increasing number of studies suggested that gut microbiota played an important role in intestinal disorders, especially including CRC (17–19). With the developing of microbiome technology, the dysbiosis in CRC has been further found to involve in the decrease of some beneficial bacteria, such as Lactobacillus, Eubacterium rectale (20), and increase of pathogenic bacteria, such as Fusobacterium nucleatum, Escherichia coli (21). In addition, further studies indicated that the gut microbiota with its metabolites has been shown to be essential in the host metabolism of substances such as short-chain fatty acids (SCFAs) (22), which can directly inhibit the pathological progression of CRC (23, 24). Hence, the therapeutic strategies for CRC have now shifted to the microbiome-metabolomics. Interestingly, BBR has been reported to regulate the gut microbiota diversity and community composition, which contributed to attenuate obesity and insulin resistance, as well as CRC in high-fat diet-fed rats (25–27), suggesting that BBR can treat diseases by modulating gut microbiota. Here, we hypothesized that the gut microbiota and its metabolites are the targets of BBR on the treatment of CRC.

At present, according to the microbiota combined with metabolomics analysis, the interactions between the host and its microbiota can be elaborated systematically. Therefore, we used 16S rRNA gene sequencing to detect the alterations of microbiota and 1H NMR analysis to filtrate the differential metabolites in order to illuminate the mechanism of BBR on the treatment of CRC. This study aimed to identify the key bacteria and metabolites in BBR treated mice with CRC, which hoping to provide a new insight for BBR on CRC.



MATERIALS AND METHODS


Animals and Experimental Design

Specific pathogen free conventional female C57BL/6 mice (18–20 g) were purchased from Shanghai B&K Co., Ltd. (Shanghai, China). All mice were housed in the Laboratory Animal Center of Zhejiang Chinese Medical University with a controlled environment (temperature, 24 ± 2°C; humidity, 55 ± 10%; light, 12 h light/dark cycle). After 1 week of adaptive feeding, 30 mice were randomly divided into three groups (n = 10 in each group) according to the body weight: control group, azoxymethane (AOM)/dextran sodium sulfate (DSS) group, and AOM/DSS + BBR group. Referenced to the previous publication (28), AOM/DSS group and AOM/DSS + BBR group mice were injected with 10 mg/kg AOM (Sigma, United States) intra-peritoneally for one time; after 1 week, the mice began to free drink with 3% DSS (Beijing Solarbio Science & Technology Co., Ltd., China) for three cycles (given 3% DSS in drinking water for 1 week, and then given drinking water for 2 weeks). The control group was injected with one dose of 0.9% saline intra-peritoneally, and given drinking water all the time. Meanwhile, AOM/DSS + BBR group mice were treated with BBR (100 mg/kg; Shanghai Yuanye Bio-Technology Co., Ltd., China) by oral gavage once daily for 10 weeks. The dosage of BBR was referenced to the previous publication (29). Control group and AOM/DSS group were gavaged with drinking water (Figure 1A). The body weights were recorded once weekly.
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FIGURE 1. Effects of BBR on intestinal tumorigenesis in the AOM/DSS mouse model. (A) Design of BBR experiment to AOM/DSS mice (n = 10/group). (B) Survival rate of each group was measured. (C) Body weight of mice was recorded. (D) The rate of mice with polyp was detected. (E) Number of colon tumors was observed. (F,G) The colon length was measured. Data are expressed as mean ± SE. AOM/DSS (vs. Control: *P < 0.05, **P < 0.01, ***P < 0.001; vs. AOM/DSS + BBR: #P < 0.05).




Sample Collection

At the end of the experiments, all mice were placed into the metabolic cages separately and the stool were collected and stored at −80°C immediately for further analysis. Then, all mice were fasted for 12 h and sacrificed on the last day of 12 weeks. The colon of each mice was excised and quickly washed with pre-cooled 0.9% saline. The length of colon was measured, and the number of polyps was recorded. Then, the colon was divided into two parts. One part was snap frozen in liquid nitrogen and then stored at −80°C for metabolic analysis, and the other was fixed in 10% neutralized formalin for histological examination. All tissue samples were kept on ice for as long as possible during the experiments.



Histological Evaluation

Colon tissue was fixed in 10% neutralized formalin overnight and stored in 70% ethanol. Then the fixed sections of colonic tissues were embedded in paraffin, sectioned in 4 μm thick slices, and stained with hematoxylin and eosin (H&E) for histological analysis.



Immunohistochemistry Staining

Paraffin-embedded colon tissues were used for analyzing the expression of Ki-67. After deparaffinized in citrate buffer solution (pH 6.0), the sections were pre-incubated in 3% H2O2 for 25 min and re-incubated in normal goat serum for 1 h. Sections were then incubated overnight in primary antibody solution dilute with anti-Ki 67 antibody (1:800; Abcam, United States) at 4°C. Slides were incubated with HRP-conjugated secondary antibody for 50 min. The sections were covered with DAB for several minutes, and counterstained with hematoxylin for 3 min. Finally, the sections were dehydrated with ethanol, sealed, and examined using image analysis software ImageProPlus 4.5. Representative images were captured from five independent samples.



Sample Preparation for NMR Spectroscopy

The method of fecal sample preparation for metabolic profiling was operation according to the previous study (30). Briefly, 100 mg thawed stool material were mixed with 0.8 mL phosphate buffer saline (PBS) containing 10% deuterated water (D2O 99.8%; SIGMA, Untied States) and 0.05 mM sodium 3-trimethylsilyl-propionate-d4 (TMSP-2,2,3,3-d4; SIGMA, Untied States) as chemical shift reference. The mixture was kept on the ice for 30 min and then dissolved for 10 cycles (one cycle includes 20 s ultrasound, 10 s crash, and 30 s rest). Then the fecal slurry was centrifuged at 13,000 g for 10 min at 4°C for twice to obtained samples.



Metabolites Analysis

The fecal and colorectal tissue samples were analyzed by 1H NMR spectroscopy analysis. The samples were transferred into 5 mm NMR tubes individually on a Bruker AVANCE III spectrometer equipped at 600 MHz with a 5 mm-BBFO probe. 1H NMR spectra were obtained by one dimensional NOESYPR1D pulse sequence. Free induction decays (FIDs) adopted a spectral width of 20 ppm with a mixing time of 100 ms and pulse delay time of 1.7 s, and they were collected with 128 transients into 32 k data points. An exponential function with a line-broadening factor of 0.3 Hz multiplied to all FIDs before Fourier transformation. The characteristic peaks of metabolites were detected according to the network database of metabolomics, including the Human Metabolome Database (HMDB1) and Biological Magnetic Resonance Bank (BMRB2).



Pattern Recognition Analysis and Cross Validation

The principal components analysis (PCA) of the 1H NMR spectral data was made by SIMCA software, version 14.1. The orthogonal partial least squares-discriminant analysis (OPLS-DA) was applied to optimize the separation between different groups. The model quality was evaluated by the value of R2Y and Q2, which reflected the explained fraction of variance and the model predictability. The score of R2Y and Q2 closer to 1 demonstrates higher reliability of the prediction in the cross-validation procedure.



DNA Extraction and 16S rRNA Gene Sequencing

Feces sample from four mice in each group were used for 16 rRNA gene sequencing. The total genomic DNA of gut microbiota was extracted from feces using the TIANamp Stool DNA Kit (DP328) (TIANGEN, China). Then, the concentration and integrity of DNA were measured by a microplate reader and agarose gel electrophoresis in advance of sequencing preparation. The V3–V4 regions of the 16S rRNA genes of the microbiota were amplified with bar-coded primers (Forward primer: 5′TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTAC GGGNGGCWGCAG; Reverse primer: 5′GTCTCGTGGGCT CGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTA ATCC) and sequenced using Illumina MiSeq platform. Subsequently, a mixture of PCR products was purified with the GeneJET Gel Extraction Kit (QIAGEN, Germany). After purification, the amplicons were equally combined and subjected to a sequencing library preparation according to the manufactory’s manual. The qualified libraries were sequenced on the HiSeq2500 platform (Illumina, United States). In addition, the sequences with 97% accordance among the remaining representative readings were assigned to the same operational taxonomic units (OTUs). We then assigned a taxonomy for each OTU representative sequence using the QIIME software package (Quantitative Insights Into Microbial Ecology).



Statistical Analysis

All values were expressed as mean ± SE. The heatmap was made via Morpheus3. The differential metabolites were filtered by variable influence on projection (VIP) selection according to the PLS-DA and the filtering conditions VIP > 1 and P < 0.05. Differences between two groups were analyzed by un-paired Student’s t-test using GraphPad Prism 6.01. A two-tailed P-value of <0.05 was considered statistically significant.



RESULTS


BBR Decreases Tumorigenesis in AOM/DSS Induced Colorectal Carcinogenesis

To determine the inhibitory effect of BBR on CRC progression, we gavaged BBR (100 mg/kg) to AOM/DSS induced colorectal carcinogenesis mice (Figure 1A). The survival curve indicated that the mortality of AOM/DSS group was higher than that of other groups (P = 0.1767, Figure 1B). In addition, the body weights of both AOM/DSS and AOM/DSS + BBR group mice were lower significantly compared to the control group (P < 0.05, Figure 1C). However, the body weight of the mice in AOM/DSS + BBR group was heavier than that in AOM/DSS group (P < 0.05, Figure 1C). Meanwhile, macroscopic examination showed that all mice had colonic polyps in AOM/DSS group (7/7 = 100%) and AOM/DSS + BBR group (8/8 = 100%), the rates were significantly higher than that of control group with two mice (2/10 = 20%) (Figure 1D). Furthermore, the number of polyps in AOM/DSS group was noticeably higher than that of control group (P < 0.01, Figure 1E). In contrast, BBR treatment significantly reduced the number of polyps in AOM/DSS mice (P < 0.05). Also, the length of colon in AOM/DSS and AOM/DSS + BBR group was significantly shorter than that in control group (P < 0.05, Figures 1F,G). Although there was no significant difference between AOM/DSS and AOM/DSS + BBR group, the average length of colon in AOM/DSS + BBR group was longer than AOM/DSS group.

The histological analysis showed that compared to the normal crypts from control group, the mice in AOM/DSS group had hypoplasia of crypt, hyperplasia of adenoma in mucosa with increased nucleus/cytoplasmic ratio (Figure 2A). Interestingly, these changes were greatly improved in AOM/DSS + BBR group. Furthermore, immunohistochemistry staining indicated that the expression of Ki-67 in colonic tissue was increased significantly in AMO/DSS group compared to the control group (Figure 2B), while their expressions in AOM/DSS + BBR group were remarkably reduced. Taken together, these data indicated that BBR decreased tumorigenesis in AOM/DSS induced colorectal carcinogenesis.
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FIGURE 2. Effects of BBR on AOM/DSS induced colorectal carcinogenesis. (A) H&E staining of colorectal sections. (B) Immunohistochemistry staining of colorectal sections showing the expression of Ki-67 among groups.




BBR Regulated Imbalance of Gut Microbiota in AOM/DSS Mice

The changes of gut microbiota were revealed by using high throughput sequencing of the 16S rRNA gene. First, we examined the diversity and richness of microbiota through analyzing Chao1, observed species, Shannon index, and Simpson index. As shown in Table 1, no statistical difference was observed in the Shannon and Simpson indices among the three groups, but the Chao1 and observed species indices showed that the richness indices in the BBR treatment group were the lowest among the three groups (P < 0.01), indicating that BBR treatment greatly decreased the community richness of microbiota but did not affect the diversity of microbial community. In addition, unsupervised PCA scatter plot and weighted uniFrac-based PCoA analysis demonstrated that there was a significant difference among three groups according to the beta-diversity at OTUs level (Figures 3A,B). However, the distance between control group and AOM/DSS + BBR group was closer than that between control group and AOM/DSS group. These results indicated that BBR treatment could regulate the microbiota composition towards a similar proportion to the control group in AOM/DSS mice.


TABLE 1. Richness and diversity indices of gut microbiota among three groups.
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FIGURE 3. Diversity and composition of gut microbiota among groups (n = 4/group). (A,B) unsupervised PCA scatter plot and weighted uniFrac-based PCoA of feces microbiota. (C) Bacterial taxonomic profiling at the phylum level in different sample. (D) Relative abundances of bacterial phyla level between AOM/DSS group and AOM/DSS + BBR group, and the red marked bacteria have significant differences; (E) Heat map of the relative abundances of various bacterial genera identified in feces samples among groups. Each raw represents one genus with its family and phylum information, and blank means unclassified. Each column represents an individual sample. Red or blue color represents the high relative or low relative of abundance in each sample. Besides, green or orange entry indicates genera that were averagely less or more abundant in AOM/DSS group relative to control group, or to AOM/DSS + BBR group, and there were significant differences between the two groups (P < 0.05).


Further analysis, 10 phyla were recognized in the fecal microbiota by 16S rRNA analysis, and the details are showed in Figure 3C. AOM/DSS group had a relatively higher abundance of Firmicutes and lower Bacteroidetes than either control or AOM/DSS + BBR group. Furthermore, compared to the AOM/DSS group, BBR treatment decreased the relative abundance of Actinobacteria and Verrucomicrobia significantly (Figure 3D). Moreover, based on the observed microbial differences at phylum level among the three groups, the abundance of the top 30 genera with over 98% in total coverage was visualized with a heatmap (Figure 3E). In summary, compared with the other two groups, genera such as Bacteroides, Odoribacter, Barnesiella, were enriched, while Allobaculum was reduced in AOM/DSS group. Besides, compared to the AOM/DSS group, although BBR treatment decreased the relative abundance of Bifidobacterium, Barnesiella, and Odoribacter, it also reduced opportunistic pathogens (such as f_Erysipelotrichaceae and Alistipes), and increased the relative abundance of beneficial bacteria (including Alloprevotella, Flavonifractor, Oscillibacter, and Parabacteroides). These results indicated that BBR repaired the imbalance of gut microbiota partly in AOM/DSSS mice.



Predicted Metabolic Functions for BBR Treatment Based on 16S rRNA

To predict the microbial community functions, we used PICRUSt analysis to explore the gut microbiome functions related to AOM/DSS or BBR intervention. Several metabolic pathways were changed significantly after treated with AOM/DSS and BBR. The box plots (Figures 4A–L) demonstrated that although there was no significant difference among the three groups in the overall conditions of basic metabolism, including energy metabolism, protein digestion and absorption, and carbohydrate digestion and absorption, the metabolic rate of AOM/DSS + BBR group was between control group and AOM/DSS group, suggesting that BBR intervention could reverse the metabolic abnormality caused by AOM/DSS. To be specific, functions related with glycometabolism (including glycolysis/gluconeogenesis, fructose and mannose metabolism, galactose metabolism) were decreased in the AOM/DSS group compared with other groups, while the situations were improved after BBR administration (Figures 4D–F). In addition, SCFAs-related metabolisms (propanoate metabolism and butanoate metabolism) were enhanced in AOM/DSS group compared to the control group (Figures 4G,H). Besides, amino acid-related metabolisms (Figures 4I,J) and lipid metabolism (Figures 4K,L) were changed significantly after treated with AOM/DSS and BBR. Specifically, the lysine degradation, fatty acid biosynthesis, and arachidonic acid metabolism were increased obviously in AOM/DSS induced colorectal carcinogenesis, which were partially reversed by BBR treatment. Additionally, compared to AOM/DSS group, the amino acid related enzymes were elevated remarkably in AOM/DSS + BBR group.
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FIGURE 4. Inferred gut microbiome functions by PICRUSt from 16S rRNA gene sequences among groups. (A–C) Overall conditions of basic metabolism; (D–F) gluco-related metabolism; (G,H) SCFAs-related metabolism; (I,J) amino acid-related metabolism. (K,L) Lipid-related metabolism.




Identification of Metabolites in Feces Samples

The metabolites of feces were identified according to the previous studies and the HMDB and BMRB database. Forty-four feces metabolites were detected (Figure 5) and mainly focused on glucose, amino acids, SCFAs, and pyrimidines.
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FIGURE 5. Typical 1H-NMR spectrum of fecal sample in different groups. Typical 600 MHz 1H NMR spectra of feces samples in the different groups. 1, formate; 2, hypoxanthine; 3, xanthine; 4, tryptophan; 5, phenylalanine; 6, 3-hydroxyphenylacetate; 7, tyrosine; 8, homovanillate; 9, fumarate; 10, urocanate; 11, uracil; 12, galactose; 13, glucose; 14, D-xylose; 15, arabinose; 16, threonine; 17, lactose; 18, aspartate; 19, glycine; 20, taurine; 21, methano; 22, choline; 23, lysine; 24, asparagine; 25, trimethylamine; 26, methionine; 27, methylamine; 28, glutamine; 29, succinate; 30, proline; 31, glutamate; 32, propionate; 33, butyrate; 34, acetate; 35, alanine; 36, lactate; 37, ethanol; 38, 3-methyl-2-oxoisovalerate; 39, 2-oxoisovalerate; 40, isobutyrate; 41, valine; 42, leucine; 43, isoleucine; 44, valerate.




Metabolic Analysis Patterns in Feces Samples

To elucidate the effect of AOM/DSS or BBR on fecal metabolites, the 1H NMR-based metabolic profiling was performed on fecal samples. The PCA scatter plot (Figure 6A) showed that the samples from the control group were obviously separated from that in other two groups, while the separation between AOM/DSS group and AOM/DSS + BBR group was not significant. However, the gathering in AOM/DSS + BBR group was closer to control group than AOM/DSS group, indicating that the composition of metabolites in AOM/DSS + BRR group have more similarity with the control group than with the AOM/DSS group. Moreover, the good separations and clustering among the three groups were displayed in the OPLS-DA score plot (Figure 6B), suggesting that there were significant differences in the fecal metabolites among these three groups. To further analyze the difference of fecal metabolites between the control and AOM/DSS groups, or AOM/DSS, and AOM/DSS + BBR groups, the score plot of OPLS-DA were carried out, and the model parameters of permutation analysis for different groups were as follows (Figures 6C–F): control vs. AOM/DSS: R2Y = 0.901, Q2 = 0.678; AOM/DSS vs. AOM/DSS + BBR: R2Y = 0.98, Q2 = 0.885. The R2 and Q2 values indicated that the models are stable and accurately predictive.
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FIGURE 6. Metabolic analysis. (A,B) The PCA scatter plot and OPLS-DA score plots of the 1H NMR data of feces samples among control, AOM/DSS, and AOM/DSS + BBR group. (C,D) The OPLS-DA score plots and validation plot based on the 1H NMR data of feces samples obtained from control and AOM/DSS group. (E,F) The OPLS-DA score plots and validation plot based on the 1H NMR data of feces samples obtained from AOM/DSS and AOM/DSS + BBR group.




BBR Changed Fecal Metabolites in AOM/DSS Mice

To identify the significantly altered metabolites after treated with AOM/DSS or BBR, the criteria of either P < 0.05 at univariate statistics or VIP > 1 at multivariate statistical analysis was used. With the criteria, 15 or 22 differential metabolites were determined between control group and AOM/DSS group, and 15 of them were selected with the double criteria (Figure 7A). Similarly, 10 or 15 differential metabolites were determined between AOM/DSS group and AOM/DSS + BBR group, and 9 of them were selected with the double criteria (Figure 7A). These changes of differential fecal metabolites were showed in Figures 7B,C.
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FIGURE 7. Differential metabolites and metabolic pathways. (A) Differential metabolites were identified based on P < 0.05 and VIP > 1 as the filter for control and AOM/DSS group, AOM/DSS and AOM/DSS + BBR group. (B,C) The change of differential metabolites in control and AOM/DSS group, AOM/DSS and AOM/DSS + BBR group. (D,E) Meaningful metabolic pathways in the comparison of control and AOM/DSS group, AOM/DSS and AOM/DSS + BBR group. 3-HP, 3-hydroxyphenylacetate; 3-M-2-O, 3-methyl-2-oxoisovalerate. (Control group: n = 9; AOM/DSS group: n = 7; AOM/DSS+BBR group: n = 8). *P < 0.05, **P < 0.01; ***P < 0.001.


Based on the above results of differential metabolites, pathway analysis was carried associated with AOM/DSS or BBR treatment intervention by using an online server, MetaboAnalyst 4.04. The dominant changing pathways detected were gathered in galactose metabolism, pyruvate metabolism, amino acid metabolism (alanine, aspartate and glutamate metabolism, phenylalanine, tyrosine, and tryptophan biosynthesis), and glyoxylate and dicarboxylate metabolism. Details are showed in Figures 7D,E. Also, the levels of butyrate and propionate were increased significantly after treated with BBR, implicating that BBR increased SCFAs metabolism in AOM/DSS mice. Taken together, the changes of remarkable metabolites in metabolic pathways are further summarized in Figure 8.
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FIGURE 8. Schematic diagram of the altered pathways in feces samples in the different groups. Metabolites marked with ↑ (up-regulated) or ↓ (down-regulated) are metabolites with significant differences. Blue and red indicates AOM/DSS group vs. control group, and AOM/DSS+BBR group, respectively. TMA, trimethylamine.




Correlation of Gut Microbiota and NMR Identified Fecal Metabolites

To better illustrate the association between gut microbiota and metabolic changes, we used spearman’s correlation analysis on the microbiota and metabolites that changed significantly by AOM/DSS or BBR treatment. Based on the heatmap (Figure 9), we found that Barnesiella, Odoribacter, Parabacteroides, Alistipes, o__Clostridiales, Alloprevotella, and Flavonifractor were closely correlated with the SCFAs producing, including propionate, butyrate, and acetate. Besides, f__Erysipelotrichaceae was closely correlated with metabolites associated with glycometabolism, including glucose, lactose, and lactate. Besides, Bacteroides and Alloprevotella (both belong to Bacteroidetes phylum) were positively correlated with the amino metabolism, including tyrosine, aspartate, alanine, and valine.
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FIGURE 9. Heatmap of the correlation between the altered microbial community and significantly changed metabolites. The color indicates Spearman’s correlation coefficient, and significant correlations are noted by adjusted P (∗P < 0.05, ∗∗P < 0.01).




DISCUSSION

Berberine, as a traditional Chinese herbal medicine, has long been used to treat intestinal infections in China (31). Modern research has elucidated that BBR could regulate gut microbiota to treat obesity, collagen-induced arthritis, periodontal bone loss, and insulin resistance in animal models (26, 32–34). In addition, more recent attention has been turned to the correlation of gut microbiota and fecal metabolites in the progress of diseases, current literatures have also confirmed that metabolites played an important role in the pathological progression of CRC (35, 36). Although the study had reported that BBR restored the gut microbiota and alleviated the development of CRC in Apc min/+ mice fed with HFD, the overall effect of BBR on both microorganisms and metabolites of CRC remains unknown (27). In this study, we adapted the commonly CRC model induced by AOM and DSS, and treated with or without BBR to illustrate the inhibitory effect of BBR on CRC. The results demonstrated that BBR treatment could inhibit the development of CRC, evidenced by the decreased weight loss, reduced number of polyps, better pathological morphology, and decreased the expression of Ki-67 compared with AOM/DSS group.

Considering the anti-bacterial effect of BBR and the evidence-based study on the relationship between the gut microbiota and CRC, we planned to investigate the inhibition of BBR on CRC from the perspective of the gut microbiota, combined with detecting the metabolic alterations in vivo, to provide further circumstantial evidence.


The Changed Composition of Gut Microbiota

16S rRNA sequencing is commonly used to measure the composition and structure of the gut microbiota. It is well known that decreasing diversity and richness of gut microbiota often occur in CRC (37). However, our study has a different result. Herein, we found that there is a significant difference in richness indices, but without obvious difference in diversity indices between the control group and AOM/DSS group, indicating that the number of species was lower in AOM/DSS group, but the species distribution is similar between the two groups. The decreased microbiota abundance in AOM/DSS group may be associated with the symptoms of diarrhea and hematochezia. Interestingly, no difference in diversity may be related to an increase in pathogenic bacteria or conditional pathogenic bacteria in AOM/DSS mice, such as bacteria in the Firmicutes (Turicibacter, o__Clostridiales, and p__Firmicutes) and Bacteroidetes (Odoribacter, Bacteroides, and Barnesiella) phyla. Additionally, compared to the AOM/DSS group, the richness of microbiota were decreased after treated with BBR, which partially due to the anti-bacterial effect of BBR. Studies had confirmed that BBR can effectively inhibit several pathogenic bacteria, such as E. coli, Staphylococcus aureus, and Pseudomonas aeruginosa (38, 39). On the contrary, BBR also can increase some beneficial bacteria (such as Alloprevotella, Flavonifractor, Oscillibacter, and Parabacteroides), which may be the reason why the diversity did not decrease after treated with BBR. Furthermore, we carefully examined the microbiota distribution at the different taxonomic level and found that BBR treatment decreased the relative abundance of Actinobacteria and Verrucomicrobia significantly, and the ratio of Firmicutes/Bacteroidetes was also decreased at the phylum level. In the aforementioned study, they found the level of Verrucomicrobia was increased obviously and it exhibited pro-inflammatory properties in AOM/DSS mice (37). Similarly, a reduction in the ratio of Firmicutes/Bacteroidetes had an effect on the prevention and treatment of CRC (40). Therefore, these results demonstrated that BBR partially restored the enteric microbiome community in AOM/DSS mice.

Additionally, previous studies have reported that different bacteria performed different mechanisms on colorectal carcinogenes, such as f_Erysipelotrichaceae, which can promote inflammation in the intestine (41). Allobaculum, which can inhibit the inflammatory response and antineoplastic properties via decreasing p-IKK and TNF-α and increasing IL-10 expression (42). Consistently, the gut microbiota of BBR treatment group mice had more Allobaculum, Parabacteroides, along with low f_Erysipelotrichaceae, Alistipes, that can form a co-occurring bacterial network to inhibit CRC (43, 44). Taken together, the altered composition of gut microbiota provided a scientific basis for research on the inhibition mechanisms of BBR for CRC.



Gut Microbiota and Related Metabolic Pathways

Short-chain fatty acids, such as butyrate, propionate, acetate, are the main metabolites produced by microbial fermentation. Current literature has confirmed that SCFAs could inhibit the development of CRC by suppressing the inflammatory response in the intestine (45). In this study, we found a lower acetate level in feces samples in AOM/DSS group by 1H NMR analysis, which may be associated with the relative abundance of microbiota. As previously reported, acetate was mainly produced by the Bacteroidetes phylum (46). Consistently, the relative abundances demonstrated that the Bacteroidetes phylum was reduced in AOM/DSS group compared to the other groups. Furthermore, the concentration of SCFAs (including butyrate and propionate) were up-regulated markedly after BBR treatment in AOM/DSS mice, which may be related to the increase in the relative abundance of Allobaculum, Alloprevotella, Flavonifractor, Oscillibacter and reduction in Odoribacter, Barnesiella and Alistipes in AOM/DSS + BBR group (47–49). For instance, Allobaculum, one of the butyrate-producing bacteria, treated DSS-induced colitis by elevating the expression of butyrate in mice (50). Meanwhile, it was also found that the decrease of Odoribacter and Alistipes was associated with the increase of propionate and butyrate concentrations in the feces (51). These previous results are similar to those of microbiota and metabolic correlation analysis in our study, which further confirmed that this altered microbiota was related to SCFAs metabolism. Therefore, BBR may change the intestinal microenvironment and inhibit the expression of inflammatory factors by increasing the concentration of SCFAs, thereby to reduce intestinal mucosal damage and inhibit colorectal carcinogenesis.

Metabolic reprogramming is a characteristic of cancer (52). In this study, we found significant changes in metabolic pathways after treated with AOM/DSS by functional predictions and metabonomics analysis. These changes mainly manifested in glycometabolism (including glycolysis gluconeogenesis, galactose metabolism, and pyruvate metabolism), amino acid metabolism, and lipid metabolism. Specifically, the glycometabolism in AOM/DSS group was obviously abnormal compared to the other two groups. Metabolite analysis further revealed that the concentration of glucose increased significantly in the gut of AOMDSS group mice, which may provide enough energy for tumor growth. As we all know, tumor cells need more glucose than normal cells in the process of growth (53). It is noteworthy that BBR could improve energy metabolism by regulating bioactive metabolites of the gut microbiota (54). Hence, the abnormal glycometabolism was reversed significantly and the level of glucose in the gut was reduced dramatically in AOM/DSS mice after BBR administration, suggesting that BBR may inhibit the pathological progression of CRC by decreasing glucose content in the gut and inhibiting tumor glycometabolism. Interestingly, these metabolic changes may be owing to the BBR induced repairment of the gut microbiota disorders in AOM/DSS mice. Study has confirmed that walnut green husk polysaccharide improve glucose metabolism, lipid metabolism and decrease oxidative stress in high fat diet induced obesity mice by reversing the disorders of gut microbiota, decreased the relative abundance of Verrucomicrobia and increased the relative abundance of Deferribacteres at the phylum level, and enriched the relative abundance of Allobaculum, Alloprevotella at the genus level (55). Similarly, BBR inhibited the progression of CRC by increasing energy metabolism, decreased the relative abundance of Verrucomicrobia at the phylum level, and increased the relative abundance Allobaculum, Alloprevotella at the genus level. Therefore, these results confirmed that BBR inhibited CRC by regulating gut microbiota and bioactive metabolites. Additionally, the changes in amino acid and lipid metabolisms caused by BBR treatment are much smaller than changes in glycometabolism. Considering the lower richness caused by BBR treatment, fermentation of amino acids or lipids was probably affected due to the decreased amounts of related bacteria.

Moreover, it should be noted that the level of trimethylamine (TMA) was also increased significantly in AOM/DSS group, which may relate to lipid metabolism. It has been reported that the concentration of TMA was influenced by diet and gut microbiota (56). In this study, all mice were given the same food, thereby the increase of TMA in AOM/DSS group was associated with the alteration of gut microbiota. What is more, it is important that trimethylamine oxide (TMAO) is produced by the oxidation of TMA in the liver, which has been identified as a risk factor for CRC (57, 58). Currently, several lines of evidence have suggested that inflammation, oxidative stress and DNA damage may be the potential molecular mechanism to explain the link between TMAO and CRC (59). Therefore, reducing the production of TMA by modulating gut microbiota may be an effective target for the treatment of CRC. Notably, some previous studies had demonstrated that BBR could reduce TMA expression by modifying gut microbiota (60, 61). In the present study, different from the previous findings in mice, BBR did not significantly reduce the expression of TMA in the gut of AOM/DSS mice. The difference between previous reports and our results might reflect the variable microbiota profiles influenced by multiple factors, including diet, gender, age, and environment. Although no difference in the expression of TMA after treated with BBR in this study, based on the regulatory effect of BBR on gut microbiota and previous studies, it is still a worthy target to explore the inhibitory of BBR on TMA and TMAO in the treatment of CRC.



CONCLUSION

The present study demonstrates that BBR administration can effectively reduce intestinal tumor development with lower macroscopic polyps and ki-67 expression of intestinal tissue in mice. We also reveal that the altered gut microbial composition with BBR treatment was marked by a decrease of pathogenic bacteria and an increase of beneficial bacteria compared with AOM/DSS group. After combining the predicted metabolic functions of microbiota with the analysis of 1H NMR detected fecal metabolites, we focused on three types of metabolites and pathways in which microbiota are indispensably involved. The study found that BBR treatment may inhibit the pathological progression of CRC by increasing the rates of some microbiota-mediated energy metabolisms (especially glycometabolism), which can directly influence the content of fecal metabolites and indirectly regulate tumor metabolism. Also, the alterations in SCFAs and TMA levels achieved high consistency with the alterations of gut microbiota, suggesting that microbiota and metabolites play an important role in the BBR treatment of CRC. Furthermore, in-depth study with larger sample size is need to further clarify the clear mechanisms of BBR inhibiting CRC by regulating the microbiota and metabolites.
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Background

Ulva prolifera extract contains a variety of functional active substances. Whether these substances had any beneficial effects on the small intestine of weaned piglets under oxidative stress remained unknown.



Method

We explored the effects of U. prolifera extract on oxidative stress and related mechanisms in weaned piglets and intestinal porcine epithelial cells (IPEC-J2) challenged with hydrogen peroxide.



Results

U. prolifera extract was found to mainly consist of polyphenols and unsaturated fatty acids. U. prolifera extract increased total antioxidant capacity and superoxide dismutase (SOD) activity, while it decreased malondialdehyde content, in the serum of weaned piglets challenged with hydrogen peroxide. Moreover, U. prolifera extract increased mRNA expression of SOD and catalase, as well as the intestinal expression of nuclear NF-E2-related factor 2 (Nrf2), both in vitro and in vivo. Furthermore, U. prolifera extract decreased reactive oxygen species and improved mitochondrial respiration in IPEC-J2 cells treated with hydrogen peroxide. However, AMPK inhibition did not affect nuclear Nrf2 expression and only partially affected the effects of U. prolifera extract on oxidative stress.



Conclusion

We suggest that U. prolifera extract alleviates oxidative stress via Nrf2 signaling, but independent of AMPK pathway in weaned piglets challenged with hydrogen peroxide. These results shed new insight into the potential applications of U. prolifera extract as a therapeutic agent for the prevention and treatment of oxidative stress-induced intestinal diseases.
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Introduction

Ulva prolifera is a common green algae that blooms in the Bohai and the Yellow Seas of China (1). In ancient China, U. prolifera is not only a food but also a pharmaceutical product for the treatment of diseases (2). In recent years, many components such as polyphenols, flavonoids, and polysaccharides have been extracted from U. prolifera (3–5). These components have been proven to widely exert antioxidant, anti-inflammatory, and hypolipidemic properties (1, 2, 6). Consequently, U. prolifera extract has the potential to be used for the prevention and treatment of diseases such as diabetes and non-alcoholic fatty liver diseases (4, 7). However, it remains unknown whether U. prolifera extract has any effects on oxidative damage in the intestine.

Redox homeostasis is a key factor in the maintenance of normal cellular and organic functions (8). The gastrointestinal tract is prone to oxidative damage as it faces a complicated luminal environment of ingested materials and microbial pathogens (9). The loss of redox homeostasis in the gastrointestinal tract due to oxidation-induced disruption can contribute to the development of various intestinal diseases such as ulcers, malignancies, and colitis (10). Hydrogen peroxide, a highly reactive oxygen species (ROS), causes the imbalance of intestinal cellular redox in vivo and in vitro (11). Previous studies have shown that hydrogen peroxide decreased the activity of antioxidant enzymes, increased ROS content and apoptosis level, and caused mitochondrial dysfunction in intestinal epithelial cells of weaned piglets (8, 11). These results suggested that weaned piglets challenged with hydrogen peroxide could provide appropriate dysfunctional intestine model for redox balance disruption. Additionally, many researchers suggested that the pig is a valuable resource for biomedical research, and experiments in pigs are much likely to be predictive of therapeutic treatments in humans (12). Because the pig is very similar to humans in terms of anatomy, genetics and physiology (13, 14).

Consequently, the present study was conducted to determine the effects of U. prolifera extract on oxidative stress and mitochondrial dysfunction, as well as its related mechanisms, in the intestine of hydrogen peroxide-challenged piglets. We expected that the results would shed new insight into the potential applications of U. prolifera extract as a therapeutic agent for the prevention and treatment of oxidative stress-induced intestinal diseases.



Materials and Methods


Sample Extraction

U. prolifera was collected in May 2018 from the coast of Beidaihe in the Bohai Sea. The collected U. prolifera was rinsed with running water and dried in the sun. One kilogram of dried U. prolifera was mixed with 5 L distilled water and extracted for 3 h at 90°C in an ultrasonic bath (200 W, 45 kHz). The supernatant was collected by ﬁltration through siliceous earth and then run through an adsorption chromatography column (120 cm L × 150 mm ID—Huamei Experiment Instrument Plant, Shanghai, China) packed with AB-8 macroporous adsorption resin. After initial elution with distilled water, the final extract (UE) was obtained by elution with 70% methanol, followed by freeze-drying. For sample preparation, 10 mg of UE powder was dissolved in 200 ml of distilled water. Then a 1 ml aliquot of the upper layer was filtered through a 0.22 µm nylon membrane prior to UHPLC/Q-TOF-MS analysis.



UHPLC-Q-TOF-MS/MS Analysis

An Agilent 1290 Series UHPLC (Agilent, Palo Alto, CA, USA) was used and chromatography was performed in a ZORBAX Eclipse Plus C18 column (2.1 × 100 mm, 1.8 μm) (Agilent). The mobile phases consisted of water containing 0.1% formic acid (A) and acetonitrile (B). Gradient elution was performed with 5% B (0–1 min), 55% B (1–6 min), 95% B (6–20 min), 95% B (20–26 min), and 5% (1 min). Finally, the column was conditioned with 5% B for 8 min. The total run time was 35 min, with a flow rate of 0.25 ml/min, and an injection volume of 5 µl. The column temperature was 30°C.

MS was performed using an Agilent 6545 ESI-Q-TOF (Agilent). The optimum MS conditions consisted of a capillary voltage of 3500 V in negative ionization mode, a skimmer voltage of 65 V, and a fragmentor at 135 V. The gas temperature was 320°C, the drying gas flow rate was 8 L/min, and the nebulizer pressure was 35 psi. The sheath gas temperature was 350°C, and the sheath gas flow was 11 L/min. MS spectra were acquired at 100–1,700 m/z using an extended dynamic range at a scan rate of 2.0 spectra/s. A reference mass solution that contained reference ions (m/z 112.985587 and m/z 1033.988109) was used to maintain mass accuracy during the run. The MassHunter Workstation software (Agilent) was used to control the UHPLC/Q-TOF-MS system and to process recorded data, while the MassHunter Profiling software (Agilent) was used to screen the characteristic compound (15). The IM-MS Browser software (Agilent) and Traditional Chinese Medicine (TCM) database (Agilent) were used to identify the compound’s identity.



Experimental Design

Thirty-two Landrace × Large White piglets (mean body weight of 6.81 ± 0.21 kg) were weaned at the age of 21 days, and randomly assigned to one of four treatment groups (n = 8/group): (1) Piglets fed a basal diet (CONT); (2) Piglets fed a basal diet supplemented with 0.1% extract of U. prolifera (UE group); (3) Piglets fed a basal diet and intraperitoneal injection of 10% hydrogen peroxide (1 ml/kg body weight) (HP); (4) Piglets fed a basal diet supplemented with 0.1% extract of U. prolifera and intraperitoneal injection of 10% hydrogen peroxide (UEH). The experiment lasted for 14 days and all piglets had free access to feed and drinking water. The diets for the UE and UEH groups were supplemented with U. prolifera extract daily. Hydrogen peroxide were administered intraperitoneally in the HP and UEH groups on days 8 and 11 as previously did (8). The composition and nutrient levels of the basal diet met the nutrient requirements listed in Nutritional Requirements of Swine (NRC, 2012) (Supplementary Table 1). Piglets were weighed on days 1 and 14, and their feed intake was recorded daily. Average daily feed intake, average daily weight gain, and the ratio of feed intake to weight gain, were calculated. The experimental protocol was approved by the Protocol Management and Review Committee of the Institute of Animal Husbandry, Heilongjiang Academy of Agricultural Sciences. Pigs were cared for and slaughtered according to the guidelines of Heilongjiang Academy of Agricultural Sciences (Harbin, China).



Determination of Serum Antioxidative Enzymes and Malondialdehyde

Malondialdehyde (MDA) content, total antioxidant capacity (T-AOC), and superoxide dismutase (SOD) activities were analyzed in serum using commercial kits according to the manufacturer’s instructions (Beyotime Biotechnology, Shanghai, China).



Cell Culture and Treatments

Intestinal porcine epithelial cells (IPEC-J2) were cultured in Dulbecco’s Modiﬁed Eagles Medium/Nutrient Mixture F-12 (Gibco, Carlsbad, CA, USA). After being seeded in 6-well plates and grown at ∼60−70% conﬂuence, cells cultured in fresh medium without fetal bovine serum (FBS) for 12 h were pretreated with U. prolifera extract (40 μg/ml) for 12 h, and then treated with 200 μM hydrogen peroxide for 6 h. For the inhibition of AMPK, 5 μM Compound C (Selleck Chemicals, Shanghai, China) was added to the medium for 6 h.



RT-qPCR Analysis

Total RNA was extracted from ileum samples and then reverse-transcribed into cDNA using reverse transcriptase (Takara Bio, Tokyo, Japan). Pig-specific primers were designed using Primer 5.0 software (Supplementary Table 2). The mRNA expression level of the target gene was normalized using housekeeping genes β-actin and GAPDH. RT-PCR was performed as described previously (16, 17). Relative expression of the target gene in the treatment groups was expressed as a ratio to the expression of the target gene in the control group.



Protein Qualification by the Wes Simple Western System

Protein qualification was performed using the Wes Simple Western System (ProteinSimple, San Jose, CA, USA), an automated process of capillary gel electrophoresis. Proteins were extracted from IPEC-J2 cells, mixed with Simple Western Sample Buffer, Master Mix, dithiothreitol, and fluorescent standards (ProteinSimple), and then loaded into Wes 25-well plates. Thereafter, primary and secondary antibodies, luminol-peroxide mixture, stacking gel matrix, and separation gel matrix were added to the appropriate wells. Primary antibodies used in the experiment included antibodies against Keap1, Nrf2, β-actin (Abcam, Cambridge, MA, USA); lamin B1, AMPK and phospho-AMPK (Bioss, Beijing, China). Results were obtained using the “gel view” function of the software (ProteinSimple). Total cellular protein expression was normalized to β-actin, while nuclear Nrf2 and Keap1 protein expression was normalized to lamin B1.



Measurement of ROS in Mitochondria

IPEC-J2 cells seeded into confocal dishes were treated with 5 μM MitoSOX™ reagent working solution (Invitrogen, Shanghai, China) and incubated for 10 min at 37°C. Cells were then treated with anti-fluorescence quenching agent and observed using a ZEISS LSM 880 confocal microscope (ZEISS, Shanghai, China).



Mitochondrial Membrane Potential Assay

Mitochondrial membrane potential was assayed by double fluorescence staining with JC-1 (Invitrogen, Shanghai, China). After being seeded into confocal dishes, the cells were incubated with 10 μg/ml JC-1 for 30 min, and then washed twice with PBS. Cells were then treated with anti-fluorescence quenching agent and observed using a ZEISS LSM 880 confocal microscope (ZEISS, Shanghai, China).



Mitochondrial Respiration

Mitochondrial respiration was measured using an XF-24 Extracellular Flux Analyzer and a Cell Mito Stress Test Kit (Agilent, Beijing, China) according to the manufacturer’s instructions. The baseline oxygen-consumption rate (basal OCR), spare respiratory capacity, non-ATP-linked oxygen consumption (proton leakage), maximal respiratory capacity (maximal respiration), ATP-linked mitochondrial oxygen consumption (ATP production), and non-mitochondrial respiration were determined as previously described (18). Total cellular protein was analyzed for normalizing mitochondrial respiration rates.



Immunofluorescent Assay

IPEC-J2 cells seeded into confocal dishes were fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.3% Triton X-100 for 15 min. Cells were then blocked in 10% BSA for 20 min, and incubated with primary antibodies Keap1 and Nrf2 (Abcam, Cambridge, MA, USA) overnight at 4°C. After being washed three times with PBS, cells were incubated with secondary antibodies for 1 h. The nuclear DNA was labeled with 4’,6-Diamidino-2-phenylindole (Sigma-Aldrich, St. Louis, MO, USA) for 2 min, and cells were then treated with anti-fluorescence quenching agent and observed using a ZEISS LSM 880 confocal microscope (ZEISS, Shanghai, China).



AMPK Activity Determination

AMPK activity was determined using AMPK Kinase Assay Kit (CycLex, Tokyo, Japan) as previously described (19). Briefly, IPEC-J2 cells were collected and lysed. Then, supernatant was obtained by centrifugation at 12,000 g and 4°C for 15 min, for the determination of the relative AMPK activity.



Statistical Analysis

Statistical analysis was performed by one-way ANOVA followed by Student-Newman-Keuls post hoc test using data statistics software SPSS 18.0. All the measurement data was expressed as the means ± standard error (SEM). P < 0.05 was considered statistically significant.




Results


Characterization of Components of U. Prolifera Extract

By screening with Agilent’s TCM database, U. prolifera extract was found to mainly consist of polyphenols and unsaturated fatty acids (Table 1).


Table 1 | Identiﬁcation of compounds extracted from Ulva prolifera using hot water extraction method.





U. prolifera Extract Improved Growth Performance and Alleviated Oxidative Stress in Weaned Piglets Challenged With Hydrogen Peroxide

Piglets challenged with hydrogen peroxide showed decreased average daily weight gain and feed intake, while showing an increased ratio of feed intake to weight gain, indicating reduced growth performance (Figures 1A–C). When the piglets’ diet was supplemented with U. prolifera extract, the growth performance was unchanged compared with control piglets, even if the piglets were challenged with hydrogen peroxide. Compared with control piglets, piglets challenged with hydrogen peroxide had lower T-AOC and SOD activities, but higher MDA content in serum, while no such changes were observed in piglets supplemented with U. prolifera extract (Figures 1D–F).




Figure 1 | Ulva prolifera extract improved growth performance and alleviated oxidative stress in weaned piglets challenged with hydrogen peroxide. (A) Average daily weight gain; (B) Average daily feed intake; (C) Feed: gain ratio; (D) T-AOC activity in serum; (E) SOD activity in serum; (F) MDA content in serum. T-AOC, total antioxidant ability; SOD, superoxide dismutase; MDA, Malondialdehyde. CONT, piglets fed a basal diet and administrated intraperitoneally with saline (1 ml/kg BW); UE, piglets fed a basal diet and supplemented with 0.1% U. prolifera extract; HP, piglets fed a basal diet and administrated intraperitoneally with 10% hydrogen peroxide (1 ml/kg body weight); UEH, piglets fed a basal diet supplemented with 0.1% U. prolifera extract, and administrated intraperitoneally with 10% hydrogen peroxide. Values are expressed as mean ± SEM, n = 8; *p < 0.05.





U. prolifera Extract Alleviated Oxidative Stress and Activated AMPK/Nrf2 Signaling in the Ileum of Weaned Piglets Challenged With Hydrogen Peroxide

Compared with those in control piglets, piglets challenged with hydrogen peroxide had higher SOD1, SOD2, and CAT mRNA expression in the ileum, while no changes were observed in piglets supplemented with U. prolifera extract (Figures 2A–C). No change in Gpx1 mRNA expression in the piglet ileum was observed across the four treatments (Figure 2D). Hydrogen peroxide challenge caused significant decreases in protein expression of AMPK and phosphorylated AMPK, as well as nuclear Nrf2 and Keap1, in the weaned piglet ileum, while U. prolifera extract significantly prevented these changes (Figure 3).




Figure 2 | Ulva prolifera extract promoted expression of the antioxidant genes in the ileum of weaned piglets challenged with hydrogen peroxide. Gene expression of SOD1 (A), SOD2 (B), CAT (C), and Gpx1 (D) in ileum. SOD, superoxide dismutase; CAT, catalase; Gpx1, glutathione peroxidase 1. CONT, piglets fed a basal diet and administrated intraperitoneally with saline (1 ml/kg BW); UE, piglets fed a basal diet and supplemented with 0.1% U. prolifera extract; HP, piglets fed a basal diet and administrated intraperitoneally with 10% hydrogen peroxide (1 ml/kg body weight); UEH, piglets fed a basal diet supplemented with 0.1% U. prolifera extract, and administrated intraperitoneally with 10% hydrogen peroxide. Values are expressed as mean ± SEM, n = 8; *p < 0.05.






Figure 3 | Ulva prolifera extract activated the AMPK/Nrf2 signaling pathway in the ileum of weaned piglets challenged with hydrogen peroxide. (A) Western blotting results; (B) AMPK abundance relative to β-actin; (C) pAMPK abundance relative to AMPK; (D) Nuclear Nrf2 abundance relative to Lamin B1; (E) Nuclear Keap1 abundance relative to Lamin B1. CONT, piglets fed a basal diet and administrated intraperitoneally with saline (1 ml/kg BW); UE, piglets fed a basal diet and supplemented with 0.1% U. prolifera extract; HP, piglets fed a basal diet and administrated intraperitoneally with 10% hydrogen peroxide (1 ml/kg body weight); UEH, piglets fed a basal diet supplemented with 0.1% U. prolifera extract, and administrated intraperitoneally with 10% hydrogen peroxide. AMPK, AMP-activated protein kinase; Nrf2, NF-E2-related factor 2; Keap1, inhibitor of Nrf2. Values are expressed as mean ± SEM, n = 3; *p < 0.05.





U. prolifera Extract Alleviated Oxidative Stress in the IPEC-J2 Cells Treated With Hydrogen Peroxide

Hydrogen peroxide treatment caused significant decreases in mRNA expression of SOD1, SOD2, and CAT in IPEC-J2 cells, while U. prolifera extract significantly prevented these changes (Figures 4A–C). Moreover, cells further treated with compound C, an inhibitor of AMPK, showed significantly less effect of U. prolifera extract, even though mRNA expression of SOD1 and SOD2 remained significantly higher than observed in hydrogen peroxide-treated cells. No changes in Gpx1 mRNA expression were observed in IPEC-J2 cells across the five treatments (Figure 4D). ROS content was significantly higher in cells treated with hydrogen peroxide, while no difference in ROS content was observed when the cells were treated with U. prolifera extract (Figures 5A, B). ROS content in hydrogen peroxide-induced cells treated with both U. prolifera extract and compound C was significantly higher compared with control cells, but ROS content was lower when compared with cells treated only with hydrogen peroxide.




Figure 4 | Ulva prolifera extract promoted expression of the antioxidant genes in IPEC-J2 cells treated with hydrogen peroxide. Gene expression of SOD1 (A), SOD2 (B), CAT (C), and Gpx1 (D) in IPEC-J2 cells. SOD, superoxide dismutase; CAT, catalase; Gpx1, glutathione peroxidase 1. CONT, control cells; UE, cells treated with 40 μg/ml U. prolifera extract; HP, cells treated with 200 μM hydrogen peroxide; UEH, cells treated with 40 μg/ml U. prolifera extract and 200 μM hydrogen peroxide; COMP, cells treated with 40 μg/ml U. prolifera extract, 200 μM hydrogen peroxide, and 5 μM compound C. Values are expressed as mean ± SEM, n = 6; *p < 0.05, **p < 0.01.






Figure 5 | Ulva prolifera extract decreased ROS content and alleviated oxidative stress in IPEC-J2 cells treated with hydrogen peroxide. (A) ROS staining (red, ROS; blue, DAPI); (B) Relative ROS content; (C) JC-1 staining (red, aggregate; green, monomer); (D) JC-1 ratio (red to green). ROS, reactive oxygen species. CONT, control cells; UE, cells treated with 40 μg/ml U. prolifera extract; HP, cells treated with 200 μM hydrogen peroxide; UEH, cells treated with 40 μg/ml U. prolifera extract and 200 μM hydrogen peroxide; COMP, cells treated with 40 μg/ml U. prolifera extract, 200 μM hydrogen peroxide and 5 μM compound C. Values are expressed as mean ± SEM, n = 3; *p < 0.05, **p < 0.01.



JC-1 staining, as a marker of mitochondrial membrane potential, was further used to assess mitochondrial stress. The formation of JC-1 aggregates (red fluorescence) reflects lower stress while JC-1 monomers (green fluorescence) suggest higher stress. Hydrogen peroxide induced a decrease in the ratio of red to green fluorescence, while U. prolifera extract diminished this ratio decrease (Figures 5C, D). The ratio of red to green fluorescence in cells treated with compound C was higher than the ratio observed in control cells and U. prolifera extract-treated cells, but lower than observed in hydrogen peroxide-treated cells.



U. prolifera Extract Promoted Mitochondrial Respiration in IPEC-J2 Cells Treated With Hydrogen Peroxide

The results of mitochondrial respiration determination are shown in Figure 6A. Challenge with hydrogen peroxide significantly decreased basal OCR, maximal respiration, spare respiration capacity, non-mitochondrial respiration, and ATP production, and increased proton leak, while U. prolifera extract alleviated these changes in IPEC-J2 cells (Figures 6B–G). Cells further treated with compound C did not show any change in these parameters, except that spare respiration capacity was not altered between cells treated with compound C and cells treated with hydrogen peroxide only.




Figure 6 | Ulva prolifera extract promoted mitochondrial respiration in IPEC-J2 cells treated with hydrogen peroxide. (A) mitochondrial respiration curve; (B) Basal respiration; (C) Proton leak; (D) Maximal respiration; (E) Spare respiration capacity; (F) Non mitochondrial respiration; (G) ATP production. CONT, control cells; UE, cells treated with 40 μg/ml U. prolifera extract; HP, cells treated with 200 μM hydrogen peroxide; UEH, cells treated with 40 μg/ml U. prolifera extract and 200 μM hydrogen peroxide; COMP, cells treated with 40 μg/ml U. prolifera extract, 200 μM hydrogen peroxide, and 5 μM compound C. Values are expressed as mean ± SEM, n = 3; *p < 0.05.





U. prolifera Extract Activated AMPK/Nrf2 Signaling in the IPEC-J2 Cells Treated With Hydrogen Peroxide

The results of immunofluorescent assay show that nuclear Nrf2 and Keap1 expression was decreased by hydrogen peroxide, while U. prolifera extract alleviated these changes in IPEC-J2 cells (Figures 7 and 8). Compound C treatment did not alter the effects of U. prolifera extract on Nrf2 and Keap1 expression. We determined the activity of AMPK to further investigate any changes to AMPK signaling. The results showed that hydrogen peroxide caused significant decrease of AMPK activity, and this decrease was alleviated by U. prolifera extract (Figure 8).




Figure 7 | Ulva prolifera extract increased expression of Nrf2 and Keap1 in IPEC-J2 cells treated with hydrogen peroxide. CONT, control cells; UE, cells treated with 40 μg/ml U. prolifera extract; HP, cells treated with 200 μM hydrogen peroxide; UEH, cells treated with 40 μg/ml U. prolifera extract and 200 μM hydrogen peroxide; COMP, cells treated with 40 μg/ml U. prolifera extract, 200 μM hydrogen peroxide, and 5 μM compound C. Nrf2, NF-E2-related factor 2; Keap1, inhibitor of Nrf2.






Figure 8 | Ulva prolifera extract activated AMPK/Nrf2 signaling pathway in IPEC-J2 cells treated with hydrogen peroxide. Relative fluorescence intensity of Nrf2 (A) and Keap1 (B) based on the results of Figure 7; (C) Relative AMPK activity. CONT, control cells; UE, cells treated with 40 μg/ml U. prolifera extract; HP, cells treated with 200 μM hydrogen peroxide; UEH, cells treated with 40 μg/ml U. prolifera extract and 200 μM hydrogen peroxide; COMP, cells treated with 40 μg/ml U._ prolifera extract, 200 μM hydrogen peroxide, and 5 μM compound C. AMPK, AMP-activated protein kinase; Nrf2, NF-E2-related factor 2; Keap1, inhibitor of Nrf2. Values are expressed as mean ± SEM, n = 3; *p < 0.05 relative to CONT, UE, and UEH; #p < 0.05 relative to HP.






Discussion

U. prolifera, the major causative species of green tides, has bloomed in the Yellow Sea since 2008 and bloomed in the Bohai Sea in 2015, leading to marine ecological disasters as well as great losses to tourism and aquaculture (1). However, many bioactive materials in U. prolifera are considered nutritious and have functional activities. In the present study, we extracted bioactive constituents from U. prolifera using hot water extraction, analyzed the components by UHPLC-Q-TOF-MS/MS analysis, and screened the components using Agilent’s TCM database. Except that other researchers who extracted polysaccharides and flavonoids in the green algae, U. prolifera extract was found to contain polyphenols and unsaturated fatty acids in our study (2, 4). By supplementation with U. prolifera extract in hydrogen peroxide-challenged piglets, interestingly, we found that U. prolifera extract protected the intestine from oxidative damage. U. prolifera extract also improved mitochondrial function and activated the AMPK/Nrf2 signaling pathway in intestinal porcine epithelial cells.

Hydrogen peroxide can diffuse across the cell membrane and penetrate throughout the mitochondria (20). Overaccumulation of hydrogen peroxide and its metabolites, such as hydroxyl radicals, oxidizes carbohydrates, lipids, nucleic acids, and proteins, resulting in cellular injury that includes mitochondrial dysfunction. This state of oxidative stress further impairs organ function. Previous studies have shown that hydrogen peroxide not only inhibited SOD and T-AOC activities but also increased MDA content, indicating an oxidative imbalance in weaned piglets challenged with hydrogen peroxide (8, 20–22). Additionally, hydrogen peroxide treatment caused morphological injury and mitochondrial dysfunction, and promoted apoptosis in intestinal porcine epithelial cells (11). These results suggested that weaned piglets challenged with hydrogen peroxide would be a suitable model for studying intestinal oxidative damage and ROS-induced intestinal diseases.

In the present study, we used the described piglet model and our results suggested that the weaned piglets were under oxidative stress after peritoneal injections with hydrogen peroxide, which is in agreement with previous studies (8, 11). Interestingly, U. prolifera extract showed a strong protective effect against hydrogen peroxide-induced oxidative responses in weaned piglets. Importantly, U. prolifera extract exerted beneficial effects on mitochondrial function via preventing the impairment of ATP-linked respiration and maximal respiratory capacity from hydrogen peroxide challenge, according to the results of the mitochondrial respiration assay (23). Mitochondria play critical roles in generating, sensing, and scavenging ROS (24). We proposed that U. prolifera extract may help maintain mitochondrial function by improving mitochondrial metabolism of ROS when the intestinal porcine epithelial cells were challenged with hydrogen peroxide. This was evidenced by lower mitochondrial ROS content and higher JC-1 red to green fluorescence ratios in cells treated with hydrogen peroxide and U. prolifera extract, which suggested lower mitochondrial stress.

AMP-activated protein kinase (AMPK), a cellular sensor of redox balance, is involved in the regulation of cellular antioxidant response. It has been suggested that AMPK is an upstream regulator of Nrf2 and its activation causes nuclear accumulation of Nrf2 (25). However, our results suggested that inhibition of AMPK did not affect nuclear Nrf2 expression, although the effects of U. prolifera extract on oxidative stress was partially affected. Based on these results, we suggest that U. prolifera extract may exert direct influence on the Nrf2 pathway or has activated other upstream regulators of Nrf2. The Nrf2/Keap1 pathway is considered the cell’s most important antioxidant system (26). The initial effect of ROS on the Nrf2/Keap1 pathway is to promote the dissociation of Nrf2 from the Nrf2/Keap1 complex, which then translocates into the nucleus to promote the expression of its downstream antioxidant enzyme genes. However, continuously increased ROS further exerts accumulative effects that lead to the degradation of nuclear Nrf2, switching off the target gene expression activation. Hydrogen peroxide was hypothesized to influence the formation of the Nrf2/Keap1 complex and translocation of Nrf2 by promoting the production of ROS (18, 27). We observed the accumulative negative effects of hydrogen peroxide in the intestine of weaned piglets. Importantly, U. prolifera extract protected the intestinal porcine epithelial cells from a dysfunctional Nrf2/Keap1 signaling pathway. We suggest that U. prolifera extract exerted these protective effects via the elimination of ROS overproduction.

In conclusion, our results suggested that U. prolifera extract alleviated oxidative stress and improved mitochondrial function in the small intestine of weaned piglets challenged with hydrogen peroxide. Moreover, the Nrf2 signaling pathway played a critical role in mediating these effects. Our results provide potential applications of U. prolifera in animal feed and for medical purposes. These alternative uses indicate effective methods to bring the environmental damage under control and to profit from green tide events.
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It has been reported that diet and nutrition play important roles in the occurrence and development of hepatocellular carcinoma (HCC). In this study, we investigated the potential tumor-promoting mechanisms of a high-fat diet (HFD) in mice with dietondiethylnitrosamine (DEN)-induced hepatocarcinogenesis. HFD significantly decreased the survival rate and induced severe liver dysfunction in DEN-induced mice, as indicated by increased serum glutamic-pyruvic transaminase (ALT), glutamic oxalacetic transaminase (AST), and alkaline phosphatase (ALP) levels and increased liver index, liver nodule count, and γ-glutamyltransferase (γ-GT) activity. Moreover, an increased number of fat droplets and HCCs were found in the livers of the HFD mice, who displayed little collagen in and around the liver cancer groove and the infiltration of large number of inflammatory cells, such as macrophages, compared with the control mice. HFD also significantly increased proliferating cell nuclear antigen (PCNA), nuclear factor-κB (NF-κB), cyclin D1, tumor necrosis factor (TNF), and interleukin-1 (IL-1) expression levels in the liver. In vitro, we found that the inducible nitric oxide synthase (iNOS) percentage increased in macrophages after palmitic acid treatment, as well as the secretion of inflammatory factors and cytokines such as interleukin-6(IL-6), interleukin-10(IL-10), CCL2, Interferon γ (IFN-γ), and TNF. Thus, our results demonstrate that an HFD may promote DEN-induced hepatocarcinogenesis in mice by destroying liver function and enhancing the inflammatory response by recruiting and polarizing macrophages in the liver. This study could therefore provide new insights into the tumor promoting effects of an HFD in HCC.

Keywords: liver cancer, tumorigenesis, collagen, inflammatory factors, fatty acid


INTRODUCTION

Epidemiological studies have revealed that the incidence of many types of cancer has declined with the development of science and technology during the last 10 years; however, the incidence and mortality of liver cancer have risen sharply (1). This may partially be due to high rates of non-alcoholic fatty liver disease (NAFLD), obesity, and diabetes, since NAFLD, obesity, and metabolic syndromes account for 30–40% of the increase in hepatocellular carcinoma (HCC) incidence in developed countries (2). Patients with NAFLD have a 7-fold higher risk of liver cancer than the general population and 80% of patients with cirrhosis and NAFLD develop HCC (3). The development of NAFLD into cryptogenic cirrhosis, or even HCC, is a long and dangerous process whose carcinogenic mechanism is currently poorly understood.

Diet is the key strategies for improving NAFLD, and it is already known to play a key role in controlling diseases such as diabetes and high blood pressure and a growing body of evidence suggests that it can also help treat cancer (4). Therefore, it is crucially important to study the effect of diet on the occurrence of liver cancer in order to prevent and treat the disease. High-fat diets (HFDs) are known to be harmful and many studies have linked them to a variety of cancers, including gastrointestinal cancers. A recent study found that an HFD promotes the growth of colorectal cancer by disrupting the balance between bile acids in the gut and triggering hormonal signals that could allow cancer cells to thrive (5). Moreover, an HFD has also been shown to alter the intestinal microbial composition of mice, leading to reduced immune defenses against bowel cancer and thus increasing the incidence of cancer (6). An HFD may also increase the risk of breast cancer by causing changes in the breast (e.g., excessive cell growth) and immune cells that can eventually lead to precancerous changes and rapid progression to breast cancer (7). Fatty liver disease, also known as NAFLD, is mainly caused by excessive fat and sugar intake combined with a sedentary or inactive lifestyle. If NAFLD becomes chronic it can lead to nonalcoholic steatohepatitis (NASH), both of which are the most common causes of liver cancer or HCC, along with chronic viral infections.

Scientists believe that metabolic imbalance can cause immune cells to activate and migrate to the liver where they interact with liver cells to trigger an inflammatory response that damages liver tissue and drives liver disease (8). However, the mechanism that causes diseases such as NAFLD, steatohepatitis, and liver cancer remain poorly understood. Here, we observed the effects of an HFD in a chemically-induced liver cancer model and investigated the possible mechanisms by which an HFD promotes liver cancer.



MATERIALS AND METHODS


Animals and Diets

Thirty-five male C3h mice were purchased from Beijing Life River Laboratory Animal Technology (Beijing, China) and randomly divided into a control group (n = 9), a DEN group (n = 13), and a DEN+HF group (n = 13). The control group drank fresh, sterile tap water for 22 weeks, while the others drank water containing 30 mg/mL of dietondiethylnitrosamine (DEN) solution (1, 2). The control and DEN-only groups were fed regular forage, whereas the DEN+HF group was fed high fat forage containing 5% shortening, 5% lard, and 1% cholesterol The growth and food intake of each mouse was monitored closely and their body weight was measured once a week. At the end of experiments, the mice were sacrificed by euthanasia using an overdose of CO2 in a closed plastic chamber. The liver was removed and photoed for the nodules immediately after death. Then the livers were weighted and calculated the hepatic index = the weight of liver (g)/mice body weight (kg). The cancer incidence was calculated as the number of animals with at least one nodule. Cancer incidence (%) = the number of mice with nodule/the total number mice for each group ×100%. Then the right lobe fixed with 10% formaldehyde solution for histological examination. The remaining liver tissue was frozen rapidly with liquid nitrogen and stored at −80°C until further analysis. All experiments were conducted according to the Animal Health Care and Use Guidelines of the Zhejiang Chinese Medical University.



Biochemical Analysis

Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP) levels were determined using a Hitachi 7020 automatic biochemical analyzer (Tokyo, Japan) and the corresponding kit (Shengnong/Desai Diagnostic Technology, Shanghai, China). To measure γ-glutamyltransferase (γ-GT) content, 10% liver homogenates were centrifuged at 2,000 rpm for 10 min and the supernatant analyzed using a Varioscan Flash Multifunctional Enzyme Labeling Instrument (Finland Thermo Fisher) with γ-GT and total protein (TP) kits from the Nanjing Jiancheng Biology Engineering Research Institute (Nanjing, China). γ-GT levels were calculated as γ-GT per gram of protein in the liver (U/g prot).



Histology

Liver tissues were dissected, embedded in paraffin, cut into 4 μm sections, and stained with hematoxylin and eosin (H&E) and Masson's trichrome. An Eclipse 80i microscope (Nikon, Tokyo, Japan) was used to image the sections at 400× magnification. Five non-overlapping Masson's tricolor images were taken for each section and analyzed with Image Pro Plus 5.0 software.



Immunohistochemistry

Collagen 1, collagen 3, proliferating cell nuclear antigen (PCNA), nuclear factor-κB (NF-κB), tumor necrosis factor α (TNF-α), and interleukin-1β (IL-1β) expression were detected in the liver tissue by immunohistochemistry. Briefly, tissue sections were dewaxed, water was added, and heat-induced antigens were extracted for 60 min. The sections were then incubated with 3% H2O2 solution to block peroxidase activity for 10 min at 37°C with anti-collagen 1 (1:100), anti-collagen 3 (1:100), anti-NF-κB (1:100), anti-IL-1β (1:100), anti-PCNA-1 (1:100), and anti-TNF (1:100) antibodies. The sections were washed three times in phosphate buffered saline (PBS), incubated for 45 min at 37°C with secondary antibodies (1:100), and washed with PBS a further three times for 3 min each. According to the manufacturer's instructions, 3,3′-diaminobenzidine tetrahydrochloride (DAB) immunohistochemical staining was performed and an Eclipse 80i microscope was used to image the sections at 400× magnification. Six non-overlapping visual fields were randomly imaged and analyzed using Image Pro Plus 5.0 software.



RNA Extraction and mRNA Expression Analysis by Quantitative PCR (qPCR)

Total RNA was extracted from the liver tissue samples and reverse transcribed into cDNA using Triazole reagent and reverse transcriptase reagent (Bao Bioengineering, Dalian, China) according to the manufacturer's instructions. The relative mRNA expression of the target genes and GAPDH was determined by qPCR on an MJOpticon system using iTaq Universal SYBR Green Hypermix (Bao Bioengineering) and the following forward and reverse primers: PCNA F-5′-AGCATGGACTCGTCTCACG and R-5′-GCGCAGAGTAAGCTGTACCAA; NF-κB F-5′-ATGGCAGACGATGATCCCTAC and R-5′-CGGAATCGAAATCCCCTCTGTT; Cyclin D1 F-5′-GCGTACCCTGACACCAATCTC and R-5′-ACTTGAAGTAAGATACGGAGGGC; GAPDH F-5′-AGGTCGGTGTGAACGGATTTG and R-5′- GGGGTCGTTGATGGCAACA. Relative mRNA expression was normalized to GAPDH and calculated using the 2−ΔΔCt method.



Flow Cytometry

After palmitic acid (PA; Sigma-Aldrich, Wuxi, China) treatment, cells were harvested, washed with cold PBS, and fixed in ice-cold 70% ethanol overnight at −20°C. The fixed cells were incubated with iNOS antibodies for 30 min at 4°C in the dark and analyzed (>1 × 104 cells) using a BD FACSCanto Plus instrument with BD FACSDiva software.



Cytometric Bead Array (CBA)

A CBA Flex Set kit (BD Biosciences, San Jose, CA, USA) was used to assess IL-6, IL-10, interferon gamma (IFN-γ), TNF-α, and C-C motif chemokine ligand 2 (CCL2) levels in the cell culture supernatant according to the manufacturer's instructions. Data were analyzed using CellQuest software (BD Biosciences) and BD Pharmingen (BD Biosciences).



Murine Peritoneal Macrophages

Murine peritoneal macrophage cells were isolated from adult male C3h mice following the previous reported protocol (3). Briefly, 1 ml of 3% Brewer thioglycolate medium were injected into the mice peritoneal cavity and allow inflammatory response to proceed for 4 days. The macrophages were collected cultured with DMEM medium supplemented with 10% FBS. Then the cells were planted in a 24-well plate at a density of 1 × 106 cells/well. After 24 h cultured, the cell were treated with almitic acid (PA, Sigma-Aldrich, US) at the dose of 100 and 200 μM for 48 h. Then the medium was collected for CBA assay, and the cells were collected for FACS or Immunofluorescence.



Immunofluorescence

The cell were fixed with methanol (−20°C stock) for 10 min and rinsed with PBS (0.01 M; pH 7.4) three times. The cells were then incubated in 0.2% Triton X-100 for 30 min, blocking solution (5% NGS in PBST) for 1 h, and P65 antibodies (1:100) at 25°C for 2 h. The cells were rinsed with PBS three times, incubated with secondary antibodies at 25°C for 1 h, rinsed with PBS three times, incubated with DAPI at 25°C for 5 min, and rinsed with PBS a further three times.



Statistical Analysis

All statistical analyses were conducted using SPSS V.170 (SPSS, Chicago, IL). Data are expressed as the mean ± SEM. The survival rate was evaluated using the Kaplan–Meier analysis. All the differences between groups were evaluated by one-way analysis of variance (ANOVA) using the statistical package for the social sciences (SPSS) 18.0 software (SPSS Inc., Chicago, IL, USA) and P-values of < 0.05 were considered statistically significant.




RESULTS


HFD Increases Mortality and Liver Dysfunction in a DEN-HCC Model

The survival rate of all three groups of mice was assessed for 22 weeks. The survival rate of the DEN and DEN+HF groups began to decrease at week 4, dropping to 61.54 and 46.15%, respectively, by week 22 (Figure 1A). Moreover, the weight of the DEN and DEN + HF mice significantly decreased between weeks 7 and 22, with no difference in weight change found between the DEN and DEN + HF groups (Figure 1B). Since the death of the DEN mice could have been due to severe liver injury and atrophy leading to liver failure, we investigated their liver function. As shown in Figure 1C, serum ALT, ALP, and AST levels were significantly higher in the DEN and DEN + HF mice, with the DEN+HF mice displaying the greatest increase.


[image: Figure 1]
FIGURE 1. Effect of a high-fat diet on the survival, weight, and plasma liver enzyme levels in a mouse model of hepatocellular carcinoma. (A) Kaplan–Meier survival curve of mice during 22 weeks; (B) body weight was measured for 22 weeks. (C) Plasma alanine aminotransferase (ALT), alkaline phosphatase (ALP), and aspartate aminotransferase (AST) levels. DEN, dietondiethylnitrosamine (DEN)-fed group; DEN + HF, DEN and high-fat diet (HFD)-fed group. ΔΔP < 0.01 vs. control, *P < 0.05 and **P < 0.01 vs. DEN only.




HFD Increases the Incidence of Liver Cancer

We investigated the potential effect of an HFD on tumorigenesis. As shown in Figure 2, tumor incidence in the DEN+HF and DEN groups was 100 and 75%, respectively, whereas no tumors were found in the control group. Round gray nodules indicated by the yellow arrows, were observed on the surface of livers from the DEN-treated mice when examined by the naked eye (Figures 2A,C). In comparison, the livers of the DEN + HF mice were yellow in color and displayed more gray and white round nodules on their surface. Moreover, liver index, liver nodule number, and γ-GT activity were significantly higher in the DEN group than the control group (P < 0.01; Figures 2B,D,E).


[image: Figure 2]
FIGURE 2. Effect of a high-fat diet on tumorigenesis in a mouse model of hepatocellular carcinoma. (A) Representative livers from each group, round gray nodules were indicated by the yellow arrows. (B) Liver index was calculated as the wet liver weight to body weight ratio. (C) Cancer incidence was calculated as the number of animals with at least one nodule. (D) Average number of tumors in each group. (E) γ-GT activity in the liver as a marker of premalignant and malignant lesions. DEN, dietondiethylnitrosamine (DEN)-fed group; DEN + HF, DEN and high-fat diet (HFD)-fed group. ΔΔP < 0.01 vs. control; *P < 0.05 and **P < 0.01 vs. DEN only.




HFD Enhances Histopathological HCC Changes

H&E staining of the liver sections revealed nests of differentiated hepatoma cells which were identified as HCC and mainly existed as stands and trabeculae with bleeding and necrosis in the DEN group (Figure 3A-b,e). More nests were observed microscopically in the DEN + HF group than in the DEN group. Moreover, mixed micro- and macrovesicular steatosis (indicated by yellow arrows) were observed in the liver cells of the DEN + HF group but not in the DEN group (Figure 3A-c,f), whilst Masson staining showed that the liver tissue of the DEN + HF mice had significantly less collagen deposition that that of the DEN mice (Figures 3B,C).


[image: Figure 3]
FIGURE 3. Histopathological examination of liver tissue. (A) H&E staining and light microscopy of liver histopathology, yellow arrow indicated the micro- and macrovesicular steatosis. Scale bars: 250 μm (upper), 100 μm (lower). (B) Collagen accumulation was visualized by Masson trichrome staining. Scale bar: 100 μm. (C) Liver collagen deposition was quantified by measuring the trichrome-positive (blue) area. DEN, dietondiethylnitrosamine (DEN)-fed group; DEN + HF, DEN and high-fat diet (HFD)-fed group. ΔΔP < 0.01 vs. control; *P < 0.05 vs. DEN only.




HFD Promotes Hepatocyte Proliferation and Inflammation

PCNA is an indicator of cell proliferation that is closely related to DNA synthesis and plays an important role in the initiation of cell proliferation. As shown in Figures 4A–C, PCNA protein and mRNA levels were significantly higher in the DEN and DEN + HF groups than the control group, with DEN + HF mice showing the greatest increase. Moreover, CyclinD1 mRNA levels were also significantly higher in the DEN+HF mice than the DEN mice (Figure 4D).


[image: Figure 4]
FIGURE 4. Effect of a high-fat diet on hepatocyte proliferation in the liver of a mouse model of hepatocellular carcinoma. (A) Representative images of PCNA expression in liver tissue sections. Scale bar: 100 μm. (B) PCNA staining region in immunoreactive hepatocytes expressed as the mean ± SEM. (C) PCNA mRNA expression relative to GAPDH was detected by qPCR. Data represent the mean ± SEM (n = 9–13). ΔΔP < 0.01 vs. control; **P < 0.01 vs. DEN only. (D) Cyclin D1 mRNA expression relative to GAPDH was detected by qPCR. Data represent the mean ± SEM (n = 9–13). ΔΔP < 0.01 vs. control, **P < 0.01 vs. DEN only. DEN, dietondiethylnitrosamine (DEN)-fed group; DEN + HF, DEN and high-fat diet (HFD)-fed group.


We also analyzed the expression of inflammation-associated genes. NF-κB, IL-1β, and TNF-α levels were all significantly increased in the livers of the DEN and DEN + HF mice, with DEN + HF mice showing the greatest increase (Figure 5). Furthermore, macrophage infiltration was found to be significantly higher in the DEN + HF group than in the DEN group (Figure 6).


[image: Figure 5]
FIGURE 5. The levels of liver inflammation proteins were detected by immunohistochemistry. (A) Representative images of NF-κB, TNF-αand IL-1β expression in liver tissue sections. Scale bar: 100 μm. (B) NF-κB, TNF-α, and IL-1β staining region in immunoreactive hepatocytes expressed as the mean ± SEM. ΔΔp < 0.01 vs. control; **p < 0.01 vs. DEN only. DEN, dietondiethylnitrosamine (DEN)-fed group; DEN + HF, DEN and high-fat diet (HFD)-fed group.



[image: Figure 6]
FIGURE 6. Infiltration of liver macrophages detected by immunofluorescence. Scale bar: 100 μm. DEN, dietondiethylnitrosamine (DEN)-fed group; DEN + HF, DEN and high-fat diet (HFD)-fed group.




PA Treatment Enhances the Secretion of Inflammatory Factors by Macrophages

To observe the effect of an HFD on inflammation, we examined the effect of the high-fat metabolite PA on macrophages. As shown in Figure 7A, the percentage of iNOS-positive cells was significantly higher in macrophages after PA (100 or 200 μM) treatment. Moreover, the secretion of inflammatory factors and cytokines, such as IL-6, IL-10, CCL2, IFN-γ, and TNF, significantly increased in the macrophage supernatant after PA (100 or 200 μM) treatment in a dose-dependent manner (Figure 7B). Since P65 is a key transcription factor that regulates inflammatory factors, we investigated the effect of PA on P65 localization in macrophages. As shown in Figure 7C, more P65 protein was observed in macrophage nuclei after PA treatment.


[image: Figure 7]
FIGURE 7. Effect of PA on the secretion of inflammatory factors by macrophages. (A) The percentage of iNOS in macrophages was detected by flow cytometry. (B) The levels of IL-6, IL-10, CCL2, IFN-γ, and TNF-α in macrophage supernatant were tested using a cytometric bead array. Data is expressed as the mean ± SEM. *P < 0.05, **P < 0.01. (C) The localization of P56 in macrophages was assessed by immunofluorescence.





DISCUSSION

In this study, we found that an HFD can promote the development of DEN-induced serious liver injury and liver cancer. Pathological examination revealed that collagen deposition was lower in the HFD group, whereas inflammatory cell (particularly macrophage) infiltration and inflammatory cytokine levels were higher. In vitro, we demonstrated that PA, a high-fat metabolite, can directly activate macrophages and promote inflammatory cytokine secretion. These results suggest that an HFD may promote tumorigenesis by activating macrophages and causing them to release inflammatory cytokines.

After 22 weeks, the survival rates of the DEN, DEN + HF, and control groups were 61.54, 46.15, and 100%, respectively, indicating that the HFD reduced the HCC survival rate. Furthermore, we found that the weight of the DEN-treated mice began to decline after week 16 but there was no significant difference between the DEN + HF and DEN groups during the early stages. However, in the middle and later stages the DEN + HF group lost weight more quickly, which may be related to more rapid tumor progression. Indeed, the number of tumor nodules, liver index, and liver function in the DEN + HF mice were higher than in the DEN group.

γ-GT, PCNA, and cyclin D1 are closely related to HCC cell proliferation. γ-GT is an enzyme synthesized by embryonic hepatocytes that is related to cellular malignancy and HCC occurrence. It is also considered a positive marker of early hepatocyte mutation and a characteristic marker of precancerous lesions. PCNA is a cell proliferation-related protein associated with the metastasis and invasion of HCC (4, 5), whilst cyclin D1 over-expression has been shown to play a key role in the occurrence and development of primary HCC (6). In this study, serum γ-GT, PCNA, and cyclin-1 expression were found to be significantly higher in the DEN + HF group than the DEN group.

We also found that the HFD significantly reduced collagen deposition and increased the number of macrophages infiltrating liver tissues when compared with DEN group. In the tumor microenvironment, collagen can affect tumor cell metabolism, water diffusion, macromolecular transport, gene expression, and angiogenesis by changing the density, direction, and length of crosslinking, among other aspects (7–9). Previously, we found that high protein levels can aggravate collagen deposition and slow tumor development (10). Moreover, there is evidence that continued inflammation can decrease collagen deposition, whilst TNF-α has been shown to reduce the profibrotic collagen-dissolving activity of macrophages and pulmonary fibrosis (11). Therefore, an HFD may aggravate liver inflammation, consistent with the increased NF-κB, IL-1β, and TNF-α expression observed in the DEN + HF group in this study.

Researchers have known for a long time that obesity causes inflammation in the liver and fat tissues (12). An HFD can promote insulin resistance by stimulating chronic inflammation; however, it was shown that when certain immune cells stop producing fatty acids, mice do not develop diabetes or chronic inflammation, even on an HFD (13). Obesity and HFDs can lead to harmful immune system activation and mice fed an HFD have more T cells (14). Studies have found that in addition to fat cells, fat tissue contains many immune cells, including large numbers of macrophages. Fat cells release whole triglycerides in small particles known as adipocyte exosomes (AdExos) which are ingested by macrophages in adipose tissue. Macrophages rapidly degrade the triglycerides in AdExos and release fatty acids (15); thus, macrophages may play an important role in high lipid metabolism. We found that macrophages can be activated by PA to increase iNOS levels and their secretion of IL-6, IL-10, CCL2, INF- γ, and TNF-α. These studies suggest that fatty acids can induce the expression of various inflammatory factors that stimulate macrophages, thus aggravating the inflammatory response.

In our study, we observed that an HFD increased liver macrophages and aggravated inflammation and liver cancer, suggesting that macrophages play an important role in the DEN-induced liver cancer model; however, whether the promotion of liver cancer by an HFD can be reversed in the absence of macrophages is unclear. As demonstrated by previous studies, macrophages are in close interaction with enteric microbiota, which contributes to carcinogenesis and affects treatment outcomes (16, 17). Therefore, both macrophages and intestinal microbiota are considered promising prognositic indicators and valuable targets for new therapeutic approaches. Moreover, recent strong evidence suggests that small intestinal tissue-specific group 2 innate lymphoid cells (ILC2s) are the key to obesity in mice. Mice lacking specific ILCs in the small intestine do not exhibit physiological signs of obesity, such as large amounts of white fat tissue, larger livers, higher blood sugar levels, and impaired insulin resistance (18). This suggests that ILC2s in the small intestine that promote liver fat deposition also may be a primary factor in HFD-associated liver cancer.

In conclusion, HFDs promoted DEN-induced liver cancer, mainly by introducing high-fat metabolites into the liver which activate macrophages and induce inflammation that aggravates HCC.
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Grape seed is rich in vitamin E, flavonoids, and proanthocyanidins and has the potential to be used as an antibiotic substitute in broilers. We investigated the effects of grape seed proanthocyanidin extract (GSPE) on growth performance, immune responses, cecal microflora, and serum metabolism in early stage broilers. Data indicated that GSPE improved broiler growth performance by strengthening antioxidant capacity, enhancing immune responses, and increasing cecal short chain fatty acids. 16S rRNA sequencing indicated that GSPE changed the predominant cecal microflora and induced the metabolism of amino acids, lipids, and carbohydrates. An UPLC-Q-TOF/MS-based metabolomics analysis identified 23 serum metabolites (mainly related to lipid, amino acid, and alkaloid) were extremely changed by GSPE treatment. The correlations between the changes of cecal microflora and serum metabolites in birds fed with GSPE were analyzed. Hence, GSPE potentially provides active ingredients that may be used as antibiotic substitute and reduces environmental pollution by grape by-products.
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Introduction

Recently, along the implementation of antibiotic ban in a growing number of countries, plenty of studies have been conducted to seek the antibiotic substitutions in livestock industry. Grape seed is rich in polyphenols (especially proanthocyanidins) and is a natural agricultural by-product with powerful antioxidant and anti-inflammatory effects. Grape seed is an outstanding antioxidative substance, with anti-inflammatory and anti-cancer effects (1, 2). Containing 60–70% of extractable polyphenols, the phenolic compounds from grape seeds comprise flavonoids, as well as catechins and their polymers (3, 4). The valorization of grape seed extract (GSE) could reduce the environmental pollution caused by wine production. It also potentially provides active ingredients for antibiotic substitution. Previous experiments have already revealed the potential applications of GSE in animal nutrition to enhance animal health status and product quality (5, 6).

Grape seed proanthocyanidin extract (GSPE) is enriched with polyphenolic ﬂavonoids, oligomeric proanthocyanidins, and polymerized oligomers (7). Remarkably, previous studies revealed that GSPE has the wide positive effects, including anti-inﬂammatory, cardioprotective, and neuroprotective (8, 9). In addition to antioxidant function, GSPE shows beneficial effects on inflammatory processes (10). Moreover, proanthocyanidins are potential antibacterial compounds with the ability to inhibit the colonization of pathogenic intestinal bacteria (11, 12). Dietary polyphenol-rich grape products were also effective in boosting the development of extraordinary beneficial intestinal microbiota, competitively inhibiting particular harmful bacteria (6, 12).

In fact, increased efforts are now being directed toward a broader revaluation of polyphenol-rich plants for obtaining high-value grape seed by-products. In the mouse model induced by aflatoxin B1 (AFB1), GSPE significantly improved body weight gain, reduced oxidative damage to the spleen, and alleviated immune injury (13). A study by Cardona et al. (14). revealed that a dietary intake of red wine polyphenol increased the intestinal concentrations of healthy gut microbiota (including Enterococcus, Prevotella, Bacteroides, Bifidobacterium, and Blautiacoccoides). However, it did not change Lactobacillus spp. but significantly constrained the development of pathogenic bacteria (such as Clostridium difficile and Clostridium perfringens) (14). We suspected that there might be a relationship between intestinal microflora and metabolites in broilers supplemented with GSPE. Therefore, the present study was conducted to investigate whether GSPE influences the growth performance, immune response, cecal microflora, and serum metabolites in early stage broilers.



Materials and Methods


Test Substances Grape Seed Extracts

Grape (Vitis vinifera var. Bobal) seeds were purchased from Champagne (France). The GSE was extracted with water, concentrated, and spray dried. Its components were analyzed using the Agilent 1290 UPLC system (Ultra-Performance Liquid Chromatography) (Agilent, CA, USA) equipped with a binary pump, an auto-sampler, a photodiode array detector, and a column heater. The total polyphenol concentration (expressed as gallic acid equivalents) was determined following the methodology of Chamorro et al. (15). The resultant dry material was 80.5 ± 3.2 g/100 g. The major proanthocyanidins constituents of GSE were analyzed using high-performance liquid chromatography (HPLC). The major constituents were catechin (5.52 ± 0.21 g/100 g), epicatechin (3.14 ± 0.11 g/100 g), procyanidin B1 (1.48 ± 0.06 g/100 g), procyanidin B2 (1.16 ± 0.06 g/100 g), and procyanidin C1 (0.68 ± 0.04 g/100 g). In addition, the GSPE consisted of 4.80% water and 0.435% ash.



Animal Treatments and Design

A total of 960 AA+ one-day-old broilers were randomly divided into four treatment groups (8 replicates, 30 birds per pen). The birds in the control group were fed the basal diet (Control). The birds in the antibiotic group were fed the basal diet with added 20 mg bacitracin/kg (Anti). The birds in the low dose GSPE group were fed the basal diet with 200 mg GSPE/kg (GseL) added. The birds in the high dose GSPE group were fed the basal diet with an addition of 400 mg GSPE/kg (GseH). Throughout the 21-day experiment, all birds were cultivated on floor pens and provided the free access to food and water, with a 23-h photoperiod. In the first week, the room temperature was 35°C and was decreased 2°C each week. The composition and nutrients of basal diet aligned to meet the NRC Nutrient Requirement (2012) (Table 1). This study was performed in strict accordance with the Animal Management Rules of the Ministry of Health of the People’s Republic of China and approved by the Animal Care and Use Committee of Zhejiang A&F University (Hangzhou, China).


Table 1 | Composition and nutrient levels of the basal experimental diet (air dry basis)1.



Representative sample birds were euthanized at day 21. Blood was collected from the jugular vein of the sample birds, 64 birds (4 treatment groups, with 8 replicate pens and 2 birds sampled per pen). Coagulation-promoting tubes were used to obtain the serum; the blood was allowed to stand at room temperature for 4 h and centrifuged at 3,000 g for 15 min. The cecal contents were collected in an aseptic cryopreservation tube and stored below −80° for the detection of SCFAs and microbial sequencing. After gently washing the intestinal content using a sterile PBS, the jejunal and ileal mucosa were wiped on sterile slides, and stored below −80°C for immune factors detecting.



Growth Performance

All birds per pen were weighted at the beginning and end of every week to calculate the average daily gain (ADG). Moreover, residue feeding and number of deaths were recorded to calculate the average daily feed intake (ADFI) and mortality. The feed:gain ratio (F:G) was calculated using the ADFI and ADG.



Serum Antioxidant Indexes

The serum antioxidant indexes were tested using commercial kits (Jiancheng Bioengineering Institute, Nanjing, China). The total antioxidant capacity (T-AOC), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), catalase (CAT), and malondialdehyde (MDA) were determined in accordance with the manufacturer’s instructions.



Immune Indexes

The serum contents of immunoglobulin A (IgA), immunoglobulin Y (IgY), and immunoglobulin M (IgM), and serum and mucosal interleukin-1β (IL-1β), interleukin-6 (IL-6), and interleukin-8 (IL-8) were detected using specific ELISA kits purchased from Cusabio (Wuhan, China). All methodology followed the manufacturer’s instructions.



Cecal SCFAs

The concentrations of cecal SCFAs were detected by gas chromatography. Briefly, the SCFA external standards (acetic acid, butyrate, propionic acid, isovalerate, isobutyric acid, and valerate) were obtained from Sigma-Aldrich (Shanghai, China). One gram of cecal content was mixed with 6% phosphorous acid (m/v, 1:3). After vibration and centrifugation, the supernatant was injected into the Agilent Technologies GC7890 Network System (Agilent Technologies, USA), with a column (30 m × 0.25 mm × 0.25 μm, Agilent Technologies) and flame ionization.



16S rRNA High Throughput Sequencing

The genomic DNA of the cecal content bacteria was extracted by DNeasy Power Soil Kit (QIAGEN, USA) following the manufacturer’s instructions. The content from both birds sampled in each replicate was mixed into one biological sample. The quality and quantity were determined for the extracted DNA prior to PCR amplification of 16S rRNA genes using the diluted DNA as template. Moreover, due to the bacterial diversity analysis, the V3–V4 variable regions were amplified with normal primers 343F (5’-TACGGRAGGCAGCAG-3’) and 798R (5’-AGGGTATCTAATCCT-3’). The sequencing was conducted at the Illumina Miseq platform from Shanghai OE Biotech Co., Ltd (Shanghai, China)..

Trimmomatic software was used to detect and dissect ambiguous bases, the raw sequencing data were presented in FASTQ format. FLASH software was used to assemble the paired-end reads. Noise reduction of the sequences and removal of reads with chimera were performed utilizing QIIME software (version 1.8.0). The clustering of operational taxonomic units (OTUs) was generated from clean reads using VSEARCH software (version 2.4.2) with a 97% similarity requirement. The entire representative reads selected by the QIIME package were annotated with the SILVA database (Version 123) using a RDP classifier (with a 70% confidence threshold). According to the OTU clustering, a flower plot analysis identified the common and particular OTUs among all treatment samples. The alpha-indexes were used to describe the degree of cecal microfloral diversity within each group; the beta-diversity was analyzed for the difference among all the treatments (using principal component analysis, PCA; Principal Coordinates Analysis, PCoA). Moreover, the linear discriminant analysis (LDA) was coupled with effect size measurements (LEfSe) to distinguish the bacteria between all the treatments, the LDA score was set at 3.5. PICRUSt software (based on the Greengenes data) was applied to predict the composition of the known microbial gene functions. A Kruskal-Wallis test was used to calculate the functional differences between all samples. 



UPLC-Q-TOF/MS Analysis for Serum Metabolomics

The detection of the serum metabolites in the birds utilized the methodology provided in Li et al. (16). A total of 42 serum samples were analyzed to detect the variation in the bird metabolites, including 12 Control samples and 10 samples of each treatment (GseL, GseH and Anti). An Agilent 6545 Q-TOF/MS system (Agilent Technologies) was used for the chromatographic separation of the serum extract. The UPLC system was equipped with an Agilent Zorbox Eclipse Plus C18 (2.1 × 100 mm, 1.8 μm; Waters Corp., MA, USA). Mobile phases A and B were 95% ACN (containing 10 mM ammonium formate and 1 μl of formic acid) and 50% ACN (containing 10 mM ammonium formate and 1 μl of formic acid), respectively. In the negative ionization mode, mobile phases A and B were 95% ACN (containing 10 mM ammonium acetate, with an adjusted pH to 9 using ammonium hydroxide solution) and 50% ACN (containing 10 mM ammonium acetate, pH 9.0), respectively. The solvent gradient elution in the positive ionization mode involved: 0−2 min, 5% B; 2−20.0 min 5−100% B; 20−25 min, 100% B. The injection volume was 2 μl, and flow rate was set to 0.3 ml/min.

The UPLC system was connected to an Agilent 6545 ESI-Q-TOF high-resolution accurate-mass spectrometer (Agilent Technologies). Both the positive and negative ionization modes were performed. The MS conditions involved: 3.5 kV for positive, capillary voltage; 325°C, gas temperature; 11 L/min, drying gas flow rate; 35 psi, nebulizer pressure; 370°C, sheath gas temperature; 11 L/min, sheath gas flow rate; m/z 100−1,700, mass range. Metabolites were identified using Agilent Mass Hunter Profinder (Agilent Technologies) and the METLIN database (DB).



Statistical Analysis

SPSS version 24 (IBM Corp.) was used to perform a t test and one-way ANOVA analysis to determine significant differences among groups, differences were considered statistically significant at P < 0.05, tendency changes but no significant difference were considered at 0.1 < P < 0.05. The KEGG data were analyzed using SIMCA-P version 13.0 (Sartorius Stedim Biotech Ltd., Umea, Sweden) for the PCA analysis, and the heat map analysis utilized Multi Experiment Viewer version 4.8 (Boston, MA, USA). The metabolomic data were further analysis by screening the fold change > 2 and P value < 0.05 using a t test. The metabolism pathway analysis was conducted using MetaboAnalyst 4.0 (http://www.metaboanalyst.ca) and KEGG (http://www.kegg.jp) based on the screened serum metabolites with significant differences (P < 0.05). GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA, USA) was used to produce the figures.




Results


Effects of GSPE on Growth Performance

There were no significant differences in the ADG of birds among all the treatments from d 1 to 7 and d 8 to 14 (Figure 1A). Compared with the Control birds, the Anti and GseL birds had significant higher (P < 0.05) ADG from d 15 to 21. From d 1 to 21, the ADG of the GseL and Anti birds were higher (P < 0.05) than the Control birds. Moreover, the Anti birds had significant higher ADG than the GseL and GseH birds. Furthermore, the supplementation of GSPE significantly decreased (P < 0.05) the ADFI of the birds from d 1 to 21 (Figure 1B). Both the supplementation of GSPE and antibiotic significantly decreased (P < 0.001) the F:G of birds (Figure 1C). There was no significant difference between the treatments in bird mortality (Figure 1D).




Figure 1 | Effects of Anti, GseL, and GseH on (A) ADG (B), ADFI (C), F:G, and (D) Mortality in broilers from d 1 to 21. *P < 0.05 **P < 0.01, ***P < 0.001, tendency changes but no significant difference were considered at 0.1 < P < 0.05, when compared to the Control treatment. N = 8 per treatment group. ns, not significant.





Effects of GSPE on Serum Antioxidant Indexes

The effects of GSPE on the serum antioxidant parameters in early stage broilers are shown in Figure 2. The dietary supplementation of the antibiotic and GSPE significantly increased the serum concentration of T-AOC (P < 0.01). Supplementation with GSPE significantly (P < 0.01) increased the content of serum T-AOC to a higher level when compared to the antibiotic treatment (Figure 2A). The level of serum SOD in GseL birds was significant (P < 0.05) higher than that in the Control birds (Figure 2B). Compared with the Control birds, the GseH-treated birds exhibited significant higher content of serum GSH-Px (Figure 2C). Moreover, the supplementation of both the antibiotic and GSPE significantly increased (P < 0.01) the content of serum CAT and decreased the MDA of birds (Figures 2D, E).




Figure 2 | Effects of Anti, GseL, and GseH on the serum contents of (A) T-AOC (B), SOD (C), GSH-Px (D), CAT, and (E) MDA in broilers on d 21. *P < 0.05 **P < 0.01, ***P < 0.001, tendency changes but no significant difference were considered at 0.1 < P < 0.05, when compared to the Control treatment. N = 16 per treatment group.





Effects of GSPE on Serum and Mucosal Immune Indexes

As demonstrated in Figure 3A, the levels of serum IgA in the GseL and Anti treated broilers were significantly higher than in the Control birds, while no significant difference was found in the serum IgM regardless of treatments. In addition, the level of serum IgY in the GseH birds was higher (P = 0.071) than that in the Control birds, while no significant difference was found within other groups. Compared with the Control birds, the GSPE birds had significantly (P < 0.05) fewer IL-6 and IL-1β in their serum (Figure 3B). Additionally, the supplementation of Anti (P = 0.063) and GseH (P = 0.081) decreased the level of IL-6 when compared with the Control group, which there was no treatment effects. Moreover, the contents of ileal and jejunal mucosal IL-1β in birds supplemented with Anti or GSPE were significant lower (P < 0.05) than those in the Control birds (Figures 3C, D). Compared with the Control birds, although there was no significant difference, the supplementation of GseL (P = 0.091) and GseH (P = 0.070) decreased the jejunal mucosal IL-6, while only GseH decreased (P = 0.073) the ileal mucosal IL-8.




Figure 3 | Effects of Anti, GseL, and GseH on (A) levels of serum immunoglobulins (B), levels of serum cytokines (C), levels of jejunum mucosal cytokines, and (D) levels of ileum mucosal cytokines in broilers on d 21. *P < 0.05 **P < 0.01, ***P < 0.001, tendency changes but no significant difference were considered at 0.1 < P < 0.05, when compared to the Control treatment. N = 16 per treatment group. ns, not significant.





Effects of GSPE on Cecal SCFAs

The effects of GSPE on the concentrations of cecal SCFAs are shown in Figure 4. Both the supplementation of antibiotic and GSPE significantly increased (P < 0.05) the concentrations of butyrate and valerate in the colonic content of birds (Figures 4A, B). The GseL birds had a significant higher (P < 0.05) concentration of isobutyrate than the Anti and GseH birds. In addition, the supplementation of GseH increased (P = 0.096) the concentration of propionate to a higher level when compared to the Control treatment, although there was no significant difference. The GseL birds had a higher (P = 0.068) concentration of isovalerate when compared to the Anti birds, while there was no significant difference.




Figure 4 | Effects of Anti, GseL, and GseH on the cecal concentrations of (A) acetate, propionate, and butyrate (B), isobutyrate, valerate, and isovalerate in broilers on d 21. *P < 0.05 **P < 0.01, ***P < 0.001, tendency changes but no significant difference were considered at 0.1 < P < 0.05, when compared to the Control treatment. N = 8 per treatment group.





Effects of GSPE on Cecal Microflora

Birds in all treatment groups shared 567 OTUs of cecal microflora in the Venn diagram (Figure 5A). The Control, Anti, GseL, and GseH birds had 145, 101, 74, and 150 particular OTUs, respectively. Through the relative abundance of top bacterial strains in genus level (Figure 5B), Bacteroides, Escherichia-Shigella, Alistipes, Ruminococcaceae_UCG-014, Faecalibacterium, Ruminococcaceae_UCG-005, Parasutterella, Butyricicoccus, Lachnospiraceae_NK4A136_group, and Lactobacillus predominated in all birds. There was no significant difference in the alpha-diversity index (only the Shannon index is provided) within all the treatments (Figure 5C). Conversely, the beta-diversity analysis using principal component analysis (PCA) showed that the Control samples were the most different to other groups (Figure 5D). The PCoA 3D diagram shows samples were clustered within their group, the four treatment groups were well separated from each other (Figure 5E).




Figure 5 | Summary of the microbial community in the cecal contents of broilers on d 21 (A). is a Venn diagram summarizing the numbers of common and unique observed taxonomic units (OTUs) in the microflora (B). is the top 15 relative abundances of bacterial strains (at the genus level) between groups (C). is the Shannon Index reflecting species diversity within and between groups (D). is the PCA plot (E). is the PCoA analysis. N = 8 per treatment group.



There was no significant difference in the relative abundance ratio of Firmicutes : Bacteroidetes in the cecal microflora within all the groups (Figure 6A). The LEfSe analysis indicated that the predominant bacterial strains of GseL were Gammaproteobacteria, Parasutterella, Betaproteobacteriales, and Erysipelatoclostridium. The predominant bacterial strains of GseH were Lactobacillales, Lewinalla, Lactobacillus, and Candidatus-Stoquefichus. The predominant bacterial strains in the Control group were Muribaculaceae, Mollicutes, Tenericutes, and Anaeroplasmataceae. The predominant bacterial strains in the Anti group were Clostridiales, Ruminococcaceae, Faecalibacterium, Ruminococcaceae-UCG-005, Ruminococcaceae-UCG-014, and Lachnospiraceae-NK4A136 (Figure 6B). A combined analysis of contents of cecal SCFAs and the top 15 cecal bacteria strains in genus level in the differential dietary treatments, the redundancy analysis (RDA) revealed that the GSPE treatment played a more valuable role in the cecal microfloral variation in birds when compared with antibiotic treatment. The correlations between the GSPE and Anti treatments were negative. Moreover, Lactobacillus and the Ruminococcaceae_torques_group had the highest correlation with the production of propionate. Meanwhile, the content of isobutyrate and valerate played a positive role in distinguishing the change of cecal microfloral structure (Figure 6C). Based on the Greengenes data, PICRUSt analysis showed that the dietary GSPE treatment induced higher heatmap scores in the known functional genes for amino acid metabolism, lipid metabolism, carbohydrate metabolism, cell communication, cellular processes and signaling, energy metabolism, metabolism of cofactors and vitamins, and xenobiotics biodegradation and metabolism when compared to the Control treatment (Figure 6D).




Figure 6 | Summary of microbial communities in the cecal contents of broilers on day 21 (A). is the Firmicutes/Bacteroidetes (B). represents the LEfSe analysis (C). is the RDA (D). provides the PICRUSt analysis. N = 8 per treatment group. ns, not significant.





Effects of GSPE on Serum Metabolome

To investigate the metabolic regulation in GSPE treated birds, the serum metabolites were analyzed using UPLC-Q-TOF/MS. Data showed that 369 identified metabolites were shared among all the treatment groups. There were 394, 64, 135, and 246 metabolites identified in the serum of birds in Control, Anti, GseL, and GseH groups respectively (Figure 7A). The Control and Anti samples were well distinguished with those of the GSPE treatment groups using the PCA analysis. There was no definite separation between the GseL and GseH groups (Figure 7B). Hence, we hypothesized that the GSE dosage (i.e., 400 mg/kg) was not enough to cause marked changes in the serum metabolites within the GSPE treatment groups.




Figure 7 | (A) is a Venn diagram summarizing the numbers of common and unique observed entities in serum metabolome. (B). represents the PCA plot of the broilers’ serum metabolome. (C, D). represent the correlation between significantly changed serum metabolites and the top 30 distinguished cecal bacteria strains (at the genus level) between the GSPE-treated and Control groups. *P < 0.05 **P < 0.01, ***P < 0.001, compared to the Control treatment. N (Control) = 12; N (Anti, GseL, GseH) = 10.



Moreover, 23 serum metabolites were significantly changed (up-regulated and down-regulated) and detected within all the differential groups after screening with log2 fold change > 2 and P-value < 0.05 (Table 2). It can be seen that both the dietary GSPE and Anti significantly increased the serum concentration of all-trans-18-hydroxyretinoic acid, arachidonoyl dopamine, sphinganine, and probucol (mainly belonging to prenol lipids and sphingolipid) to higher levels when compared with the Control treatment. The dietary GSPE significantly down-regulated the k-strophanthoside related with sterol lipids. The dietary supplementation with both GseL and the antibiotic substantially increased ornaline and oxamate to higher levels when compared with the Control treatment. The GSPE treatment significantly down-regulated the L-2-methyltryptophan and pepstatin. The dietary GSE treatment up-regulated the GDP-D-mannuronate and UDP-4-keto-rhamnose (related with amino sugar and nucleotide sugar metabolism). Moreover, three kinds of alkaloids (acetyltropine, belladonnine, and salannin) were significantly increased by the GseL treatment (P < 0.05). One alkaloid [(+)-prosopinine] was significantly decreased by the GSPE and the antibiotic treatment (P < 0.05). The GSPE supplementation significantly increased small peptides (Ala Ile Pro and Met Met Val) and decreased Gly Leu Thr and Phe Met Lys. In addition, the dietary supplementation of GSPE and the antibiotic extremely increased the concentration of Se-methylselenomethionine and decreased that of phenanthrene-4,5-dicarboxylate and sulfaphenazole.


Table 2 | Comparison of the transportation of 23 metabolites across broilers’ serum1.



The correlation between the significantly changed serum metabolites and the top 30 distinguished cecal bacteria strains at the genus level is provided in a visual model (as shown in Figures 7C, D). We found that sphinganine, all-trans-18-hydroxyretinoic acid, and belladonnine were negatively correlated with the relative abundance of Ruminococcaceae_UCG.14, Ruminococcaceae_UCG.005, Lactobacillus, Helicobacter, Alloprevotella, Ruminococcaceae_UCG.013, and Intestinimonas. Conversely, they positively correlated to the relative abundance of Parabacteroides and Merdibacter in birds that received GseL supplementation. Interestingly, sphinganine, all-trans-18-hydroxyretinoic acid, and belladonnine were positively correlated with the relative abundance of Ruminococcaceae_UCG.010, Christensenellaceae_R.7_group, Lachnospiraceae_UCG.001, Lachnospiraceae_FCS020_group, Romboutsia, X.Eubacterium._xylanophilum_group, and Ruminococcaceae_UCG.008 in birds that received the GseH supplementation. Sphinganine was negatively correlated with Rikenellaceae_RC9_gut_group, Prevotellaceae_UCG.001, Blautia, Alloprevotella, Ileibacterium, Bilophila, and Hungatella in birds pretreated with GseH.




Discussion

Currently, our results suggest that dietary supplements of phenolic compounds are likely to improve the health status without affecting productive performance. Proanthocyanidins are natural compounds in plant-based foods (i.e., GSE),. A couple of recently studies also have been conducted to investigate the applications and effects of GSPE in poultry industry (17, 18). To date, adequate evidence exists to support the antioxidation, anti-inﬂammatory, and antimicrobial activity of polyphenols. A previous study conducted by Abu Hafsa and Ibrahim (19) confirmed that grape seed could be treated as an herbal additive agent in the diet of broilers to improve the body weight gain and final body weight (19). GSPE supplementation eliminated the toxic effect of AFB1 on the growth performance of broilers by improving ADFI, ADG, and FCR (13, 19). The present study aligned with previous studies, the addition of GSPE increased the ADG of birds. In addition, the treatment with GSPE decreased plasma ghrelin which normal functions to inhibit food intake and animal weight loss (20, 21). Our results also revealed the supplementation of GSPE markedly decreased the ADFI of birds. Similar to antibiotic treatment, GSPE treatments caused an extreme reduction in F:G. Viveros et al. (12). observed that the supplementation of polyphenol-rich grape pomace extract improved the F:G ratio and nutrition digestibility by increasing the absorptive surface in the intestine of broilers (12). The growth performance of the birds was not influenced by the higher GSPE dose in the present study.

Previous studies revealed that the addition of dietary GSPE could improve the oxidative stress resistance by activating the Nrf2 signaling pathway in broilers (13, 22). Diets containing GSPE (250 and 500 mg/kg) significantly increased the total protein, albumin, and globulin. It decreased the levels of aspartate aminotransferase, alanine aminotransferase, and alkaline phosphatase in the serum of broilers infected with AFB1 (7). We found that the dietary supplementation of GSPE improved the antioxidant levels in birds in the early developmental stage, including increased serum T-AOC, SOD, and GSH-Px and decreased MDA. In addition, the supplementation of commercial grape extracts in broiler chicken diets improved the oxidative stability of the meat (23). It is well known that antioxidative substances derived from plant can greatly reduce damage according to the oxidants by neutralizing free radicals before they attack host cells, and then prevent injuring to proteins, enzymes, and lipids. Dietary grape products might cause an increment in circulating phenolic metabolites by increasing plasmatic α- and γ-tocopherol concentrations, which improves the antioxidant status of broilers (5).

GSPE supplementation significantly ameliorated the serum IL-1β, IL-6, IL-10, and TNF-α. It down-regulated the mRNA expression of serum pro-inflammatory cytokines IL-1β, IL-6, and TNF-α in the spleens of broilers exposed in AFB1 (7). A study by Liu et al. (24). also confirmed that GSE ameliorated host inflammation in mice fed a high-fat diet by markedly decreased the concentrations of serum pro-inflammatory cytokines such as TNF-α, IL-6, and MCP-1 (24). Our results show the supplementation of GSPE to basal diets increased the content of serum IgA and IgY and decreased the content of intestinal IL-1β, and serum IL-6 and IL-1β. GSPE may have changed the mucosal immune system at the jejunum and ileum surfaces by regulating gut microbiota, as suggested by Koren et al. (25). Salinas-Sánchez et al. (26). also speculated that proanthocyanidin derived from GSPE plays an anti-inflammatory role by modulating the microbiota (26). The links between the anti-inflammatory effect and the regulation of intestinal microbiota of GSPE are yet to be elucidated.

The digestive tract contains an abundance of microbial-derived metabolites, which can be easily absorbed through the intestine and play a valuable role in the maintenance of intestinal health (27). Studies confirmed that the SCFAs derived from intestinal microbiota may directly or indirectly affect the unabsorbed nutrients in the intestinal tract (28, 29). As suggested by previous studies, dietary proanthocyanidins can be degraded by intestinal microorganisms into simple phenolic compounds (24, 30). The ingested GSPE was relatively stable in the colon and may affect gastrointestinal tract health (31). GSPE significantly reduced cecal butyrate concentration and modulated the ratio of acetate:propionate:butyrate in mice (32). These studies were in accordance with our findings that the dietary GSPE treatment led to the increment of major colonic SCFAs (butyrate, propionate, and isobutyrate) in present study.

Grape by-products (are extensively debated as antibacterial and feed additives) change the gastrointestinal microflora of broilers (29, 33). Research has confirmed that the flavonoids existing in grape by-products are able to increase the growth of beneficial intestinal bacteria and also restrict certain pathogenic organisms, such as E. coli, Candida albicans, and Staphylococcus aureus (4, 6). Casanova-Martí et al. (32). identified that GSPE changes the diversity of cecal microbiota. This result aligns with the general opinion that polyphenols increase Bacteroidetes and decrease Firmicutes phyla (32). In the present study, the ratio of Firmicutes : Bacteroidetes populations in the GSPE group was not substantially changed; the ratio is normally treated as a marker for intestinal inflammation. Therefore, we undertook a LEfSe analysis and found Betaproteobacteriales, Erysipelatoclostridium, Parasutterella, Lewinalla, Lactobacillus, and Candidatus-Stoquefichus dominated the GSPE treatment. Obviously, the dosage of GSPE influenced the dominant microflora. Other studies produced similar results, dietary polyphenols can help to maintain bowel health by promoting the development of beneficial bacteria (i.e., Lactobacilli and Bifidobacteria), thus demonstrating the positive prebiotic effect of polyphenols (34). Anhê et al. (35). also confirmed that polyphenols extracted from different plants played a beneficial role in modulating the gut microbiota composition, which increased the abundance of Bifidobactrium spp., Clostridiales, Faecalibacterium spp., Lactobacillus spp., and especially the growth of Akkermansia muciniphila (35). Some micro-organisms, such as Lactobacilli, have been confirmed to use polyphenols compounds in GSE as nutritional substrates to metabolize phenolic compounds for providing energy to cells and effectively affecting bacterial metabolism (12, 36).

The growing evidence reveals that dietary polyphenols from plants including those from grape, tea, and coffee influence the glucose, protein, amino acids, and lipid metabolism in vitro and in vivo studies (37), which is similar our results to some extent. An earlier study found that GSPE influenced the lipid metabolism by reducing the levels of circulating free fatty acids, limiting the dietary fat absorption and the accumulation of fat in adipose tissue (38). Dietary polyphenols may modulate the glucose metabolism by stimulating peripheral glucose uptake (39). In another study, El-Alfy et al. (40). found that orally administered GSPE decreased the lipid peroxidation and substantially inhibited the rise in blood glucose levels in rats injected with alloxan (40). A rare test was conducted to estimate the change in serum metabolites in GSPE supplemented broilers. Changes in metabolites for lipids, amino acids, alkaloids, and aspartate protease were consistent with previous results in the PICRUSt analysis. Hence, we used MetaboAnalyst 4.0 for analyzing the significantly changed serum metabolites in Gallus gallus to identify the related metabolism pathways. Both sphinganine (belonging to the sphingolipid metabolism pathway) and all-trans-18-Hydroxyretinoic acid (belonging to the retinol metabolism pathway) were up-regulated due to the GSPE treatment. Moreover, although no study on the effects of GSPE on serum alkaloids have been reported, the increment of acetyltropine, belladonnine, and salannin and the decrement of (+)-prosopinine were screened for the GSPE treatment. We considered them as the biomarkers for evaluating the influence of dietary GSPE treatment on bird serum metabolites.

GSPE (with their metabolites) reach the colon by enterohepatic recirculation. They were catabolized by colonic microbiota before absorption, generating metabolites in the serum (5). The dietary GSPE encouraged the prevention and treatment of metabolic disorders by targeting intestinal microbiota through a potential prebiotic agent (24). Interestingly, the acetyltropine was oppositely correlated with the bacterial strains related with sphinganine, all-trans-18-hydroxyretinoic acid, and belladonnine. Further study is required to provide a definite explanation. Additional tests should be conducted to investigate the relationship between the digestive microflora and serum metabolome in broilers supplemented with GSPE.



Conclusion

In summary, we found that GSPE significantly improved the growth performance, increased the serum IgA and IgY concentrations, decreased the mucosal IL-6 and IL-1β, and increased kinds of SCFAs in broilers. Data of 16S rRNA high throughput sequencing of cecal microflora revealed that Betaproteobacteriales, Erysipelatoclostridium, Parasutterella, Lewinalla, Lactobacillus, and Candidatus-Stoquefichus dominated the cecal microflora of birds with GSPE treatment, which higher heatmap scores in the known functional genes for amino acid, lipid, carbohydrate cofactors and vitamins metabolism, cell communication, cellular processes and signaling, and xenobiotics biodegradation and metabolism in GSPE-treated birds from PICRUSt analysis. Based on the non-targeted serum metabolomic method using UPLC-Q-TOF/MS, our statistical analysis found that 13 serum metabolites were significantly up-regulated, and 10 metabolites were significantly down-regulated by the GSPE-supplemented diets in broilers. Additionally, we also identified that all-trans-18-hydroxyretinoic acid and sphinganine may be used as potential biomarkers for evaluating the GSPE regulations. Our findings provide a scientific foundation for GSPE application in broiler feed in the future.
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Background: Holly (Ilex latifolia Thunb.) polyphenols extracts (HPE) contain high amounts of polyphenols, including phenolic acids, triterpenoids, tannic acids, and so on, which have strong antioxidant function. This experiment was aimed to explore the protective effect and mechanism of HPE against hepatic injury induced by diquat.

Methods: Thirty-two weaned piglets were allotted by a 2 × 2 factorial experiment design with diet type (basal diet vs. HPE diet) and diquat challenge (saline vs. diquat). On the 21st day, piglets were injected with diquat or saline. One week later, blood samples were collected. Then all piglets were slaughtered and hepatic samples were collected.

Results: Dietary HPE supplementation improves hepatic morphology, the activities of plasma aspartate aminotransferase, alanine aminotransferase, and glutamyl transpeptidase, and enhances hepatic anti-oxidative capacity, while it regulates the expression of ferroptosis mediators (transferrin receptor protein 1, heat shock protein beta 1, solute carrier family 7 member 11, and glutathione peroxidase 4) in diquat-challenged piglets.

Conclusion: These results indicate that dietary HPE supplementation enhances hepatic morphology and function, which is involved in modulating antioxidant capacity and ferroptosis.

Keywords: holly polyphenols extracts, liver, diquat, oxidative stress, ferroptosis, weaned piglets


INTRODUCTION

In recent years, metabolic syndrome has become a significant public health tissue. Liver, as the largest solid organ in our body, has many important functions, such as detoxification process, multiple synthesis, and secretions of endogenous compounds (1, 2). After absorption from the intestine, the liver is the first organ involved in metabolism of dietary nutrients. An abundant amount of reactive oxygen species (ROS) is produced in the liver, and hence the liver is likely to be affected by oxidative stress (3). ROS can induce the animals under oxidative stress, which is implicated in various types of hepatic diseases.

Excessive ROS consume the endogenous antioxidants, which subsequently cannot counteract the over-produced ROS (4). ROS interact with all cellular macromolecules, especially the polyunsaturated fatty acids, which are the main composition of membrane structure, and can be easily attached by ROS through lipid peroxidation leading to cell death (5).

Although cell death is vital for fundamental physiological processes, it is frequently induced in varies stresses and diseases (6). Ferroptosis is the latest identified form of cell death in 2012, which is induced by loss of the lipid repair enzyme glutathione peroxidase 4 (GPX4) activity and then accumulation of lipid-based ROS (7). This type of cell death has its genetical, biochemical, and morphological characteristics, which is different from other cell death types, such as apoptosis, unregulated necrosis, and necroptosis (7). Increasing evidence shows that lipid peroxidation plays a critical role in mediating ferroptosis. Therefore, the relative molecules and signals in lipid peroxidation participate in ferroptosis regulation (8). However, the current studies in ferroptosis are focused in human cancer and neuropathy (9, 10). There are few reports about ferroptosis in the liver under oxidative stress status.

Polyphenols in plants are a kind of secondary metabolite that can provide protection against invasive pathogens and ultraviolet-induced damage (11). Some research has reported that polyphenols exert many beneficial effects on health in humans and rodent models (12, 13). The polyphenols include more than 8,000 different compounds with the common structure, namely the phenol ring (14). The polyphenols can be separated to the flavonoid-type and the non-flavonoid-type polyphenols according to the number of phenol rings and the structural elements that bind these rings to one another (11). Ilex latifolia Thunb. is called Da Ye Dong Qing in Chinese and widely consumed in China and other Southeast Asia countries (15). I. latifolia Thunb. became popular due to its public acceptance as highly advantageous nutrition and many beverage functions, such as an antioxidant, an anti-obesity agent, and so on (16). In recent years, some studies have shown that the extracts from I. latifolia Thunb. contain high amounts of polyphenols, including phenolic acids, triterpenoids, tannic acids, and so on (17). A large number of studies have shown that polyphenol-rich plant extracts or isolated polyphenolic compounds relieved experimentally induced oxidative stress (18, 19). Polyphenols can directly clear ROS as well as increase the activities of various antioxidant enzymes (20).

To explore whether holly polyphenols extracts (HPE) could alleviate hepatic injury by regulating anti-oxidative capacity and ferroptosis, the piglets were fed a basal diet with or without HPE, followed by intraperitoneal administration of diquat to trigger liver oxidative stress and damage in this study (21). We reveal that HPE supplementation improves hepatic morphology, enhances hepatic anti-oxidative capacity, and reduces the expression of ferroptosis mediators in diquat-challenged piglets.



MATERIALS AND METHODS


Animal and Experimental Design

An animal trial was conducted in agreement with the Animal Scientific Procedures Act 1986 (Home Office Code of Practice. HMSO: London January 1997) and the EU regulation (Directive 2010/63/EU). Experimental procedures were approved by the Animal Care and Use Committee of Wuhan Polytechnic University (Wuhan, China). A total of 32 weaned crossbred barrows [Duroc × Landrace × Large White, 35 ± 1 d, 8.16 ± 0.68 kg initial body weight (BW)] were used in the current study. Pigs were solely housed in stainless steel metabolic cages (1.80 × 1.10 m2) with free access to food and water in an environmentally controlled house. The ambient temperature was maintained at 22–25°C. The corn-soybean meal basal diet was accepted by the National Research Council requirements (22). The basal diet was also supplemented without or with 250 mg/kg of a commercial holly (I. latifolia Thunb.) polyphenols extracts product containing 65.5% total polyphenols, and the main ingredients were phenolic acids and tannins.

The trial was conducted as a 2 × 2 factorial design. Pigs were fed a basal or HPE diet for 21 days, and then they were intraperitoneal injection of diquat (dibromide monohydrate, Chem Service, West Chester, PA) at 100 mg/kg BW in saline or the same volume of saline. The two factors were diet type (basal or HPE diet) and oxidative stress (diquat or saline), respectively.



Sample Collection

Seven days after injection of diquat or saline solution, blood samples were collected from the jugular vein and placed into heparinized vacuum tubes. Then the blood samples were centrifuged to harvest plasma. Plasma samples were stored at −80°C for analysis of biochemical parameters. After blood collection, all pigs were slaughtered with sodium pentobarbital (80 mg/kg BW), and the liver samples were collected instantly. One piece of liver sample was put in fresh 4% paraformaldehyde/phosphate buffered saline for 24 h to analyze histology. The rest was frozen in liquid nitrogen and transferred to a −80°C freezer for further analysis.



Plasma Biochemical Indicators

The activities of plasma aspartate aminotransferase (AST), alanine aminotransferase (ALT), and glutamyl transpeptidase (GGT) were determined according to the previous method (20).



Liver Histology

The liver pieces were dehydrated, embedded, and stained with hematoxylin and eosin after a 24-h fixation. The hepatic injury was measured according to Chen et al. (23).



ATP, ADP, and AMP Concentrations in the Liver

The adenosine triphosphate (ATP), adenosine diphosphate (ADP), and adenosine monophosphate (AMP) concentrations in the liver of piglets were detected with high performance liquid chromatography (HPLC) in accordance with our previous study (24). Total adenine nucleotide (TAN) and adenylate energy charges (AEC) were calculated by the following equations: TAN = ATP + ADP + AMP; AEC = (ATP + 0.5 ADP)/(ATP + ADP + AMP).



Anti-Oxidative Capacity of the Liver

Total antioxidative capacity (TAOC), malondialdehyde (MDA), activities of glutathione peroxidases (GSH-PX), and reductive glutathione (GSH) of liver samples were determined using commercial kits from Nanjing Jiancheng Bioengineering Co. The antioxidative capacity was measured according to Chen et al. (23).



Transmission Electron Microscope (TEM) Observation of the Liver

Moderate liver samples were soaked in 0.1 mol/L phosphate buffer solution and stored in a 4°C refrigerator. Then, the livers of the piglets were dissected and fixed in 2.5% glutaraldehyde at 4°C for over 2 h, after which the samples were washed three times with phosphate buffer solution (pH 7.3). Following, the samples were fixed with 1% osmium tetroxide about 2 h, rewashed three times with phosphate buffer solution and dehydrated with graded concentrations of ethanol (50, 70, 80, 90, and 100%). After soaking with a 1:1 mixture of acetone and resin for 1 h, the samples were soaked with a 1:2 mixture of acetone and resined for 2 h, then embedded with pure resin and sliced. Staining with uranyl acetate and lead acetate, the slices were observed and photographed with a HT7700 TEM (Hitachi Co. Ltd., Japan).



mRNA Expression Analysis by Real-Time PCR

The methods for total RNA isolation, quantification, reverse transcription, as well as real-time PCR were according to Xu et al. (25). The primer pairs for amplification of target genes are presented in Table 1. The expression of the target genes relative to housekeeping gene (glyceraldehyde-3-phosphate dehydrogenase; GAPDH) was analyzed by the 2ΔΔCT method. Relative mRNA abundance of each target gene was normalized to the piglets fed basic diet and injected with 0.9% NaCl solution.


Table 1. Primer sequences used for real-time PCR.

[image: Table 1]



Protein Abundance Analysis by Western Blot

The methods for protein abundance measurement in the liver were referred to Xu et al. (25). Briefly, the liver samples were homogenized in lysis buffer and centrifuged to collect the supernatants for Western blot and protein assay. Hepatic proteins were separated on a polyacrylamide gel and transferred onto polyvinylidene difluoride membranes. The membranes were blocked for non-specific binding for at least 60 min with 3% BSA in TBS/Tween-20 buffer, washed and incubated overnight (12–16 h) at 4°C with primary antibodies. Specific primary antibodies included rabbit anti-transferrin receptor protein 1 (TFR1, 1:1000; 86 kDa, #70R-50471; Fitzgerald, Rd. Sudbury, Acton, MA, USA), goat anti-solute carrier family 7 member 11 (SLC7A11, 1:1000; 55 kDa, #ab60171; Abcam, Cambridge, MA, USA), rabbit anti-glutathione peroxidase 4 (GPX4, 1:1000; 20 kDa, #10005258; Cayman Chemical Company, Rd. Ellsworth, Ann Arbor, MI, USA), and mouse anti-β-actin antibody (1:1000, 43 kDa, #A2228; Sigma-Aldrich, St. Louis, MO, USA). The membranes were then incubated with anti-rabbit/anti-mouse/anti-goat IgG HRP-conjugated secondary antibody for 120 min at room temperature (21–25°C). The relative protein abundance of target proteins (TFR1, SLC7A11, GPX4) were expressed as the ratio of target protein/β-actin protein.



Statistical Analyses

All data were analyzed as a 2 × 2 factorial design by ANOVA using the general linear model procedures (GLM) of SAS (SAS Inst. Inc., Cary, NC). The statistical model included the effects of diquat challenge (saline or diquat) and diet (basal or HPE), as well as their interactions. Data were presented as means and SEMs. When there was a significant or trend interaction between the two effects, post-hoc testing was conducted using Duncan's multiple comparison tests. Differences were considered to be significant if P < 0.05. Instances in which 0.05 < P ≤ 0.10 were considered as trends.




RESULTS


Hepatic Morphology Observation

There was no obvious pathological change in the piglets injected with saline and fed basal (Figure 1A) or HPE supplementation diet (Figure 1B). However, pathological changes of liver damage such as hepatocyte caryolysis, karyopycnosis, hepatic spindle cells disappear and hepatic cell cords arrangement in disorder were found in the piglets injected by diquat and fed basal diet (Figure 1C). Compared to the piglets injected with diquat and fed basal diet, liver damage was relieved in the piglets injected with diquat and fed HPE supplementation diet (Figure 1D).


[image: Figure 1]
FIGURE 1. Effect of holly polyphenols extracts (HPE) supplementation on hepatic morphology after 7 d diquat challenge in weanling[-2mm]Q7 piglets. Representative liver photomicrographs are shown. (A) Pigs fed a basal diet and treated with 0.9% NaCl solution. (B) Pigs fed a HPE diet and treated with 0.9% NaCl solution. No obvious pathological changes were observed. (C) Pigs fed the same basal diet and challenged with diquat. Significant pathological changes of liver damage such as hepatic spindle cells disappear (a), hepatocyte caryolysis (b), hepatocyte karyopycnosis (c), hepatic cell cords arrangement in disorder were found. (D) Pigs fed a HPE diet and challenged with diquat. Liver damage was significantly alleviated. n = 8 (1 pig/pen). Original magnifications 400×. Scale bars = 22.4 μm.




Plasma Biochemical Parameters

There was a significant interaction between diquat challenge and HPE supplementation for AST, ALT, and GGT activities (P < 0.05, Table 2). Supplementation with HPE significantly decreased AST, ALT, and GGT activities in the piglets challenged with diquat (P < 0.05).


Table 2. The plasma biochemical parameters of the piglets fed holly polyphenols extracts (HPE) diet with diquat challenge.
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Hepatic ATP, ADP, and AMP Content

There was a significant interaction between diquat challenge and HPE supplementation for the hepatic ATP concentration, AEC, and AMP/ATP ratio (P < 0.05, Table 3). Supplementation with HPE significantly increased hepatic ATP concentration and AEC in the piglets challenged with diquat (P < 0.05). However, the AMP/ATP ratio in the piglets fed HPE was significantly reduced compared with the piglets fed basal diet and challenged with diquat (P < 0.05).


Table 3. The liver ATP, AMP, and ADP contents (μg/g wet wt) of the piglets fed holly polyphenols extracts (HPE) diet with diquat challenge.
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Hepatic Antioxidant Capacity

There was a significant interaction between diquat challenge and HPE supplementation for hepatic TAOC and reduced GSH amount (P < 0.05, Table 4). Supplementation with HPE significantly enhanced hepatic TAOC and increased reduced GSH amount in the piglets challenged with diquat (P < 0.05). Moreover, diquat challenged significantly increased hepatic MDA amount and supplementation with HPE significantly reduced hepatic MDA amount in the piglets (P < 0.05).


Table 4. The liver antioxidative capacity of the piglets fed holly polyphenols extracts (HPE) diet with diquat challenge.
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Hepatocytes Transmission Electron Microscope Observation

There were no obvious characteristics of hepatocytes ferroptosis in the piglets without the diquat challenge (Figures 2A,B). Nevertheless, characteristics of ferroptosis, such as mitochondrial pyknosis, mitochondrial cristae reduction, rough endoplasmic reticulum dilatations, and karyotheca deformation separated from cytoplasm, were found in the piglets challenged with diquat and fed basal diet (Figure 2C). Compared with the piglets challenged with diquat and fed basal diet, hepatocytes ferroptosis was attenuated in the piglets challenged with diquat and fed HPE diet (Figure 2D).


[image: Figure 2]
FIGURE 2. The effect of dietary holly polyphenols extracts (HPE) supplementation on hepatocyte ultrastructure after 7 d diquat challenge in weanling pigs. Representative hepatocyte ultrastructures are shown. (A) Pigs fed a basal diet and treated with 0.9% NaCl solution. (B) Pigs fed a HPE diet and treated with 0.9% NaCl solution. (A) and (B) were no obvious ferroptosis characteristics. Presented as complete mitochondria (a), mitochondria with distinct cristae (b), normal rough endoplasmic reticulum (c), karyotheca integrity (d). (C) Pigs fed the same basal diet and challenged with diquat. Significant ferroptosis characteristics were observed, such as mitochondrial pyknosis (e), mitochondrial outer membrane rupture (f), mitochondrial cristae reduction (g), and slightly dilatations of rough endoplasmic reticulum (h) were found. (D) Pigs fed a HPE diet and challenged with diquat.




Hepatic mRNA Expression of Key Genes Related to Ferroptosis

There was a significant interaction between diquat challenge and HPE supplementation for hepatic transferrin receptor protein (TFR1), heat shock protein beta 1 (HSPB1), solute carrier family 7 member 11 (SLC7A11), and glutathione peroxidase 4 (GPX4) mRNA expression (P < 0.05, Table 5). Supplementation with HPE significantly reduced hepatic TFR1 mRNA expression in the piglets challenged with diquat (P < 0.05). Meanwhile, supplementation with HPE significantly increased hepatic HSPB1, SLC7A11, and GPX4 mRNA expression in the piglets challenged with diquat (P < 0.05).


Table 5. The liver mRNA expression of ferroptosis-related signals of the piglets fed holly polyphenols extracts (HPE) diet with diquat challenge.
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Hepatic Protein Abundance Related to Ferroptosis

There was a significant interaction between diquat challenge and HPE supplementation for hepatic TFR1 and GPX4 protein abundance (Figure 3, Supplementary Files). Supplementation with HPE significantly reduced hepatic TFR1 abundance, while it increased GPX4 abundance in the piglets challenged with diquat (P < 0.05). Moreover, the piglets challenged with diquat had significant hepatic SLC7A11 abundance compared with the piglets without challenge (P < 0.05).


[image: Figure 3]
FIGURE 3. The effect of dietary holly polyphenols extracts (HPE) on protein expression of TFR1 (B), SLC7A11 (C), and GPX4 (D) of weaned pigs after 7 d diquat challenge. The bands were the representative Western blot images (A). Values are mean and pooled SEM, n = 8 (1 pig/pen). CON_S, piglets fed the basal diet and injected with saline; HP_S, piglets fed HPE diet and injected with saline; CON_DIQ, piglets fed the basal diet and challenged with diquat; HP_DIQ, piglets fed HPE diet and challenged with diquat.





DISCUSSION

This experiment was aimed to explore whether HPE could alleviate diquat-induced hepatic injury in a weanling piglet model and to explore the regulation mechanism of ferroptosis in hepatocytes death. Dietary supplementation with HPE improved hepatic morphology and function enhanced the status of energy metabolism and anti-oxidant capacity in the liver. Moreover, dietary supplementation with HPE relieved the extent of hepatocytes ferroptosis by regulating the expression of gene and protein associated with ferroptosis.

Hepatic morphological observation and plasma biochemical analysis (ALT, AST, and GGT activities) are direct methods to evaluate hepatic dysfunction (23). In the present study, pathological liver with hepatocyte caryolysis, karyopycnosis, and altered hepatic cord arrangement was observed in the piglets challenged with diquat and fed a basal diet. However, only mild hepatic injury was observed in the piglets challenged with diquat and fed a HPE supplemented diet. Similar results also occurred in the plasma biochemical parameters. The liver is the primary metabolic organ and also considered an organ with immune function in human and animals, in which altered indices in the liver affect many body's function. The negative change of hepatic indices demonstrated that diquat treatment successfully induced oxidative stress in the piglets. Dietary HPE supplementation attenuated diquat-induced hepatic pathological morphology and dysfunction. Some previous studies also showed a protective effect of HPE on ALT and AST activities in plasma and hepatic morphology (26, 27).

ATP is the most direct source of energy in the body. It can participate in a variety of cellular functions and meet the energy requirements during the early response to a stress (28). Some previous studies showed that HPE improved lipid metabolism (29). HPE reduced intracellular triglyceride and cholesterol contents in rats (30). Feng et al. also reported that HPE inhibited liver weight and deposition of lipid (27). In the present study, the increased ATP content may be caused by decomposition of lipid by HPE to produce more energy to satisfy hepatic function and energy requirement.

Diquat can induce oxidative stress and decrease antioxidant capacity in the piglets (21). TAOC reflects the body or organ cumulative effect of all antioxidants (31). MDA is an important marker for reflecting the degree of lipid peroxidation and the extent of cellular damage (32). GSH is a tripeptide with a gamma peptide linkage between the carboxyl group of the glutamate side chain and cysteine, and the carboxyl group of the cysteine residue is attached by normal peptide linkage to glycine (33). Meanwhile, GSH is regarded as a cofactor of GSH-PX, involved in neutralizing H2O2 and lipid hydroperoxides, and the alterations in the GSH redox state responds to the oxidative stress and redox status of the body (33). The current results indicated that HPE increased hepatic TAOC, reductive GSH content, and reduced MDA content in the piglets challenged with diquat. Many previous researches have reported that HPE had strong antioxidant capacity (13, 16). In agreement with our study, Zhao et al. demonstrated that polyphenols in Kuding tea increased the amount of reductive GSH and decreased the amount of MDA in a HCl/ethanol-induced gastric injury mice model (34). In our study, a diquat challenge induced an oxidative stress, which led to a lipid metabolism disorder and disrupted the oxidative state homeostasis. Supplementation with HPE strongly prevented the hepatic injury via its antioxidant function.

The classical programmed cell death, including apoptosis, autophagy, and programmed necrosis, is referred to be death of a cell in any pathological format when mediated via an intracellular program (35). In 2012, Dixon et al. reported an original and non-apoptotic cell death forms from rat brain slices, which relates to the oxidative stress process closely, called ferroptosis, and is morphologically, biochemically, and genetically distinct from apoptosis, necrosis, and autophagy (7). Ferroptosis is a programmed cell death form dependent on iron, as well as originated by the malfunction of the glutathione-dependent antioxidant defenses, resulting in unchecked lipid peroxidation and eventual cell death (36). The representative features of cell ferroptosis include lipid peroxidation, mitochondrial pyknosis, mitochondrial outer membrane rupture, and mitochondrial cristae reduction (7). The transmission electron microscope observation in our study clearly showed characteristics of ferroptosis in hepatocytes, such as mitochondrial pyknosis, mitochondrial outer membrane rupture, mitochondrial cristae reduction, rough endoplasmic reticulum dilatations, and karyotheca deformation separated from cytoplasm in the piglets challenged with diquat, which illustrated diquat-induced hepatic ferroptosis. Moreover, dietary HPE supplementation alleviated hepatic ferroptosis in the organelle level of the piglets.

Ferroptosis is activated by several intracellular and extracellular factors. TFR1, also known as CD71, is a receptor protein encoded by the transferrin receptor (TFRC) gene (37). When ferroptosis occurs, the protein can be used as a carrier to transfer ferric iron (Fe3+) into the inner cell membrane. HSPB1 is a chaperone of the small heat shock protein (sHsp) group among ubiquitin, α-crystallin, Hsp20, and others. The main functions of sHsps include chaperone activity, thermotolerance, inhibition of apoptosis, regulation of cell development, and differentiation. HSPB1 can reduce the concentration of Fe3+ by inhibiting the express of TFR1 and further ease the intensity of ferroptosis (38). The SLC7A11 gene codes for a sodium-independent cystine-glutamate anti-porter that is chloride dependent, known as system [image: image] or xCT. As a component of the cysteine-glutamate transporter, SLC7A11 plays a central role in GSH homeostasis, which significantly protects cells from oxidative stress (39). GPX4 is a phospholipid hydroperoxidase that protects cells against membrane lipid peroxidation, and its activity can specifically inhibit ferroptosis (10). The increase of TFR1 mRNA abundance under a diquat challenge indicated that diquat induced mass Fe3+ into hepatocytes, which easily lead to hepatocellular lipid oxidation via the Fenton reaction. In addition, dietary HPE significantly increased hepatic HSPB1, SLC7A11, and GPX4 mRNA abundance in the diquat-challenged piglets. These results demonstrate that dietary HPE has a good effect on inhibiting ferroptosis through enhancing the hepatic antioxidant system, which is in agreement with the results of improved hepatic antioxidant capacity. In accordance with the results of mRNA abundance, the protein abundance results also showed that dietary HPE supplementation increased GPX4 and decreased TFR1 abundance, which demonstrates that dietary HPE is conducive to protect the liver from ferroptosis via inhibiting the transfer of Fe3+ and enhancing the synthesis of GPX4.



CONCLUSION

In conclusion, HPE is a dietary supplement for relieving diquat-induced hepatic injury in the piglet model. HPE is able to relieve diquat-induced hepatic ferroptosis via inhibiting the transfer of Fe3+ and enhancing GPX4 expression.
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Polyphenol compounds found in green tea have a great therapeutic potential to influence multiple human diseases including malignancy and inflammation. In this mini review, we describe effects of green tea and the most important component EGCG in malignancy and inflammation. We focus on cellular mechanisms involved in the modification of T cell function by green tea polyphenol EGCG. The case is made that EGCG downregulates calcium channel activity by influencing miRNAs regulating expression of the channel at the post-transcriptional level.
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BIOLOGICAL EFFECTS AND ACTIVE COMPONENTS OF GREEN TEA

The global consumption of tea is estimated to be 273 billion L/year, and its putative impact on health has attracted considerable scientific interest (1–3). It is believed that green tea (Camellia sinensis) was first cultivated from China and has been manufactured and used for drinking purposes for several centuries (1). Green tea is the part of Theaceae plant family that encompasses several other plants and shrubs of medicinal and ornamental interest and is chiefly consumed in East Asia, the Indian subcontinent, and Southeast Asia (4). After water, green tea is probably the second most consumed beverage worldwide (4, 5). Green tea has health-promoting effects in a number of pathological disorders, such as cardiovascular disease, neurodegeneration, stroke, obesity, diabetes, and viral or bacterial infections (6–8). Furthermore, due to the anti-cancer properties of green tea, its components may be used for protection against cancer (9–15).

Tea is produced in various forms due to distinct manufacturing processes (4). Green tea is produced from fresh tea leaves; however, steaming or pan-frying process is used further for enzyme deactivation, which precludes the oxidation of polyphenols termed catechins present in the tea leaves (6, 12). Tea mainly contains catechins that roughly contribute 30–40% in brewed desiccated green tea including (–)-epigallocatechin-3-gallate (EGCG), (–)-epigallocatechin (EGC), (–)-epicatechin gallate (ECG), and (–)-epicatechin (EC) (5, 6, 12, 16–19). EGCG is the utmost catechin available in green tea and roughly embodies 50–80% of catechins in a 200–300 mg/brewed cup of green tea (20). EGCG is the best-studied green tea component and the principal polyphenol involved in health benefiting actions such as anti-inflammatory and anti-carcinogenic effects (12, 21).



INFLUENCES OF EGCG AND RELATED SUBSTANCES

Green tea and its components were already demonstrated to counteract malignancy in several animal experiments (8, 9, 11, 22), but their biological activity in human subjects is still a matter of controversy (12, 23, 24). EGCG has been shown to affect angiogenesis and apoptosis, and acts as an antioxidant in different types of cancer and neurodegenerative diseases (6, 14, 20, 25). However, the significance of these findings was questioned, as most of the experiments performed in these studies had used a concentration range from 20 to 200 μM EGCG, which is higher than the serum concentration of EGCG encountered in humans (<10 μM) (12). The EGCG concentrations in human serum or plasma can be found in a range of 0.1 and 1 μM following drinking few cups of green tea and may approach 7 μM with supplements (12, 13, 26, 27).

Some reports have suggested that these dietary compounds may need some modification or changes in their structure to improve the safety and effectiveness so that they can achieve their maximum bioavailability and function (28–30). Therefore, EGCG has been modified by modulation of hydroxyl groups with peracetate groups called pEGCG (prodrug of EGCG, EGCG octa-acetate) to augment the bioavailability and stability of green tea polyphenol EGCG (12, 30, 31). The resulting polyphenolic compounds displayed enhanced anti-proliferative activity in breast cancer (12). A nanoparticle-based EGCG delivery system is already considered for oral dispensation in murine xenograft model (nude mice) with human prostate cancer (nanochemoprevention), resulting in 10 times dose advantage for pro-apoptotic and anti-angiogenic effects in vitro and in vivo (14).

The mechanism that causes the health-promoting properties of EGCG is the suppressive effect on growth of different cell types (1, 8, 11–13, 15, 22, 32–37). Conversely, the cell growth suppressed by EGCG is not only restricted to the tumor or cancerous cells, but it can also reduce the growth of cells that are not cancerous in nature such as bovine vascular smooth muscle cells (5). EGCG oxidizes easily and this can significantly affect its binding properties, thus impacting on cell adhesion ligand accessibility and matrix rigidity of cancer cells (38). In addition to several beneficial effects of green tea polyphenols, it can also have some potential side effects, which are summarized in recent reviews (27, 39). In brief, excessive consumption of green tea could lead to several side effects including dehydration (as green tea has diuretic property), deranged bile acid synthesis, gastroesophageal reflux disease and interference with iron metabolism (4, 39). Further research is warranted to investigate the beneficial and adverse effects of EGCG.



INTERACTION BETWEEN DIETARY POLYPHENOLS AND GUT MICROBIOME

The interaction between polyphenols including their metabolites and gut microbiota is critical to understanding the biological mechanisms of polyphenols, since polyphenols are poorly absorbed and most of them are metabolized by the microbiome to form phenolic metabolites (40). Dietary polyphenols could play a key role in growth of several beneficial bacteria including Lactobacillus and Bifidobacterium spp. by modulating the growth of other pathogenic bacteria (41, 42). Green tea may change the human intestinal and oral microbiota of healthy individuals (43). Two weeks of green tea liquid usage may increase the Firmicutes-to-Bacteroidetes ratio, elevate short-chain fatty acids producing genera, and reduce bacterial lipopolysaccharide (LPS) synthesis, effects maintained even after 1 week of washout period (43). In addition to this, green tea is also able to change the salivary and oral epithelium microbiota in humans (43, 44). Mouse studies revealed that green tea extract or its components, EGCG caffeine, and theanine, given for 7 days are also able to modulate the gut, cecum, as well as skin microbiome and metabolites following a single ultraviolet (UV) light stress (41, 45). The strongest effect was observed on Firmicutes-to-Bacteroidetes ratio after green tea extract, which was decreased after UV light (UV stress vs. green tea extract) (41). A human study also showed that 7 days consumption of green tea extract can lead to a change in metabolite production (46). This study highlights the important role of gut bacteria in the metabolism of green tea extract. In plasma, after 2 h of consumption, green tea extract was metabolized into different components ECGG, GC, and GCG and 16 out of 163 endogenous metabolites were affected including hippurate, taurine serotonin, and 3,4-dihydroxyphenylethylene-glycol (46). This study did not explore the change in the gut microbiota but highlights the potential role of commensals in breaking down green tea extracts. Furthermore, an in vitro study also investigated the metabolic fate of EGCG and its influence on gut microbiota and found that EGCG itself can be degraded into several metabolites (47). Microbiome profiling suggested that EGCG treatment increased the growth of several beneficial bacteria such as Bacteroides and Bifidobacterium and inhibited the growth of pathogenic bacteria Fusobacterium and Enterobacteriaceae (47). On a metabolic level, 4-phenylbutyric acid was positively or negatively correlated with 11 bacterial genera (Lachnoclostridium and Fusobacterium are positively related whereas others including Alistipes and Bacteroides are negatively correlated) (47). 4-Hydroxybenzoic acid had a negative correlation with Haemophilus bacterial genera while phenylacetic acid showed positive or negative correlation with bacterial genera (positively with Fusobacterium and negatively with Haemophilus and Streptococcus) (47). Nonetheless, animal and human reports suggest that the degradation of EGCG in the gastrointestinal tract and the function of metabolites should be considered for better understanding the mechanisms of EGCG and immune responses (Figure 1).


[image: Figure 1]
FIGURE 1. Gut microbiota in modulation of green tea into different metabolites and possible immune T cells dysregulation. EGCG and EGCG derived metabolites produced by gut microbiota could be modifying the effector functions of immune T cells by different mechanisms such as upregulating the miRNAs, cytokine production, or Ca2+ activity.




EFFECT OF EGCG ON CALCIUM SIGNALING IN CD4+ T CELLS

The active component of green tea is EGCG, which is able to ameliorate symptoms and diminish the pathological conditions linked with autoimmune inflammatory diseases in a number of different animal models (1, 8, 20, 35–37, 48, 49). Key cells involved in autoimmune disease promotion or regulation are CD4+ T cells and their helper subsets (50). CD4+ T helper (Th) cells perform a crucial role in adaptive immune responses (51). These Th cells employ and activate other adaptive immune cells including B cells, and CD8 T cells, as well as other cells involved in the innate immune response (52). Naïve T cells can differentiate into various effector Th cells such as Th1, Th2, Th9, Th17, Th22, T follicular helper (Tfh), and induced regulatory T cells (iTregs) (49, 52–63). These cells secrete different repertoires of cytokines and recruit various arms of the immune response (52, 58). Th1 and Th17 cells are entailed for protection against intracellular pathogens and fungal infections and cancers, whereas Th2 cells are required for protection against helminths (56, 64–66). Th9 and Th22 cells are less well-defined but appear to be important for airway, tumor and skin inflammation, whereas Tfh cells are vital for the activation of B cells and the formation of germinal centers in secondary lymphoid organs (52, 57, 61, 62, 67–77). In contrast, Tregs help to maintain immune homeostasis by suppressing the immune response and preventing reactions against host organs and autoimmunity (51, 52, 78–85).

Recent studies demonstrated that EGCG supplemented in a diet mitigated experimental autoimmune encephalomyelitis (EAE) in a murine model, which was correlated with a lower number of Th1 and Th17 cells and an augmented number of Treg cells in the central nervous system as well as in peripheral lymphoid organs (49, 86). These studies also suggested that EGCG is able to inhibit inflammatory cytokines, namely, IL-12, IL-1β, IL-6, IL-23, and TNF-α. Furthermore, these cytokines were already proven to promote the development of Th1 (IL-12 helps in development and differentiation), Th17 (IL-1β, IL-6, IL-23—all three key cytokines promote the pathogenicity of these cells), and Th9 (TNF-α required for improved differentiation) cells, albeit IL-10 and IL-4 (Th2 cytokines) cytokines were not affected by EGCG (49, 86). Therefore, EGCG is able to modulate the CD4+ T cell differentiation (49). Nevertheless, further experimental support for this notion and an in-depth explanation of underlying mechanisms are desirable as Th9 cells are known to induce EAE (54) and EGCG can ameliorate EAE as described above; therefore, examining the impact of EGCG on Th9 cells in detail is required. Nonetheless, EGCG is effective against metabolic syndrome, obesity, and autoimmune arthritis by managing the fine balance of CD4+ T cells (37). The multifaced role of green tea and its different components in controlling diverse functions are summarized in Table 1.


Table 1. Effects of green tea polyphenol such as EGCG and its different components on immune T cells.
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In several diseases, EGCG affects the outcome by modulating the function of T cells. Differential effects of EGCG are observed on the proliferation of B and T cells from B-cell chronic lymphocytic leukemia (CLL) patients compared with healthy controls in a dose-dependent fashion (87). T or B cells are more prone to apoptosis in CLL patients compared with healthy controls (87). EGCG is shown to inhibit murine CD4+ T cell proliferation and induces apoptosis in vitro (Table 1) (5, 48, 94). However, EGCG in the gut of human and mice can also be converted into different metabolites, which could exert different effects on immune T cell functions. Kim et al. reported that 11 EGCG metabolites have a differential effect on murine CD4+ T cells compared with EGCG (88). EGCG and EGC green tea catechins decrease ATP levels, thus suggesting an inhibitory role in T cell activation. However, EGC metabolites (7 out of 11 metabolites) increased ATP levels compared with control and EGCG, thus reflecting activating effects on T cell functions (88). These results highlight the importance of gut bacteria on differential outcome of EGCG and their metabolites for regulating the functions of immune T cells. This could be a potential explanation why different people observe such heterogenic effects. Clearly, caution is warranted during interpretation of findings.

After engagement of the T cell receptor (TCR) with its cognate antigens leads to an activation of T cells, further activation triggers an increase in intracellular Ca2+ levels that is needed for the essential physiological functions of T cells such as gene expression, proliferation, cell motility, and cytokine production (99, 100). In naïve or resting T cells, Ca2+ accumulates in the endoplasmic reticulum (ER) of the cells and levels of Ca2+ are gauged by stromal cell-interaction proteins (STIM) 1 and 2 (101). Once TCRs are activated (after antigenic stimulation), inositol trisphosphate (IP3) is produced followed by binding to IP3 receptors expressed on the ER and results in the release of intravesicular Ca2+ into the cytosol (102, 103). The calcium store exhaustion stimulates Ca2+ influx across the plasma membrane of the T cells, a process called store-operated Ca2+ entry (SOCE) (104–106). SOCE results from assembly of calcium release-activated calcium (CRAC) channel protein 1, which is encoded by the Orai1 gene with the ER Ca2+ sensing proteins STIM1 and STIM2 (106). Orai1-mediated Ca2+ influx in T cells depends on a negative membrane potential delivering the electrical driving force for Ca2+ entry into the cells (100, 106). The membrane is polarized by opening of K+ channels and depolarized by opening of Na+ channels. Two K+ channels are known to be activated upon Ca2+ influx—the voltage-gated K+ channel (KV1.3) and the calcium-activated K+ channels (KCa3.1) (107–111). Negative feedback provided to these K+ channels is established by the transient receptor potential cation channel, subfamily M, member 4 (TRPM4), which mediates Na+ entry, thus depolarizing the membrane and curtailing Ca2+ entry through Orai1 (112). Further, the cell membrane potential also affects Cl− flux through Cl− channels and thus cell volume. When cells are exposed to hypotonic conditions, this results in swelling of T cells and Cl− channels start to operate. Cell swelling triggers the efflux of Cl− and eventually water from the cells, which returns the cell to its normal volume (102). The movement of Ca2+, K+, Na+, and Cl− ions ultimately affects the release of Ca2+; thus, regulating the performance of these ion channels would help to shape the signaling in T cells pivotal in development of Th cells and function (102).

The significance of ion channel function in T cells is mostly derived from genetic studies performed in murine models using either ion channel-specific gene knockout or siRNA knockdown (103). STIM1/2 or Orai1 (CRAC) knockout murine models have improved our knowledge on how these proteins participate in defective T cells' development contemplating the functions of these proteins in Ca2+ signaling (100, 102, 113). Furthermore, patients with mutations in these genes also have profound defects in T cell development and function and are therefore immunodeficient (104). In mice, depletion of these genes disrupts the production of IL-2, IFN-γ, IL-17 and TNF-α, and thereby inhibits development of all Th cell classes (106, 114). The knockout of KCa3.1 or KV1.3 results in the reduction of Ca2+ influx upon stimulation of T cells (108, 109, 111). Inflammatory cytokines, namely, IFN-γ and IL-17, are attenuated, indicating a defect in the development and/or function of these inflammatory Th cell types (115). However, Treg development and function appear normal and these mice are resistant to autoimmune disorders (108). Deletion of KCa3.1 protects mice from developing colitis whereas KV1.3 gene deletion prefers T cells toward immunoregulatory in function and renders the gene knockout mice impervious to autoimmune encephalomyelitis (109, 116, 117). Therefore, K+ channels are differentially required for the development and function of the various Th cell types. In addition, the KV1.3 channel is specifically upregulated in Th17 cells and is required for its activation and cytokine production (108). With regard to Na+ channels, gene array analysis indicates that TRPM4 is expressed more in Th2 compared to Th1 cells (112). Experiments performed in T cells for TRPM4 gene silencing using siRNA increases Ca2+ influx in Th2 cells, whereas it decreases Ca2+ influx in Th1 cells (102, 112). It also affects the T cell cytokine production of IL-2, IL-4 and IFN-γ in addition to cell mobility. However, the mechanisms underlying those effects are incompletely understood because the expression of Th1 and Th2 transcription factors Tbet and GATA3 are not affected, respectively (112, 118). In summary, these studies suggest that ion channels are differentially involved for the development and function of Th cell subtypes.

So far, only few studies were performed to understand the influence of green tea on SOCE pathway in CD4+ immune T cells (5, 48, 92, 94, 119–121). Other immune cells such as mast cells were given the treatment of EGCG in varying doses, which could inhibit the functions of mast cells such as degranulation, leukotriene C4 secretion, and SOCE (Ca2+ flow) through mitochondrial calcium dysfunctions (119). In human Jurkat T cells, it is demonstrated that EGCG is capable to diminish the calcium influx (48, 120). Recently, one study in murine primary CD4+ T cells suggested that EGCG is able to inhibit the SOCE in a dose-dependent fashion and affects cell proliferation and apoptosis (48). Thus, EGCG inhibits Ca2+ influx in immune cells including T cells.



EGCG CONTROLS MIRNAS EXPRESSION IN CANCER AND IMMUNE T CELLS

MicroRNAs (miRNAs) are non-coding very small (single-stranded ~19–23 nucleotides) RNA molecules that regulate at least one third of genome (gene expression) at the post-transcriptional level (122). These miRNAs are instructed by host genes and appear to present in both intronic and exonic regions of protein-coding genes as well as in non-coding genes (123–125). In general, the process of miRNAs biogenesis begins in the nucleus of a T cell or other cell types from a primary miRNA (pri-miR) transcript, which changes into a secondary structure comprising either one or more hairpin loops or lollipop structures (126–128). These hairpin loops or lollipop structures are identified and processed by the microprocessor complex enzymes constituted of DiGeorge syndrome critical region 8 (DGR8) and Drosha (127, 129, 130). This enzymatic process yields a stem loop precursor miRNA (pre-miR) that consists of roughly 60–70 nucleotides. The pre-miR is transported to the cytoplasm by another protein called exportin-5 where it undertakes a secondary processing stage by another RNase III enzyme called Dicer yielding a RNA duplex of 19–23 nucleotides (130). This double-stranded RNA duplex is amalgamated into the RNA-induced silencing complex (RISC), where one of the RNA strands results in degradation while the subsequent RNA strand forms the mature miRNA involved in a post-translational process (131). Overall, most of the mature miRNA attaches to the 3′ UTR untranslated region (UTR) of its target mRNA transcript. However, in some instances, mature miRNAs could also attach to the 5′ UTR and the protein coding region of the gene (128). Once the binding is completed, then RISC either inhibits the translational process or degrades the targeted mRNA, thus decreasing protein expression (123, 132). Dysregulated miRNAs are involved in several pathological conditions including autoimmunity, infection, and cancer (125).

Various studies suggested that EGCG is able to upregulate several different miRNAs and also downregulates several of them; however, most of the studies focused on the miRNAs that were upregulated after green tea and its components such as EGCG (Table 2), thus affecting gene regulation and the respective cell functions such as cell proliferation, apoptosis, etc.


Table 2. Effects of green tea and its different componment on miRNAs expression in cancer and T cells.
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The contribution of miRNAs in the modification of Th cell development and function by EGCG has recently been uncovered (48, 138). One study suggested that EGCG upregulates miR-15b with subsequent suppression of Orai1/STIM2 protein synthesis and blunted SOCE (48). This study suggested that miR-15b could be a powerful post-transcriptional regulator of calcium entry and thus of calcium-sensitive functions of T cells (Figure 2).


[image: Figure 2]
FIGURE 2. Effect of EGCG on miRNA and Ca2+ signaling in T cells. EGCG is able to upregulate miR-15b-5p, thus decreasing Calcium influx (SOCE) proteins Orai1/STIM2. As a result, Ca2+-sensitive functions of T cells such as cell proliferation and cell growth in mice CD4+ T cells are blunted. As shown in human Jurkat lymphoblasts, EGCG also downregulates the PTEN/mTOR pathway and mitochondrial potential in addition to the Calcium influx, thus affecting the cell growth and proliferation.


EGCG differentially augments the expression of several miRNAs (Table 2) that are involved in the NF-κB inflammatory pathway (11), the retinoid X receptor α (RXRα) signaling pathway (15), downregulation of apoptotic protein (10) such as BCL2 (9), downregulation of tumor suppressor genes tropomyosin-1 (137), laminin receptor signaling (135), Myb pathway modulation (22), Cox2 signaling (16, 19), and calcium signaling (139). As scientific advances are developed in miRNA and tea research, an increasing number of molecular effects are recognized due to miRNA regulation. miRNAs induced by green tea have wide-ranging beneficial effects: tumor suppression by negatively regulating gene expression of oncogenic factors, reduction in hypertension and neurodegeneration, and improvement in arthritis (10, 16, 19, 34, 133, 137). Generally, green tea is safe to consume even at high concentrations. Thus, if the cytotoxic effects of green tea can be associated to a specific miRNA, it is plausible that treatments targeting the overexpressed miRNA could be harnessed for treatment of several pathologies. Prospective studies are needed to define which miRNAs could be exploited for therapeutic applications.



CONCLUDING REMARKS AND SUMMARY

In recent decades, there is a growing trend in the use of alternative therapies, and plant-based medicinal phytochemicals are among the most suited in inflammatory diseases. Therefore, an appropriate record of traditional herbal medicine in combination with modern scientific/pharmacological investigation is needed to corroborate or disprove the medicinal properties of these countless traditional Phytotherapies used in ancient times in many countries throughout the world (140). In this regard, EGCG from green tea is one of the substances with several historical beneficial effects on various disorders such as cancer, metabolic diseases, and inflammation (89). In CD4+ T cells, it appears that EGCG is a powerful regulator of Ca2+ signaling by miRNA expression and, thus, by modification of gene expression at the post-transcriptional level. Therefore, it is worth exploring the potential mechanisms of polyphenols in the regulation of other biological processes in addition to immune response.
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Colon cancer commonly develops from long-term chronic inflammation in the intestine and seriously threatens human health. Natural polyphenols have been valued as a crucial regulator of nutrient metabolism and metabolic diseases, owing to their anti-inflammatory and antioxidant functions and the ability to maintain a balance between gut microbes and their hosts. Notably, experimental and clinical evidence has shown that natural polyphenols could act as a targeted modulator to play a key role in the prevention or treatment of colon cancer. Thus, in this review, we summarized recent advances in the possible regulatory mechanism and the potential application of natural polyphenols in colon cancer, which might be regarded as a novel platform for the colon cancer management.
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INTRODUCTION

Colon cancer is one of the most common malignant tumors, which seriously affects the health of modern people. With the change of people's living habits and diet, the incidence of colon cancer is increasing year by year. There are 1.1 million new cases and about 500,000 deaths worldwide every year (1), and the age of onset is younger (2). Colon cancer originates from chronic inflammatory sites or tumor stem cells. On the one hand, colon cancer may originate in a chronically inflamed area with an imperfect repair mechanism that causes normal cell mutations, metastases, and colonization in the colon, resulting in the development of cancer (3, 4). For example, some of genetic, pharmacological and epidemiological data showed that inflammatory bowel disease (IBD) increase risk of colon cancer (5). The development of colon cancer induced by IBD is thought to be multifaceted, with inflammation, injury, increased epithelial cell proliferation rate (6). Proactive measures should be taken to prevent the progression of IBD to colon cancer. On the other hand, recent studies have revealed that colorectal cancers are mainly originated from cancer stem cells or stem cell-like cells (7). The main pathogenesis of cancer stem cells is derived from the disorder of expression of genetic and epigenetic genes involved in inactivation of tumor suppressor genes and activation of oncogenes.

Traditional therapies, such as surgery, chemotherapy, and radiotherapy have great effects as cancer treatments, drug resistance and toxicities remain as major problems in the treatment of patients with cancer. Therefore, the best available and safest therapies are probably nutritional regulation, involving natural polyphenol products, functional amino acids, and numerous dietary treatments, which can help to improve the symptoms of colon cancer and the quality of life of the patients with colon cancer (8, 9). Ohno et al. demonstrated that curcumin could be considered as an effective therapy for treating IBD by improving the abundance of butyrate-producing bacteria and suppressing NF-κB activation (10). Quercetin administration could upregulate the expression of tight junction proteins (i.e., ZO-1, occludin), preventing damage to indomethin-induced Caco-2 cells (11). Many in vivo or in vitro experiments have also confirmed that polyphenols and polyphenol-rich whole foods are capable of elevating butyrate producers and probiotics, alleviating colitis (12). Therefore, in this review, we summarize the recent advances in the possible regulatory mechanism and potential application of natural polyphenols, which would be a juncture point of nutrition and medicine that holds considerable promise in treating colon cancer.



TYPES AND METABOLISM OF POLYPHENOLS

More than 8,000 natural polyphenol products have been found in the flowers, roots, leaves, and fruits of plants, which are considered as secondary metabolites and primarily exist as the benzene rings that bind to multiple hydroxyl groups or are sometimes linked to aromatic carbon (13). According to the different substituents on benzene rings, natural polyphenol products can be divided into flavonoids (i.e., flavones, flavonols, isoflavones, neoflavonoids, chalcones, and anthocyanidins) and non-flavonoids (i.e., phenolic acids, stilbenoids, and phenolic amides) (Table 1) (19). It has been reported that polyphenols are produced by the shikimate or acetate pathway and possess numerous positive functions, including anti-inflammatory and antioxidant effects, maintaining intestinal microecological balance, and inhibiting cell apoptosis (18, 20–23).


Table 1. The main sources of polyphenols in the diet.
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It is known that only 5–10% of polyphenols are absorbed in the intestine, while 90–95% of polyphenols are absorbed in other tissues, such as the liver, adipose, and skeletal muscle tissues (Figure 1). Gut microbes play a key role in the digestion and absorption of food polyphenols, especially in the metabolism of high molecular weight polyphenols into bioactive metabolites (24, 25). Once the polyphenols are transported to the colon, they can be hydrolyzed and metabolized by the colonic microflora to produce aromatic acids (26, 27). When polyphenols are degraded in the small intestine or colon, their metabolites enter the liver. From the liver, most of these metabolites are transported to all parts of the body through the portal vein and participate in various metabolic processes involved in methylation, glucuronidation, and sulfation (25). Additionally, some other metabolites are excreted in the form of bile components that are regenerated by intestinal microbial enzymes before reabsorption, and other unabsorbed metabolites are excreted in the feces (28).


[image: Figure 1]
FIGURE 1. Absorption and metabolism of natural polyphenols. Most polyphenols are metabolized by microorganisms in the colon into small molecules that enter the liver and then circulate through the bloodstream into the circulatory system.




MOLECULAR MECHANISMS OF POLYPHENOLS IN COLON CANCER

It is well-established that natural polyphenols have been reported as an important regulator of intestinal health, including maintaining intestinal nutrient transport and absorption, improving microorganism homeostasis, and promoting growth and development in animals and humans (Figure 2). Recently, an increasing number of studies have shown the regulatory mechanism of polyphenols in the prevention and treatment of colon cancer (29), the details of which are shown in Figure 3 and Table 2.


[image: Figure 2]
FIGURE 2. Physiological and nutritional functions of natural polyphenols. The biological functions of polyphenols are mainly antioxidant, anti-inflammatory and regulation of intestinal microorganisms (Red indicates inhibition; blue indicates promotion).



[image: Figure 3]
FIGURE 3. The molecular mechanisms of natural polyphenols in colon cancer. In colon cancer cells, natural polyphenols upregulate the expression of BCL and FADD protein and promote cell apoptosis. Natural polyphenols also downregulate PI3K/AKT and β-catenin signaling pathways and then hinder cell division. Moreover, natural polyphenols inhibit the activity of immune cells, regulate gut microbes leading to down-regulation of the NF-κB signaling pathway, thereby reducing the release of inflammatory factors, such as IL-6, IL-1β, and TNF-α (Red indicates promotion; blue indicates inhibition; black indicates regulation).



Table 2. The study of a variety of polyphenols from different sources in colon cancer.
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Polyphenols as Efficient Regulators of Oxidative Stress

Owing to the presence of active phenolic hydroxyl groups, polyphenols are considered to be efficient hydrogen donors, reducing agents, and metal chelators, which play an important role in antioxidant function. Some studies have shown that polyphenols can form Fe3+ with Fe2+ because of the chelating potential of hydroxyl groups, and then inhibit the damage of Fe2+ to DNA (42). Other studies have demonstrated that polyphenols can inhibit the production of nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) oxidase (NOX), thereby decreasing the production of [image: image] in vascular endothelial cells (43). Additionally, polyphenols can reduce the synthesis of mitochondrial ATP by blocking the mitochondrial respiratory chain and ATPase. The main reason for these effects of polyphenols may be that phenolic hydroxyl accepts electrons to form a more stable phenoxy radical, which can protect cellular components from oxidative damage and reduce the risk of various diseases (44, 45). García-Lafuente et al. found that flavonoids could alleviate the excess production of free radicals by inhibiting the activity of pro-oxidant enzymes and reactive oxygen species (ROS) production (29). Studies have reported that gallic acid eliminates excess ROS by stimulating the activity of antioxidant enzymes (e.g., glutathione and superoxide dismutase), inhibiting pro-oxidant enzymes (xanthine oxidase, cyclooxygenase) and protecting lipid peroxidation (42, 46). Erlank et al. verified that resveratrol or curcumin activated the Nrf2/ARE signaling pathway to alleviate oxidative stress by regulating the expression of key genes associated with antioxidant enzymes and electrophilic reaction elements (35). Moreover, Chedea et al. found that dietary grape pomace polyphenols supplementation increased duodenal superoxide dismutase (SOD) activity and colonic CAT and GSH-PX activity in weaned piglets, while it decreased lipid peroxidation in both duodenum and colon to improve the antioxidant ability (47). Kudingcha polyphenols could have great effect on improving the antioxidant capacity of mice with colitis, the mechanism is that Kudingcha polyphenols treatment could significantly decrease MDA level and increase glutathione (GSH) activity, as well as increased the expression of antioxidant related genes including CuZnSOD, MnSOD, GPX1/4, and CAT in colon (48). However, many reports also revealed that colon cancer cell was easily susceptible to oxidative stress and then resulted in cell apoptosis and growth inhibition (49). For example, polyphenols (e.g., epigallocatechin gallate and curcumin) administration would lead to the excessive production of reactive nitrogen species (ROS/RNS), which could damage the cell structure and function (50, 51).



Polyphenols as Efficient Regulators of Cell Proliferation and Apoptosis

The characteristics of colon cancer cells are unlimited proliferation, dedifferentiation and evasive apoptosis. Zamora-Ros et al. reported that phenolic acid intake was negatively correlated with colon cancer risk in men, suggesting that dietary phenolic acid could lower the risk of colon cancer (52). For example, some studies have reported that natural polyphenols could reduce the number, weight, and volume of tumors and modify the activity of histone acetyltransferase, histone deacetylase, and methyltransferase; thereby upregulating the expression of tumor suppressor genes in cancer cells (9, 53, 54). Metabolic changes are one of the most important markers of cell carcinogenesis, which is consistent with a study that reported a new type of polyphenols having inhibitory effects on glycolysis, mitochondrial respiration and ATP production in colon cancer, while activating 5′ AMP-activated protein kinase (AMPK) and inducing cell death (55). Moreover, with tannic acid supplementation, glycolysis was reduced by inhibiting pyruvate kinase activity, resulting in colorectal cancer (CRC) cells proliferation repression (56). Resveratrol increases ROS production via mitochondrial electron transport chain overload, which ultimately affects cell apoptosis or necrosis and even increases cell death (57, 58).

In the HCT116 cell inflammatory model, resveratrol treatment upregulated the expression of caspase-3 and tumor suppressor factor (PTEN), downregulated the expression of proliferating cell nuclear antigen (PCNA), AKT1/2, pAKT1/2, and pGSK3β, and modulated PI3K/AKT and Wnt/β-catenin signaling pathways to regulate cell proliferation and apoptosis (59). The Wnt/β-catenin signaling was abnormally overexpressed in colorectal cancer and SW480 colon cancer cells; however, tea polyphenols administration effectively inhibited the Wnt/β-catenin signaling pathway to reduce the proliferation of colon cancer cells by activating the GSK3β gene (60). Zeng et al. confirmed that the addition of resveratrol upregulated the expression of bone morphogenetic protein 7 (BMP7) in colon cancer cells and that the activated BMP7 inhibited the PI3K/AKT signaling pathway, which induced the apoptosis of colon cancer cells and exerted anticancer effects (61).

Some studies also found that the effect of resveratrol on the tumor cell cycle was mainly in the occurrence of G2 and S phase arrest. The G2 phase arrest was achieved by inhibiting cyclin-dependent kinase-7 (CDK7) kinase and cyclin-dependent kinase p34 (CDC2) kinase, while the S phase arrest was achieved by inhibiting the activity of CDK2 and CDK4 and DNA synthesis (62). Delmas et al. demonstrated that resveratrol depended on the conformational changes of the Bax and Bak proteins to control cell apoptosis, which also led to the redistribution of the transmembrane Fas receptor in plasma membrane rafts (63). Some reports have also demonstrated that flavonoids activate the mitogen activated protein kinase (MAPK) cascade cell signaling pathway to restore the redox state of colon cancer cells and reduce the expression of Bax to prevent oxidative stress-induced mitochondrial transition pore complex opening (64, 65).

Benhalilou et al. revealed that Origanum marjorana ethanolic extract exerted a cytotoxic effect on colon cancer cells by inducing mitotic arrest, activating autophagy and regulating the caspase 3 and 7-dependent extrinsic apoptotic pathway. It has been further evaluated that the main components of the O. marjorana ethanolic extract are phenols by the high performance liquid chromatography–mass spectrometry (HPLC–MS) analysis (66). Saadatdoust et al. found that cocoa induced cell apoptosis by activating caspase-3 and inhibiting the activation of STAT3 signaling pathways in a mouse model (67). Hu et al. reported that PPEP, a polyphenol-rich extract isolated from edible mushrooms, effectively downregulated the expression of cell cycle-related signaling proteins (e.g., cyclin B and cyclin E) and upregulated the expression of cell apoptosis-related signaling proteins (e.g., caspase-3) in human colon cancer cells, which further caused considerable cell cycle arrest and cell apoptosis (68). These results indicate that natural plant polyphenols could affect glycolysis, mitochondrial respiration, and other metabolic processes, resulting in blocked DNA synthesis, cell cycle arrest, and cell apoptosis.



Polyphenols for the Maintenance of the Gut Microflora

Gut microflora refers to the large number of microflorae that exists in the intestinal tract of animals, including probiotics, harmful bacteria, and neutral bacteria (69) to maintain intestinal health. In general, probiotics, like Bifidobacteria and Lactobacillus can activate the host immune system to resist a variety of intestinal diseases, such as IBD, irritable bowel syndrome (IBS) and colon cancer (70). It is evident that natural polyphenols could significantly upregulate the abundance of Bifidobacteria and Lactobacillus but inhibit the abundance of the pathogenic bacteria Clostridium and Escherichia coli in order to defend the host against colitis (71–73). It is possible that the use of plant polyphenols can cause the morphological damage to intestinal pathogenic bacteria and disrupt microbial metabolism while protecting the probiotics from damage (74–77). Notably, many studies have reported that there is a crosstalk between polyphenols and their metabolites and intestinal microorganisms (78). Short-chain fatty acids (SCFAs) are produced by the intestinal flora, which serve as the main energy substrate and play an important role in the regulation of intestinal health (79). A recent report has shown that citrus flavanones could also inhibit the growth of pathogens, increase the production of symbiotic bacteria (such as Bifidobacterium and Lactobacillus species), and stimulate the production of SCFAs to alleviate intestinal inflammation (80). Janssen and Kersten (2015) have demonstrated that natural polyphenols participate in the SCFA metabolism of intestinal microbes to affect energy absorption in the host (81).

An imbalance of microbes in the gut increases the risk of obesity and colon cancer (82). And obesity will cause mitochondrial dysfunction and reduce oxygen consumption rate in colon cells, which in turn increases susceptibility to colon cancer (83). Dysregulation of intestinal flora activates inflammatory pathways (e.g., NF-κB, TLR, and STAT3) and causes the release of bacterial toxins to accelerate the development of colon cancer. However, many studies have reported that administration of polyphenols could improve the composition of colonic microorganisms or the concentration of metabolites as well as downregulate NF-κB and TLR signaling pathways to inhibit the development of colon cancer (84, 85). Stevens et al. showed that citrus flavanones influenced the abundance of Bifidobacterium, Lactobacillus, and Staphylococcus aureus to alleviate intestinal inflammation (80). Moreover, polyphenols stimulated the production of SCFAs in colon cancer (86), and SCFAs could help shape the stable intestinal microbiological environment. Furthermore, natural polyphenols control the production of lactic acid in gut microbes by regulating the expression of SCFA transporters (86, 87). Quercetin and metabolites of chlorogenic acid produced by bacteria, 3, 4-dihydroxyphenylacetic acid, and 3-(3,4-dihydroxybenzene)-propionic acid can reduce the expression of cyclooxygenase-2 in colorectal adenoma cells and regulate the DNA damage induced by cumene hydroperoxide (88). In other words, polyphenolic metabolites produced by the intestinal microflora may directly promote the anticancer action of polyphenols.



Polyphenols as Efficient Suppressors of Inflammation

Polyphenols regulate the infiltration of immune cells into tumor tissues to enhance immune responses and counteract immune escape, thereby alleviating colon cancer (82). In a CRC experimental model, natural polyphenol supplementation modulated the tumor-associated immunosuppressive microenvironment and inhibited the growth of CRC cells by reducing the colonic infiltration of CD3+ T cells and the number of CD25-FoxP3 regulatory T cells, increasing the mucosal CD4+ T and B cells (89–92). Besides, in a multiple intestinal neoplasia/+ (ApcMin) mice model, cloudberry administration reduced the proportion of CD3+ T lymphocytes, FoxP3+ regulatory T lymphocytes, and CD45R+ B lymphocytes, thereby attenuating intestinal inflammation (93). A previous study demonstrated that curcumin supplementation inhibited the suppressive activity of Treg cells by downregulating the production of TGF-β and IL-10, which could enhance the ability of effector T cells to kill cancer cells (94). The increase in Th17 cells in patients with metastatic colorectal cancer is associated with poor prognosis (95). The Th17 cells enhanced tumor cell resistance to apoptosis and proliferation by promoting Il-17 secretion, and the Th17 cells were reduced after red wine extract treatment (red wine polyphenols), which might have been the cause of delayed tumor growth (96, 97). Furthermore, treatment with resveratrol could regulate the balance of Treg/Th17 and the levels of intestinal mucosal cytokines, including IL-10, TGF-β, IL-6, and IL-17, in an ulcerative colitis mouse model (98). Cocoa has been demonstrated to affect the gut immune responses by increasing the percentage of γδ T cells and weakening the effect of IgA in young rats (99). Oz et al. found that green tea polyphenols could decrease the levels of inflammatory cytokines TNF-α and IL-6 and improve antioxidant enzyme levels in patients with colitis (100). Emerging evidence indicates that the rat with colitis has the properties for the increased intestinal permeability and impaired barrier function; flavonoids treatment could maintain intestinal permeability and increase the expression and tight junction protein to alleviate colitis (80, 101).

Recent studies have demonstrated that polyphenols exert therapeutic and preventive effects against colon cancer by modulating multiple signaling pathways both in vitro and in vivo, such as the NF-κB pathway, MAPK pathway, PI3K/AKT pathway, Wnt/β-catenin pathway, and c-Jun N-terminal kinase (JNK) pathway (102, 103). The NF-κB pathway, a major inflammatory signaling pathway, promotes the production of iNOS, COX-2, and proinflammatory cytokines (IL-1, IL-2, IL-6, and TNF-α) to stimulate the inflammatory response (104). Many reports have shown that COX-2 is expressed in large quantities in colon tumor cells, and COX-2 silencing or knockout inhibits the invasive potential of CRC cells and decreases the metastatic potential of colorectal tumor cells (105, 106). Previous studies have shown that curcumin reduced the expression of COX-2, iNOS, and TNF genes and inhibited the protein expression of NF-κB, cJNK, protein tyrosine kinases and protein serine/threonine kinases (GSK-3β), further depressing tumorigenesis (107). In addition, cocoa polyphenols decreased the expression of the inflammatory marker COX-2 and nitric oxide (NO) synthase pro-inflammatory enzymes and suppressed NF-κB nuclear translocation and JNK phosphorylation to relieve colon cancer (32, 108). In contrast, gallic acid equivalent (GAE) treatment increased intracellular ROS production in human cancer colon fibroblast cells and decreased the expression levels of TNF-α, IL-1β, IL-6, and NF-κB to suppress cell proliferation (109). However, in human non-cancer colon fibroblast cells, GAE promoted anti-inflammatory activities, which was accompanied by the reduction of intracellular ROS and the inhibited expression of TNF-α, IL-1β, IL-6, and NF-κB (109). These results suggest that polyphenols may play a key role in preventing colon cancer by modulating the production of inflammatory cytokines and the activation of immune cells and key signaling pathways to regulate the inflammatory tumor microenvironment.




APPLICATION OF POLYPHENOLS IN DISEASE PREVENTION

Polyphenols have a wide range of applications in the food, medical, and pharmaceutical fields owing to their multiple health benefits, including antioxidant and antibacterial activities, cancer prevention, antiradiation effects, and immune enhancement. It is known that colon cancer cells develop drug resistance under chemotherapy conditions, but polyphenols intervention, like curcumin, which can promote apoptosis of cancer stem cells and reduce drug resistance (41). However, polyphenols have significant anticancer potential in in vitro cell culture and in vivo animal models, there were only very few clinical trials to prove the effectiveness of dietary polyphenols in the prevention and treatment of cancer due to challenges, such as ineffective stability, and low bioavailability. The utilization of polyphenols is low due to the metabolism of host enzymes (e.g., lactase-phlorizin hydrolase and cytosolic β-glucosidase) and intestinal microorganisms (110). Therefore, we should focus on improving the bioavailability of polyphenols in future studies. For example, Tabrez et al. showed that nanoencapsulation can extend circulation, improve localization, enhance efficacy, and reduce the chance of multidrug resistance (111). Thus, polyphenol nanomaterials are promising in the clinical treatment of colon cancer.

Besides, some studies have shown that natural polyphenols have effects on various bacteria, fungi, and yeasts, such as the cholera bacteria, S. aureus, E. coli, and other common pathogenic bacteria (25). Flavonols are commonly used to treat Microsporum gypseum, Trichophyton mentagrophytes, and Trichophyton rubrum to alleviate the allergic reaction of bacterial and fungal dermatitis (112). Proanthocyanidins can prevent viruses from entering host cells, such as influenza A virus and herpes simplex virus type 1 (113). Different kinds of polyphenols (i.e., flavanones, green tea polyphenols, red wine polyphenols, and resveratrol) have been valued primarily as crucial regulators in both in vivo and in vitro inflammatory models and can be used as potential agents to treat diseases, such as diabetes, obesity, and cardiovascular diseases (27). For example, flavanones, an effective inhibitor of low-density lipoprotein, might provide a protective effect against cardiovascular and chronic inflammatory diseases (114).



CONCLUSIONS AND PERSPECTIVES

Numerous studies have reported that natural plant polyphenols are critical modulators of intestinal flora, inflammation, cell cycle, and apoptosis in colon cancer, making them a potential therapeutic agent. To date, an increasing number of dietary plant polyphenols has been used as anticancer agents to prevent and treat colon cancer or other intestinal diseases. Furthermore, the regulatory mechanisms of natural plant polyphenols on intestinal flora, inflammation, and cancer-cell proliferation and death have become clear in tumor cells, including the STAT, NF-κB, Wnt/β-catenin, PI3K/Akt, and apoptosis-related signaling pathways.

Natural polyphenols are promising candidates for the prevention and treatment of colon cancer. However, many biochemical mechanisms and clinical applications of plant polyphenols in colon cancer remain to be further resolved, such as metabolism in the gastrointestinal tract and visceral tissue, synergistic effect of polyphenols with drugs or diverse chemotherapeutics, and targeted therapies. Importantly, for the use of polyphenols as a potential targeted therapy, the targeted regulatory sites should be determined and targeted inhibitors developed in the future. Therefore, the relationship between colon cancer and plant polyphenols needs to be further clarified. In addition, large-scale biological production of dietary plant polyphenols has not been extensively investigated and will be one of our future research projects.
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Taxifolin is a natural antioxidant polyphenol with various bioactivities and has many beneficial effects on human gut health. However, little is known of its function on colitis. In this study, the protective effects of taxifolin on colitis symptoms, inflammation, signaling pathways, and colon microbiota were investigated using dextran sulfate sodium (DSS)-induced colitis mice. Intriguingly, pre-administration of taxifolin alleviated the colitis symptoms and histological changes of the DSS-challenged mice. Supplementation of taxifolin significantly inhibited the secretions of tumor necrosis factor-α, interleukin (IL)-1β, and IL-6 and significantly increased the secretions of IL-10, secretory immunoglobulin A, superoxide dismutase, and immunoglobulins (IgA, IgG, and IgM) in DSS-induced colitis mice. In addition, the activation of nuclear factor kappa B (NF-κB; p65 and IκBα) signaling was significantly suppressed by taxifolin supplementation. The expression of tight junction proteins (claudin-1 and occludin) was significantly increased by taxifolin. Moreover, 16S rDNA sequencing revealed that the DSS-induced changes of colon microbiota composition and microbial functions (amino acid metabolism and MAPK signaling) were restored by taxifolin, including the decreases of the abundances of Bacteroides, Clostridium ramosum, Clostridium saccharogumia, Sphingobacterium multivorum, and the ratio of Bacteroidetes/Firmicutes, and the increases of the abundances of Desulfovibrio C21 c20 and Gemmiger formicilis at species level. In conclusion, these results revealed that dietary taxifolin has a great potential to prevent colitis by inhibiting the NF-κB signaling pathway, enhancing intestinal barrier, and modulating gut microbiota.
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Introduction

Inflammatory bowel disease (IBD) is caused by inflammation and oxidative stress in the colon with the symptoms of gut bleeding, diarrhea, and body weight (BW) loss (1). The antigen invasion can activate the mucosal immune response, resulting in the release of proinflammatory cytokines from macrophages, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, and IL-8, which can exacerbate inflammatory severity and colitis (1). However, the use of drugs to treat IBDs is often associated with undesirable side effects (2). Recently, the replacement of drugs by dietary polyphenols derived from plants comes into people’s view (3).

As a common bioactive component, polyphenol can benefit gut health via modulating barrier functions, signaling pathways, immune responses, and gut microbiota compositions (4). Various studies have been carried out to investigate the protective and therapeutic effects of dietary polyphenols on dextran sodium sulfate (DSS)-induced mice colitis (3), such as myricitrin (2), procyanidin (5), phytosteryl ferulates (6), ellagic acid (7), peracetylated (−)-epigallocatechin-3-gallate (AcEGCG) (8), naringenin (9), chlorogenic acid (10), anthocyanin, rosmarinic acid (11), magnolol (12), and resveratrol (13). Bioactive polyphenol taxifolin (3,5,7,3,4-pentahydroxy flavanone or dihydroquercetin) is a Chinese traditional medicinal herb and can be extracted from onions, grapes, olive oil, citrus fruits, sorghum grain, milk thistle, and artichoke (14, 15). It has been reported that taxifolin displays various bioactivities, including antioxidative, anti-inflammatory, anti-microbial, anti-diabetic, antitumor, anti-allergic, hepatoprotective, and cardioprotective activities (15–17).

Taxifolin can inhibit oxidative stress and alleviate inflammation via inhibiting the expression and production of TNF-α and IL-6 in LPS-induced inflammatory mice (18), and can inhibit oxidative enzymes, reduce the overproduction of reactive oxygen species (ROS), and modulate nuclear factor kappa B (NF-κB) activation to ameliorate injury (19, 20). Taxifolin can inhibit the expression of cyclo-oxygenase-2 (COX-2) associated with oxidative properties in rats with cerebral ischemic reperfusion injury (19). Moreover, taxifolin also can attenuate myocardial apoptosis (21) and has the protective effect on mouse liver injury via decreasing the expression of TNF-α and IL-6, and increase SOD expression (22). Recently, it was reported that taxifolin can alleviate iron overload-induced inflammation (23). Taxifolin has anti-inflammatory and anti-microbial activities with the therapeutic promise in cancer, cardiovascular, and liver disease (24). In addition, taxifolin can also change the abundance of gut microbiota and decrease E. coli abundance (25). As a promising therapeutic agent, taxifolin has attracted an increasing interest of researchers. However, the effects and mechanisms of taxifolin on colitis are still unclear. Thus, the objective of this study is to explore the potential effects of taxifolin on DSS-induced acute colitis mice.



Materials and Methods


Animal Groups and Administrations

Thirty male Institute of Cancer Research (ICR) mice (aged 7–8 weeks, approximately 30 ± 2 g BW) were obtained from Liaoning Changsheng Biotechnology Co., Ltd. (Benxi, China). Taxifolin was purchased from Yuanye Bio-Technology Co., Ltd. (S31601, Shanghai, China). DSS was obtained from Sangon Biotech Co., Ltd. (A600160-0250, Shanghai, China). The mice were randomly separated into three groups: Control, DSS, and taxifolin + DSS (taxifolin) group (n = 10). The mice from the taxifolin group received taxifolin dissolved in distilled water via intragastric gavage daily from day 1 to day 14 (100 mg/kg BW). On day 8, the mice from DSS and taxifolin groups were given distilled water containing 3% DSS (w/v) for additional 7 days. The dose of taxifolin is a safe dose to use in clinical studies (14). All the mice received a basal diet and were kept in cages in a room with a 12-h light and 12-h dark with controlled temperature (25 ± 2°C) and humidity (50 ± 5%). On day 15, all the mice were sacrificed. The animal experiment was performed under the guidelines of the Laboratory Animal Ethics Committee of Huazhong Agricultural University.



Disease Activity Index

The DAI of the mice was evaluated daily after the DSS treatment as the sum of the scores from BW loss (0–3, 0 to 10% loss), stool consistency (0–3, normal to diarrhea), stool bleeding (0–3, no to all blood in stool), and mice condition (0–3, normal to poor condition) (26).



Histologic Analysis of Mice Colon

After the mice were sacrificed, the colon length was measured, and the distal colon (~3.5 cm proximal to anus) was washed using ice cold phosphate-buffered saline (PBS). Subsequently, the tissue samples were fixed with 4% paraformaldehyde, dehydrated in ethanol, and embedded in paraffin. A 5-μm section was prepared and stained with hematoxylin and eosin (H&E). Finally, colon morphology was obtained using a light microscopy. The extent of tissue damage was scored according to the degrees of inflammatory cell infiltration (0–3, rare to transmural extension) and tissue damage (0–3, no to extension) as described in a previous report (26).

The apoptotic level of colon cells was assessed using terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay by an in situ cell death detection kit (Roche, Basel, Switzerland) following the manufacturer’s instructions. The nuclei were stained using DAPI mounting solution and the images were observed using a fluorescent microscopy (DMIL LED, Leica, Germany).



Enzyme-Linked Immunosorbent Assay

Mice colon tissues were homogenized in ice-cold PBS and centrifuged at 13,000g at 4°C for 20 min. The supernatant was collected to analyze the concentrations of secretory immunoglobulin (SIg) A, pro-inflammatory cytokine IL-10, and antioxidant index superoxide dismutase (SOD) using an ELISA kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) based on the manufacturer’s instructions. Protein concentrations were determined using a Bicinchoninic acid Protein Assay Kit (BCA, KeyGEN Biotech, Nanjing, China). The results were normalized to the protein concentration of each sample. In addition, mice serum was separated from blood by centrifugation at 1,500 g for 15 min and then stored at −20°C before testing. The concentrations of TNF-α, IL-1β, IL-6, immunoglobulin (Ig) A, IgG, and IgM in serum were analyzed using an ELISA kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) and measured using a Microplate Reader (Bio-Rad, 680, Hercules, CA, USA) at 450 nm. Each sample was tested in duplicate.



Western Blot

Colon tissues were homogenized with a Radio Immunoprecipitation Assay buffer solution for 30 min at 4°C and centrifuged at 12,000 r for 10 min. The content of the supernatant protein was determined using a BCA kit. Then, the protein sample was added to the corresponding proportion of SDS gel loading buffer and boiled to denature for 10 min. The protein samples were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) at 80 V for 1 h and at 120 V for another 2 h and then were transferred to PVDF membranes (Sigma-Aldrich, UK), which were then blocked with 5% BSA (Sangon Biotech, Shanghai, China) for 2 h. After washing with TBST solution, the membranes were incubated with primary antibodies at 4°C overnight, including antibodies against β-actin (CST 4970S, Cell Signaling Technology, Danvers, MA, USA), NF-κB p65 (CST 6956T), pp65 (AP0124, Santa Cruz, CA, USA), IκBα (CST 4814S), pIκBα (CST 2859S), extracellular signal-regulated kinase (ERK; CST 4695S), pERK (CST 4370S), p38 (CST 8690S), pp38 (CST 4511S), c-Jun N-terminal kinase (JNK; CST 3708S), pJNK (CST 9255S), claudin-1 (CST 13995S), and occludin (sc-133255, Santa Cruz, CA, USA). After washing with TBST solution, the membranes were incubated with an HRP-conjugated secondary antibody (1:8,000, CST, Danvers, MA, USA) at 37°C for 1 h. Finally, the target protein in the membranes was visualized with an enhanced chemiluminescence detection system (Biotanon, China) and Chemilmaging software (Baygene biotech, China). The intensity of the bands was analyzed using the ImageJ software (NIH, USA) and normalized to the actin protein intensity.



Gut Microbiota Analysis

The luminal content in mice colon was collected, and the microbiota DNA was extracted by a QIAamp DNA stool Mini Kit (Qiagen, Hilden, Germany). Then, the v3–v4 regions of 16S rDNA sequence were amplified using PCR, and the products were purified and sequenced using the HiSeq platform with the original data being filtered. Pairs of reads obtained from double-end sequencing were assembled into a sequence by using overlapping relationship to obtain tags of the high-variation region. The tags with above 97% similarity were clustered into an operational taxonomic unit (OTU). The OTU representative sequence was analyzed by using the RDP classifier Bayesian algorithm, and the community composition was analyzed at the levels of phylum, class, order, genus, and species. Alpha and beta diversity analyses were carried out by Quantitative Insights into Microbial Ecology (QIIME; http://qiime.org/). Cladogram plot was drawn using Figure Tree software (http://tree.bio.ed.ac.uk/software/figtree/) to identify corresponding group biomarkers. Linear discriminant analysis (LDA) effect size (LEfSe) analyses of 16S sequences were carried out using the LEfSe tool. An LDA score >4 was used and considered to be an important contributor to the model. The function of the microflora was also predicted using the Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) software (http://picrust.github.com). The pre-calculated genome content was searched for each OTU for metagenome prediction to identify KEGG levels 1, 2, and 3.



Statistical Analyses

Statistical analyses were carried out using t-test between two groups and one-way ANOVA followed by Tukey’s multiple comparisons among multiple groups using SPSS software (SPSS Inc., Chicago, IL, USA). The data were shown as means ± standard error of mean (SEM). A difference of P <0.05 was considered as statistical significance.




Results


Taxifolin Alleviated DSS-Induced Mice Acute Colitis

Taxifolin is a polyphenol with the chemical structure as shown in Figure 1A. The experiment was conducted in a timeline as illustrated by Figure 1B. Severe acute colitis in mice has been exhibited by oral administration with 3% DSS for a week, including BW loss (Figure 1C), appearance of diarrhea, presence of blood in stool, and disease activity index (DAI) (Figure 1D) observed on day 4 after the DSS challenge. The colon length of the mice was significantly shortened by the DSS challenge (Figures 1E, F). BW was significantly decreased after the DSS treatment and this loss was attenuated by oral administration with taxifolin (Figure 1C). The high DAI induced by DSS was also significantly decreased by taxifolin on day 4 after the DSS treatment (Figure 1D). The shortened colon length induced by DSS was significantly increased by taxifolin administration (Figures 1E, F). In summary, these effects and colitis symptom induced by DSS challenge were dramatically attenuated by oral taxifolin supplementation (Figure 1).




Figure 1 | Oral administration of taxifolin alleviated DSS-induced acute colitis symptoms of mice. (A) Chemical structure of taxifolin; (B) A timeline of the experiment treatment; (C) Body weight loss; (D) Disease activity index score; (E, F) Colon length of the mice. Data were expressed as means ± SEM (n = 10). *P < 0.05; **P < 0.01.





Taxifolin Reduced Colon Damage in DSS-Induced Mice Colitis

Significant tissue damage in DSS-treated mice was shown in H&E straining images of colon tissues, including crypt loss and leukocyte infiltration. However, these damage signs were noticeably ameliorated by the supplementation of taxifolin (Figure 2A). The mice treated with DSS had a significantly higher colon histological index, which was significantly decreased by taxifolin supplementation (Figure 2B). Moreover, TUNEL positive nuclei showed that the apoptosis in colon was significantly increased by DSS challenge. However, this alteration was significantly attenuated by taxifolin supplementation (Figures 2C, D). These results suggested that taxifolin protected colon tissue integrity and attenuated DSS-induced tissue damage.




Figure 2 | Oral administration of taxifolin alleviated DSS-induced colon histological changes of mice. (A) The H&E staining of the colon morphology of mice. The bars represent 50 μm. (B) Histological scoring was obtained from the H&E results of colon; (C) The fluorescent micrographs of TUNEL (green) and DAPI (blue) staining of colon. The bars represent 100 μm. (D) Quantitation of TUNEL positive nuclei per field obtained from fluorescent micrographs. Data were expressed as means ± SEM (n = 10). *P < 0.05 vs. control group, #P < 0.05 vs. DSS group.





Effects of Taxifolin on Secretions of Cytokines, Immunoglobulins and Oxidative Indexes

The treatment of DSS significantly increased the concentrations of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 in mice serum (Figures 3A–C). DSS treatment also significantly decreased the concentrations of SIgA, anti-inflammatory cytokine IL-10, and antioxidative indicator SOD activity in colon tissues (Figures 3D–F) and the concentrations of immunoglobulins IgA, IgG, and IgM (Figures 3G–I) in the serum of the mice. However, taxifolin supplementation significantly rescued these DSS-induced changes and protected against mice colitis (Figure 3).




Figure 3 | Taxifolin decreased the content of pro-inflammatory cytokines and increased anti-inflammatory cytokines and immunoglobulins of DSS-challenged mice. (A–C) The concentrations of IL-1β, IL-6, and TNF-α in serum; (D–F) Concentrations of SIgA, IL-10, and SOD in colon tissue; (G–I) Concentrations of IgA, IgG, and IgM in serum. Data were expressed as means ± SEM (n = 10). *P < 0.05 and **P < 0.01 vs. control group; #P < 0.05 and ##P < 0.01 vs. DSS group.





Western Blotting Analysis

The protein expressions of phosphorylation NF-κB p65 (Figures 4A, B) and IκBα (Figures 4A, C) signaling were significantly decreased by the supplementation of taxifolin. However, no significant difference was observed in the activation of the MAPK (p38, JNK, and ERK) signaling pathway by taxifolin supplementation (data not shown). These results indicated that taxifolin alleviated intestinal inflammation via blocking NF-κB signaling, but not the MAPK signaling pathway. The expressions of tight junction (TJ) proteins occludin (Figures 4A, D) and claudin 1 (Figures 4A, E) were significantly increased by the taxifolin supplementation, indicating that the gut barrier was enhanced by taxifolin to suppress colitis.




Figure 4 | Taxifolin inhibited the NF-κB signaling and increased tight junction protein expressions in colon tissues of mice. (A) Representative protein bands for pp65, p65, pIκBα, IκBα, occludin, and claudin-1; (B–E) Statistical analysis of protein bands. Data were expressed as means ± SEM (n = 5). *P < 0.05 vs. DSS group.





Gut Microbiota Profiling

The colon microbial community of the mice with different treatments was evaluated by a 16S rDNA phylogenetic method with the OTUs >97% similarity. Alpha diversity of microbial communities was expressed by Shannon and Simpson indexes. Shannon index was significantly reduced (Figure 5A), while Simpson index was significantly increased by both DSS and taxifolin treatments (Figure 5B). The structural shifts of gut microbiota were analyzed by principal component analysis (PCA) based on uniFrac distance, showing that the microbiota was separated by DSS and taxifolin treatments (Figure 5C). Compared with the control and DSS group, the microbiota was clearly separated by taxifolin supplementation using the partial least squares discriminant analysis (PLS-DA) based on OTU (Figure 5D). The Venn diagram result showed that 400 universal OTUs were detected out of 678 total OTUs in all samples. There were 123, 16, and 19 unique OTUs in control, DSS, and taxifolin group, respectively (Figure 5E). In addition, the key bacterial alterations in the taxonomic cladogram showed that the most dominant bacteria in the microbial communities were Alcaligenaceae, Burkholderials, and Betaproteobacteria as unique cluster markers in taxifolin group (Figure 5F). The LDA score for different levels of taxa abundance showed that the DSS treatment increased pathogen bacteria abundances, such as Bacteroidaceae and Bacteroides. Moreover, the abundances of Sutterella, Alcaligenaceae, Burkholderiales, Betaprotecteria, and Allobaculum were significantly increased by the taxifolin treatment (Figure 5G).




Figure 5 | Taxifolin altered the composition of the colon microbiota in colitis mice. (A, B) Alpha diversity was estimated by the Shannon and Simpson indexes; (C, D) Principal component analysis (PCA) plot and partial least squares discriminant analysis (PLS-DA) of gut microbiota; (E) Venn diagram of OTUs; (F) Taxonomic cladogram of LEfSe analysis. Different colors indicate the enrichment of the biomarker taxa in the control (red), DSS (pink), and taxifolin (purple) group. The circle from inside to outside means the rank from kingdom to species, and the circle size represents the taxa abundance in the community. (G) Linear discriminant analysis (LDA) score for different taxa abundances. Data were expressed as means ± SEM (n = 10).**P < 0.01.



The results of microbial composition change of microbial communities showed that Bacteroidetes and Firmicutes were the main orders at the phylum level, while Bacteroidia and Clostridia were the main orders at the class level, and Bacteroidales and Clostridiales were the main orders at the order level (Figures 6A–C). At the phylum level, Bacteroidetes and the ratio of Bacteroidetes/Firmicutes were significantly increased by DSS treatment, while these alterations were significantly alleviated by taxifolin supplementation (Figure 6A). Bacteroidetes and Firmicutes were the main phyla, and the relative abundance of Bacteroidetes was increased by DSS treatment, while it was significantly restored by taxifolin supplementation (Figure 6A). Becteroidia at the class level and Bacteroidetes at the order level were significantly increased by the DSS challenge, while these shifts were restored by the taxifolin supplementation (Figures 6B, C). At the genus level, the abundances of Coprobacillus spp. and Dehalobacterium spp. were significantly decreased by the taxifolin supplementation to alleviate their alterations caused by DSS. Additionally, the abundance of Anaeroplasma spp. was significantly increased by taxifolin (Figure 6D). At the species level, the abundances of Clostridium ramosum, Clostridium saccharogumia, and Sphingobacterium multivorum were significantly decreased and the abundances of Desulfovibrio C21 c20 and Gemmiger formicilis were significantly increased by taxifolin supplementation, which restored the changes induced by the DSS challenge (Figure 6E).




Figure 6 | Relative abundance of predominant bacteria was shown at the phylum (A), class (B), order (C), genus (D), and species (E) levels. Data were expressed as means ± SEM (n = 10). *P < 0.05; **P < 0.01.



The function of microbial communities was predicted using the PICRUSt software. There was no significant difference of the microbial function files at KEGG level 1 (Figure 7A). However, at KEGG level 2, the excretory system and metabolic diseases in the DSS group were decreased significantly by the taxifolin treatment (Figure 7B). At KEGG level 3, compared with the DSS group, the functions of microbial communities, including arginine and proline metabolism, proximal tubule bicarbonate reclamation, histidine metabolism, β-alanine metabolism and MAPK signaling, were significantly changed by the taxifolin supplementation (Figure 7C).




Figure 7 | The pathway of different abundances of microflora at KEGG levels 1 (A), 2 (B) and 3 (C).






Discussion

As a chronic gut inflammation, IBD is a critical worldwide public health problem (1). Many studies have been conducted to investigate the protective effects of plant-derived polyphenols on colitis to limit the side effects of drugs in the treatment of IBD (3). In this study, the flavonoid taxifolin was chosen to explore its effects on mice colitis due to its anti-inflammatory properties (24). However, little is known of the effect of taxifolin on intestinal inflammation and IBD, which is also related to oxidative stress. Various polyphenols with antioxidative activity, such as ellagic acid, procyanidin, AcEGCG and myricitrin, can ameliorate mice colitis via anti-oxidant activity and NF-κB signaling (2–5, 7, 8). Therefore, it can be hypothesized that taxifolin with the anti-oxidant activity may function in alleviating intestinal inflammation.

Mice colitis models induced by DSS have been widely used for the investigation of colitis and IBD (1, 27). In these models, DAI value, BW, and colon length are vital markers to evaluate colitis (6, 28). In the present study, higher DAI and shorter colon length were induced by DSS in mice, indicating the mice colitis model was successfully established (29). However, these colitis markers were changed by taxifolin, suggesting that the mice colitis was alleviated by taxifolin. Additionally, a dose of 100 mg/kg BW taxifolin was chosen based on previous reports supporting the safe usage of taxifolin (15, 30).

Cytokines IL-1β, IL-6, TNF-α, and IL-10 play a vital role in modulating chronic intestinal inflammation (1). It has been reported that the increases of TNF-α, IL-1β, and IL-6 can lead to intestinal dysfunction (28). In this study, the decrease of TNF-α and IL-6 productions and the increase of SOD production caused by taxifolin were confirmed by a previous report in liver injury mice (22). Another polyphenol, Ellagic acid, shows similar effects by reducing the expression and production of IL-6 and TNF-α, and MAPK phosphorylation in colitis mice (7, 31). In addition, oxidative stress is another mechanism leading to IBD (32), and the SOD activity can be decreased by the DSS treatment (26, 33). Pre-administration of taxifolin showed protective effects by decreasing pro-inflammatory cytokine production and increasing SOD activity and anti-inflammatory IL-10 production. Similarly, in DSS-induced colitis, anti-inflammatory cytokine IL-10 can modulate intestinal inflammation through a macrophage-ROS axis (1, 32). These results demonstrated that taxifolin could inhibit colitis through mediating intestinal inflammatory cytokines and oxidation resistance.

As the most abundant immunoglobulin in the intestine, SIgA is crucial to mucosal immunity and can protect intestinal membranes with the therapeutic implication for IBD (4). The SIgA concentration was decreased by DSS and increased by the taxifolin treatment, suggesting that the mucosal immunity was enhanced by taxifolin to against DSS damage. This result was consistent with a previous study which shows that the supplement of cranberry proanthocyanins has an increasing effect on the SIgA level to alleviate intestinal inflammation (34). Similarly, the concentrations of immunoglobulins IgA, IgG, and IgM in serum were increased with taxifolin treatment. These alterations of immunoglobulins were consistent with previous studies, such as the supplementations of serine in DSS-induced mice colitis (28) and arginine in piglets (35). These results suggested that dietary taxifolin could alleviate colitis through enhancing immunoglobulin levels.

The mechanisms of antioxidative and anti-inflammatory function of taxifolin include the inhibition of NF-κB (14, 19) and JAK2/STAT3 signaling (36). Taxifolin inhibited inflammation via suppressing the activation of NF-κB, which can regulate the gene transcription of inflammatory cytokines (37). Cytokines IL-1β, IL-6, and TNF-α can activate NF-κB phosphorylation in colitis. Therefore, in this study, the decrease of these cytokines caused by taxifolin led to a lower expression of NF-κB phosphorylation. In agreement with a previous study that a flavonoid procyanidin suppressed NF-κB signaling (5), taxifolin also inhibited NF-κB (p65 and IκBα) phosphorylation. In DSS-induced mice colitis, the phosphorylation of NF-κB was inhibited by the taxifolin treatment, which can be attributed to its ability to prevent IκBα degradation (1, 7). The activation of NF-κB and the levels of cytokines in DSS-induced colitis are decreased by oral flavonoid myricitrin (2). Another anti-inflammatory mechanism of taxifolin may be its antioxidative effect on inhibiting COX-2 expression (19). Various studies have shown the protective effect of polyphenols is similar to our study. For instance, green tea-derived polyphenol AcEGCG can protect against DSS-induced colitis by decreasing IL-1β, IL-6, TNF-α, and COX-2 productions and reducing NF-κB (p65 and IκBα) phosphorylation (8). Treatment with polyphenol ellagic acid can inhibit NF-κB expression in colitis (7, 31). Moreover, alga extract with polyphenols suppresses NF-κB phosphorylation in LPS-treated mice (38). Dietary resveratrol treatment ameliorates the increases of secretions of TNF-α and IL-1β and phosphorylation of p65 in DSS-induced colitis mice (13).

The impairment of TJ barrier integrity is another reason for intestinal inflammation. The intestinal physiological barrier is formed by TJ proteins, including claudins, occludin, and ZO-1, which have critical roles in modulating intestinal permeability and IBD pathogenesis (9). In this work, the expression of occludin and claudin-1 in colon was increased by taxifolin supplementation. Similarly, the expression of colonic TJ proteins was also increased by polyphenols naringenin (9), chlorogenic acid (10), and resveratrol (13) to alleviate intestinal inflammation. However, in this study, no significant effect of taxifolin was observed on MAPK phosphorylation in mice colitis (data not shown), indicating that the MAPK signaling is not the mechanism for taxifolin to ameliorate colitis.

Intestinal microbiota plays a critical pathogenic role in chronic inflammation and the alteration of gut oxidative environment can lead to microbiota dysbiosis (39). Intestinal microbial composition and diversity are decreased in colitis mice (40). The colon microbial community composition and diversity were changed by DSS and taxifolin. As the highest relative abundance microbiota, Bacteroidetes was increased by DSS and normalized by taxifolin supplementation. In addition, the ratio of Bacteroidetes/Firmicutes was decreased by the taxifolin treatment. This result is consistent with a previous study, in which the supplementation of polyphenol chlorogenic acid can inhibit Bacteroides growth to alleviate intestinal inflammation (41). In another study, the abundances of Clostridia and Firmicutes in DSS-induced colitis mice are also increased by serine supplementation (28). The increase of Bacteroidetes and the ratio of Bacteroidetes/Firmicutes are the indicators of IBD (27, 28). The decrease of Bacteroides abundance could explain the decreased colitis severity with taxifolin supplementation as Bacteroides are associated with intestinal inflammation (27, 42). These results suggested that taxifolin helped to alleviate the decrease of microbial diversity shifts induced by DSS challenge.

The supplementation of taxifolin also shifted the microbiota composition and function. The 16S rDNA sequencing suggested that taxifolin increased the richness and shaped the microbiota composition, such as the restoration of Clostridium ramosum, Clostridium saccharogumia, Sphingobacterium multivorum, Desulfovibrio C21 c20, and Gemmiger formicilis (producing lactate). The DSS treatment can increase the abundance of Clostridium species (43), which can induce TNF-α release and colitis (44). Therefore, the decrease of Clostridium spp. by taxifolin results alleviate mice colitis, as the effect of pinocembrin (29) and sasa quelpaertensis leaf extract (43). This composition alteration was consistent with a previous report that taxifolin can inhibit the abundances of S. aureus CNRZ3 and L. monocytogenes ATCC 19115 (25). In this study, taxifolin inhibited E. coli and increased Allobaculum abundance, which is beneficial for gut health against inflammation. Similar effects have been observed when treated with soy milk and fiber treatment (45). In addition, taxifolin affected the metabolism of gut microbiota, such as MAPK signaling and amino acid metabolism, suggesting these pathways are the potential targets for taxifolin to manage intestinal inflammation and colitis. There are numbers of studies of dietary polyphenols on colitis (3); however, their effects on gut microbiota are still lacking. Therefore, the modulating effects of taxifolin and other plant polyphenols on gut microbiota need to be further explored.

In conclusion, these results support the hypothesis that oral administration of taxifolin can protect against mice colitis through alleviating mucosa damage and inflammatory responses, inhibiting NF-κB signaling, improving TJ barrier function, and normalizing the gut microbiota. This study provides new insights into the biological functions and therapeutic potential of taxifolin in the treatment of IBD. In the future, the role and the underlying mechanism of the selected gut bacteria in alleviating colitis need to be explored using fecal microbiota transplantation technology or germ-free mice.
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The role of dietary components in immune function has acquired considerable attention in recent years. An important focus area is to unravel the role of bioactive dietary compounds in relation to enteric disease and their impact on gut mucosal immunity. Proanthocyanidins (PAC) are among the most common and most consumed dietary polyphenols, and are characterised by their variable molecular structures and diverse bioactivities. In particular, their anti-oxidative effects and ability to modulate gut microbiota have been widely described. However, there is limited evidence on the mechanism of action of PAC on the immune system, nor is it clearly established how PAC may influence susceptibility to enteric infections. Establishing the sites of action of PAC and their metabolites within the gut environment is fundamental to determine the applicability of PAC against enteric pathogens. Some mechanistic studies have shown that PAC have direct modulatory effects on immune cell signalling, isolated pathogens, and gut mucosal barrier integrity. Boosting the recruitment of immune cells and suppressing the amount of pro-inflammatory cytokines are modulating factors regulated by PAC, and can either be beneficial or detrimental in the course of re-establishing gut homeostasis. Herein, we review how PAC may alter distinct immune responses towards enteric bacterial, viral and parasitic infections, and how the modulation of gut microbiota may act as a mediating factor. Furthermore, we discuss how future studies could help unravel the role of PAC in preventing and/or alleviating intestinal inflammation and dysbiosis caused by enteric disease.
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Introduction

The mammalian gut environment is an intricate ecosystem where multiple components such as epithelial cells, immune cells and the gut microbiota (GM) interact reciprocally with each other and regulate homeostasis (1). The gut plays an important role in digesting and absorbing nutrients, preventing loss of water and electrolytes, tissue injury repair, and communicating with the environment. Moreover, it continually encounters a large amount of exogenous agents derived from the diet and environment, as well as infectious microbes (2). Pathogenic agents such as bacteria, parasites and viruses are a major health and socio-economic burden in both humans and livestock (3, 4). A major task of the gastrointestinal ecosystem is to maintain homeostasis in the presence of harmless dietary components and commensal microbiota, whilst eliciting an adequate protective inflammatory response in response to pathogens (5). Understanding this delicate balance may be the key to developing novel interventions for control of infectious diseases. This is of critical importance, as new approaches to prevent enteric infections in human and veterinary medicine are urgently required in the face of rising antimicrobial drug resistance (6).

The activities of the gut immune system may be highly responsive to diet, and it is increasingly appreciated that various dietary components can modulate the gut immune environment by directly or indirectly interacting with gut immune cells (7). Consistent with this, various natural products such as fibres, polyphenols, and other plant secondary metabolites have been investigated for their ability to regulate intestinal inflammation and immune function (8, 9). In particular, much recent attention has focused on the proanthocyanidins (PAC), a diverse class of oligomeric and polymeric polyphenols found in a wide range of foods including fruits, nuts and berries (10). PAC have been identified as the fraction most associated with the beneficial effects of fruits and berry extracts on diabetes and obesity (11). Whilst these positive effects of PAC are well-known in context of metabolic diseases, less is known about the role in PAC in regulating gut immunity to intestinal pathogen infection. Moreover, although our understanding of the health benefits of PAC has increased, precisely how PAC modulate the immune system is still mostly unknown. In this review, we examine the immunomodulatory effects of dietary PAC, as well as emerging evidence that PAC may modulate immune function during enteric infection in both humans and animals. We discuss current knowledge on the mechanisms underpinning the effects of PAC on inflammation and immunity, and highlight key studies showing that PAC may play a role in promoting resistance to pathogen infection and/or supressing immunopathology. Finally, we suggest some pertinent areas for future investigation.



Gut Pathogens and the Mucosal Immune System

Worldwide, enteric infections are a major cause of mortality and morbidity in humans and production animals. In low and middle income countries, infections of the gastrointestinal tract including bacterial infections (e.g. Escherichia coli), parasitic infections (e.g. hookworm) or viral infections (e.g. rotavirus) cause widespread disease and stunt socio-economic development (12). These infections are less common in high income countries but infections with pathogens such as Clostridioides difficile still pose a considerable public health burden (13). Notably, lifestyle factors such as poor diet (high sugar/high fat) and lack of exercise may not only lead to metabolic diseases, such as type 2-diabetes, but may also predispose to opportunistic infections due to dysfunctional mucosal barrier function (14). Enteric infections are also a major constraint in all livestock production systems, causing billions of dollars in lost production annually and compromising animal welfare and food security (15). Importantly, rising resistance to antimicrobial drug treatments in both humans and animals has necessitated the need for novel solutions for promoting healthy gut function and disease resistance (16).

The gut immune system plays a key role in regulating infection, not only by driving protective immune responses that remove pathogens but also co-ordinating wound healing, tissue repair and resolution of inflammatory cytokines to ensure the avoidance of harmful immunopathology. Under homeostatic conditions, the gut mucosal immune system is inherently programmed to be immunologically tolerant towards food antigens and commensal organisms. Loss of this immunological tolerance can result in dysregulated immune responses, which contributes to the development of inflammatory diseases (1, 17).

Anatomically, the gut immune system can be divided into three different components: the intestinal epithelial barrier (IEB), the lamina propria (LP) and the gut-associated lymphoid tissue (GALT), which is further comprised of Peyer’s patches (PP), isolated lymphoid follicles, and mesenteric lymph nodes (MLNs) (18). The IEB is comprised of diverse and specialized sets of integrated epithelial cells. At the mucosal surface, enterocytes are tightly joined by well-regulated intercellular junctional complexes, which prevents access by pro-inflammatory agents to the underlying tissue. The epithelium also comprises intra-epithelial lymphocytes (IEL), goblet cells, Paneth cells and enteroendocrine cells among others, which are assembled into a single layer covered by a mucous layer (19). Goblet and Paneth cells secrete mucus, and anti-microbial peptides, respectively, which contribute to the exclusion of allochthonous microbes from the LP tissue. Furthermore, IEL such as γδ T-cells help to maintain barrier integrity by promoting tolerance to commensal microbes, while responding to the presence of pathogens (20).

Within the LP, innate immune cells are uniquely situated to counter infectious microorganisms. These include rapid-responding innate lymphoid cells (ILCs), and professional antigen presenting cells (APCs) such as dendritic cells (DCs) and macrophages. The adaptive arm of gut immune system is constituted by B, T and antibody-secreting plasma cells typically arranged within both the LP and the GALT (18). Macrophages and DCs possess several pattern recognition receptors, including toll-like receptors (TLRs), and C-type lectin receptors, that are capable of recognizing pathogen-associated molecular patterns (21). Both the innate and adaptive arms of the gut immune system work in a coordinated manner to maintain immunologic homeostasis and induce protective inflammatory responses (22, 23). Exogenous antigens are sensed by APCs that possess the specialized machinery to sample and process incoming antigens. For the induction of the gut immune response antigen-bearing DCs migrate to the nearby GALT tissue like PP or MLN where DCs communicate with the naïve T-cells and induce their antigen-specific differentiation into effector T cells which can be either CD4+ [T-helper (Th) 1, Th2, Th17, regulatory T cells (Treg)] and/or CD8+ (cytotoxic) T cells (24). ILCs are also involved in initiating immune responses (23). After induction, the effector immune cells either remain in the GALT tissue or migrate to the suitable mucosal sites where they induce protective inflammatory responses resulting in the elimination of the antigen and the re-establishment of homeostasis.

Depending upon the nature of the pathogen challenge, gut immune responses can be classified into subtypes; type 1 immune responses (comprising mainly ILC1 and Th1 cells) that provide protection against viral and intracellular bacteria, type 2 immune responses (ILC2 and Th2) that help in expelling parasitic helminths, and type 3 immune responses (ILC3 and Th17-Th22) that are required to eliminate fungi and extracellular bacteria (24). Furthermore, an additional type 4 immune response has been suggested to operate at the gut mucosal surfaces that principally block the entry of microorganisms even before they come in contact with the mucosal surfaces. This response is mediated by secretory IgA, which is in turn dependent on the production of TGFβ secretion from Treg cells (25, 26). Regulation of these different pathogen-specific immune programs is crucial. Dysregulation during either chronic infection or autoimmune disease can lead to Th1 and Th17-driven chronic inflammatory diseases like Crohn’s disease (27), whereas impaired Th2 immune responses contributes to the progression of food allergies (28) and ulcerative colitis (29). Thus, the effects of immune-modulating dietary interventions (e.g. prebiotics) need to be evaluated not only on how they may boost immune responses to infection, but also how they impact on the resolution of inflammation and regeneration of tissue damage. Ultimately, nutritional manipulation of the gut immune system should aim to promote innate and adaptive responses that allow infected hosts to resist and/or tolerate infections, with a minimum of immunopathology.



Proanthocyanidins

Proanthocyanidins are a member of the polyphenol class of plant secondary metabolites. Polyphenols represent an important group of naturally occurring anti-oxidants and chemo-preventive compounds, and are found in plants and in food of plant origin, such as fruits, vegetables, cereals, and cocoa. The average intake of polyphenols by European adults has been estimated to ~1 g/day, which is higher than the intake of any other classes of phytochemicals (30, 31). The main challenge that delayed the attention to polyphenols compared to other anti-oxidants, such as carotenoids and selenium, was due to the considerable diversity and complexity of their chemical characteristics (30). Polyphenols have especially been studied to investigate their potential in cancer research due to their anti-oxidative effects, but their mechanisms of action go beyond the modulation of oxidative stress, and are not yet fully understood (30, 32). Epidemiological, in vitro and animal studies have shown that polyphenols may have preventive and protective properties towards numerous conditions, such as cardiovascular, degenerative, metabolic, and inflammatory diseases (33, 34).

One of the most widespread polyphenol classes are tannins: water-soluble secondary metabolites found in many different plants. They can be classified into two main groups; the hydrolysable tannins (gallotannins, ellagitannins, and complex tannins) and the non-hydrolysable PAC, or condensed tannins (35). Proanthocyanidins consist of flavan-3-ol monomers, either catechin or epicatechin or their trans isomers, arranged into large oligomers or polymers with degrees of polymerization (DP) ranging from 2 to more than 40 (Figure 1) (36, 37). They are among the most common dietary polyphenols and are responsible for the bitter taste of chocolate and the astringent sensation in fruits such as grapes, pears and apples. The sensation of astringency is caused by the ability of PAC to bind and precipitate salivary proteins containing high-proline contents (38). The average intake of PAC has been estimated to 95 mg/day in American adults with variations depending on age, sex, wine consumption and ethnicity (39). Of note, due to large variation in PAC DP, no food source can provide high amounts of PAC molecules with one specific chemical conformation (40). Thus, the studied effects of PAC towards a vast variety of diseases often relies on a symbiotic or additive effect of PAC molecules with differing DP.




Figure 1 | Structures of flavanol monomeric subunits and an example of a tetrameric proanthocyanidin (condensed tannin) oligomer.




Gut Immune Regulation by Dietary Proanthocyanidins

Polyphenols (including PAC) display π-electron-rich aromatic nuclei and labile phenolic –OH groups, which confer them a reducing (electron and hydrogen-donating) character. Thus, their antioxidant effects are due to their ability to rapidly reduce reactive oxygen or nitrogen species (ROS/RNS), which are produced in great amounts during the inflammatory phase of chronic diseases (41). In addition, the PAC molecule procyanidin B1 (a dimer of epicatechin) has also shown protective effects towards oxidative stress by inducing the activity of the glutathione S-transferase P1 enzyme (GSTP1) and the nuclear translocation of the transcription factor NF-erythroid 2-related factor (Nrf2), which may in fact be a more important antioxidant mechanism than direct scavenging of ROS (42). Due to their well-known antioxidant effects, and their high concentrations in many health-promoting dietary components such as grapes and berries, PAC have been increasingly studied for their effects on gut health. Numerous studies in mouse and piglet models of intestinal inflammation have shown that dietary PAC can have beneficial effects, including promoting gut barrier integrity and mucosal morphology, and increasing goblet cell density and villi lengths (43, 44). However, the mechanisms by which PAC induce these benefits are largely unknown.

PAC molecules generally remain stable in the stomach (45, 46) which may be due to a protective layer formed by the protein-binding oligomers coating the gastric mucosa or by modulating hydrochloric acid secretion (47). Thus, PAC with a DP of ≥3 remain structurally intact during intestinal transit, and are able to pass to the large intestine where they are metabolized to varying degrees by the GM. This results in the production of numerous bioavailable metabolites such as flavan-3-ol conjugates (e.g. O-methyl-epicatechin-glucuronide) and phenolic acids (e.g. caffeic or coumaric acids). These can be absorbed and result in systemic health benefits, such as positive regulation of cardiovascular disease by binding to low density lipoproteins (48–51).

A number of recent studies have begun to shed light on how microbial metabolism of PAC may influence gut health. Some caution needs to be applied in ascribing the observed effects solely to PAC, as feeding studies are often conducted with extracts or dietary supplements which contain other polyphenols or fibres which may also impact the GM. Of interest, it has been shown that transfer of GM from mice fed a PAC-rich Camu camu extract mice to germ-free mice can protect against metabolic disease during diet-induced obesity (52). Thus, a prebiotic effect of PAC has been speculated to be primarily responsible for their anti-inflammatory and immunomodulatory activity (8, 53). Consistent with this, changes in the GM following administration of pure grape-seed PAC can precede alterations in intestinal immune gene expression (54). However, it is also plausible that PAC interact directly with cells at the mucosal barrier during their intestinal transit, and this may also result in significant immunomodulatory activity (55). Consequently, the effects of PAC on the immune system likely comprise both prebiotic effects and direct modulation of immune cell function (Figure 2). We will discuss both these potential mechanisms below.




Figure 2 | Possible mechanism leading to immunomodulatory activity of proanthocyanidins (PAC) in the gut. PAC molecules enter the gut lumen and may exert direct effect on the gut microbiota by selecting for distinct bacteria (1) and the gut epithelial layer by upregulating i.e. tight junctions (2). In turn, the gut microbiota may alter the chemical structure of the parent PAC molecule and produce metabolites (4). PAC metabolites can be absorbed through the epithelial layer and influence residing immune cells (5). The metabolites may also alter gut microbiota as well as the gut epithelial barrier (6). Furthermore, both parent compounds and PAC metabolites may have direct or indirect effects on gut pathogens, such as bacteria, helminths and viruses. These putative immunomodulatory mechanisms may be caused by isolated PAC molecules and/or PAC-rich extracts. Conclusive experimental evidence in vivo is thus far lacking. DC, Dendritic cell; IEL, Intraepithelial lymphocyte.





Regulation of Immune Function by Proanthocyanidins as a Result of Prebiotic Effects

The GM residing in the human intestines is composed of up to 100 trillion microbes (56). Most of the intestinal bacteria belong to different genera of gram-positive Firmicutes, and to some of the many different gram-negative Bacteroidetes, such as Bacteroides, Prevotella, Parabacteroides, and Alistipes. Other phyla, including Proteobacteria, Actinobacteria, Fusobacteria, Verrucomicrobia are also core members of the human GM (57). The number and diversity of bacteria have been shown to vary in the different sections of the gastrointestinal tract. Thus, a low number and few species populate the stomach and the upper part of the small intestine, whereas the number of bacteria progresses from the jejunum to the colon (58). Recently, the concept of “healthy gut” has become very popular given that intestinal dysfunction has been associated with several diseases, both locally as well as systemically (1). Furthermore, perturbed gut immune homeostasis also weakens the gut barrier integrity, increasing susceptibility to opportunistic pathogen infection and allowing gut bacterial translocation to the basal side of the mucosa, resulting in systemic inflammation (5, 59).

A number of studies have shown that dietary PAC can alter the composition of the GM. Piglets given grape-seed derived PAC had improved gut microbial diversity, and increased abundance of OTUs belonging to Firmicutes, Bacteroidetes spp., and Clostridiaceae, and decreasing the abundance of Lactobacillaceae (44). Moreover, a consistent feature of PAC-rich diets is a significant increase in the abundance of Akkermansia muciniphila, which has been observed in mice, pigs and humans (60–62). Akkermansia has become a biomarker for gut health due to its association with mucosal barrier integrity and mucin production. It can also produce metabolites that suppress inflammatory responses directly in intestinal epithelial cells, suggesting that its growth in response to certain dietary components may be responsible for their putative health benefits (63). Various other metabolites with known anti-inflammatory activity, such as short-chain fatty acids (particularly propionate), have also been observed to be increased in the digesta of animals fed PAC-rich diets (61, 64).

How PAC causes these changes in the GM is an open question and an active area of research. Several studies have addressed the metabolism by which PAC molecules are degraded into aromatic acids by the intestinal flora, notably in the large intestines (33). It is clear that, at least in vitro, the bacterial metabolism of PAC is dependent on the DP, with polymers being less susceptible to degradation compared to catechin monomers (65). Stimulated digestion of PAC by the GM in in vitro systems has demonstrated an active de-polymerization of PAC followed by the appearance of small phenolic metabolites, some corresponding to those observed in the systemic circulation of animals fed PAC in vivo (66, 67). Thus, it is clear that PAC can act as a direct prebiotic substrate, similar to dietary fibre. Furthermore, direct anti-bacterial effects of PAC have long been studied, and it is known that PAC induce growth inhibition of some bacteria either by inhibition of enzymes, deprivation of growth substrates, or direct action on the bacterial cell membrane (68). Therefore, selective inhibition of some bacterial taxa, allowing the increased propagation of beneficial bacteria, may also be a mechanism whereby PAC change the composition of the GM. Indeed, selection for Bacteroides and Enterobacteriaceae is seen in rats fed a PAC-rich diet, and these bacteria were referred to as PAC-resistant bacteria, and their abundance increased in a dose-dependent manner (69). However, it is also clear from in vitro studies that direct interactions between PAC and host intestinal cells can stimulate the production of mucins and other mucosal proteins, that may also act as selective nutrient source for bacteria such as Akkermansia (70). Consequently, growth of these bacteria may indirectly derive from PAC-mediated effects on host cells rather than a direct interaction between PAC and the bacteria residing within the GM. Whatever the mechanism, it is clear that the consumption of PAC changes the GM and produces soluble metabolites with recognized anti-inflammatory or immunomodulatory activity. This prebiotic capacity of PAC may thus be a major mechanism of their observed health benefits in different models of disease.



Direct Effects of Proanthocyanidins on Immune Cells

In vitro, PAC possess well-characterized anti-inflammatory activity in both intestinal epithelial cells, macrophages and DCs (71, 72). Exposure of macrophages or DCs to pro-inflammatory stimuli such as TLR ligands (e.g. lipopolysaccharide—LPS) in the presence of PAC results in lower production of inflammatory cytokines, ROS, and NFκB translocation (55, 73). Moreover, in epithelial cells, mitochondrial dysfunction induced by inflammation and oxidative stress can be effectively alleviated by PAC (74). Mechanistically, the mode-of-action of PAC has not been fully elucidated. However, PAC do not appear to block the interaction of LPS with TLR4 in DCs, but instead modulate downstream signalling pathways connected to lysosome activity and second-messenger activity (73, 75). Importantly, these effects are consistent with immunological changes observed in vivo in models of inflammation, suggesting that at least some anti-inflammatory effects of PAC derive from direct modulation of mucosal immune cells (76–78).

In addition to regulating cellular responses to pro-inflammatory stimuli, PAC are also capable of activating innate immune cells involved in host defence and barrier function. Perhaps the most well described example of this is the in vitro response of γδ T-cells to PAC stimulation, whereby these cells undergo proliferation, up-regulate IL-2Rα and display increased stability of transcripts encoding for cellular activation (79, 80). This response appears to be unique to γδ (and not αβ) T-cells, is conserved across multiple species, and has also been observed in vivo in humans consuming PAC-rich cranberry juice (81–83). γδ T-cells are found in the intestinal barrier where they respond to conserved pathogen or dietary antigens to fortify mucosal defences and provide signals for the activation of other immune cells such as neutrophils (84). Thus, these cells appear to have evolved a conserved response against PAC, suggesting that intake of these dietary compounds is associated with activation of innate defence mechanisms leading to protection from infection. Consistent with this, stimulation of intestinal organoids with PAC leads to significant up-regulation of antimicrobial defences (e.g. goblet cell and mucin production), again indicating that the mammalian gut has evolved to sense PAC as a signal for strengthening of innate immune defences to prevent infection and/or reduce harmful inflammation (70).



Effects of Proanthocyanidins on Resistance to Enteric Pathogen Infection

A major research effort is currently underway to identify nutritional interventions that can improve resistance to infection in both human and veterinary medicine. Nutritional manipulation of the immune system may enhance protective response to infection but also reduce inflammation and restore homeostasis and tolerogenic immune responses. Much of this research has been directed towards probiotics, and the role that they may play in stimulating the immune system and promoting balanced immune function without overt inflammation (85). The ability of PAC to increase resistance or modulate inflammatory responses to infection is not yet clear. Below, we consider some relevant studies where the effects of PAC on different enteric infections have been studied.


Bacterial Infections

The colonization and invasion of pathogenic bacteria leads to the disruption of gut homeostasis, inflammation and often symptomatic disease. Whilst dietary PAC can protect against pro-inflammatory responses induced by either diet-induced GM dysbiosis or acute challenge with purified endotoxin (86), their role in combating infection with bacterial pathogens is less well described. As mentioned above, PAC have documented anti-bacterial effects which include preventing the entry of E. coli into epithelial cells, likely by Fimbriae neutralization or agglutination, and also deactivation of toxins which can cause secretory diarrhoea (70, 87). This may explain the apparent clinical benefits of feeding PAC-rich extracts to piglets infected with enterotoxigenic E. coli (88). Moreover, some of the immunomodulatory effects that are apparent during metabolic disease models, (e.g. strengthening of the mucosal barrier by goblet cell differentiation and modulating inflammatory cytokine production), also appear to be relevant in different bacterial infection models. Peptic ulcers are one of the leading gastro-intestinal diseases and can often be attributed by the gram-negative bacteria Helicobacter pylori, which affects the duodenum and stomach by inducing inflammation, and increasing the risk of adenocarcinoma (89). A number of studies have investigated how PAC may alleviate infections with H. pylori. In a rat model of gastric ulcers, the beneficial modes of actions of PAC were attributed to elevated mucus secretion, increased recruitment of neutrophils and mast cells, as well as a thicker regenerative gastric mucosa (90). In pigs, provision of grapeseed PAC reduced infection with Campylobacter jejuni, with the effects ascribed to enhanced mucosal barrier function as a result of reduced ROS, and consequently less disruption of epithelial tight junctions (91). In addition, the anaerobic and gram-positive bacteria Clostridium perfringens is the causative agent of necrotic enteritis in poultry. It primarily affects the jejunum and ileum, and causes important economic losses in the poultry industry (92). A study using concomitant infection of both coccidia and C. perfringens, demonstrated a significant decrease in the amount of intestinal lesions and mortality, when feeding PAC as a boosting agent to increase the efficacy of a vaccine (93), with the authors hypothesizing that PAC may be capable of simulating both cytotoxic and T-helper cells during infection.

Whilst these studies have demonstrated that dietary PAC may help to protect against pathogenic bacterial infections, Forgie et al. (94) recently reported that mice fed a PAC-rich diet were more susceptible to infection with Citrobacter rodentium (a model for E. coli infection in humans). These authors speculated that a reduction in GM diversity stemming from PAC consumption deprived the mucosal barrier of protection from commensal bacteria that could prevent C. rodentium attachment. In addition, it could be postulated that PAC may inhibit the production of inflammatory cytokines, such as IL-6, which are important for defense against C. rodentium (73, 95). Thus, the immunomodulatory effects of PAC could, in some contexts, render hosts more susceptible to infection if a strong inflammatory response is necessary to clear the pathogen. Thus, careful appraisal of the effects of PAC in different host-pathogen systems is required to determine their potential benefits. Interestingly, treatment of mice with extracts from pomegranate that contain hydrolysable tannins (as opposed to PAC, or condensed tannins) reduced C. rodentium infection and also appeared to alleviate some of the dysbiotic effects induced by the infection (96). Thus, exploration of structure-function relationships of different polyphenols and how these relate to regulation of responses to bacterial infections are clearly required. Moreover, studies to determine whether there are differences in the ability of PAC to regulate chronic, low-grade infections, or acute infections accompanied by significant epithelial inflammation are highly warranted.



Parasitic Infections

Recent estimates are that more than a billion people are infected by intestinal worms (helminths), making parasite infections one of the most common infections worldwide, and causing substantial morbidity (97). Parasitic infections also cause significant economic losses in farming industries. Helminths are also ubiquitous in livestock where they cause reduced performance and as well as clinical disease (98). In addition, protozoan parasites such as Giardia are extremely common in tropical regions, and related parasites such as Eimeria are the cause of coccidiosis which is a major cause of clinical diarrhoea in animals such as chickens and calves (99). Unlike bacteria and viruses, immunity to helminth infection is critically dependent on Th2-driven immune responses. IgE production, eosinophilia and production of type-2 cytokines such as IL-13 and IL-33 are all hallmarks of helminth infection (100). In natural infections, mixed Th1/Th2 responses are induced. Modulation of this balance can either induce Th1-driven immunopathology with tissue necrosis, pro-inflammatory responses and chronic infection, or Th2-related protective immunity involving remodeling of the intestinal barrier and mucus secretion that results in parasite expulsion (101).

It has been repeatedly shown that high levels of PAC in the diet may help animals cope with helminth infection. Interestingly, animals have a natural preference for specific plants when infected with parasites, and self-medicate by ingesting secondary plant metabolites, including PAC (102). Worms recovered from sheep or cattle consuming forage pastures rich in PAC (e.g. from the Fabaceae family) are smaller and less fecund than worms from control-fed animals, indicating a beneficial effect of PAC on response to infection (103), and in vitro experiments have shown that PAC can directly bind to helminths and reduce their survival (104, 105). More recently, a number of studies have shown that PAC can substantially alter the immune response during helminth infection, suggesting that host resistance to infection can be enhanced. In vitro, DCs exposed to PAC have an enhanced ability to drive helminth-induced Th2 responses in naïve T-cells, suggesting that parasite-specific immune function can be enhanced during infection (73). Consistent with this, helminth-infected animals consuming PAC have higher numbers of Th2-associated mucosal eosinophils and mast cells, as well as parasite-specific antibodies and γδ T-cells (64, 106–110). Heightened Th2 polarization may result from the selective down-regulation of pro-inflammatory Th1 responses by PAC (73). Alternatively, direct stimulation of gut epithelial cells, either by parent PAC molecules or GM-derived metabolites, may enhance innate defenses that favor anti-helminth immunity (e.g. goblet cell responses). Beneficial effects of PAC are not confined only to helminth parasites. Poultry infected with E. tenella and fed with PAC have significantly decreased mortality rates and increased weight gain, which was linked to amelioration of oxidative stress caused by infection (111).

Collectively, these studies suggest that PAC may offer multifaceted benefits to parasitized hosts. These may include a reduction in parasite fitness, as well as augmentation of immune responses that may suppress harmful inflammation, oxidative stress and pathology, whilst promoting immune responses that fortify and repair the mucosal barrier, thus protecting from secondary bacterial infections that are also a feature of worm infections (112). Further research is needed to understand these effects, and helminth infection models may offer a valuable model for assessing the ability of PAC to modulate naturally induced type-2 mucosal immune responses.



Viral Infections

Enteric viruses are mainly transmitted via the fecal–oral route, either by person-to-person contact or by the ingestion of contaminated food or water (113). The most important viruses causing gastroenteritis in humans include norovirus and hepatitis A (114). In addition, sapoviruses, rotaviruses, coronavirus, astroviruses, and hepatitis E virus (HEV), are also known causes for enteric diseases (113).

Research into the potential role of PAC on combating enteric viral infections is in its infancy. Several studies have investigated the ability of PAC to neutralize viruses in vitro. PAC derived from persimmon were shown to inactivate 12 pathogenic viruses, including rotavirus (115). Similar effects with other PAC preparations have been established in other in vitro studies, which demonstrated anti-viral effects of PAC against the norovirus surrogates Bacteriophage MS2, murine norovirus (MNV-1), and Feline Calicivirus (FCV-19), as well as Hepatitis A and coxsackievirus (114, 116).

The ability of PAC to modulate immune responses to viral infection have also been investigated in vitro. Exposure of human PBMC infected with dengue virus to oligomeric PAC resulted in enhanced type-1 interferon responses, and lower viral titers, suggesting that PAC can directly impact on the intracellular response to viral infection (117). Consistent with this, consumption of apple-derived PAC by mice also resulted in augmented type-1 interferon activity (118). Some limited clinical evidence exists in support of this from a study where prolonged consumption of PAC-rich cranberry juice reduced influenza symptoms (83). These results imply that PAC have the ability to activate innate immune effector mechanisms that target intracellular viruses, similar to the triggering of defense molecules such as mucins in the gut mucosa, suggesting a highly conserved response whereby sensing of PAC leads to a rapid response designed to protect against pathogens. Importantly, PAC also appear to down-regulate excessive inflammatory cytokine production in response to viral infection which, in many cases, is responsible for the pathology and clinical symptoms (119). However, further work is clearly needed with detailed in vivo studies to explore if dietary PAC can effectively modulate immunity and inflammation during enteric viral infection.





Concluding Remarks

A vast number of studies have now documented that, in vitro, PAC possess anti-oxidant, anti-bacterial, anti-parasitic, and anti-viral effects. Moreover, the ability of dietary PAC to modulate the GM and protect against obesity and metabolic syndrome is becoming well-established. Whilst there is clear evidence that dietary PAC affect immune function, our understanding of the implications of this is only just starting to be formed. The balance between effective immune responses and harmful immunopathology is a fine one. Dietary supplements that induce immunosuppressive effects may be beneficial for autoimmune disease, but may in turn be detrimental against infectious diseases by potentially giving rise to increased susceptibility of infection. Understanding the mechanisms leading to the anti-inflammatory effects of PAC may therefore lead to better decision-making on how/when to use PAC during aberrant immune responses towards pathogens, while not supressing the vital immune components required for overcoming infections. It has also become clear that development of infection is highly dependent on complex host-pathogen interactions, and future studies should consider the implications of PAC during the early and late stages of acute or chronic enteric disease. This would broaden the possible applications of PAC throughout the course of disease, as well as elicit further investigations into the modes of action of PAC as the gut homeostasis alters during disease progression. The possible benefits of PAC may also be explored prior to infection, to unravel its potential at priming the gut environment towards enhanced immunity, or post-infection where PAC may improve healing of the gut mucosal barrier.

Further understanding the mechanisms of how PAC modulate the activity of immune cells will be crucial to further optimize their use as health-promoting dietary additives. Key questions to be addressed include determining the specific pathways that are modulated in immune cells such as macrophages after exposure to PAC—does their anti-inflammatory activity stem purely from antioxidant effects or do PAC specifically alter key intracellular signalling pathways? How much of the observed immunomodulatory activity of PAC is due to direct effects of parent PAC compounds on mucosal immune cells, compared to the activity of GM-derived metabolites that are formed during breakdown of PAC in the colon? Which specific metabolites can alter the activity of immune cells and gut barrier function? Can PAC directly kill pathogens in the gut, or are beneficial effects purely related to effects on host barrier function and immunity? A detailed understanding of how PAC influence immune responses towards different pathogens that induce type-1 responses (intracellular bacteria), type-2 response (helminths), or type-3 responses (extracellular bacteria) will also be important if PAC-rich dietary components are to be strategically used to combat enteric infections in human or veterinary medicine. Indeed, PAC may prove to be a useful model for answering basic questions about the regulation of mucosal immunity by dietary compounds. However, the lack of standardized methods in the purification techniques of PAC limits the comparison of data between studies. Also, most in-vivo studies make use of PAC-rich extracts, which may give rise to misleading conclusions regarding the isolated effect of PAC. Future studies should therefore aim at finding a general consensus as to how to isolate chemically identical PAC molecules. This is crucial, as numerous studies have demonstrated that there are substantial differences in bioactivity of PAC subtypes (based on DP or monomeric subunits) (73, 74). Mechanistic studies could consequently attribute a specific mode of action to distinct PAC molecules. This would aid minimizing the considerable variability observed between research groups working with isolated PAC molecules of various purity compared to plant extracts rich in PAC among other phenolic compounds. Increasingly rigorous methods will need to be applied, including the use of germ-free animals and other experimental approaches to disentangle the role of the GM in the immunomodulatory activity.

In conclusion, PAC seem to be a promising group of natural dietary compounds that can regulate inflammation. Emerging evidence exists that mucosal immunity to pathogen infection can be enhanced by PAC. Specific mechanisms identified include the priming of innate defenses in mucosal epithelial cells and leukocytes as well as promoting antibody and balanced lymphocyte responses through regulation of inflammatory responses during infection. A multidisciplinary approach involving phytochemistry, microbiology and immunology will be necessary to understand the interactions between PAC and the immune system, and lead to the full exploitation of defined PAC molecules as health-promoting dietary agents.
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Epigallocatechin gallate (EGCG) has potent biological activity as well as strong antioxidant and anti-inflammatory effects. This study aims to explore the protective effect of EGCG on LPS-induced acute injury. We randomly divided 18 mice into three groups: CON, LPS, and EGCG-LPS. We gave the EGCG-LPS group gavage treatment with EGCG on day 8–15 and an intraperitoneal injection of LPS on day 16 to induce acute injury. The results showed that, compared with the LPS group, the bodyweight of the mice in the EGCG-LPS group increased significantly and effectively inhibited the morphological damage of the jejunum and liver. We measured liver tissue and found that the EGCG gavage treatment significantly inhibited the pro-inflammatory factors (TNF-α, IL-1β, IL-6, MCP-1, MIP-2, IFN-γ) and oxidation indicators (MPO, NO, ALT, and AST) levels increase. The microbiological results showed that the EGCG gavage treatment reshaped the disturbance done to the intestinal microbial community in the mice by LPS, reversed the changes in the abundance ratio of Firmicutes/Bacteroidetes, and significantly reduced the abundance of Enterobacteriales. Finally, the serum metabolomics results showed that, when compared with the LPS group, the gavage treatment of EGCG significantly increased the concentration of sphingomyelin (d17:1/17:0), sphingomyelin (d16:1/20:0), and significantly reduced the content of trans-Hexadec-2-enoyl carnitine, and so on. Therefore, we believe that EGCG can protect mice from acute stress induced by LPS while stabilizing gut microbes in general, improving the metabolism of sphingolipids, and inhibiting the content of harmful metabolites.
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Introduction

Lipopolysaccharide (LPS) is a major part of the cell wall of gram-negative bacteria, and it is composed of lipids and polysaccharides. A large amount of experimental data shows that LPS can cause systemic inflammatory response syndrome (SIRS) (1, 2). It is an endotoxin that can not only be secreted in the form of outer membrane vesicles (OMVs) but can also be released by forming micelles in the bacterial membrane (3). LPS is transported to the cytoplasm of immune cells in the form of OMVs, and inflammatory caspases, as the specific receptors of LPS, can activate the production of downstream pro-inflammatory factors (4). On the other hand, LPS contained in micelles is recognized by TLR4 under the combined action of binding proteins (5). Finally, the danger signal of the stress inflammation induced by LPS will reach the liver from the gastrointestinal tract, portal vein, or arterial blood circulation (6). LPS activates liver immune cells (Kupffer cells), thereby inducing the production of TNF-α and other inflammatory factors, which cause the liver to produce oxidative stress and inflammation (7). In an injured state, the liver will eliminate the damaged organelles through autophagy to reduce apoptosis, maintain the integrity of the tissue genome, and provide energy to ensure cell homeostasis (8). In addition, LPS and its receptor protein, TLR4, can induce small intestine damage and reduce its nutrient absorption capacity, thereby causing an imbalance of the intestinal flora and increasing the intestinal permeability. This process further promotes liver damage (9). This may be why the microbial metabolites after the disorder can promote liver inflammation and fibrosis (10). Therefore, for intestinal microbial homeostasis, we can use intestinal microbes to regulate the liver physiology through the intestinal liver axis (11).

Epigallocatechin gallate (EGCG) is one of the most abundant catechins in green tea and is a typical polyphenol flavonoid compound that has eight free hydroxyl groups (12). Extensive studies have shown that EGCG is the most widely active substance in green tea, with antibacterial, antiviral, anti-oxidant, anti-arteriosclerosis, anti-thrombosis, anti-vascular proliferation, anti-inflammatory, and anti-tumor effects (12, 13). Cancer is the result of the final pathogenic development of inflammation (14). Many inflammatory factors, including pro-inflammatory factors and chemokines, mediate the occurrence of cancer (15, 16). In inhibiting inflammation and cancer, EGCG has shown good performance significantly inhibiting inflammatory cell expression in various cancer cells (17–19). Clinical studies have shown that EGCG can resist the proliferation and migration of human cancer cells by inhibiting the expression of NF-κB and MMP-9 (20) On the other hand, EGCG can maintain the integrity of the epithelial barrier of Caco-2 cells and inhibit the increase in the intestinal epithelial permeability induced by IFN-γ (17). After the gut microbes (including Enterobacter aerogenes, Raoultella planticola, Klebsiella pneumoniae) hydrolysis EGCG, the host gut can absorb these microbial metabolites (21). According to previous studies, after EGCG is hydrolyzed in the intestine, a series of transformations and degradations will occur. Studies have shown that 5-(3,5-dihydroxyphenyl)-4-hydroxyvaleric acid is the main metabolite of EGCG in the intestine, and, after the intestinal microbes degrade EGCG, 5-(3’,5’-dihydroxyphenyl) -γ-valerolactone is absorbed by the body, and its glucuronic acid form is the main urinary metabolite (22). EGCG is first absorbed by the intestine after being ingested, and, in this process, the intestinal flora plays a vital role (23). On the other hand, EGCG also has a significant regulatory effect on the composition of the intestinal microbial community. The addition of EGCG to the diet can reduce the microbial abundances of Alipipes, Anaerotruncu, and Desulfovibrio, which are related to metabolic disorders, and can remedy the malnutrition of the intestinal flora caused by non-alcoholic steatohepatitis. EGCG can also inhibit Prevo and Fusobacterium to regulate the intestinal flora (17). Therefore, we assume that EGCG can maintain the gut microbial community’s structural homeostasis and serum metabolites to reduce an acute host injury. This study explored the protection of EGCG in mice with an acute injury induced by lipopolysaccharide, observed the changes in the intestinal flora and serum metabolites of these mice, and determined the protective effect of EGCG.



Materials and Methods


Animals and Experimental Design

Animal experiments were performed according to the Guidelines for the Care and Use of Laboratory Animals of Hunan Agricultural University. We selected 18 eight-week-old ICR mice (Hunan Sileike Jingda Co, Changsha, China) for a week of adaptation. On the eighth day, we randomly divided them into three groups: the control group (CON), the LPS model (LPS), and the EGCG gavage treatment group (EGCG-LPS). On days 8–15 of the experiment, according to the pre-experiment results (Supplemental Figures 1, 2), we gave the EGCG-LPS group a gavage of EGCG (200 mg/kg), and the other two groups received normal saline gavage of the same dose. On the 15th day of the experiment, we administered LPS (15 mg/kg) intraperitoneal injections in the mice in the LPS and EGCG-LPS groups as well as intraperitoneal injections of normal saline of the same dose in the CON group (Figure 1A). On the 16th day, all mice were sacrificed, serum was collected for metabolome analysis, a portion of the liver and jejunum were fixed in 4% formalin for histomorphological analysis, and a portion of the liver and colon contents were taken, quick-frozen in liquid nitrogen, and used for liver index determination and 16srDNA determination.




Figure 1 | The protective effects of intragastric administration of EGCG on body weight. (A) the experimental process; (B) body weight. Data are mean ± SD (n = 6) and analyzed by one-way ANOVA. “*” means that the horizontal line connects the p-value of the data between the two groups <0.05, and the “P” value in the figure represents the accurate value of p between the three groups of data, and some of the p values between the three groups are too small to be expressed as p<0.0001.





Jejunum and Liver Histopathology

The tissue fixed in 4% formalin was treated with gradient concentrations of xylene and ethanol and then embedded in paraffin. The embedded sample was dehydrated and transparent; it was dyed with hematoxylin and eosin and then covered with neutral gum. The specific process was based on our previous research (24).



Determination of Proinflammatory Factors and Oxidative Stress Substances in Liver Tissue

The concentrations of TNF-α, IL-1β, IL-6, MCP-1, MIP-2, IFN-γ and MPO in the liver tissue samples were measured by a Mouse ELISA Kit (Jiangsu Yutong Biological Technology Co) with a microplate reader (Bio Tek, USA). The concentration of NO as well as the enzyme activity of ALT and AST in the liver tissue samples were respectively measured by a Nitric Oxide (NO) assay kit (Microwell plate method), Alanine aminotransferase Assay Kit and Aspartate aminotransferase Assay Kit (Nanjing Jiancheng Bioengineering Institute) with a microplate reader (Bio Tek, USA).



Serum Metabolomic Analyses

We extracted the serum with methanol and add dichlorophenylalanine. After mixing the liquid, we centrifuged it to obtain the supernatant and perform an on-machine test of LC-MS. The specific chromatographic column and liquid phase conditions used referred to our previous research. The off-machine data was preprocessed with Compound Discoverer software to obtain the molecular weight, mass-to-charge ratio, retention time, and peak area. Finally, we used SIMCA14.1 to perform orthogonal partial least squares discrimination analysis on the data to obtain the VIP value. We used the Human Metabolome Database (https://hmdb.ca/spectra/ms/search) for substance comparison.



16S Ribosomal RNA Amplicon Sequencing

We used the QIAamp DNA Stool Mini Kit to extract microbial genomic DNA from the colon contents. We selected the V3-V4 region sequence of 16S rDNA for high-throughput sequencing analysis on the Illumina platform. The specific process was based on our previous research (24). We then used Trimmomatic software to perform quality control and optimization of the off-machine data before finally performing operational taxonomic unit (OTU) clustering to determine the composition of the microbial communities at different taxonomic levels. Additionally, we used mothur (Version 1.33.3) to perform alpha diversity analysis. The composition of the microbial community was generated by BMKCloud (http://www.biocloud.net/). The abundance of the sequenced microorganisms at different taxonomic levels was uploaded to http://huttenhower.sph.harvard.edu/galaxy for linear discriminant analysis (LDA) and LDA effect size (LEfSe) analysis.



Data Analysis

All of the data in this study are expressed as mean ± standard deviation (SD). The data were analyzed using SPSS 22.0. The differences between the means of the experimental groups were analyzed using one-way analysis of variance and Tukey’s multiple comparison test. A p value < 0.05 was regarded as a significant difference.




Results


EGCG Improves the Acute Injury Induced by LPS in Mice

Before the last intraperitoneal injection of LPS, we administered EGCG gavage for 7 consecutive days. The results showed that: compared with the CON group, the intraperitoneal injection of LPS significantly reduced the weight of the mice. But the mice that received EGCG gavage treatment, compared with the LPS group, the weight was significantly increased and avoid the weight loss of mice (Figure 1B, p < 0.05).



EGCG Inhibits the Development of Acute Injury Induced by LPS

The results of jejunum histomorphology analysis (Figures 2A–F) showed that, compared with the CON group, the intraperitoneal injection of LPS caused a significant decrease in the height of the mouse jejunum villi and a significant increase in the depth of the crypts (p < 0.05). However, EGCG-LPS group, compared with the LPS group, the mice had significantly increased villus heights, while the crypt depth was reduced considerably (p < 0.05). It returned to a normal level similar to that of the CON group. The morphological results of the liver tissue (Figures 2G–I) showed that the liver cells in the CON group were arranged regularly and neatly centered around the central vein. The liver cells in the LPS group showed apparent inflammatory damage, and the cells were arranged irregularly and exhibited inflammatory infiltration. These damages phenomena were greatly alleviated in the EGCG-LPS group.




Figure 2 | The protective effect of intragastric administration of EGCG on jejunum tissue and liver tissue damage. Images of colon morphology in the CON (A), LPS (B), and LPS-EGCG (C) groups under 200× visual fields; villus height (D), crypt depth (E) and villus height/crypt depth (F) in the three groups; Images of liver morphology in the CON (G), LPS (H), and EGCG-LPS (I) groups under 200× visual fields; Data are mean ± SD (n = 6) and analyzed by one-way ANOVA. “*” means that the horizontal line connects the p-value of the data between the two groups <0.05, and the “P” value in the figure represents the accurate value of p between the three groups of data, and some of the p values between the three groups are too small to be expressed as p<0.0001.





EGCG Inhibits Inflammation and Oxidative Stress in Liver Tissue

We measured the concentration of inflammatory factors in the liver tissues (Figures 3A–F), and the results showed that, when compared with the CON group, the intraperitoneal injection of LPS significantly increased the concentration of TNF-α, IL-1β, IL-6, MIP-2, and IFN-γ in the liver tissue (p < 0.05). However, in the EGCG-LPS group received EGCG gavage protection, compared with the LPS group, the concentrations of TNF-α, IL-1β, IL-6, MCP-1, MIP-2, IFN-γ in the liver tissues of the mice were significantly reduced (p < 0.05). The oxidative stress index of the mouse liver tissue (Figures 3G–J) showed that, when compared with the CON group, the concentration of NO as well as the enzyme activity of ALT and AST in the liver tissue of the LPS group increased significantly (p < 0.05). Compared with the LPS group, the concentration of NO and MPO as well as the enzyme activity of ALT and AST in the mice’s liver tissue after receiving the EGCG treatment decreased significantly (p < 0.05). However, the alleviation of this oxidative stress index did not return to the same level as the CON group.




Figure 3 | The inhibition of the intragastric administration of EGCG on inflammation and oxidative stress in liver tissue. (A) the concentration of TNF-α in liver tissue; (B) the concentration of IL-1β in liver tissue; (C) the concentration of IL-6 in liver tissue; (D) the concentration of MCP-1 in liver tissue; (E) the concentration of MIP-2 in liver tissue; (F) the concentration of IFN-γ in liver tissue; (G) the concentration of MPO in liver tissue; (H) the concentration of total NO in liver tissue; (I) the enzyme activity of ALT in liver tissue; (J) the enzyme activity of AST in liver tissue. Data are mean ± SD (n = 6) and analyzed by one-way ANOVA.”*” means that the horizontal line connects the p-value of the data between the two groups <0.05, and the “P” value in the figure represents the accurate value of p between the three groups of data, and some of the p values between the three groups are too small to be expressed as p<0.0001.





EGCG Regulates Intestinal Microbes in Mice With Acute Injury Induced by LPS

We first analyzed the 16S rRNA V3-V4 region sequence of colonic microorganisms to obtain the α diversity of intestinal microorganisms (Figures 4A–F). Compared with the CON group, the observed species, Shannon index, Simpson index, Chao index, and ACE index in the LPS group all decreased significantly (p < 0.05). However, in the mice that received the EGCG treatment, compared with the LPS group, the observed species, Shannon index, Simpson index, Chao index, and ACE index were significantly improved (p < 0.05). Therefore, EGCG gavage can significantly protect mice from the decrease in intestinal microbial diversity caused by LPS.




Figure 4 | The protective effect of the intragastric administration of EGCG on mouse gut microbial diversity. (A) Observed Species; (B) Shannon index; (C) Simpson index; (D) Chao index; (E) ACE index; (F) PD-whole-tree index. Data are mean ± SD (n = 6) and analyzed by one-way ANOVA. “*” means that the horizontal line connects the p-value of the data between the two groups <0.05, and the “P” value in the figure represents the accurate value of p between the three groups of data, and some of the p values between the three groups are too small to be expressed as p<0.0001.



The microbial community composition of the mouse colon (Figures 5A–D) showed that Firmicutes, Proteobacteria, and Bacteroidetes were the three main microorganisms at the phylum level. The abundance of these three microorganisms accounts for more than 85% of all microorganisms. The Firmicutes abundance in the CON, LPS, and EGCG-LPS groups were 78.24656%, 18.58981%, and 39.05929%, respectively. Proteobacteria abundance accounted for 4.079801%, 37.06216%, and 12.85193%, respectively. The Bacteroidetes abundance was 9.898671%, 32.38386%, and 31.01083%, respectively. Compared with the CON group, the abundance of Firmicutes in the LPS group was significantly reduced (p < 0.05), but the abundance of Proteobacteria and Bacteroidetes was significantly increased (p < 0.05). Compared with the LPS group, the abundance of Firmicutes in the EGCG-LPS group was significantly increased (p < 0.05), but the abundance of Proteobacteria was significantly reduced (p < 0.05).




Figure 5 | The protective effect of the intragastric administration of EGCG on the intestinal microflora of mice. (A) Relative abundance of gut microbiota phyla; (B) percentage of Firmicutes in each sample from the three groups; (C) percentage of Proteobacteria in each sample from the three groups; (D) percentage of Bacteroidetes in each sample from the three groups; (E) relative abundance of gut microbiota orders; (F) percentage of Enterobacteriales in each sample from the three groups; (G) percentage of Lactobacillales in each sample from the three groups; (H) percentage of Clostridiales in each sample from the three groups; (I) relative abundance of gut microbiota genus; (J) percentage of Enterobacteriaceae in each sample from the three groups; (K) percentage of Lactobacillus in each sample from the three groups; (L) percentage of Bacteroides in each sample from the three groups. *p<0.05”*” means that the horizontal line connects the p-value of the data between the two groups <0.05, and the “P” value in the figure represents the accurate value of p between the three groups of data, and some of the p values between the three groups are too small to be expressed as p<0.0001.



The microbial community composition of the mouse colon (Figures 5E–H) showed that Lactobacillales, Bacteroidales, and Clostridiales were the three main microorganisms at the order level. The abundance of these three microorganisms accounts for more than 80% of all microorganisms. The Lactobacillales abundance in the CON, LPS, and EGCG-LPS groups were 66.42404%, 10.58623%, and 12.08513%, respectively. The Bacteroidales abundance was 9.873076%, 32.36142%, and 30.93685%, respectively. The Clostridiales abundance was 5.006486%, 5.806248%, and 24.00442%, respectively. Compared with the CON group, the abundance of Lactobacillales in the LPS group was significantly reduced (p < 0.05), but the abundance of Enterobacteriales was significantly increased (p < 0.05). Compared with the LPS group, the abundance of Clostridiales in the EGCG-LPS group was significantly increased (p < 0.05), but the abundance of Enterobacteriales was significantly reduced (p < 0.05).

The microbial community composition of the mouse colon (Figures 5I–L) showed that Enterobacteriaceae, Lactobacillus, Akkermansia, Helicobacter, and Bacteroides were the five main microorganisms at the genus level. The abundance of these five microorganisms accounts for more than 70% of all microorganisms. The Enterobacteriaceae abundance in the CON, LPS, and EGCG-LPS groups was 1.453315%, 33.92974%, and 9.697065%, respectively. The Lactobacillus abundance was 66.11865%, 10.09782%, and 11.92314%, respectively. The Akkermansia abundance was 0.545563%, 3.846639%, and 3.939904%, respectively. The Helicobacter abundance was 1.53536%, 6.888258%, and 10.97262%, respectively. The Bacteroides abundance was 1.146524%, 18.53617%, and 9.785772%, respectively. Compared with the CON group, the abundance of Lactobacillus in the LPS group was significantly reduced (p < 0.05), but the abundances of Enterobacteriaceae and Bacteroides were significantly increased (p < 0.05). Compared with the LPS group, the abundance of Enterobacteriaceae in the EGCG-LPS group was significantly reduced (p < 0.05).

We used linear discriminant analysis (LDA) to estimate the effect of the abundance of each component (species) on the difference effects (Figure 6A). LEfSe analysis (Figure 6B) showed that the CON group was significantly enriched in Lactobacillus, Lactobacillaceae and Lactobacillales. The LPS group was significantly enriched in Enterobacteriaceae and Enterobacteriales. Meanwhile, the EGCG-LPS group was significantly enriched in Clostridiales.




Figure 6 | Characteristic of mouse colon microorganisms determined by intragastric administration of EGCG. (A) LDA score, an LDA score higher than 4 was considered to be an important contributor to the model; (B) LEfSe taxonomic cladogram, different colors suggest enrichment of certain taxa in the control group (red), LPS group (blue) and LPS-EGCG group (green).





EGCG Affects the Serum Metabolomic Profiles During Acute Injury

We used GC-MS to determine the serum metabolites from the acute injury induced by LPS in the mice. First, we used orthogonal partial least squares discrimination analysis (OPLS-DA) to establish a model of the relationship between metabolite expression and sample category to predict the sample category. At the same time, we also verified this model. The results showed that the serum metabolites of the different groups changed significantly, and the similarity of these metabolisms within each group was high (Figure 7). We specifically analyzed the different metabolites between the CON and LPS groups. We found that the serum levels of the Trihexosylceramide (d18:1/16:0), trans - Hexadec - 2 - enoyl carnitine, 4 - Hydroxytamoxifen, 2 - arachidonoylglycerol, Protoporphyrinogen IX, Janthitrem F, Glycochenodeoxycholic acid 3 - glucuronide, 3 - hydroxytridecanoyl carnitine, Pentadecanoylglycine and Palmitoylglycine significantly increased after the acute injury induced via LPS in the mice (Figure 8A, p < 0.05). On the other hand, the injection of LPS significantly reduced the phosphatidic acid (18:0/13:0), phosphatidic acid (22):1(13Z)/22:5), phosphatidylglycerol (a-13:0/i-22:0), sphingomyelin (d17:1/17:0), sphingomyelin (d16:1/20:0), phosphatidic acid (22:1(13Z)/15:0), phosphatidylcholine (22:6(4Z,7Z10Z,13Z,16Z,19Z)/16:0), pyridoxal, phosphatidylcholine (P-16:0/P-18:1(9Z)) as well as the enterostatin APGPR content (Figure 8B, p < 0.05). However, under the protection of EGCG gavage, the serum metabolites of mice were not greatly affected by the acute stress induced by LPS (Figures 8C, D, p < 0.05).




Figure 7 | Plots of the multivariate statistical comparisons between groups. (A) OPLS-DA score plot of all groups (ESI+); (B) OPLS-DA (Validate Model) score plot of all groups (ESI+); (C) OPLS-DA score plot of all groups (ESI-); (D) OPLS-DA (Validate Model) score plot of all groups (ESI-); (E) OPLS-DA score plot of CON Vs LPS (ESI+); (F) OPLS-DA (Validate Model) score plot of CON Vs LPS (ESI+); (G) OPLS-DA score plot of CON Vs LPS (ESI-); (H) OPLS-DA (Validate Model) score plot of CON Vs LPS (ESI-); (I) OPLS-DA score plot of LPS Vs LPS-EGCG (ESI+); (J) OPLS-DA (Validate Model) score plot of LPS Vs LPS-EGCG (ESI+); (K) OPLS-DA score plot of LPS Vs LPS-EGCG (ESI-); (L) OPLS-DA (Validate Model) score plot of LPS Vs LPS-EGCG (ESI-).






Figure 8 | The regulatory effect of the intragastric administration of EGCG on mouse serum metabolites. (A) Compared with the CON group, ten characteristic metabolites increased in the LPS group; (B) Compared with the CON group, ten characteristic metabolites reduced in the LPS group; (C) Compared with the LPS group, ten characteristic metabolites increased in the EGCG-LPS group; (D) Compared with the LPS group, ten characteristic metabolites reduced in the EGCG-LPS group.






Discussion

This study explored the protective effect of EGCG on LPS-induced acute injury. We observed that EGCG can significantly prevent the morphological damage done to the jejunum and liver caused by LPS. At the same time, EGCG gavage treatment can also significantly inhibit LPS-induced liver inflammation and oxidative stress. The 16srDNA results show that EGCG can maintain the structure of the intestinal microbial community and inhibit the abundance of enteric pathogens, such as Enterobacteriaceae. Via serum metabolomics analysis, we posit that glycerophospholipid and sphingolipid substances are promoted by EGCG, thereby improving the organism’s immune function.

Polyphenols have been widely used to improve the We found that the gavage of EGCG significantly increased the content of pyridoxal in the serum of the mice, thereby enhancing their ability to reduce the expression of IL-1β, TNF-α, IL-6, and other pro-inflammatory factors while also enhancing the organisms’ immunity due to their good biological activity (25–27). Studies have shown that polyphenols, including EGCG and theaflavin-3′-O-gallate (TF3′G), are absorbed in the jejunum after being ingested (28). Therefore, the nutrient absorption capacity of the jejunum is particularly important for the bioavailability of EGCG. T The jejunal epithelium can be renewed in three days, and the cells on the intestinal villi are replaced via the proliferation of crypt cells (29). The role of the intestinal villi is to increase the area of absorption while also promoting absorption (30). Extensive studies have shown that the acute damage done by LPS to the organism can lead to the destruction of the intestinal integrity and barrier function (31, 32). Our research shows that gavage treatment with EGCG can protect the jejunum’s structural integrity and its ability to absorb nutrients so that it will not be affected by an acute injury caused by LPS. When LPS enters the organism, TLR4 in the liver cells can actively recognize LPS and activate the expression of downstream pro-inflammatory factors (33). Pro-inflammatory factors, including the IFN-γ, TNF-α, IL-17, and IL-1 family are widely expressed in the liver, which further deepens the inflammatory damage done to the liver (34). Our research shows that EGCG can well inhibit LPS from activating TNF-α, IL-1β, IL-6, MCP-1, MIP-2, and IFN-γ. Although the concentration of MCP-1 and MPO was not statistically significant between the CON and LPS groups, from a data point of view, these two indicators still showed an upward trend between these two groups, which proves that LPS induced the occurrence of acute stress. Moreover, under the protection of EGCG, these two indicators were significantly reduced when compared with the LPS group, and, at the same time, there was no significant difference between the EGCG group and CON group.

After being injured, the liver will feedback this stress to the intestine through the portal vein, and this process reshapes the structure of the intestinal microbial community (35). Henao-Mejia’s research team found that the immersion of a large number of Toll-like receptors in the portal vein can significantly promote the expression of TNF-α and further induce the development of liver inflammation damage (36). After this signal pathway is transmitted from the portal vein into the intestine, it leads to the intestinal microbes’ structural changes. Bacterial genera, bacteroides, and Ruminococcus are significantly increased, while Prevotella is significantly reduced (37). Our research also found that the intraperitoneal injection of LPS significantly increased the abundance of bacterial genera and Bacteroides. Although the gavage of EGCG failed to inhibit the increase in the abundance of Bacteroides, it did regulate Firmicutes/Bacteroidetes. This ratio is also a characteristic of the stability of the intestinal microbial community (38). However, EGCG treatment given by oral gavage did not prevent the decrease in the abundance of Lactobacillales, similarly to the previous report showing that diet supplementation with EGCG has a small effect on the abundance of Bifidobacteria (39). Gut microbes play an irreplaceable role in intestinal immunity. Proteobacteria is the intestinal microorganism known to be the most relevant to diseases (40). Most of the microorganisms belonging to this phylum level are human pathogens. An increasing number of studies have found that Proteobacteria is an important cause of intestinal inflammation and metabolic disease (41, 42). In this experiment, the gavage treatment of EGCG significantly reduced the abundance of Proteobacteria underwater at the portal level, thereby reducing the risk of intestinal inflammation in the mice. Enterobacteriales is an order under Gamma-proteobacteria, which is under Proteobacteria. The gavage treatment of EGCG also suppressed the abundance of such pathogenic bacteria. EGCG can inhibit the expression of stx1 and RecA in enterobacteria membrane cells and induce the expression of stx2 and oxyR by increasing the oxidative stress response, thereby increasing the permeability of the outer membrane and leading to the inactivation of Enterobacter (43).

As an important part of systems biology, metabonomics is used in the prediction of the effects of diseases and tumor drugs as well as the detection of markers (44). Sphingolipids are an essential part of the structure of biological membranes, and an increasing number of studies have shown that they are closely related to immunity and inhibiting inflammation (45, 46). Sphingomyelin metabolites can reduce the ability of TNF to induce CCL5 and minimize the risk of inflammation. Our research showed that, under the protection of EGCG gavage, the serum levels of sphingomyelin (d17:1/17:0) and sphingomyelin (d16:1/20:0) were not affected by the LPS-induced acute injury. Pyridoxal is an active form of vitamin B6, which has always been regarded as an important substance for improving immune function and reducing inflammation (47). We found that the gavage of EGCG significantly increased the content of pyridoxal in the serum of the mice, thereby enhancing their ability to reduce the expression of IL-1β, TNF-α, IL-6, and other pro-inflammatory factors while also enhancing the organisms’ immunity. More importantly, previous studies have shown that vitamins have an inhibitory effect on the Stx2 production of Enterobacteriales, which reduces the growth and virulence potential of this type of intestinal pathogenic bacteria (48). This corresponds to the fact that under the protection of EGCG gavage in our experiment, the abundance of Enterobacteriales in the colon is significantly reduced. On the other hand, the reduction of harmful substances also reflects the effect of EGCG gavage therapy, which significantly reduced the content of trans-Hexadec-2-enoyl carnitine in the serum of the mice with LPS-induced inflammation. Trans-Hexadec-2-enoyl carnitine is a kind of acylcarnitine. The accumulation of acylcarnitine in the body promotes the expression of pro-inflammatory factors in the organism and induces the phosphorylation of JNK and ERK (49). Studies have also found that an increased concentration of acylcarnitine increases the risk of intestinal permeability. It can be seen that the gavage treatment of EGCG significantly increased the content of immune-enhancing substances in the blood and inhibited the connection between harmful substances and inflammation.



Conclusions

Our experimental results show that the gavage of EGCG can effectively prevent the negative effects of LPS-induced acute injury. On the other hand, EGCG can stabilize the intestinal microbial community structure of mice in general and reduce pathogenic bacteria, such as Proteus and Enterobacter. Moreover, EGCG can regulate serum metabolite components; promote the production of beneficial metabolomes, including sphingomyelin (d17:1/17:0), sphingomyelin (d16:1/20:0); and reduce the production of these harmful metabolomes, including trans-Hexadec-2-enoyl carnitine. Therefore, EGCG can significantly inhibit the acute injury induced by LPS and improve the immune function of the organism.
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Monosodium glutamate (MSG)-induced abdominal obesity, conventionally caused by hypothalamic damage, is a critical risk factor for health problem. Microbiota-gut-brain axis plays important roles in a variety of metabolic diseases. However, whether gut microbiota is involved in the pathogenesis for MSG-induced abdominal obesity and the effect of quercetin on it remains unclear. Herein, we find that MSG-induced gut microbiota dysbiosis contributes to neuronal damage in the hypothalamus, as indicated by antibiotics-induced microbiota depletion and co-house treatment. Inspired by this finding, we investigate the mechanism in-depth for MSG-induced abdominal obesity. Liver transcriptome profiling shows retinol metabolism disorder in MSG-induced abdominal obese mice. In which, retinol saturase (RetSat) in the liver is notably up-regulated, and the downstream lipogenesis is correspondingly elevated. Importantly, microbiota depletion or co-house treatment eliminates the difference of RetSat expression in the liver, indicating gut microbiota changes are responsible for liver retinol metabolism disorder. Moreover, this study finds dietary quercetin could modulate MSG-induced gut microbiota dysbiosis, alleviate hypothalamic damage and down-regulate liver RetSat expression, thus ameliorating abdominal obesity. Our study enriches the pathogenesis of MSG-induced abdominal obesity and provides a prebiotic agent to ameliorate abdominal obesity.
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INTRODUCTION

Abdominal obesity is a critical risk factor in the development of cardiovascular and metabolic syndromes independently of overall adiposity (1, 2). The prevalence of abdominal obesity is showing rapid growth over several decades (3, 4). Monosodium glutamate (MSG), an umami substance, plays a crucial role in inducing abdominal obesity (5). Conventionally, MSG-induced abdominal obesity is attributed to neuronal damage in the mouse hypothalamus. Olney et al. proved that hypothalamic damage reduced pituitary function to promote abdominal obesity after subcutaneous injected with MSG (6). Hermanussen et al. believed that MSG intake could damage the appetite to induce abdominal obesity (7). In recent years, it was found that alternations of obesity-associated gut microbial species were correlated with serum glutamate concentration, which can be considered as a potential biomarker of abdominal obesity (8, 9). Microbiota-gut-brain axis, a bidirectional communication system between the gastrointestinal tract and brain, affects the development of a variety of complex metabolic diseases (10). However, how gut microbiota changes and interacts with hypothalamus function and other metabolic alterations in the pathogenesis of MSG-induced abdominal obesity remains unknown.

Drugs and dietary supplements selected from the existing substances to effectively treat MSG induced-abdominal obesity is desired. Quercetin, a polyphenolic flavonoid extracted from sea buckthorn, hawthorn, onion, etc., has shown to be a fat-lowering molecule due to its function in lipolysis, fatty acid uptake and inhibition of lipogenesis (11, 12). Studies proved that quercetin could significantly reduce total body fat, waist circumference and body mass index of obese subjects (13, 14). However, it is unclear whether quercetin can affect the microbiota and brain to ameliorate abdominal obesity.

In this study, fecal 16S ribosomal DNA (rDNA) sequencing analysis shows obvious gut microbiota dysbiosis in MSG-induced abdominal obesity, which contributes to hypothalamic damage, as demonstrated by gut microbiota depletion and co-house treatment. What' more, we disclose that such gut microbial changes up-regulate liver retinol saturase (RetSat) expression by liver transcriptomics profiling, which results in evaluated lipid accumulation. Moreover, quercetin treatment could improve MSG-induced abdominal obesity by restoring gut microbiota dysbiosis-mediated hypothalamus damage and retinol metabolism disorder. Our study enriches the pathogenesis of MSG-induced abdominal obesity and provides a reference basis for drug treatment of abdominal obesity.



MATERIALS AND METHODS


Animals

All C57BL/6J mice were purchased from Hubei Center for Disease Control and Prevention, China [quality certification number: SCXK (E) 2015-0018]. The mice were maintained in cages at 22 ± 2°C, 55 ± 5% relative humidity and with a 12 h light-dark cycle. The animal studies were approved by the Institutional Animal Care and Use Committee at Tongji Medical College, Huazhong University of Science and Technology (IACUC Number: 2170). The abdominal obesity model was prepared according to the literature (15). Briefly, the neonatal mice were subcutaneously injected with saline or MSG (3 mg/g body weight, dissolved in saline, Sinopharm Chemical Reagent Co., Ltd.) from day 2 to 8 once daily. After weaning, the male mice had access to chow food and water ad libitum. Body weight and food intake of the two groups were recorded weekly. The body lengths were determined by measuring nasal-to-anal distance. Lee's index was determined by applying a formula [(3 square root body weight (g))/body length (mm)×10] (16). At week 18, all mice were sacrificed; brain, liver, adipose and colon tissues were removed and stored at −80°C.



Metabolic Activity

To monitor metabolic activities, mice were kept individually in metabolic cages (Comprehensive Lab Animal Monitoring System, Columbus, USA). Oxygen consumption, food intake, total locomotor activity accounts (determined as the interrupted numbers of infrared light beam), respiratory exchange ratio (VCO2 /VO2), and heat production were measured during the 48 h.



16S rDNA Sequencing

Feces collected from mice at week 18 were immediately frozen in liquid nitrogen and stored at −80°C. Fecal microbial DNA was isolated by the Omega Bio-tek stool DNA kit (Omega, Norcross, GA, USA) and quantified by NanoDrop 2000 spectrophotometer (Thermo Scientific, USA). DNA samples were quantified, followed by amplification of V4 hypervariable region of the 16S rDNA. Final amplicon pool was evaluated by the AxyPrep DNA gel extraction kit. Paired-end reads were generated with Illumina MiSeq PE250 (Beijing Genomics Institute, Shenzhen, China), and the reads were filtered out with default parameters. The tags were clustered into OTU with a 97% threshold by using UPARSE, and the OTU unique representative sequences were obtained; Chimeras were filtered out by using UCHIME (v4.2.40) (17). The data in different samples were summarized in a profiling table or histogram, and the histogram was drawn using the software R (v3.1.1).



mRNA Sequencing and Differential Expression Analysis

Total RNAs from liver tissues were extracted using TRIzol reagent (Invitrogen Life Technologies, Rochester, NY, United States). Sequencing libraries were generated using NEBNext Ultra RNA Library Prep Kit for Illumina (NEB, USA) following manufacturer's recommendations and index codes were added to attribute sequences to each sample. The library preparations were sequenced on an Illumina Hiseq 4000 platform and 150bp paired-end reads were generated (Novogene, Beijing, China). Low quality reads were removed by in-house scripts. The following reads were discarded: (1) reads < 35 bp after adapter trimming; (2) reads with multiple N (>5 bases); (3) reads with low quality bases (quality value ≤ 5, ratio of low quality bases > 10%). RNA-seq reads were aligned by hisat2 (version 2.05), and Cufflinks (v2.1.1) was used to estimate the expression of genes. The NOISeq package was used to conduct the differentially expression of genes (DEGs) (prob >0.9 and |fold change| > 2) (18). Then, enrichment analysis of DEGs was performed by the DAVID Functional Annotation Tool (https://david.ncifcrf.gov/). The MeV (http://mev.tm4.org) software with hierarchical clustering method was used to present the expression heatmap, showing the expression of genes in Retinol metabolism pathways.



Antibiotic Treatment

To deplete gut microbiota, the mice were given antibiotics (ABX) (vancomycin 0.5 mg/mL, ampicillin 1 mg/mL, neomycin 1 mg/mL, and metronidazole 1 mg/mL; Sigma, Sangon Biotech, China) in drinking water ad libitum after birth (19). Antibiotic treatment was continued for 18 weeks until sacrifice. All mice were fed on chow diet.



Co-housing Experiment

The neonatal mice were subcutaneously injected with saline or MSG as above described. After weaning, the male mice were divided into three groups: control group, MSG group and Co-house group (the mice injected with MSG were co-housed with control mice for 18 weeks). The mice had free access to food and water.



Quercetin Treatment

The abdominal obesity model was constructed as described in 2.1. After 3 months, the MSG-treated mice were randomly divided into two groups: MSG group and quercetin group (Que, 5 mg/kg quercetin, dissolved in 0.15% carboxymethylcellulose sodium, Push Bio-technology). Quercetin was administrated by gavage at a dose of 100 μL/10 g body weight once per day for 6 weeks.



Biochemical Analysis

Blood samples were collected for separating sera. The liver retinol and retinol saturase content were determined by enzyme-linked immunosorbent assay (ELISA) according to the instruction (69-58263, 69-35272, MSKBIO, China). All samples were measured in triplicate.



Histology and Immunohistochemistry

Tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and processed for histological analysis. Liver, brain, adipose and colon tissues were stained with hematoxylin and eosin (H&E) for general morphological observations. And liver tissues were also stained with Oil Red O. Colon tissues were performed with periodic acid-schiff (PAS) staining to determine the content of mucin protein. The images were acquired using a light microscope (Nikon Eclipse TE2000-U, NIKON, Japan). Damaged neurons were indicated by the increased eosinophilic neurons in the arcuate nucleus. The morphometric analyses of tissues were made by the software Image Pro Plus 5.0 (Media Cybernetics, USA).



Quantitative Real-Time PCR

Liver and colon tissues were homogenized in RNAiso Plus reagent. Centrifugation was performed after chloroform was added at 12,000 rpm for 15 min (4°C). The supernatant was collected and precipitated with isopropanol for 30 min at room temperature. Then the RNA pellet was obtained by centrifuging at 12,000 rpm for 10 min (4°C), and washed in 75% ethanol and then centrifuged at 7,500 rpm for 5 min (4°C). After resuspended in DEPC water, RNA was quantified with Nanodrop 2000 spectrophotometer (ThermoScientific, USA). The cDNA was synthesized with the PrimeScript RT reagent Kit and amplified using 7500 Real Time PCR System (Applied Biosystems, USA). Expression levels were calculated using the cycle threshold (CT) comparative method (2−ddCT) normalizing to Actin CT values. The primer sequence was shown in Supplementary Table 1.



Cell Culture

MSG-induced obese mice were anesthetized by intraperitoneal injection of pentobarbital sodium and livers were perfused via the inferior vena cava with 1 mL PBS and 30 mL digestion buffer (collagenase IV, Gibco). The excised liver was scraped, the suspension filtered through a 70 μm mesh filter, and hepatocytes were resuspended by 90% Percoll Plus solution (GE Healthcare). Then hepatocytes were incubated in Dulbecco's modified Eagle's medium (DMEM), 10% calf serum (CS) and 1% penicillin and streptomycin (Gibco). The hepatocytes were collected by centrifugation at 1,200 rpm for 3 min, and resuspended in opti-MEM at a concentration of 4 × 105/mL. Hundred microliter hepatocytes were transfected with 20 μM siRNA (GenePharma) (Supplementary Table 1) and 5 μL GP-siRNA-Mate Plus (GenePharma), respectively, at room temperature for 20 min, and then transferred into 6-well plate containing 1.8 mL opti-MEM for culture. After 6 h, the cell viability was tested by CCK8 and the culture medium was replaced by DMEM with 10% CS and 1% penicillin and streptomycin.



Statistical Analysis

Data are expressed as mean and standard error of mean (SEM). Statistical analysis was performed with GraphPad Prism software and the SPSS 20 software (SPSS Inc., Chicago, USA). The statistical differences between groups were evaluated by one-way ANOVA or two-way ANOVA followed by post-hoc LSD tests. In any case, p < 0.05 was considered as statistically significant.




RESULTS


Microbiota Depletion Attenuates MSG-Induced Hypothalamic Damage and Abdominal Obesity

MSG-induced abdominal obesity was correlated to neuronal damage in the hypothalamus (6), which was confirmed by the increased eosinophilic neurons (arrowhead indicated) in the MSG-treated mice (Figure 1A). As expected, the MSG-treated mice displayed a significant increase in the body weight gain (Figure 1B), whereas the food intake was lower than that in control mice (Figure 1C). In MSG-treated mice, shorter body length and increased Lee's index, an index of MSG-induced abdominal obesity (16), were manifested compared with those in control mice (Figures 1D,E). In line with body weight gain, the MSG-treated mice showed significantly higher inguinal and mesenteric fat mass (Figure 1F). H&E staining results indicated an increase of adipocyte size in inguinal and mesenteric adipose tissues of the MSG-treated group (Figure 1G, Supplementary Figure 1). Besides, we found that liver weight was notably increased in the MSG-treated mice (Figure 1H), which may be attributed to more lipid droplets accumulation in liver tissues determined by H&E and Oil Red O staining (Figures 1I,J). To monitor basic metabolic indicators, all mice were kept in metabolic cages. It was found that oxygen consumption, respiratory exchange ratio, heat production and locomotor activity was notably reduced in the MSG-treated mice (Supplementary Figure 2), indicating that the MSG-treated mice had lower metabolic levels. These results elucidated that MSG administration could induce hypothalamic damage and abdominal obesity.
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FIGURE 1. MSG-induced abdominal obesity is counteracted by ABX treatment. (A) H&E staining in the arcuate nucleus of hypothalamus. (B) Body weight gain. (C) Food intake per day. (D) Mice morphology. (E) Lee's index. (F) Fat mass and (G) H&E staining of inguinal and mesenteric adipose tissues. Scale bar: 20 μm. (H) Liver weight. (I) H&E staining of liver tissues. Scale bar: 20 μm. (J) Oil Red O staining of liver tissues. Scale bar: 50 μm. Data are presented as mean ± SEM, n = 5–6. Data were analyzed by two-way ANOVA followed by post-hoc LSD tests. *p < 0.05, ***p < 0.001, ns, no significance. Arrowheads indicate eosinophilic neurons.


Interestingly, after gut microbiota depletion by the ABX treatment (Supplementary Figure 3A), the microbiota community in control and abdominal obese mice became similar (Supplementary Figure 3B). And severe neuronal damages were disappeared in the MSG-treated group (Figure 1A), indicating that gut microbiota might be involved in MSG-induced neuronal damage. Importantly, the results showed that there was no obvious difference in body weight gain (Figure 1B), as well as in body length and Lee's index between control and MSG mice after ABX treatment (Figures 1D,E). And differences in liver lipid deposition, adipocyte size and metabolic level disappeared (Figures 1F–J, Supplementary Figures 1, 2). To further confirm the role of gut microbiota in abdominal obesity, the MSG-treated mice and the control mice were co-housed after weaning. As we expected, the neuronal damage and abdominal obesity characteristics were ameliorated by the co-house treatment (Supplementary Figure 4). These results demonstrated that the intestinal flora played crucial roles in the development of MSG-induced neuronal damage and abdominal obesity.



MSG Leads to Markable Gut Microbiota Dysbiosis

Subsequently, in order to investigate the changes in the intestinal flora, fecal 16S rDNA sequencing was conducted. The α-diversity analysis showed that the operational taxonomic units (OTU) number had no difference between the control group and MSG-treated group (Figure 2A). However, weighted Unifrac analysis and linear discriminant analysis effect size (LEfSe) revealed significant different microbiota compositions, indicating the dramatically changes in gut microbial profile after MSG administration (Figures 2B,C). Then we examined the changes at the phylum level and found that the abundance of Firmicutes was significantly higher, whereas the abundance of Verrucomicrobia was notably lower in the MSG-treated group compared with the control group (Figures 2D,E). And the Firmicutes/Bacteroidetes ratio, a hallmark related to obesity (20), was remarkably increased in the MSG-treated group (Figure 2F). At the family level, the abundance of Lachnospiraceae and Ruminococcaceae, which have been proven to induce diabetes and obesity (21), was also significantly higher (Figures 2G,H). The abundance of Bacteroidaceae, which could effectively use polysaccharides to produce anti-inflammation short-chain fatty acids (SCFAs) (22), was lower in the MSG-treated group (Figures 2G,H). At the genus level, the abundance of Akkermansia was significantly decreased in the MSG-treated mice (Figure 2I). As a kind of anaerobic bacterium living in the mucus layer, Akkermansia improves gut barrier function and inversely correlates with body weight (23). We speculated the mucus layer may be affected by Akkermansia in the MSG-treated mice. As expected, periodic acid-schiff (PAS) staining results showed intestinal mucus secretion decreased (Figure 2J), which was further verified by down-regulation of Muc2 determined by qRT-PCR in the MSG-treated group (Figure 2K). Besides, the decreased level of ZO-1 gene encoding tight junction protein-1, and the increased level of antimicrobial peptide Reg3γ indicated the gut barrier was damaged. Moreover, inflammation filtration was found in damaged colon tissues by H&E staining (Figure 2L). Therefore, MSG administration resulted in greatly altered gut microbiome and damaged gut barrier function in abdominal obese mice.
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FIGURE 2. MSG administration induces gut microbiota dysbiosis and damaged gut barrier. (A) OTU number accumulation analysis of 16S rDNA sequencing. (B) Weighted Unifrac analysis of microbiota in the control and MSG group. (C) Linear discriminant analysis effect size (LEfSe) of microbiota in the control and MSG group. (D) Microbiota composition and (E) relative abundances of microbiota at the phylum level. (F) The ratio of Firmicutes to Bacteroidetes. (G) Microbiota composition and (H) relative abundances of microbiota at the family level. (I) Relative abundance of flora at the genus level. (J) Periodic acid-schiff (PAS) staining of colon tissue. Scale bar: 20 μm. (K) The gene expression of Muc2, ZO-1, and Reg3γ in colon. (L) H&E staining of colon tissue. Scale bar: 20 μm. Data are presented as mean ± SEM, n = 6. Data were analyzed by one-way ANOVA followed by post-hoc LSD tests. *p < 0.05, **p < 0.01, ***p < 0.001.


It was worth mentioning that shorter colon length, increased inflammation infiltration and reduced mucus secretion in MSG-induced mice were reversed after ABX or co-house treatments (Supplementary Figures 5, 6), indicating the importance of gut microbiota alterations in the intestinal barrier function in MSG-induced abdominal obesity.



Gut Microbiota Affects RetSat Level in the Liver

Emerging evidence suggested that the interactions between the liver and the gut microbiota play crucial roles in chronic diseases (24). We wondered whether microbiota changes induced by MSG affect the liver metabolism. Transcriptome profiling analysis showed that the differentially expressed genes (DEGs) in abdominal obese mice were mainly enriched in pathways of “Retinol metabolism pathway,” “Steroid hormone biosynthesis” and “Chemical carcinogenesis” (Figure 3A). In which, retinol metabolism was greatly affected. It is reported that retinol metabolism signaling can regulate pathways involved in obesity, such as hepatic lipid metabolism and inflammation pathway (25, 26). Among genes related to retinol metabolism, we noticed retinol saturase (RetSat), which catalyzes the retinol to 13,14-dihydroretinol, was reported to coordinate liver lipid metabolism by upregulating Chrebp activity related to lipogenesis (27), was markedly increased in the MSG-treated mice (Figure 3B), which was also confirmed by qRT-PCR and ELISA assay (Figures 3C,D). PPAR-α (peroxisome proliferator-activated receptor-a), a nuclear transcriptional factor mediating RetSat expression in the liver (28), was significantly increased in the MSG-treated mice (Figure 3E). Moreover, the levels of Cyp4a10, Cyp4a32, and Cyp4a14, which regulated PPAR-α transcriptional activity (29), were also upregulated in the transcriptome analysis (Figure 3B). Figure 3F showed that the retinol, the substrate of RetSat, was decreased along with the increased expression of RetSat in the MSG-treated mice by ELISA assay, which confirmed the elevation of RetSat activity in abdominal obese mice. To further certify its function, we silenced the RetSat expression of hepatocytes in the MSG-induced obese mice by siRNA. After silence of RetSat (Supplementary Figure 7), Chrebp and Fasn, genes related to lipogenesis, were notably downregulated (Figure 3G), which was consistent with the previous report (27).


[image: Figure 3]
FIGURE 3. Liver RetSat level is affected by gut microbiota dysbiosis. (A) The functional enrichment of DEGs in the control and MSG group (n = 3). (B) Heatmap representing the genes significant different in the control and MSG group (p < 0.05). (C) mRNA expression tested by qRT-PCR (D) and protein content tested by ELISA of liver RetSat. (E) mRNA expression of PPAR-α in the liver. (F) Retinol content in the liver. (G) mRNA expression of Chrebp and Fasn in siControl or siRetSat-treated hepatocytes by qRT-PCR. Data are presented as mean ± SEM, n = 4–6. Data were analyzed by two-way ANOVA followed by post-hoc LSD tests. *p < 0.05, ***p < 0.001, ns, no significance.


Intriguingly, RetSat levels between control and MSG mice were found no difference after microbiota depletion (Figures 3C,D), indicating that gut microbiota could regulate RetSat expression in the liver. Besides, we found PPAR-α and retinol showed no differences between the control and MSG group after microbiota depletion (Figures 3E,F), which was coincided with the study that gut microbiota could regulate liver PPAR-α expression (30). Taken together, we demonstrated that MSG-induced gut microbiota changes increased the RetSat expression, which further promoted lipid synthesis in liver.



Quercetin Alleviates MSG-Induced Hypothalamic Damage and Abdominal Obesity

As abdominal obesity is serious for cardiovascular and metabolic syndrome (1, 2, 31), developing medicines for its prevention is urgent. Quercetin, previously described to exert anti-inflammation and anti-obesity effects (32, 33), might be a potential candidate for improving metabolic disorders. Firstly, we proved that quercetin had no influence on body weight gain, food intake, waist circumference, Lee's index, liver weight, adipose tissue mass and metabolic levels in normal mice (Figure 4, Supplementary Figures 8, 9). Then, quercetin was orally administrated to investigate its effects on abdominal obesity. The results showed that increased eosinophilic neurons (arrowhead indicated) in the MSG-treated group were reversed after quercetin treatment (Figure 4A). The body weight of MSG-treated mice was significantly decreased after the quercetin treatment (Figure 4B), along with no difference in food intake between the two groups (Figure 4C). Correspondingly, waist circumference and Lee's index were clearly reduced after quercetin treatment (Figures 4D,E). In accordance with body weight loss, quercetin treatment significantly reduced inguinal and epididymal fat mass in MSG-treated mice (Figure 4F). Consistent with the above results, H&E staining results showed that adipocyte sizes of epididymal and inguinal adipose tissues in the quercetin-treated group was reduced significantly (Figure 4G, Supplementary Figure 8). The liver weight was reduced (Figure 4H), and MSG-induced hepatic lipid deposition was also alleviated after quercetin treatment (Figures 4I,J). In addition, metabolic cage experiment results showed that respiratory exchange ratio, which was used to determine the portion of carbohydrates and fats utilized (34), was lower in quercetin-treated mice (Supplementary Figure 9), indicating increased lipid oxidation after quercetin treatment. Oxygen consumption, heat production and locomotor activity were notably increased in MSG-induced obese mice after quercetin treatment (Supplementary Figure 9), indicating higher metabolic levels. Therefore, our results demonstrated that quercetin treatment could alleviate brain neuronal damage and MSG-induced abdominal obesity.
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FIGURE 4. Quercetin treatment alleviates MSG-induced hypothalamic damage and abdominal obesity. (A) H&E staining in the arcuate nucleus of hypothalamus. (B) Relative body weight. (C) Food intake per day. (D) Mice morphology. (E) Lee's index. (F) Fat mass and (G) H&E staining of inguinal and mesenteric adipose tissues. Scale bar: 20 μm. (H) Liver weight. (I) H&E staining and (J) Oil Red O staining of liver tissues. Scale bar: 20 μm. Data are presented as mean ± SEM, n = 5–10. Data were analyzed by two-way ANOVA followed by post-hoc LSD tests. *p < 0.05, ***p < 0.001, ns, no significance. Arrowheads indicate eosinophilic neurons.




Quercetin Improves MSG-Induced Microbiota Dysbiosis and Gut Barrier Function

As described above, we demonstrated that MSG-induced abdominal obesity was affected by gut microbiota-mediated liver RetSat expression. Due to the modulation of polyphenols on gut microbiota (35), we speculate that the mechanism of quercetin in improving abdominal obesity is to ameliorate gut microbiota dysbiosis. The gut microbiota analysis indicated that the OTU number was declined after the quercetin treatment compared with that in the MSG-treated group (Figure 5A). Weighted Unifrac analysis results revealed the quercetin treatment could ameliorate MSG-induced gut microbial dysbiosis, making the microbiota structure more similar to that in control mice (Figure 5B). LEfSe analysis revealed the gut microbiota alterations in the MSG group was reversed by the quercetin treatment (Figure 5C). Specifically, the elevated abundance of Firmicutes was reversed after the quercetin treatment (Figures 5D,E). Moreover, Firmicutes/Bacteroidetes ratio was dramatically decreased after the quercetin treatment (Figure 5F). Then we explored the changes at the family level and found that the increased abundance of Lachnospiraceae and Ruminicoccaceae in the MSG-treated group was effectively reversed after the quercetin treatment (Figures 5G,H). The results showed the decreased abundance of Bacteroides at the genus level in the MSG-treated group was increased after the quercetin treatment (Figure 5I). Besides, the damaged colon tissues and disrupted mucus secretion in the MSG-treated group were recovered after the quercetin treatment (Figures 5J,K). The upregulated expression of Muc2 and ZO-1, and downregulated expression of Reg3γ were found after the quercetin treatment (Figure 5L). These results proved quercetin could improve gut microbiota dysbiosis and intestinal barrier function in abdominal obesity.
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FIGURE 5. MSG-driven microbiota dysbiosis and damaged gut barrier is attenuated after the quercetin treatment. (A) OTU number and (B) Weighted Unifrac analysis of the control, MSG and MSG+Que group. (C) LEfSe analysis of microbiota in the MSG and MSG+Que group. (D) Microbiota composition and (E) relative abundance of gut flora at the phylum level. (F) The ratio of Firmicutes to Bacteroidetes. (G) Microbiota composition and (H) relative abundance of gut microbiota at the family level. (I) Relative abundance of flora at the genus level. (J) PAS staining and (K) H&E staining of colon tissue. Scale bar: 20 μm. (L) The gene expression of Muc2, ZO-1, and Reg3γ in colon tissues. Data are presented as mean ± SEM, n = 4–6. Data were analyzed by one-way ANOVA followed by post-hoc LSD tests. *p < 0.05, **p < 0.01, ***p < 0.001.




Quercetin Down-Regulates Liver RetSat in MSG-Induced Obese Mice

Subsequently, to investigate whether microbial structure restored by the quercetin treatment could improve liver metabolism, we also performed transcriptome analysis, and found that the “Retinol metabolism pathway” was mostly affected after the quercetin treatment (Figure 6A). And the RetSat expression level in the liver was remarkably decreased (Figure 6B), which was further confirmed by qRT-PCR (Figure 6C). As expected, PPAR-α expression was significantly reduced and retinol content was increased after the quercetin treatment (Figures 6D,E). Therefore, these results demonstrated the quercetin treatment could improve liver lipid metabolism by down-regulating of RetSat expression.
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FIGURE 6. MSG-induced liver RetSat up-regulation is downregulated after the quercetin treatment. (A) The functional enrichment of DEGs in the MSG and quercetin-treated group. (B) Transcriptome analysis of RetSat in the control, MSG and quercetin-treated group. (C) mRNA expression of liver RetSat. (D) PPAR-α mRNA level in the liver tissue. (E) Retinol content in the liver tissue. FPKM: Fragments per Kilobase Million. Data are presented as mean ± SEM, n = 3–6. Data were analyzed by one-way ANOVA followed by post-hoc LSD tests. *p < 0.05, **p < 0.01, ***p < 0.001.





DISCUSSION

Abdominal obesity is characterized with a heavy load of fatty acids and triglyceride accumulated in liver and other organs, further resulting in organ dysfunction (31). Conventionally, MSG was proved to typically induce abdominal obese mice by hypothalamic damage (6). A latest study showed that enteroendocrine cells synthesize and use glutamate as a neurotransmitter to transduce signals to vagal neurons, so that gut lumen can be rapidly connected to the brainstem (36). Nevertheless, whether gut microbiota play a key role in the MSG-induced hypothalamic damage were not fully explained. In this study, fecal 16S rDNA sequencing results showed gut microbiota composition was dramatically altered in MSG-induced obese mice, whereas obese phenotype was not obvious after microbiota depletion, indicating the crucial roles of gut microbiota in the development of MSG-induced abdominal obesity. Intriguingly, MSG-induced neuronal damage was attenuated after microbiota depletion, while co-housing MSG-treated mice with control mice could lighten neuronal damage, which further suggested that intestinal microbes might participate in the regulation of neuronal damage in abdominal obesity.

In this study, administration of MSG in neonatal mice significantly changed the structure of gut microbiota, characterized with a decrease in abundance of Bacteroidetes and an increase in Firmicutes, which have been proven to be positively associated with obesity (20). Bifidobacterium species were greatly decreased in the MSG-treated group, which was consistent with that in obese individuals (37). At the genus level, decreased abundance of Bacteroides and Akkermansia, the majority of which could produce anti-inflammation short-chain fatty acids (38), may cause intestinal inflammation and damage gut integrity in abdominal obese mice. Besides, the decrease in relative abundance of Bacteroides and Bifidobacterium that can degrade MSG in the MSG-treated mice, might increase glutamate accumulation in the body, in agreement with the reports in obese patients (8, 39–41). However, neonatal mouse microbiota alterations in this study were different from those in adult mice induced by MSG as reported (42), which may be ascribed to that infancy is the window period for the formation of stable microbial structures and more susceptible to environmental factors (43).

Interestingly, we discovered that some changes in intestinal bacteria such as Bacteroidetes and Firmicutes caused by MSG were similar to that induced by high fat diet (HFD) (44). Compared to HFD-induced obesity, the decreased abundance of Verrucomicrobia in MSG-induced obese mice may be an important reason for abdominal obesity phenotype. It is noted that gut flora alterations induced by HFD were attributed to high lipid content in the diet, whereas MSG-induced obese mice in our study were fed on a chow diet, which indicated environmental factors that enter the body through other routes besides gastrointestinal route may also induce intestinal dysbiosis. In this study, MSG can induce the gut microbiota dysbiosis via subcutaneous injection, which is suggested that MSG can transfer into blood to alter the gut microbiota after subcutaneous injection, like benzene (45).

Liver lipid metabolism disorder plays an important role in the development of obesity (46). In this study, we performed transcriptome analysis in the liver and revealed retinol metabolism was notably affected in the MSG-treated mice. Retinol is an essential micronutrient for maintaining normal growth and development, barrier integrity, immunity, and vision (47). Retinol precursor carotenoids are absorbed and converted into retinol by enterocytes, and retinol was storage in the liver. The dysregulated retinol metabolism could contribute to disease development, such as non-alcoholic fatty liver disease (NAFLD), steatohepatitis, obesity and insulin resistance (48). Our results showed reduced abundance of Bacteroides and Bifidobacterium in the MSG-treated mice, which were correlated to facilitate vitamin absorption (49), might account for disordered retinol metabolism in MSG-induced obese mice. In the retinol metabolism pathway, RetSat, a key enzyme coordinates liver lipid metabolism, directly affecting circulating and hepatic triglyceride levels (27), was notably increased in the MSG-treated mice. And its transcriptional regulator PPAR-α was elevated as well. Hepatic PPAR-α level was up-regulated in HFD-induced obesity, which was significantly down-regulated after fecal microbiota transplantation from normal mice. However, the expression of PPAR-α and RetSat had no significant difference between microbiota-depleted control and MSG-treated mice. The results manifested that such microbiota alterations induced by MSG up-regulated PPAR-α mediated RetSat expression, thereby affecting liver lipid metabolism in abdominal obese mice.

As MSG-induced abdominal obesity is serious to human health (50, 51), it is urgent to discover medicines for treating abdominal obesity. Prebiotics and probiotics have the physiologic function of restoring gut microbiota dysbiosis and are beneficial to the body (52, 53). Quercetin, as a prebiotic, has attracted attention for its excellent health benefits, which makes it an important compound for the development of highly effective functional foods (54, 55). Although the quercetin treatment decreased body fat mass, as well as the waist circumference and triglyceride concentration in obese subjects (14), its effects in the MSG-induced abdominal obesity remains unlear. In this study, we found that quercetin treatment protected mice from MSG-induced metabolic disorders. Furthermore, we disclosed that quercetin could improve gut microbiota dysbiosis, down-regulate RetSat expression in the liver, thus preventing MSG-induced abdominal obesity.



CONCLUSION

In conclusion, this study elucidated the role of gut microbiota dysbiosis in the pathogenesis of MSG-induced abdominal obesity. Such gut microbiota dysbiosis affected retinol metabolism pathway in the liver and neuronal damage in the brain, which jointly resulted in the development of abdominal obesity. What's more, we found quercetin exerted beneficial effects to abdominal obesity through improving microbiota dysbiosis and metabolic disorders (Figure 7). Our study not only enriched the pathogenesis of MSG-induced abdominal obesity, but also established an important role for quercetin in preventing abdominal obesity by modulating gut microbiota.
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FIGURE 7. Schematic diagram of the mechanism of MSG-induced abdominal obesity. Our study demonstrated that MSG could cause gut microbiota dysbiosis, leading to up-regulation of RetSat in the liver tissue and neuronal damage in the brain to induce abdominal obesity, which could be ameliorated after quercetin treatment.
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Irinotecan (CPT-11)-induced gastrointestinal toxicity strongly limits its anticancer efficacy. Glycyrrhiza uralensis Fisch., especially flavonoids, has strong anti-inflammatory and immunomodulatory activities. Herein, we investigate the protective effect of the total flavonoids of G. uralensis (TFGU) on CPT-11–induced colitis mice from the perspective of gut microbiota and fecal metabolism. The body weight and colon length of mice were measured. Our results showed that oral administration of TFGU significantly attenuated the loss of body weight and the shortening of colon length induced by CPT-11. The elevated disease activity index and histological score of colon as well as the up-regulated mRNA and protein levels of TNF-α, IL-1β, and IL-6 in the colonic tissue of CPT-11–treated mice were significantly decreased by TFGU. Meanwhile, TFGU restored the perturbed gut microbial structure and function in CPT-11–treated mice to near normal level. TFGU also effectively reversed the CPT-11–induced fecal metabolic disorders in mice, mainly call backing the hypoxanthine and uric acid in purine metabolism. Spearman’s correlation analysis further revealed that Lactobacillus abundance negatively correlated with fecal uric acid concentration, suggesting the pivotal role of gut microbiota in CPT-11–induced colitis. Since uric acid is a ligand of the NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome, TFGU was further validated to inhibit the activation of NLRP3 inflammasome by CPT-11. Our findings suggest TFGU can correct the overall gut microbial dysbiosis and fecal metabolic disorders in the CPT-11–induced colitis mice, underscoring the potential of using dietary G. uralensis as a chemotherapeutic adjuvant.




Keywords: Glycyrrhiza uralensis, total flavonoids, CPT-11, gut microbiota, metabolomics, uric acid, NLRP3 inflammasome



Introduction

Irinotecan (CPT-11) is an effective chemotherapeutic agent used for the treatment of colon, colorectal, lung as well as other solid tumors (1). However, its gastrointestinal toxicity can lead to a variety of symptoms such as diarrhea and intestinal mucositis, even threatening the lives of patients, which may also compromise its therapeutic effects (2, 3). CPT-11–induced colitis involves multiple mechanisms, among which enterohepatic circulation involving bacterial β-glucuronidase is recognized as the most important part (4–7). Fluoroquinolone (i.e., ciprofloxacin, CIF) prophylactic regimens have been shown to be highly effective against chemotherapy-induced bacteremia from gut bacteria (8). Since concerns over antibiotic resistance, there is no satisfactory therapeutic intervention that can prevent or treat CPT-11–induced gastrointestinal toxicity.

Glycyrrhiza uralensis Fisch. has been used as a natural sweetener and herbal medicine for inflammatory diseases (9). The total flavonoids of G. uralensis (TFGU) has been demonstrated to treat ulcerative colitis in mouse model due to its antioxidant activity through nuclear factor-erythroid 2-related factor 2 (Nrf2) pathway and anti-inflammatory activity through NF-κB pathway (10). TFGU comprises a variety of flavonoids including liquiritigenin, isoliquiritigenin, liquiritin, isoliquiritin, and glycyrrihizin, which are considered as the major active constituents of G. uralensis. For example, isoliquiritigenin and glycyrrhizin could modulate the Toll-like receptor 4/myeloid differentiation protein 2 complex at the receptor level, leading to suppress lipopolysaccharide‐induced activation of signaling cascades and cytokine production (11). Besides, liquiritigenin, isoliquiritigenin and isoliquiritin could mediate the anti-inflammatory responses of lipopolysaccharide-induced macrophage activation via Nrf2 and heme oxygenase-1 (HO-1), as well as prevent IκBα phosphorylation and degradation (12). Importantly, isoliquiritigenin mainly distributes in gastrointestinal tract and has potential to ameliorate the dextran sulfate sodium-induced colitis through inhibiting MAPK pathway (13) and inhibit colitis-associated tumorigenesis through hampering M2 macrophage polarization mediated by the interplay between prostaglandin E2 (PGE2) and interleukin-6 (IL-6) (14). However, whether TFGU can treat CPT-11–induced colitis and the underlying mechanism remain to be elucidated.

Growing body of research has highlighted that gut microbial homeostasis is helpful for host to maintain the integrity of gut epithelial barrier and modulate the metabolism and immune system, whereas gut microbial dysbiosis involved in inflammation-related diseases (15, 16). CPT-11–induced colitis was causally associated with the gut microbial β-glucuronidase, suggestive of the participation of gut microbiota in the gastrointestinal toxicity of CPT-11 (6). Host and gut microbiota co-metabolism maintain the health of body under normal circumstances (17). Previous studies have demonstrated that CPT-11 treatment leads to a series of serum metabolic dysfunctions, mainly affecting the biosynthesis of phenylalanine, tyrosine and tryptophan as well as primary bile acids and short-chain fatty acids (SCFAs) (18, 19). Therefore, it is meaningful to investigate the protective mechanisms of TFGU against CPT-11–induced colitis from the modulation of the gut microbiota and fecal metabolism.

In this study, we first investigated the effects of TFGU on CPT-11–treated mice. Then, the gut microbiota and fecal metabolites were analyzed with the 16S rRNA sequencing and gas chromatography-mass spectrometry (GC-MS)-based untargeted metabolomics, respectively. Finally, Western blotting method was applied to preliminary investigate the effect of TFGU on the colonic expression of NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome.



Materials and Methods


Chemicals and Reagents

CPT-11 (≥ 98%), L-(+)-lactic acid, D-sorbitol and CIF hydrochloride monohydrate were purchased from Aladdin Bio-Chem Technology Co., Ltd (Shanghai, China). Methoxylamine hydrochloride, 1,2-13C myristic acid and N,O-bis(trimethylsilyl)trifluoroacetamide were bought from Sigma-Aldrich (St. Louis, MO, USA). Mouse TNF-α, IL-1β, and IL-6 kits were purchased from Cell Signaling Technology (Beverly, MA, USA). The primers used for amplification were ordered in Sangon Biotech Co., Ltd. (Shanghai, China). Bicinchoninic acid (BCA) protein assay kit was purchased from Jiangsu KeyGEN Bio-Tech Corp., Ltd (Nanjing, China). E.Z.N.A.® Stool DNA Kit was purchased from Omega Bio-Tek (Norcross, GA, USA). TransStart Fastpfu DNA Polymerase and AxyPrep DNA Gel Extraction Kits were purchased from Axygen Scientific Inc. (Silicon Valley, USA). QuantiFluor™-ST blue fluorescent quantitative system was purchased from Promega Biotech Co., Ltd. (Beijing, China). SDS-PAGE Gel Kit was purchased from Solarbio Life Sciences Co., Ltd. (Beijing, China).



Preparation of CPT-11 and TFGU

The CPT-11 solution (6 mg/ml) was prepared according to the previous research (20): 34 μl L-(+)-lactic acid dissolved in 40 ml injection water (85°C), and subsequently the 0.277 mg CPT-11 and 0.225 g D-sorbitol were added, heated to 90°C and stirred until it turned to clear. After the pH was adjusted to 3.2 to 3.6, the solution was sterile filtered through 0.22 μm microfiltration membrane filtration and stored in dark until administration. TFGU was prepared according to our previous extraction process (Supplementary Figure 1) with the yield of 3% (w/w). The purity of TFGU expressed as liquiritin equivalents was 80.12% and its chemical compositions were characterized and provided in Supplementary Table 1 and Supplementary Figure 2. Moreover, HPLC analysis indicated that the major peaks identified by comparing with standard compounds were liquiritin apioside (27.06 mg/g), liquiritin (19.43 mg/g), naringin (1.65 mg/g), liquiritigenin (2.51 mg/g) quercetin (0.21 mg/g), licochalcone A (13.85 mg/g) and glabridin (23.27 mg/g) in TFGU (20). TFGU was suspended in 0.5% (w/v) sodium carboxymethyl cellulose to prepare the desired concentration for animal use.



Animal Experiments

Six-week-old male C57BL/6 mice (weighing 20 ± 2g) were purchased from Charles River Laboratories (Nanjing, China) and housed under controlled environment conditions with 25 ± 2°C and a 12-h dark-light cycle throughout the experimental period. The experiment was conducted in accordance with the Laboratory Animal Management Regulations, and the protocol was approved by the Animal Ethics Committee of China Pharmaceutical University (Nanjing, China). After one-week adaptation, mice were randomly divided into 6 groups (n = 6 mice/group) including control (Con, fed with vehicle), model (Mod, fed with CPT-11), CIF- and TFGU-treated groups. Besides Con group, 40 mg·kg−1 CPT-11 was intraperitoneally injected in mice to incur colitis. CIF (40 mg·kg−1) and TFGU (135 mg·kg−1) were given orally at day 1 before the colitis model established, while these treatments were 30 min prior to the CPT-11 administration from day 2 to 10. Mice in Con and Mod groups were given vehicle (i.e., 0.5% sodium carboxymethyl cellulose) in the same manner. Body weight was measured every day. At day 10, the fresh feces were collected, and the colon tissue was quickly removed by cutting at the pubis symphysis and at the cecum and the entire colon length was measured.



Disease Activity Index (DAI) Calculating and Histological Analysis

DAI was calculated as the accumulated value of the following three parameters: a) body weight loss (0 point = no loss, 1 point = 1–5% loss, 2 point = 5%–10% loss, 3 point = 10%–15% loss, 4 point = over 15% loss); b) diarrhea (0 point = normal, 2 point = loose stools, 4 point = watery diarrhea); and c) hematochezia (0 point = no bleeding, 2 point = slight bleeding, 4 point = gross bleeding). The formalin-fixed colonic tissues were sliced at 5 μm thickness and then subjected to hematoxylin and eosin (H&E) staining to assess: 1) leukocyte infiltration, 2) vascular congestion and erosion, and 3) anabrosis of epidermal cells. Each of the three parts was scored from 0 to 4 according to the severity of intestinal inflammation. The histological scores were accumulated from the scores of the three parts.



Quantitative Polymerase Chain Reaction (qPCR) Analysis

Total RNA was isolated with the Trizol agent. cDNA was synthesized following a program for cDNA elongation. The amplification program of real-time qPCR was performed as follow: 1 cycle of 95°C for 90 s followed by 39 cycles of 95°C for 10 s, 60°C for 30 s, and 72°C for 30 s. 65°C to 95°C was heated at a gradient of 0.5°C for 5 s as a dissolution curve. The primer sequences were shown in Table 1.


Table 1 | The primers used for amplification.





Enzyme-Linked ImmunoSorbent Assay (ELISA)

The homogenates of colonic tissues were performed on ice: 500 μl RIPA lysate (containing 1 mM PMSF) was added to 10 mg minced colonic tissue, cell lysis on a cell disrupter for 30 s, centrifuged at 4°C and 13000 rpm for 10 min, and the upper liquid was taken. The proteins of colonic tissue homogenates were detected by the BCA™ protein assay kit. The protein levels of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 in colonic tissues were quantified by ELISA kits according to the manufacturer’s instructions.



Western Blotting Analysis

The loading quantity of protein was diluted to 20 to 50 μg according to the results of BCA™ protein assay kit. And then, mixed with protein loading buffer at a ratio of 1:4. After vortexed, the proteins were heated in a 100°C for 3 to 5 min to fully denaturation. All samples were stored at −80°C before use. The procedure of Western blotting was referred to the instructions for details. Gray value analysis of gel strips was performed by ImageJ using GAPDH as the internal reference.



Illumina PE250 High Throughput Sequencing

The total DNA of the feces were extracted by the DNA extraction kit. The DNA extraction was subjected to PCR amplification of the 16S rRNA gene V3-V4 region and high-throughput sequencing of Illumina PE250 by Shanghai Lingen Biomedical Technology Co., Ltd. (Shanghai, China). Specific primers with barcode were synthesized for the 16S rRNA gene. The PCR amplification was carried out using TransStart Fastpfu DNA polymerase kit. The program as follow: one cycle of 95°C for 300 s followed by 27 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s, together with three replicates per sample. The PE reads were first spliced according to the overlap relationship. Meantime, the quality of the sequence was quality-controlled and filtered, and the OTU cluster analysis and species taxonomic analysis were performed after distinguishing the samples. Based on the above analysis, alpha diversity and beta diversity indices were calculated with QIIME (Version 1.7.0). To mine the microbial diversity difference among samples, significance test was performed by linear discriminate analysis effect size (LEfSe). To predict the functional profiles of the microbial communities, phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) analysis was performed, estimating the functions based on 16S rRNA sequencing data, Kyoto Encyclopedia of Genes and Genomes (KEGG) databases, and KEGG Orthology (KO) databases.



Fecal Metabolomics Analysis

The effects of TFGU on the fecal metabolism in CPT-11–induced colitis mice were assayed by a GC-MS-based untargeted metabolomics. Fecal samples were thawed at room temperature and 50 mg samples were homogenized for 10 min in tenfold volumes of ultrapure water and methanol, respectively. After 10 min of centrifugation (13,000 rpm, 4°C), 200 μl of each supernatant was blended and spiked with 10 µl methanol, which contains 1,2-13C myristic acid [internal standard (IS), 300 µg/ml], vortexed for 3 min. After concentration at 50°C for 2 h, 60 µl methoxy pyridine (10 mg/ml) was added and the mixture was vortexed for 30 s, reacted in shaker at 30°C for 1.5 h (450 rpm). Then the 60 µl derivatization reagent BSTFA was added and reacted at 37°C for 1 h (450 rpm), vortexed for 10 s. Finally, after centrifugation at 13,000 rpm for 10 min (4°C), 1 μl supernatant was injected into GC-MS. The separation was carried out on a Thermo Scientific TraceGOLD TG-5MS capillary column (0.25 mm × 30 m, 0.25 μm). The temperature programmed condition was 60°C at 0 to 1 min, then went up to 320°C in 5 min with the gradient of 20°C/min. The split was 24 ml/min, the split ratio was 20, the temperature was 300°C, and the carrier flow was 1.20 ml/min. The MS analysis was performed in a TSQ 8000 mass spectrometer via electrospray ionization (ESI) interface (Thermo Scientific Inc, Waltham, USA) in positive ion mode. The ion source temperature and the MS transfer line temperature were 300°C. The initial time of scan at 3.72 min with a mass scan range from 50 to 500 Da.



Statistical Analysis

All results were presented as mean ± standard deviation (SD). The metabolomics data processing was performed with Metaboanalysis 3.0. And the orthogonal partial least squares discriminant analysis (OPLS-DA) was conducted by SIMCA-P (version 13.0, Umetrics, Sweden). Statistical evaluations were performed using independent sample T test or one-way ANOVA by SPSS 19.0 (SPSS Inc., Chicago, USA). Statistically significant differences were considered the results with P-values < 0.05. Spearman’s correlation was used to show the relations between parameters. The correlation coefficient is always between −1 and +1. The linear relationship will be better if the absolute value of correlation coefficient is closer to 1.




Results


TFGU Attenuated CPT-11–Induced Colitis in Mice

Oral administration of TFGU could significantly improve the weight loss of colitis mice induced by CPT-11 (P < 0.01), similar with the positive drug CIF (Figure 1A). Considering other features of diarrhea and visible fecal blooding, DAI was calculated and indicated that CPT-11 successfully caused colitis and TFGU and CIF decreased the colitis-related symptoms (Figure 1B). CPT-11 typically caused colonic shortening while such change was significantly improved by TFGU as well as CIF (P < 0.01 or P < 0.05, Figures 1C, D). Histopathological analysis showed CPT-11 lead to complete disruption of tissue architecture as evidenced by erosion of the mucosa and submucosa, loss of intestinal crypt structure, and massive infiltration of inflammatory cells (Figure 2A). Administration of TFGU and CIF partly rescued the destructed tissue architecture, as evidenced by restoration of crypt structure and reduction of inflammatory cell infiltration. Quantitatively, CPT-11 decreased the length of colon villus and increased histopathological score, whereas TFGU and CIF turned these numbers around (Figures 2B, C).




Figure 1 | Ameliorative effects of TFGU on CPT-11–induced colitis in mice. (A) The change rate of body weight. (B) Disease activity index (DAI) was calculated. (C) Macroscopic appearance and (D) the length of colons from each group of mice were measured. Date are shown as mean ± SD (n = 6 mice/group). ##P < 0.01 vs. Con group, while *P < 0.05, **P < 0.01 vs. Mod group.






Figure 2 | Protective effects of TFGU on colon. (A) Representative H&E stained colonic tissues (200× magnification). (B) The length of colon villus. (C) The histology score of colonic tissues. Date are shown as mean ± SD (n = 6 mice/group). ##P < 0.01 vs. Con group, while *P < 0.05, **P < 0.01 vs. Mod group.



To examine the effect of TFGU on the pro-inflammatory cytokines in CPT-11–treated mice, the mRNA and protein levels of TNF-α, IL-1β, and IL-6 were measured in colonic tissues (Figures 3A, B). Compared with the Con group, CPT-11 significantly elevated the mRNA expressions of TNF-α and IL-1β in the colonic tissues (P < 0.01), which were reversed by TFGU significantly (P < 0.01 or P < 0.05). The IL-6 mRNA level has no significant difference between groups (Figure 3A). As shown in Figure 3B, TNF-α and IL-6 were remarkably up-regulated after CPT-11 challenge (P < 0.01 or P < 0.05). After TFGU treatment, these pro-inflammatory cytokines were significantly downregulated (P < 0.01 or P < 0.05), indicating that TFGU could attenuate the colonic inflammation in colitis mice induced by CPT-11.




Figure 3 | The effects of TFGU on mRNA expressions (A) and protein levels (B) of pro-inflammatory cytokines in colonic tissue. Date are shown as mean ± SD (n = 6 mice/group). #P < 0.05, ##P < 0.01 vs. Con group, while *P < 0.05, **P < 0.01 vs. Mod group.





TFGU Regulated the Gut Microbial Structure and Function in CPT-11–Treated Mice

In order to examine whether the protective effect of TFGU is associated with gut microbiota, we sequenced the bacterial 16S rRNA V3-V4 region in feces. Venn diagram showed that 181 OTUs were present in all groups, while 18, 7, 17, 7 OTUs uniquely present in Con group, Mod group, CIF group, TFGU group, respectively (Supplementary Figure 3). The value of observed species in the Mod group was significantly lower than that in the Con group (P < 0.01), whereas TFGU group possessed similar observed species with the Con group (Figure 4A). As expected, CIF further decreased observed species compared with the Mod group, which was consistent with its properties to deplete gut microbiota as a broad-spectrum antibiotic. Likewise, alpha diversity indices for Shannon and Simpson returned to normal levels in TFGU group while CIF exhibited lower alpha diversity indices than the Mod group (Figures 4B, C). The beta diversity was assessed by PCoA on weighted UniFrac distance matrices, which revealed that TFGU obviously reversed the overall structure of gut microbiota to normal, whereas CIF contributed substantially to a phylogenetically unique microbiota distinct from other groups (Figure 4D). The composition of the gut microbiota of each group at the level of phylum was shown in Figure 4E. CIF exhibited a significantly negative impact on the Bacteroidetes/Firmicutes ratio compared with other groups (P < 0.01, Supplementary Figure 4) but also enriched Proteobacteria and Verrucomicrobia. TFGU enriched Bacteroidetes without obvious influence on the Bacteroidetes/Firmicutes ratio compared with Con group. There was a significantly lower abundance of bacteria belonging to the order Lactobacillales in Mod group (P < 0.01), which comprises the lactic acid bacteria with well-known probiotic properties (21), whereas it showed an increasing trend in TFGU group with no significant difference in comparison with Con group (Supplementary Figure 5A). At the genus level, CPT-11 treatment decreased the abundances of several SCFAs-producing bacteria (including Odoribacter, Enterorhabdus and Roseburia) and probiotics (mainly Lactobacillus) (Supplementary Figures 5B, C), but allowed the proliferation of Muribaculum in mice (Supplementary Figure 6). The abundances of Muribaculum, Roseburia, Anaerotruncus and Lactobacillus were call-backed to some extent after TFGU treatment, suggesting a more robust activation of the adaptive immune system (22). We then used the LDA (Figure 4F) and LEfSe (Supplementary Figure 7) analyses for microbial biomarker discovery in all groups. The β-glucuronidase secreting bacteria (including Bacteroides) as well as inflammation-promoting bacteria (mainly Peptostreptococcaceae) (23) acted as the representative characters in CPT-11–treated mice; SCFAs-producing genera including Blautia and Alistipes, as well as Papillibacter were characteristic in TFGU group; and CIF exclusively presented Lachnoclostridium, Akkermansia, Anaeroporobacter, and Klebsiella.




Figure 4 | Effects of TFGU on the fecal gut microbiota alterations in CPT-11–induced colitis mice. (A) The observed species, (B) Shannon index, (C) Simpson index, (D) weighted UniFrac principal coordinate analysis (PCoA) of the microbial composition for all groups. (E) The composition of the intestinal microbiota of all samples at the levels of phylum on CPT-11–induced experimental colitis in fecal samples of mice (n = 6 mice/group). (F) Linear discriminative analysis (LDA) score represents log changes in relative bacterial taxa representation. The higher the score is, the more important the role is. *P < 0.05, **P < 0.01.



The PICRUSt analysis used to predict whether TFGU treatment could modulate the functional profile of gut microbiota. Compared with other groups, TFGU group has come to resemble more closely that of the Con group at KEGG levels II and III (Figures 5A, C), including a decrease in bacterial pathogenesis (i.e., cell motility, bacterial secretion system, bacterial motility proteins) (Figures 5B, D). However, an increased capacity for basic metabolism (carbohydrate metabolism) was observed in Mod and CIF groups.




Figure 5 | The principal component analysis (PCA) and heatmap of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in levels II (A, B) and III (C, D) functional prediction by Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt). The values correspond to standardized Z scores generated from function abundance.



In these cases, TFGU could modulate the gut microbiota of CPT-11–induced colitis mice, resulting in gut microbiota structure and function back to that of normal mice.



TFGU Has Significant Callback Effect on Fecal Metabolic Disorders Induced by CPT-11

Since TFGU could change the gut microbial structure and function, we examined its effect on fecal metabolism in CPT-11–treated mice. As shown in Figure 6A, a clear grouping trend among the Con, Mod, CIF, and TFGU groups could be observed in positive ion mode (R2X: 0.859, Q2: 0.436) in OPLS-DA plot. Particularly, TFGU could reverse the abnormal metabolism of endogenous metabolites induced by CPT-11. CIF significantly disturbed the fecal metabolism in colitis mice. The OPLS-DA score scatter plots displayed a clear separation between the Con and Mod groups in positive ion mode (R2Y: 0.969, Q2: 0.855) (Figure 6B). The results of 300 permutations exhibited no over-fitting in OPLS-DA models (Figure 6C). Twenty endogenous metabolites were found in the fecal sample met the conditions of P < 0.05 and variable importance in project (VIP) > 1 between Con and Mod groups (Figure 6D). The effective of the TFGU on the regulation of some differential metabolites (including N-methylalanine, uracil, hypoxanthine, lysine, N-acetyl-D-mannosamine and uric acid) in the feces were listed in Figure 7.




Figure 6 | Effects of TFGU on the fecal metabolism in CPT-11–induced colitis mice. (A) The orthogonal projection to latent structures discriminant analysis (OPLS-DA) score plot of Con, Mod, CIF and TFGU groups and QC samples. (B) The OPLS-DA plot between Con and Mod groups. (C) Three hundred times permutations of OPLS-DA plot between Con and Mod groups. (D) Variable importance in project (VIP) plot between Con and Mod groups at positive mode (n = 6 mice/group).






Figure 7 | Effects of TFGU on peak areas of the potential metabolites of between the Mod and Con groups for fecal samples. Date are shown as mean ± SD (n = 6 mice/group). #P < 0.05, ##P < 0.01 vs. Con group, while *P < 0.05, **P < 0.01 vs. Mod group.



In Supplementary Figure 8A, nineteen potential metabolic pathways associated with CPT-11–induced colitis were discovered by using MetaboAnalyst database analysis. In descending order of impact values as follow: phenylalanine, tyrosine and tryptophan biosynthesis (1.00), glycine, serine and threonine metabolism (0.50), D-glutamine and D-glutamate metabolism (0.50), alanine, aspartate and glutamate metabolism (0.47), phenylalanine metabolism (0.36), glyoxylate and dicarboxylate metabolism (0.23), aminoacyl-tRNA biosynthesis (0.17), arginine and proline metabolism (0.16), tyrosine metabolism (0.14), arginine biosynthesis (0.12), pyrimidine metabolism (0.11), glutathione metabolism (0.11), glycerolipid metabolism (0.09), amino sugar and nucleotide sugar metabolism (0.08), citrate cycle (TCA cycle) (0.06), purine metabolism (0.04), primary bile acid biosynthesis (0.02), cysteine and methionine metabolism (0.02), and valine, leucine and isoleucine degradation (0.01). The majority pathways are part of the amino acid metabolism, which is in line with amino acid malabsorption resulting from the shortening of the colon or due to intestinal inflammation (24). Given that hypoxanthine and uric acid were part of the purine metabolism (Supplementary Figure 8B), it is plausible that TFGU could mainly regulate purine metabolism in colitis mice caused by CPT-11.



Potential Relations Between Fecal Metabolites and Gut Microbiota

To comprehensively analyze the relations among fecal metabolites and gut microbiota, a correlation matrix was generated by calculating the Spearman’s correlation coefficient. As shown in Figure 8, aromatic amino acids (including tyrosine and phenylalanine) and branched-chain amino acids (i.e., valine, leucine and isoleucine) were negatively correlated with Roseburia, Lactobacillus, family Lactobacillaceae, class Bacilli, and order Lactobacillales. Seven bacterial strains, including phylum Verrucomicrobia, class Verrucomicrobiae, order Verrucomicrobiales, family Peptostreptococcaceae and Akkermansiaceae, genera Akkermansia and Romboutsia, had positive correlations with nineteen metabolites except for thymine. Additionally, uric acid was negatively correlated with Lactobacillus. These relations suggested that gut microbiota could affect fecal metabolites in CPT-11–induced colitis mice.




Figure 8 | Association map of the two-tiered analyses integrating the gut microbiome and fecal metabolome. The intensity of the colors represented the degree of association (red, positive correlation; blue, negative correlation). n = 24, Spearman’s coefficients, *P < 0.05, **P < 0.01.





TFGU Could Significantly Inhibit the Colonic Expression of the NLRP3 Inflammasome Complex Activated by CPT-11

Massive evidence has indicated that uric acid could activate inflammasome NLRP3, while the activation of NLRP3 inflammasome was one of the pathological mechanisms of CPT-11–induced delayed diarrhea (1). So, it is necessary to investigate the protective effect of TFGU against CPT-11–induced colitis through the NLRP3 inflammasome complex. As depicted in Figure 9A, CPT-11 could activate inflammasome NLRP3, promote caspase-1 to cleaved the precursor of IL-1β and release a large amount of mature IL-1β into colonic tissue, resulting in colitis. The activation of NLRP3, Cleaved caspase-1/Procaspase-1, and Cleaved IL-1β/ProIL-1β induced by CPT-11 was significantly inhibited after TFGU treatment (Figure 9B, P < 0.01 or P < 0.05). The above results indicated that the TFGU could significantly inhibited the expression of related proteins in the inflammasome NLRP3 pathway.




Figure 9 | Effects of TFGU on the colonic expression of the NLRP3 inflammasome complex activated by CPT-11. (A) The representative images of Western blotting analysis of NLRP3, Procaspase-1, Cleaved caspase-1, ProIL-1β, and Cleaved IL-1β. (B) The quantification of Western blotting analysis of NLRP3, Cleaved caspase-1/Procaspase-1, and Cleaved IL-1β/ProIL-1β. Date are shown as mean ± SD (n = 3). #P < 0.05, ##P < 0.01 vs. Con group, while *P < 0.05, **P < 0.01 vs. Mod group.






Discussion

Over the past decade, the growing body of experimental evidence has pointed to the beneficial actions of plant flavonoids at the gastrointestinal tract (25). In the present study, TFGU attenuated CPT-11–induced body weight loss and colon length shortening, but also down-regulated the pro-inflammatory cytokines (including TNF-α, IL-1β, and IL-6) in colonic tissues so as to partially inhibit intestinal mucositis. The involvement of gut microbiota in the gastrointestinal toxicity of CPT-11 has been reported (26). In our study, CPT-11 significantly decreased microbial diversity in mice, thereby inciting gut microbial dysbiosis and intestinal inflammation. Since β-glucuronidase plays a very important role in CPT-11–induced colitis, the bacterial species shown to exhibit β-glucuronidase activity mainly belong to the colitogenic Bacteroides (Bacteroidetes phylum) and Clostridium (Firmicutes phylum) (27, 28) were expanded in CPT-11–induced colitis mice. The maladjustment of these bacteria was partially corrected by TFGU treatment. In addition, TFGU could increase Lactobacillus and butyrate-producing Roseburia, both of which were beneficial for intestinal homeostasis in colitis (29, 30). Notably, SCFAs including butyrate can maintain the integrity of gut epithelial barrier through modulating immune response and oxidative stress (31), the content of which were significantly reduced in ulcerative colitis patients (32). CIF as antibiotics has shown efficacy in the treatment of CPT-11–induced colitis, whether this effect is due to depletion of gut microbiota or some other mechanism is still up to debate. We found that the negative impact of CIF on gut microbiota was partially associated with an increased ratio of Firmicutes to Bacteroidetes, which is a hallmark feature of the gut microbial dysbiosis (33).

Besides gut microbial dysbiosis, CPT-11 also caused significant fluctuations in the levels of hypoxanthine and uric acid in the purine metabolism. Uric acid is a ligand of the NLRP3 inflammasome that induces inflammatory mediators such as IL-1β and IL-18 and is thus associated with inflammatory disorders (34). The elevated uric acid in the intestine during an inflammatory response could exacerbate intestinal disease. Treatment with uric acid alone worsened disease and increased gut permeability in dextran sulfate sodium-induced colitis mice (35). In our study, TFGU treatment significantly reduced the fecal uric acid in colitis mice, consistent with the downregulation of purine catabolism. In a previous study, isoliquiritigenin among TFGU potently inhibited the activation of NLRP3 inflammasome, and its inhibitory effect was stronger than that of parthenolide, a known inhibitor of the NLRP3 inflammasome (36). We found that TFGU obviously inhibited the activation of NLRP3 inflammasome in CPT-11–induced colitis mice. These findings support the interpretation that the therapeutic effect of TFGU on CPT-11–induced gastrointestinal toxicity is partially mediated by a decreased fecal uric acid as well as NLRP3 inflammasome inhibition. Noteworthy, since hypoxanthine and uric acid are host-microbial co-metabolites, their pool can be affected by both microbial and host metabolism (Supplementary Figure 8B). The uric acid lowering effect of TFGU seems independent with gut microbial purine metabolism based on the PICRUSt results. Recently, Lactobacillus gasseri was shown to decrease purine levels in the intestine, and Lactobacillus supernatant had urate-lowering effects (37). Our correlation results also revealed that Lactobacillus abundance negatively correlated with fecal uric acid concentration. To rule out the possibility that difference in uric acid concentration was mainly caused by bacteria, fecal microbiota transplantation is expected to conduct.

It has been reported that five metabolic pathways (phenylalanine, tyrosine and tryptophan biosynthesis, glycine, serine and threonine metabolism, alanine, aspartate and glutamate metabolism, phenylalanine metabolism, and primary bile acid biosynthesis) in serum were identified associated with CPT-11 exposure (19), comparable with our fecal metabolism findings. The previous literature has showed that phenylalanine, tyrosine, and tryptophan biosynthesis is related to inflammation reaction (18), which may partially explain why this metabolic pathway has the greatest impact on CPT-11–induced colitis metabolism. With regard to specific metabolites, aromatic amino acids (including phenylalanine and tyrosine) and branched-chain amino acids (i.e., valine, leucine and isoleucine) were significantly up-regulated in CPT-11–induced colitis mice, while TFGU has callback effect to alleviate the fluctuation of CPT-11 on these amino acids although with no significant difference. In a case-control study, significantly increased levels of six amino acids (histidine, tryptophan, tyrosine, phenylalanine, leucine, and valine) were found in the feces of patients with inflammatory bowel disease compared to controls (38). Similarly, greater abundance of branched-chain amino acids and a range of other amino acids (i.e. lysine, alanine, tyrosine, phenylalanine, and glycine) in the fecal samples from patients with active Crohn’s disease and ulcerative colitis were found when compared to controls (39). Whether these differences result from malabsorption/increased loss due to inflammation or reflect an increase of the producing bacteria needs to be elucidated.
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The impact of antibiotic use for growth promotion in livestock and poultry production on the rise of antimicrobial resistance (AMR) in bacteria led to the ban of this practice in the European Union in 2006 and a restriction of antimicrobial use (AMU) in animal agriculture in Canada and the United States of America. There is a high risk of infectious diseases such as necrotic enteritis due to Clostridium perfringens, and colibacillosis due to avian pathogenic Escherichia coli in antimicrobial-free broiler chickens. Thus, efficient and cost-effective methods for reducing AMU, maintaining good poultry health and reducing public health risks (food safety) are urgently needed for poultry production. Several alternative agents, including plant-derived polyphenolic compounds, have been investigated for their potential to prevent and control diseases through increasing poultry immunity. Many studies in humans reported that plant flavonoids could modulate the immune system by decreasing production of pro-inflammatory cytokines, T-cell activation, and proliferation. Fruits, especially berries, are excellent sources of flavonoids while being rich in nutrients and other functionally important molecules (vitamins and minerals). Thus, fruit byproducts or wastes could be important resources for value-added applications in poultry production. In the context of the circular economy and waste reduction, this review summarizes observed effects of fruit wastes/extracts on the general health and the immunity of poultry.
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Introduction

Poultry products are quickly becoming one of the most-consumed sources of protein around the world (1), making them very important to the global food supply. Globally, poultry meat demand and production are expected to continue rising more rapidly than any other types of meat. Current estimates predict that by 2026, poultry meat will account for 45% of global meat consumption. The increase in poultry production is especially apparent in developing countries, due to poultry’s status as an inexpensive and healthy meat with few cultural or religious barriers (2). Poultry products include meat from broiler chickens and turkeys, eggs from layers, and live chicks often exported to other countries, all of which are important parts of the agricultural sector. Unfortunately, as with any animals kept at high density, poultry are prone to infectious diseases. Farmers have a vested interest in keeping their flocks disease-free and growing faster and larger to meet consumers’ demands. Thus, antibiotics have been used for disease prevention and/or growth promotion in meat-type poultry farms. Due to the selection for and spread of antimicrobial resistance (AMR) genes among several bacterial species of food safety and public health concern, antimicrobial use (AMU) in animal agriculture is becoming increasingly restricted (3). Additionally, poultry pathogens carrying AMR genes can compromise the birds’ health due to increased difficulty in treating diseases associated with them.

Bacterial diseases, such as necrotic enteritis (NE), will continue to negatively impact poultry health and producers’ profits if they become harder to control in the future. As mentioned above, with many countries (including the United States and Canada) withdrawing, restricting, or banning AMU for growth promotion in poultry, producers are searching for new ways to protect their flocks from bacterial diseases that have thus far been managed with low doses of preventative antibiotics. There have been many proposed alternatives to antibiotics where vaccines are not available, including antimicrobial peptides, organic acids, enzymes, metals, clay, bacteriophages, prebiotics, probiotics, and phytochemicals (4). Some of these approaches are able to improve the growth of the chickens. For example, enzymes added to feed improve the digestibility and availability of nutrients in the feed, subsequently improving feed efficiency and growth. Other alternatives, such as antimicrobial peptides, modulate or restrict the population of gut microbiota (including potential pathogens), and increase the overall flock health by reducing the frequency of diseases. The administration of probiotics (Lactobacillus species or others) in the chickens’ diets has shown some success in both increasing growth rates and preventing diseases. Because the productivity of the chickens and their resistance to diseases are both important and linked to multitude of factors, there is no simple solution for replacing antibiotics. It is likely that none of the alternative approaches mentioned above alone would be effective enough, thus a combination of approaches would be more effective.

Current poultry feeds are formulated to meet the nutritional requirements of chickens, but more research is needed to determine if these feeds adequately support the bird’s immune system, or if additional ingredients are needed to prevent immune deficiencies. Ideally, boosting their immune function should help the birds to be more resistant to infectious diseases. Vaccines have been used in poultry production to prevent diseases; however, most of them target viral pathogens such as Marek’s disease virus, Newcastle disease virus, infectious bronchitis virus, and infectious bursal disease virus (5). Longer-lived layer hens typically receive almost all above mentioned vaccines, in addition to those against encephalomyelitis, fowlpox, and laryngotracheitis depending on production conditions and requirements (5). This vaccination schedule is standard in most areas of North America, but it can be modified to suit the surrounding disease environment.

Phytochemicals, particularly those found in certain fruit extracts, are high in antioxidant compounds, and have been shown to improve the immune systems and general health in humans (6, 7). It stands to reason, then, that fruits and their extracts could help prevent diseases by stimulating the immune system in poultry such as broiler chickens. The use of fruit wastes, whole fruits, and their derivatives as supplements to improve immunity is an attractive solution for both poultry farmers and fruit producers. Many studies have been conducted on fruits and their various products (juices, pomaces, extracts, and seeds) with regards to boosting immunity in humans (6, 8–10). Fewer studies have been done on their effects in poultry, or other livestock. Certain fruit products, such as cranberry and blueberry pomaces, have been reported to have antimicrobial activities against a variety of bacterial species (11, 12). Grape seed extracts have demonstrated effects on blood metabolites, the immune system, and overall productivity of broilers (13). Considering that fruit byproducts present an economical and value-added opportunity, they are worthy of further investigation as possible cost-effective alternative agents in poultry production. The application of optimized fruit products, along with proper husbandry and good antimicrobial stewardship, may contribute to healthier and more profitable poultry flocks, as well as decrease the need for antibiotics and therefore the spread of AMR. This review will focus primarily on the application of fruits, particularly berries, and their extracts to enhance poultry immunity.



Immune System of Poultry

The avian immune system is complex and plays a critical role in protecting birds from infectious and metabolic diseases. Similar to the mammalian immune system, the avian immune system provides both innate and adaptive responses. The innate immune response is the first line of defense, responding non-selectively to a wide range of pathogens by phagocytizing and chemically attacking them. The adaptive immune system, consisting of both cellular and humoral immunity, is capable of launching a specific response to previously encountered pathogens. The adaptive immune response and its memory properties can be harnessed using vaccines to provide long-term immunity for birds against specific diseases. A detailed description of the avian immune system has been reported elsewhere (14) and will not be provided here.

A few factors pertinent to poultry farming must be noted. Mainly, broiler chickens live about six weeks, and have several immunological differences from laying hens, which live for 1-2 years. Since the bursa of Fabricius, the main site of B-cell development in birds, disappears by seven months of age, the bursa is always present in broilers but may be absent in older laying hens. Therefore, the bursa and bursa-body weight ratio has been used to assess relative immune health in broilers only (15). Another important practical difference is that broilers are vaccinated against a few prevalent and deadly diseases as stated above whereas layers are vaccinated against many more diseases (5). Heterophils, present throughout the lives of both types of birds, are important cells of the innate immune system, analogous to mammalian neutrophils and involved in the initial acute response to most pathogens (16). Unfortunately, some intracellular bacteria have evolved ways of avoiding phagocytosis and lysis by heterophils. In poultry, Staphylococcus aureus in particular has shown this ability which is troublesome as it can greatly impact the production of both broiler and layer flocks (17).

Cytokines are a diverse group of proteins or peptides secreted by cells to help direct both innate and adaptive immune responses. Cytokine levels are an indicator of the robustness of the immune system. Some cytokines in chickens can be used to evaluate stress levels, infections, or other immune functions. For example, chronically stressed chickens display elevated levels of interleukin-2 (IL-2) and granulocyte colony stimulating factor (G-CSF) in spleen tissue, and IL-1β, IL-2, IL-18, interferon gamma (IFN-γ), and IL-6 in thymic tissue (18). Chickens orally challenged with Salmonella enterica serovar Typhimurium showed high levels of IL-1β, IL-8, and other cytokines in intestinal and liver tissues, but not in the spleen (19). IL-10 plays an important role in the ceca, and has higher expression in birds susceptible to Eimeria tenella (20). A co-infection with both Eimeria spp. and C. perfringens has been shown to downregulate the production of IFN-α, IFN-γ, IL-1β, IL-2, IL-12, IL-13, IL-17 and transforming growth factor-beta 4 (TGF-β4) (21). Additionally, transcript analysis showed T helper 1 (Th1) interleukins such as IFN-γ, IL-2, and IL-12p40 (primarily mediators of cellular immunity) and T helper 2 (Th2) interleukins such as IL-4, IL-5, and IL-10 (primarily mediators of humoral immunity) were upregulated in response to challenge with infectious bursal disease virus in four-week old white leghorn chicks (22). Cytokine responses vary depending on the chicken line, the type of tissue assayed, the type of infection (bacterial, parasitic, viral), and the post-infection time (23, 24). Specifically, Ross broiler chickens showed significantly more expression of avian β-defensins in response to NE when compared to Cobb broilers (23). It is worthwhile to note that different broiler lines can have different immune responses to the same challenge conditions, even if this particular reaction may not be the same across all types of infections. Although a few recent studies have been conducted on cytokine modulation in response to fruit supplementation in chickens, more research and better standardization could elucidate quantitative effects of fruit byproducts on the immune system.


Modulation of the Poultry Immune System

Immune response can be evaluated in a variety of ways, such as quantifying leukocyte populations, cytokine responses, antibody concentrations, inflammation markers, phagocytic capabilities, and the masses of various immune organs. A multitude of strategies have been employed to enhance the immune and inflammatory responses in poultry. The most successful of these strategies have been vaccinations, which take advantage of the memory property of the adaptive immune system. However, there are many diseases for which no vaccine currently exists, or existing vaccines are in need of improvement. Many provide suboptimal protection, require adjuvants, and may be tedious and expensive to administer (25). Vaccines against bacterial diseases, such as NE, have lagged behind, due to the complexity of these diseases and the counterincentive of efficient and cost-effective antibiotics. Some new vaccines have been developed using attenuated Salmonella as a vector, but these must be administered via oral gavage and are therefore time-consuming in a large-scale regular production cycle (26).

Besides vaccinations to incite immunity against a specific pathogen, immunostimulating products or compounds to increase general non-specific immunity, have been also suggested as alternative solutions in poultry. These products may have pleiotropic actions on the host’s immune system. Accordingly, probiotics have been proposed as immunomodulators, to reduce pro-inflammatory cytokine expression in the gut, and increase the IgA secretion and the integrity of the gut epithelial barrier, and the serum antibody levels to certain antigens (4, 27–30). Probiotics have been specifically shown to decrease the expression of IL-12 and IFN-γ resulting from subsequent infection with S. Typhimurium (31). Another study reported that different strains of Lactobacillus can have different effects on spleen and caecal tonsil mononuclear cells: specifically that L. acidophilus induces primarily Th1 cytokines, while L. salivarius is capable of inducing more anti-inflammatory cytokines (32). Antimicrobial peptides (specifically rabbit sacculus rotundus antimicrobial peptides) have also been employed, which act both directly on bacteria and as immunostimulants leading to increased IgA levels, mast cell populations and intraepithelial lymphocyte counts (33). However, antimicrobial peptides are not an ideal solution due to their high production costs and the ability of bacteria to eventually develop resistance against them. Heterophil levels, and subsequently pro-inflammatory cytokine levels, have been artificially increased by orally administering ulvan, an extract of sea lettuce (Ulva armoricana), a proposed agonist of Toll-Like Receptor (TLR) 2 and 4 (34).




Fruit Byproducts: Processing and Properties

Fruit byproducts are complex mixtures made from processing whole fruit, seeds, juices, or pomace using a variety of techniques. Additional processing of these byproducts can result in the generation of fruit extracts, generally by using a liquid solvent to extract and concentrate valuable chemical components. These processing techniques could include freeze drying, extrusion, separation of fractions via solvent/water extraction, or dialysis to prepare pure extracts. The most abundant phenolic compounds present in fruits relevant to this paper can be found in Table 1 (35), although this does not represent an exhaustive list, as it omits trace compounds and non-phenolic compounds thought to have effects on bacteria. Fruit pomaces and extracts can contain flavonols (such as quercetin, kaempferol, myricetin and isorhamnetin), flavonoids (such as anthocyanins), flavanols (such as catechins, epicatechins, and procyanidins), flavanones, proanthocyanidins, or gallocatechins (prodelphinidins), some of which are involved in the process of fruit browning (36, 37). The non-phenolic contents such as dietary fibers, proteins, oligosaccharides, vitamins, and minerals, contain different chemical constituents depending on the species or subspecies of fruit, extraction process, and the nature of the solvent used. Freeze-drying and solvent extraction methods were applied in combination to organic cranberry and wild blueberry pomaces, after which their polyphenolic profiles were analyzed using a combination of the Glories method and the polyvinylpolypyrrolidone (PVVP) method, and high levels of polyphenols, particularly anthocyanins as well as antioxidants, were found (38). Alternatively, using high temperatures and water as a solvent when extracting grape byproducts resulted in extracting more flavonoids and procyanidins, whereas an organic solvent provided larger polymeric molecules (39). A processing method consisting of base hydrolysis followed by extraction with diethyl ether and ethyl acetate produced the highest concentration of phenolic compounds when used on apple pomace (40). Another study found that extracting pomegranate peel powder with equal volumes of ethanol and water, with a solid:solvent ratio of 1:10, for a period of 24-48 hours, was the most effective method of extracting polyphenols from pomegranates (41). The amount of polyphenolics shown in Figure 1 (35) and their composition in the fruit varies widely even within the same species, as shown by analyzing 31 different cultivars of grapes from around the world (42).


Table 1 | The major phenolic compounds found in cranberries, blueberries, grapes, apples, pomegranates, and oranges.




Purified Bioactives

Purified, fruit-derived polyphenols, including catechin, epicatechin, gallic acid esters, gallocatechin and epigallocatechin, have demonstrated considerable antimicrobial effects against some pathogens, including Salmonella which is an important foodborne pathogen associated with poultry (12, 43). The health benefits, including antioxidant activities of polyphenols in fruits and spices on humans have been reviewed in detail elsewhere (44). Positive effects on the host’s immune system have been induced using many of these compounds, both as part of a complex mixture and as purified compounds.

Gallic acid, one of the most common phenolic compounds in plants, has been studied extensively and found to have beneficial effects in treating a large range of diseases and malignancies (45). Ellagic acid, a dimerized form of gallic acid in many types of berries, has been found to inhibit aflatoxin production by fungi species (46), decrease colitis symptoms in rats (47), inhibit the growth of several bacteria species including Helicobacter pylori (48), Aeromonas hydrophila (49), Propionibacterium acnes and S. aureus (50). Tannic acid, a polymer of gallic acid, has been shown to act synergistically to decrease minimal inhibitory concentrations (MICs) of oxacillin and cefdinir against S. aureus to less than 0.06 mg/L, although this effect was not as pronounced on blood-agar plates (51). Additionally, another study has proposed that tannic acid decreased the integrity of the bacterial cell wall by attacking peptidoglycan and prevented biofilm formation (52). The anti-inflammatory activity of caffeic acid from cranberries has been reported in murine models of colitis (53). Extractable polyphenols, found in high concentrations in many plants, have the potential to provide a wide range of health benefits. Anti-inflammatory, immunomodulatory, and antimicrobial effects of anthocyanins have been described in human, avian, and murine infection models (54). Anthocyanins are especially prevalent in berries such as grapes and strawberries. Although pure compounds have not been studied extensively in a chicken model, many in vitro and in vivo rat or human evaluations have been conducted. In light of encouraging results, it is worth considering that these compounds could have potential beneficial effects in chickens raised without antibiotic growth promoters.

Bioactive substances in fruit may have synergistic effects when applied as a mixture, as is the case when using whole fruits or pomaces, as opposed to purified or refined extracts which may contain only a few compounds. Although pure compounds are easier to standardize and more concentrated, there may be benefits of using a less processed fruit. Containing a multitude of compounds which could work synergistically, whole fruit pomaces are less likely to induce resistance in bacteria against them. In addition, pomaces have a much lower cost of processing due to fewer purification steps. The preparation of berry pomaces and their chemical compositions have been described to reflect their potential use in poultry feed. Data from these studies reported that berry pomaces and their ethanolic extracts decreased the incidence of NE and coccidiosis when compared to bacitracin, a polypeptide antibiotic traditionally used for NE disease prevention. In addition, the ethanolic extracts induced antimicrobial activities against multiple antibiotic resistant Salmonella serovars isolated from broilers. In the current efforts on developing antibiotic-free and organic broiler chicken production, it seems to be difficult to access the economic benefit of using pomace as feed additive. Proper delivery methods of pomace in feed as well as its stabilization and anticaking strategies would need to be developed further. There is also a lack of knowledge of specific modes of action of fruit pomace in order to determine an effective dose in chicken.



Modes of Action

The pleiotropic effects of fruits pomaces or extracts on immune system may be due to their multiple phenolic and non-phenolic contents. Interestingly, it has been reported that wild birds (Sylvia atricapilla) select their food dependent on the perceived flavonoid content, which when present in the diet were shown to increase the humoral immune response mounted by the birds (55). The presence of such a wealth of compounds, in addition to carbohydrates, proteins, lipids and minerals, make it difficult to establish exact mode of actions of fruits products on immune system (56). Various mechanisms of flavonoids on enzyme function and regulation of gene and protein expression have been reviewed (57). The possibility of flavonoids, including quercetin and pomegranate polyphenols, inducing T regulatory cells through the inhibition of mTOR (mechanistic target of rapamycin) has been explored, albeit in human cancer cells (58). If direct mechanisms can be suggested, indirect mechanisms such as those derived from metabolism of phytonutrients and shaping gut microbiota should not be ignored since gut microbiota play important role in immunity against pathogens (12, 56). Bioactive contents of fruits pomaces and extracts can be efficient free radical scavengers and iron chelators, which can in turn allow them to prevent diseases and combat pathogens (59). In humans, it has been reported that regular consumption of berries significantly reduced oxidative stress and improved the host's resistance against H2O2-induced DNA damage (60, 61). Understanding the mode of action of fruits and their extracts on poultry immunity would enhance the competitiveness and innovation within the food industry by: 1) providing comprehensive information on their use in production; 2) addressing increased public concerns about food security and safety; 3) decreasing the losses associated with poor poultry health while improving performance; and 4) finding a new application for fruit byproducts (wastes), which could be an inexpensive alternative to antibiotics.




Fruit Byproducts in Avian Feed

Pomaces and extracts from various fruits have been investigated in vivo as feed additives in broiler chickens, displayed in Tables 2 through 5, separated by fruit. These tables do not include studies on pure extracts (for example, ellagic acid). Between the quantities of each compound present, and possible synergistic effects of multiple chemicals, the administration of a purified compound versus raw extracts or whole fruit is different enough to make a direct comparison possibly misleading. Not every study listed in these Tables presented data on both the immune system and gut microbiota, therefore some metrics may be absent for certain studies. Studies directly measuring immune parameters would make comparison easier and should be undertaken. For the sake of brevity, only statistically significant results are mentioned within the Tables. Comparisons were made with control birds in each study unless otherwise noted. There are more studies available in the literature on carcass quality, meat preservation, and growth performance using a variety of fruits such as strawberry (78–80), however these were not included as meat quality and economic performance are not the focus of this paper.


Table 2 | A comparison of in vivo feeding studies of blueberry byproducts and extracts in poultry, highlighting significant effects on the immune system and gut microbiota in live chickens.




Table 3 | A comparison of in vivo feeding studies of cranberry byproducts and extracts in poultry, highlighting significant effects on the immune system and gut microbiota in live chickens.




Table 4 | A comparison of in vivo feeding studies of grape byproducts and extracts in poultry, highlighting significant effects on the immune system and gut microbiota in live chickens.




Table 5 | A comparison of in vivo feeding studies of various other fruit byproducts and extracts in poultry, highlighting significant effects on the immune system and gut microbiota in live chickens.




Berries

A summary of studies performed on blueberry products can be found in Table 2, and cranberry products in Table 3. Although the immune-modifying compounds of lowbush blueberry pomace were not investigated, the pomace was found to significantly decrease concentrations of blood metabolites such as serum glucose and triglycerides in 21-day old slow growth broilers raised on pasture (62). It is worth noting that this study applied the blueberry pomace treatment for two weeks in 7-day old chicks, before transferring them to a pasture-style environment at 21 days of age. A study with non-dialyzable materials containing high-molecular weight compounds of cranberry juice enhanced phagocytic functions of chicken heterophils against S. aureus, as well as some humoral response in broilers (64). A subsequent study by the same group on cranberry pomace feeding during a longer administration period found similar effects on lowering levels of serum glucose and triglycerides while increasing blood serum iron level (65). A recent study evaluated different types of cranberry and blueberry products, including pomaces and their ethanolic extracts, and found promising results with regards to the intestinal health of the birds as stated above (63). The blood metabolites in this study once again agreed with previous studies, namely that triglycerides were significantly lower in fruit-treated birds, although iron was not significantly affected. They also found significant differences in cytokine gene expression in chickens fed cranberry products. Notably, the modulated cytokines included mostly Th2 cytokines, which help to regulate antibody-mediated immune responses via Th2 cells. Analysis of immunoglobulin levels as well as liver and bursal gene expression, revealed that dietary cranberry products increased the serum IgY level, modulated the innate immune and suppressed proinflammatory cytokines in 21-day old broilers (81).



Grapes

A summary of studies performed on grape products can be found in Table 4. When grape pomace concentrate was compared to grape seed extract (73), the levels of extractable polyphenols were standardized between the two different products, however the results between the two still differed, suggesting that there are other factors influencing microbiota besides exclusively polyphenols. Studies that measured the level of polyphenolic compounds in the blood plasma or ileal digesta consistently found that the concentration of polyphenols was higher in the tissues of treated birds vs untreated birds. This could contribute to a health benefit for consumers who eat these meats, as these compounds are regarded to have health benefits for humans in small quantities (82). Higher levels of polyphenols generally lead to higher levels of antioxidants, and therefore a greater resistance to oxidative stresses. Although all of the studies agreed on this, they did not agree on many other parameters: whether certain species of bacteria in the ileum and ceca of the birds were increased or decreased, and whether antibody or resistance levels were increased or not significantly affected. With the large variety of grapes available, all containing different levels of polyphenolics and other compounds, it can be difficult to compare two different studies that used different fruits – especially since many of the studies did not name the cultivar of grape used, the locality it was harvested in, or even whether the grape was white or red. The disparity between different cultivars of grapes, especially when grouped by geographical origin, is significant (42).



Apples, Pomegranates, and Other Fruits

Table 5 contains a summary of studies performed on other fruits, including apples, pomegranates, and oranges. Apple is an important commercial crop for many countries. In poultry it has been suggested that apple byproducts could be included up to 5% in diets for broilers and up to 10% for laying hens diet to reduce oxidative stress (83). It has been reported that inclusion of up to 12% dry apple pomace in diet increased antibody levels against some pathogenic virus in poultry (77). However, this group also found that inclusion levels of 12 – 20% lowered the feed intake of birds, which lead them to suggest this may have been caused by the high fiber content of this food source.

Pomegranates have also been used in feed and drinking water. The addition of pomegranate rind extract and green tea to broilers’ water during critical periods in development showed a significant increase in the population of bacilli, specifically Lactobacilli, in the caeca (75). Another study compared pomegranate peel, pomegranate peel extract, and purified α-tocopheryl acetate, and found a significantly higher antioxidant activity in most of the treated groups, with the exception of the birds treated with the lowest concentration of pomegranate peel (84). These authors also reported that the pomegranate peel extract and the α-tocopheryl increased the amount of polyunsaturated fatty acids in the breast meat. Supplementation with pomegranate peel extract or α-tocopheryl did not impact the performance of the birds, however the pomegranate peel decreased the body weight gain, feed intake, and feed efficiency of the birds, overall making it the least desirable treatment (85).

A study on orange peel extracts added to water found that broilers vaccinated against various diseases had elevated antibody titers against these diseases in a dose-dependent manner (76). Although this cannot be directly compared to studies on other fruits, due to the dissimilarity in both the species of fruit and the method of administration, it is worth noting this positive result.



Potential Side Effects

Although there are many positive effects of plant-derived phenolic materials, some of them demonstrated negative effects as well. For example, the sensory profile of meat from chickens fed 5% grape seed meal was found to have a less sweet and more metallic flavor, while being more stringy, but overall the diet did not significantly impact the meat acceptability (86). A study on various pure extracts in poultry feed determined that anthocyanins from cherries added to poultry feed significantly increased the daily feed intake, but resulted in a slightly lower average weight, which translates to a lower feed efficiency (87). The addition of pomegranate peel into the feed has been shown to impair body weight gain, feed intake, and feed efficiency (85). Adding more than 5% dried apple pomace to feed caused birds to lose weight (83). It is therefore not advisable to feed these additives in high concentrations without fully discerning the effects on both the living chicken and the carcass or meat quality.




Conclusion

Immune stimulation and modulation are becoming increasingly necessary in the fight against pathogens. Several options for immunomodulation have been explored, and each has its own advantages and disadvantages. While there are some substantial limitations of studying and implementing fruit by-products as feed additives, there are also many potential benefits for the immune system, thereby increasing resistance to disease. This makes fruit wastes not only inexpensive alternatives to traditional antibiotics, but value-added and environmentally friendly products that promote the circular economy. Many types of fruit contain high levels of desirable polyphenolic and antioxidant compounds. However, a balance must be struck between minimal processing (inexpensive, large volumes produced, low levels of many compounds) and high levels of processing (expensive, small volumes produced, high levels of a few targeted compounds). More studies are needed on the effects of these byproducts and their associated extracts. Additionally, the type of chicken, farm setup, feed composition, vaccination schedule, treatment schedule and dosage, as well as the parameters being evaluated need to be standardized in order for studies to be comparable. There has not yet been a study that evaluates every parameter of a certain product (immune robustness, growth performance, feed conversion ratio, resistance to disease, gut microflora, meat nutrition, sensory profile, and shelf-life). Once more is known about one type of fruit waste, comparisons to other types may be made and the most effective can be determined. This review indicates the potential of fruit products as feed supplements to enhance the immunity in birds, providing information for future investigations to develop them in poultry feeding strategies.
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Honey produced from medicinal plants holds great promise for human health. Increasing evidence suggests that the gut microbiota plays an important role in liver pathology after alcohol intake. The aim of this study was to identify the polyphenol composition of triadica cochinchinensis honey (TCH), and to study the potential effect of honey polyphenols on the regulation of gut microbes in mice with alcohol-induced liver injury and the improvement of alcohol-induced liver disease. For these purposes, a total of 190 compounds were identified and 27 of them were quantified by ultraperformance liquid chromatography coupled with quadrupole/time-of-flight mass spectrometry (UPLC-Q/TOF-MS) and we successfully established a mouse model of alcohol-induced liver injury. The results show that TCH polyphenols can significantly restore the levels of ALT and AST, and TCH intervention can significantly improve the pathological changes of liver tissue in alcohol-exposed mice. Additionally, a significant decrease was observed in Firmicutes/Bacteroidetes after TCH treatment. Moreover, KEGG pathways of ATP-binding cassette (ABC) transporters, two-component system and biosynthesis of amino acids enriched the most differentially expressed genes after TCH intervention for 8 weeks. Our results may have important implications for the use of TCH as a functional food component with potential therapeutic utility against alcohol-induced liver disease.
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Introduction

Alcoholic liver disease (ALD) is a type of alcohol-induced chronic progressive liver disease (1). Alcohol-related liver cirrhosis accounts for 0.9% of global deaths and 47.9% of all deaths from cirrhosis-related diseases, which seriously threatens human health (2). The progression of ALD includes multiple stages, from steatohepatitis, alcoholic hepatitis, liver fibrosis, cirrhosis, and even liver cancer (3). At this stage, there is still a lack of effective drug treatments for ALD. The possible mechanisms of ALD are mainly alcohol metabolism-related oxidative stress damage, abnormal methionine metabolism, intestinal flora imbalance and bacterial translocation, inflammatory mediator damage, and nutritional imbalance, etc. Among them, the intestinal flora imbalance is considered to be an important factor in the occurrence and development of ALD, which has attracted wide attention from scholars at home and abroad (4, 5).

The gut microbes are a large number of microorganisms that colonize the human digestive tract with complex types. The total weight of the intestinal flora of healthy adults is 1 to 2 kg, the number is at least 1 × 1014, which is 10 times the number of human cells, and the number of genes is 150 times the number of human genes (6, 7). Studies have found that the gut microbes are involved in multiple stages of host material metabolism, immune defense, growth and development, and the imbalance of intestinal flora is related to many diseases, such as colon cancer, liver cirrhosis, diabetes, hypertension, autoimmunity Diseases, etc. (8, 9). Gut microbes have a significant imbalance in ALD patients and play an important role in the occurrence of ALD. The structure and function of the intestinal flora have changed in patients with moderate drinking, alcohol abuse and alcoholic liver cirrhosis (10, 11).

Plant polyphenols are a class of polyhydroxy compounds, which are secondary metabolites with a polyphenol structures widely found in tea, grapes, apples, wine, and a variety of fruits and vegetables (12). Because of its antioxidant, anti-tumor, liver protection, and anti-obesity functions, plant polyphenols have a wide range of applications in the food industry (13, 14). With the development and deepening of related theoretical research, researchers have found that plant polyphenols have a greater effect on maintaining the homeostasis of the intestinal microenvironment. So far, many test results have proved that polyphenols can inhibit the growth and reproduction of harmful bacteria in the intestine, promote the growth of beneficial bacteria such as Lactobacillus and Bifidobacterium, and optimize the structure of the intestinal flora. Therefore, researchers have regarded polyphenols as the third major regulator of intestinal health besides prebiotics and probiotics (15, 16).

Triadica cochinchinensis Loureiro is a tree or shrub of the genus Tricadica in the Euphorbiaceae family. It is widely distributed in southern China, South Asia, and Southeast Asia (17). Early studies have shown that triadica cochinchinensis leaves can be used to treat skin diseases, such as eczema, dermatitis, scabies, and shingles, and the roots can be used to treat constipation dysuria, edema, and wounds (18). Recent studies have found that triadica cochinchinensis tree contains Coumarinolignoids (coumarin), which has anti-inflammatory, antioxidant, and hepatoprotective effects. It also contains taraxeranes, which have cytotoxic and allelopathic effects (19). Qinpiting and ent-kaurane-3-oxo-16α, 17-diol in the stems and leaves of triadica cochinchinensis tree have a significant inhibitory effect on the release of NO from BV-2 microglia activated by LPS. So far, the composition and efficacy of nectar secreted by triadica cochinchinensis tree have not been studied (20).

Honey is a natural product produced by honey bees from nectar or secretions originally gathered from flowering plants. Although the predominant constituents of honey are fructose and glucose, the minor components, such as amino acids, organic acids, vitamins, minerals, enzymes, and polyphenols, endow honey with distinct colors, flavors, and therapeutic effects (21). Previous studies have reported on the effectiveness and medical application of honey against various diseases, such as antimicrobial, anti-cardiovascular, anticancer, and antidiabetic effects (22). In particular, phenolic compounds constitute an important class of biologically active compounds that act as antioxidants and scavenging free radicals. Cao reports that A. cerana honey, gathered from Apis cerana Fabricius (A. cerana), had high total phenolic contents (345.1-502.1 mg GA kg-1), ascorbic acid contents (153.8-368.4 mg kg-1), could prevent acute alcohol-induced liver damage likely because of its antioxidant properties and ability to prevent oxidative stress (23). Wang reported monofloral honey from a medical plant, Prunella Vulgaris, protected against dextran sulfate sodium-induced ulcerative colitis via modulating gut microbial populations in rats (24). Therefore, identifying the primary polyphenolic compounds in honey from the medicinal plant triadica cochinchinensis would help maximize its health benefits and commercial value. However, to our knowledge, there is no information reported on riadica cochinchinensis honey (TCH)

The purpose of this study was to determine the polyphenol components of TCH that may contribute to most biological activity. Furthermore, we explored the potential protective effects of TCH against alcohol-induced liver injury in mice. The results of this study provide fundamental data for the study of TCH. It may also help to improve the recognition of the health benefits and commercial value of TCH.



Materials and Methods


Materials and Reagents

Alanine aminotransferase (ALT) determination kit and Aspartate aminotransferase (AST) determination kit were purchased from Changchun Huili. Ethanol (HPLC grade), silymarin, glucose, fructose were purchased from Sigma-Aldrich (St. Louis, MO, USA). LC/MS-grade acetonitrile, methanol, formic acid, and water were purchased from Merck (Darmstadt, Germany). Riadica cochinchinensis honey (TCH) was taken from Anfu County, Ji’an City, Jiangxi Province.



UPLC-Q/TOF-MS Analysis of TCH

Analysis of the samples was performed on a Waters ACQUITY UPLC System (Waters, Milford, MA, USA) equipped with an HSS T3 column (2.1×100 mm, 1.8 µm; Waters, Milford, MA, USA), which was controlled by Masslynx 4.1 software. The mobile phases were water with 0.02% formic acid (A) and acetonitrile with 0.02% formic acid (B) (V/V) with the following linear gradient elution: 0-2 min, 5-10% B; 2-5 min, 10-40% B; 5-10 min, 40-70% B; 10-12 min, 70-80% B; 12-14 min, 80-80% B; 14-15 min, 80-100% B; 15-17 min, 100-100% B; 17-17.5 min, 100-5% B; 17.5-21 min, 5-5% B. The flow rate was maintained at 0.4 mL/min, and the column was operated at 40°C. The injection volume was set to 5 μL.

The UPLC system was connected to Waters Xevo G2-XS Q/TOF (Waters, Milford, MA, USA) equipped with a Z-Spray ESI source. Both positive and negative ionization modes were carried out with a mass range of 50-1200 Da with a scan time of 0.2 s. MS conditions were set as follows: 3.0 kV for positive and 2.5 kV for negative, capillary voltage; 40 V, sampling cone voltage; 20°C, desolvation temperature; 120°C, source temperature; 800 L/h, desolvation gas flow rate; 50 L/h, cone gas flow rate. MSe data were obtained in centroid mode with a mass range 50-1200 Da both in low-energy (function 1) and high-energy (function 2) scan functions. For the low-energy scan function, collision energy was 6 V, and scan time was 0.2 s. For the high-energy scan function, a collision energy ramp of 10-45 V was used with a scan time of 0.2 s. Leucine-enkephalin (0.1 µg/mL) was used as lock-mass solution. This solution was introduced by LockSpray at 10 µL/min and used to generate the reference ions at m/z 556.2766 (positive mode) and m/z 554.2620 (negative mode). The quantification and calibration curves of the main compounds were generated and calculated by plotting the calibration compound standards against corresponding peak areas



Animals and Experimental Design

Fifty-Six male C57BL/6J mice (6 weeks old, weighing 18 g-22 g.) were obtained from Hunan Slack Jingda Experimental Animal Co., Ltd. (Nanchang, China, permission number: SYXK(G)2015-0002) and housed in cages under 25 ± 2°C and a 12 h light/12 h dark cycle with 50 ± 10% relative humidity throughout the study. Feed and water were provided without restriction for 1 week before the experiments began. 56 mice were randomly divided into 7 groups, each with 8 (1): Pair fed control group (PF) (2) alcohol-fed model group (AF) (3) positive control group (silymarin, 0.05 g/Kg body weight, PC) (4) Low-dose TCH group (5 g/Kg body weight, LH) (5) Middle-dose TCH group (10 g/Kg body weight, MH) and (6) High-dose TCH group (20 g/Kg body weight, HH) (7) Fructose syrup group (20 g/Kg body weight, FG). The sample group was given different doses of TCH every day, the positive control group was given silymarin, the blank group and the alcohol model group were given equal volumes of distilled water, and the fructose syrup group was given a prepared fructose syrup (fructose: glucose=48:32), experiment for 12 consecutive weeks (25). In the 13th week, all groups except the blank group were given 5% ethanol (v/v) for 10 consecutive days, with 30 mL in each group. On the 11th day, 31.5% ethanol (v/v) was given by gavage. The blank control group was given the same amount of normal saline, and the gavage amount was 5 g/Kg (26).

After the last treatment, the mice were fasted with water for 12 hours and weighed and recorded their body weight. The mice were anesthetized with 100 μL of 10% chloral hydrate, and 1 mL of blood was taken from the orbit, and EDTA-2K was used for anticoagulation. The whole liver was dissected and taken out, rinsed repeatedly in normal saline at 4°C, the filter paper absorbed water, and liver tissue of a certain size (2 cm × 0.5 cm × 0.4 cm) was cut out and fixed with 10% formalin solution.



Serum Physiological Indicators and Liver Histopathological Examination

After the blood is allowed to stand, centrifuge at low speed at 4°C to obtain the upper serum. Use ALT and AST kits to detect the content of ALT and AST in serum. The livers were fixed in a 4% paraformaldehyde solution for 48 h, then dehydrated in a graded series of ethanol solutions, embedded in paraffin, and sectioned into 4 μm thick slices. These slices were stained with hematoxylin and eosin (H&E). Histological images were taken by the microscopy imaging system (Leica DM1000, Nussloch, Germany)



Gut Microbiota Analysis

The contents of the mouse colon were taken in a sterile cryopreservation tube, quickly frozen in liquid nitrogen, and then transferred to a -80°C refrigerator for low-temperature storage.

Microbial community genomic DNA was extracted from samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.) according to the manufacturer’s instructions. The DNA extract was checked on 1% agarose gel, and DNA concentration and purity were determined with NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific, Wilmington, 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, CA, USA). The PCR amplification of 16S rRNA gene was performed 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 performed in triplicate. The PCR product was extracted from 2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) according to manufacturer’s instructions and quantified using Quantus™ Fluorometer (Promega, USA).

Purified amplicons were pooled in equimolar and paired-end sequenced (2 ×300) on an Illumina MiSeq platform (Illumina, San Diego, USA) according to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database.



Processing of Sequencing Data

The raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered by Trimmomatic, and merged by FLASH with the following criteria: (i) the 300 bp reads were truncated at any site receiving an average quality score of <20 over a 50 bp sliding window, and the truncated reads shorter than 50 bp were discarded, reads containing ambiguous characters were also discarded; (ii) only overlapping sequences longer than 10 bp were assembled according to their overlapped sequence. The maximum mismatch ratio of the overlap region is 0.2. Reads that could not be assembled were discarded; (iii) Samples were distinguished according to the barcode and primers, and the sequence direction was adjusted, exact barcode matching, 2 nucleotide mismatch in primer matching.

Operational taxonomic units (OTUs) with 97% similarity cutoff were clustered using UPARSE (version 7.1, http://drive5.com/uparse/), and chimeric sequences were identified and removed. The taxonomy of each OTU representative sequence was analyzed by RDP Classifier (http://rdp.cme.msu.edu/) against the 16S rRNA database (e.g. Silva SSU128) using a confidence threshold of 0.7.




Results and Discussion


Compound Profile of TCH

Compounds profiles of TCH were obtained by UPLC-Q/TOF-MS analysis (Supplementary Figure 1). A total of 190 compounds were identified in negative ionization mode (Mass error ≤ 5mDa). Among the 190 components, a total of 27 compounds were identified and quantified by comparing retention times and MS spectra with available standards (Table 1). While others were confirmed by exact molecular mass and their MS fragments with available standards, reported literature, or the public databases of ChemSpider (http://www.chemspider.com/) and MassBank (http://www.massbank.jp/). For example, two organic acids were detected at the negative ionization mode. The dominating product ions of these compounds corresponded to the loss of water molecules (m/z 18.0) and carbon dioxide (m/z 44.0). According to literature and available standards, compounds (Figures 1A, H) were proposed as salicylic acid, caffeic acid, respectively. In accordance with the reports, compounds Figures 1B–F were proposed as rutin, quercetin, narigenin, luteolin and kaemperol, respectively. Rutin was suggested for the precursor ion at m/z 609.14566, and produced a fragment ion [M−H]− at 301.03441 (quercetin). The total polyphenols content of TCH was 23.4 mg GAE/100 g.


Table 1 | Compounds detected in Citrus nectars and honeys in negative ion mode.






Figure 1 | UPLC-Q/TOF-MS spectra of some polyphenols in HCT in negative ion pattern: (A) salicylic acid; (B) rutin; (C) quercetin; (D) narigenin; (E) luteolin; (F) kaemperol; (G) epicatedin; (H) caffeic acid.





Influence of TCH on Serum Physiological Indicators and Liver Histopathological of Alcoholic-Induced Liver Damage Obesity Mice Model

Serum ALT and AST levels are important indicators of liver injury. Figure 2A shows the ALT and AST in the serum of mice in each group. The ALT and AST values of the PF group were the lowest, the values of the AF group were significantly higher than those of the PF group, and the ALT and AST values of the PC group were lower than those of the AF group, and there was no significant difference. The values of ALT and AST of each group of honey are lower than those of AF group, and the value of LH in honey group is the lowest.




Figure 2 | (A) Effects of TCH on serum ALT and AST. Different lowercase letters indicate significant difference (P < 0.05).  (B) Photomicrographs of liver sections stained with hematoxylin-eosin (HE × 400).



The pathological changes of mouse liver tissue were observed by HE staining method. As shown in the Figure 2B, the liver cells of the PF group are complete, the nucleus is clear, and the liver cords are arranged neatly; while the liver cords of the AF group are disorderly arranged, the outline of liver cells is blurred, and there are obvious hepatocyte edema and steatosis, accompanied Inflammatory cell infiltration; honey intervention can significantly improve the pathological changes of liver tissue in alcohol-exposed mice, showing that the mouse liver cell edema and steatosis are alleviated, the liver cords are arranged more neatly, and the inflammatory cell infiltration is reduced. The PC group had a more obvious improvement than AF, and the FG group had more severe liver damage than the AF group. Supplementary Table 1 shown the histopathological assessment grading, the basic pathological changes of alcoholic liver disease are classified into three major items, namely steatosis, inflammation and fibrosis, and each item is divided into grades 1-4 according to the degree. The liver tissue of the PF group was normal and there was no disease; the liver cell steatosis of the AF group was more than 75%, and there was a certain degree of inflammatory cell infiltration; the PC group had mild liver steatosis and inflammation; the LH, MH and HH groups had steatosis and inflammation In terms of alcoholic liver injury, it has a certain alleviating effect; the FG group aggravated the alcoholic liver injury, the degree of liver steatosis was more serious than that of the AF group, and inflammatory cell infiltration, small-scale liver fibrosis, liver damage was the most serious.



Influence of TCH on Gut Microbiota Diversity of Mice Model

Analysis of the dilution curve (Figure 3) of the gut microbiota sequencing sample shows that this sequencing has basically covered all species in the sample. Dilution curve is to randomly select a certain number of individuals from a sample, count the number of species represented by these individuals, and construct a curve based on the number of individuals and species. It can be used to compare the abundance of species in samples with different amounts of sequencing data, and it can also be used to show whether the amount of sequencing data of a sample is reasonable. The method of a random sampling of sequences is used to construct a dilution curve based on the number of sequences drawn and the number of OTUs they can represent. When the curve tends to be flat, it indicates that the amount of sequencing data is reasonable, and more data will only generate a small amount of new data. On the contrary, it indicates that more new OTUs may be generated by continuing to sequence. Therefore, as known from the dilution curve of this experiment, the depth of this sequencing has basically covered all species in the sample. Moreover, it can be seen from the Shannon index curve of this experiment that the plateau period has been reached, indicating that this experiment has a good degree of sample species richness under the existing sequencing depth, which can meet the requirements for further analysis.




Figure 3 | Rarefaction analysis (A) and Shannon index (B) of gut microbiota from seven groups of mice.



Alpha diversity can reflect the abundance and uniformity of microbial communities, including Chao index, Ace index, Shannon index, and Simpson index. Among them, the Chao index and Ace index reflect the abundance of species in the community. The larger the Chao or Ace index, the higher the community abundance. The Shannon index and Simpson index reflect the diversity of the community. The larger the index, the higher the diversity of the community; the larger the Simpson index, the lower the diversity of the community. As shown in Supplementary Figure S2, there is no significant difference in the species abundance and diversity of the intestinal flora between the groups. The Chao index and Ace index show that alcohol increases species abundance, and honey may reduce the increase in abundance caused by alcohol, especially low-concentration honey. Fructose syrup will increase species abundance compared to honey. Shannon index and Simpson index show that alcohol increases the species diversity of the intestinal flora, high concentrations of honey can also increase species diversity, and fructose syrup reduces species diversity.

Table 2 corresponds to Figures 4A, B, showing the proportion of dominant species in the gut microbiota of each group of mice. Figures 4A, B show the species abundance of each group at the phylum level. The species with higher abundance in each group mainly include Bacteroidota, Firmicutes, Campilobacterota, Actinobacterota, Verrucomicrobiota, Proteobacteria, Desulfobacterota. The Bacteroidota and Campilobacterota of AF are lower than the PF group, and Firmicutes, Actinobacteriota, Verrucomicrobiota, Proteobacteria and Desulfobacterota are higher than the PF group. The results of the PC group and the PF group were not much different. Both LH and MH can increase the abundance of Bacteroidota due to alcohol in the AF group, and reduce the abundance of Firmicutes in the AF group due to alcohol. In the HH group, Bacteroidota and Firmicutes, the two gates, may have aggravated the effect of alcohol. There is little difference between the results of FG and AF groups.


Table 2 | The composition table of dominant species in each group of mouse intestinal flora phylum level.






Figure 4 | TCH alters gut microbiota structure in mice. Structures of gut microbiota of mice were analyzed using 16S rRNA gene sequencing and bioinformatics analysis. The relative Community heatmap analysis on phylum level (A). The composition and relative abundances of the gut microbiota at the phylum level (B). Principal coordinates analysis (PCoA) plots based on unweighted UniFrac (C). Hierarchical clustering tree on OUT level (D).



PCoA analysis, namely principal coordinate analysis, is a method to study the similarity and difference of data. The larger the R, the higher the explanation of the difference between the groups; the P value is less than 0.05, the higher the reliability of this test. It can be seen from the PCoA diagram (Figure 4C) that the structure of the gut microbes of each group of mice presents distinct clusters. AF and PF, PC, LH, and FG are far apart and do not overlap, and the community composition is quite different; AF and MH, HH is relatively close, and some overlap, and the community composition is relatively similar; LH is far away from MH and HH, and the community composition is very different; HH is far from FG, and the difference is large; PF is closer to PC, LH, and FG. And some overlap, the community composition is relatively similar.

Sample hierarchical cluster analysis: Use bray-curits algorithm to perform hierarchical cluster analysis on all samples, draw a tree diagram according to the similarity between samples, and reflect the composition of the bacterial community in the sample. In the tree diagram, the smaller the difference between samples, the closer the branches. Each group is distributed in different branches on the clustering tree, and most of the samples in the group are distributed in clusters (Figure 4D). The distance between PF and AF is relatively long, and the difference is large; the distance between PF and PC and FG is relatively short, and the difference is small; the distance between AF and LH is long, and the difference is large; the distance between AF and MH, HH is relatively close, and the difference is small; the distance between HH and FG is long, The difference is large, which is mutually confirmed with the PCoA analysis results.

In order to further evaluate the effect of honey on the composition of the gut microbiota of alcohol-fed mice, we used LEFse analysis to identify specifically altered bacterial phenotypes (LDA>2) (Figure 5, Supplementary Figure 3). There are 83 species of specific species, with 31 species being the most in the AF group, followed by the HH group with 14 species. PF, PC, LH, MH and FG are 11, 8, 7, 4 and 8 in order. There are 5 specific species at the phylum level, namely: Bacteroidota, Actinobacteriota, Patescibacteria, Firmicutes, Proteobacteria. There are 8 specific species at the class level, namely: Bacteroidia, Bacilli, Actinobacteria, Saccharimonadia, Coriobacteriia, Gammaproteobacteria, Alphaproteobacteria, unclassified_p:Firmicutes. At the order level, there are 14 specific species, namely: Bacteroidales, Erysipelotrichales, Bifidobacteriales, Clostridia_UCG_014, Rhodospirillales, Saccharimonadales, Coriobacteriales, Peptostreptococcales_Tissierellales, RF39, Christensencales, Enterobacterellales, RF39, Christensencales, Enterobacteriales. There are 19 specific species at the family level, namely: Muribaculaceae, Rikenellaceae, unclassified_o:Bacteroidales, Erysipelotrichaceae, Bifidobacteriaceae, norank_o:Clostridia_UCG_014, norank_o:Rhodospirillales Peptostreptococcaceae, Saccharimonadaceae, Atopobiaceae, norank_o:RF39, Prevotellaceae, Eubacterium coprostanoligenes_group, Christensenellaceae, Enterobacteriaceae, Enterococcaceae, Staphylococcaceae, Clostridiaceae, unclassified_p:Firmicutes and there are 19 specific species at the family level.




Figure 5 | LEfSe analyses of gut microbiota in seven groups of mice. Differentially expressed taxa with the LDA scores > 2.0 and adjusted p < 0.05. The taxonomic cladogram shows the relative abundance of OTUs with circles representing phylogenetic levels from phylum (innermost circle) to species (outermost circle) and the diameter of each circle being proportional to the taxon’s abundance.





Influence of TCH on the Humanized Mice Gut Microbiome

In order to evaluate the effect of honey on the potential metabolic pathways of the intestinal flora of alcohol-fed mice, we used the PICRUSt analysis method and predicted the metabolic function of the gut microbiota of mice based on the KEGG and COG databases. According to Figure 6A, Glycolysis/Gluconeogenesis, Starch and sucrose metabolism, Fruit and mannose metabolism, Galactose metabolism and other metabolism related to sugar metabolism and Ribosome, Purine metabolism, Pyrimidine metabolism, Amino sugar and nucleotide sugar metabolism, Aminoacyl-tRNA biosynthesis, Homologous recombination Metabolism related to protein production, such as Mismatch repair, is increased under the action of alcohol, LH will reduce the metabolic level, and the metabolic level of MH, HH, and FG cannot be reduced, and remains unchanged or increased. According to Figure 6B, under the action of alcohol, the metabolism related to protein production, such as Translation, ribosomal structure and biogenesis, RNA processing and modification, Replication, recombination and repair, Chromatin structure and dynamics, Posttranslational modification, protein turnover, chaperones, Nucleotide transport and metabolism, etc., Carbohydrate transport and metabolism sugar metabolism and Lipid transport and metabolism (lipid transport and metabolism) increase, LH will reduce the level of metabolism, the level of metabolism of MH, HH and FG cannot be reduced, the level or increase.




Figure 6 | Heatmap of key pathways in KEGG database at level 3 based on PICRUSt predicted functions of the gut microbiota, the colors range from blue to red (A). The relative abundances of the gut microbiota in COG function classification (B).



Therefore, the above research results show that alcohol can cause disorders of the intestinal flora of mice, and low concentration of TCH can partially reverse the function of the gut microbiota of AF mice, making it reach a level similar to that of PF mice, So as to improve the metabolic function of alcohol-fed mice.




Discussion

BAJAJ et al. proposed to reflect the changes of “good bacteria” and “bad bacteria” in the intestinal flora of patients with the liver disease through the cirrhotic flora imbalance index. This ratio is calculated by dividing the number of beneficial intestinal tracts of Lachnospiraceae, Ruminococcaceae, and Clostridiales Family XIV Incertae sedis by the number of potentially pathogenic bacteria Enterobacteriaceae and pseudobacteriaceae. The number of Bacteroidaceae. In experimental animals and clinical studies, long-term alcohol consumption can reduce the abundance of Firmicutes and Lactobacillus belonging to Firmicutes, while the abundance of Enterococcus increases significantly. Other studies have also found that, Verrucomicrobia, Actinobacteria, Corynebacterium, Proteobacteria, and Proteobacteria are rich in the intestines of alcoholic mice.The fecal Veillonellaceae and Megasphera of patients with alcoholic hepatitis and liver cirrhosis increased significantly. The use of rifaximin can significantly reduce the abundance of gram-negative bacillus Veillonellaceae, thereby reducing the incidence of endotoxemia. Yu et al. found that Turicibacter is widespread in the intestines of rats with alcoholic liver injury, which is the dominant group. We also found a large amount of Turicibacter in the AF group, and the honey group has a lower abundance. The higher abundance of Prevotellaceae_UCG_001 in MH also appeared in Yi et al.’s study on the influence of acute alcohol intake on the intestinal flora, and the abundance of alcohol intake of Prevotellaceae_UCG_001 would increase. Christensenellaceae_R_7_group, which is also highly abundant in MH, is a beneficial flora.

As functional substances, polyphenols are currently considered to regulate the intestinal flora mainly in two aspects. On the one hand, polyphenols can provide metabolic substrates for intestinal microorganisms and promote the growth and reproduction of probiotics; on the other hand, polyphenols can provide metabolic substrates for intestinal microorganisms; On the one hand, the antibacterial activity of polyphenols can inhibit the growth of harmful bacteria in the intestine and reduce the toxicity caused by pathogenic bacteria. This is mainly because the hydroxyl group of polyphenols can combine with the lipid bilayer of the cell membrane of harmful bacteria to destroy its normal function. It can also destroy the permeability of the cell membrane through the generated hydrogen peroxide, causing the pathogenic bacteria to fail to function normally growth and reproduction; Secondly, polyphenols can form complexes by chelating with metal ions, making the microbial enzyme system unable to catalyze the reaction normally, and even inhibit the enzymatic activity of some enzymes, thereby affecting a series of enzymatic reactions in the intestine.

The present study provides a detailed picture of the phytochemical properties of natural honey from Triadica Cochinchinensis, a plant used in traditional Chinese medicine. TCH showed a significant protective effect against alcohol-induced liver disease as well as the activity on maintaining the balance of the microbial ecology. The results suggested that the TCH intervention may benefit the stability of certain gut microbiota, especially in an environment-triggered microbial imbalance, and affect corresponding metabolic pathways, making the contribution to the maintenance of human health.
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Polyphenols are natural plant compounds and are the most abundant antioxidants in the human diet. As the gastrointestinal tract is the primary organ provided to diet sections, the diet may be regarded as one of the essential factors in the functionality, integrity, and composition of intestinal microbiota. In the gastrointestinal tract, many polyphenols remain unabsorbed and may accumulate in the large intestine, where the intestinal microbiota are most widely metabolized. When assuming primary roles for promoting host well-being, this intestinal health environment is presented to the effect of external influences, including dietary patterns. A few different methodologies have been developed to increase solvency and transport across the gastrointestinal tract and move it to targeted intestinal regions to resolve dietary polyphenols at the low bioavailability. Polyphenols form a fascinating community among the different nutritional substances, as some of them have been found to have critical biological activities that include antioxidant, antimicrobial, or anticarcinogenic activities. Besides, it affects metabolism and immunity of the intestines and has anti-inflammatory properties. The well-being status of subjects can also benefit from the development of bioactive polyphenol-determined metabolites, although the mechanisms have not been identified. Even though the incredible variety of health-advancing activities of dietary polyphenols has been widely studied, their effect on intestinal biology adaptation, and two-way relationship between polyphenols and microbiota is still poorly understood. We focused on results of polyphenols in diet with biological activities, gut ecology, and the influence of their proportional links on human well-being and disease in this study.

Keywords: dietary polyphenols, gut microbiota, gut health environment, bioavailability, bioactivity


INTRODUCTION

Dietary polyphenols are natural plant-based compounds, including foods such as vegetables, cereals, fruits, coffee, tea, wine, etc. (1). Hydroxylated phenyl moieties define polyphenols as nothing but a large heterogeneous group of compounds. Polyphenols are usually categorized into flavonoids and non-flavonoids because of their chemical structure and complexity (including phenolic rings and substitution groups) (2). Human body perceives polyphenols as xenobiotics, and their bioavailability is moderately poor (3). Up until now, more than 8,000 polyphenols have been identified and are classified by their carbon skeleton concept: flavonoids, phenolic acids, lignans, and stilbenes (4). The intake of polyphenols varies by world topography, possibly because of the distinctive dietary habits of different cultures worldwide, as shown in numerous studies (5, 6). Micronutrient-rich essential diets with polyphenols are written in Tables 1, 2. It has been shown that phenolics and their metabolites have an affirmative influence on gut health by promoting the production of beneficial microbiota and controlling the propagation of pathogenic bacteria (8). In around 400 B.C., Hippocrates said, “death sits in the intestines” and “bad digestion is the root of all evil,” indicating the essential role of the human intestine in their health and disease. In most fruits and vegetables, polyphenols, along with herbs and spices, are secondary plant metabolites (9, 10). In particular, due to structural complexity, polyphenols with higher molecular weight avoids absorption in the small intestine. It has been shown that in the small intestine, simply 5–10% of the overall ingested polyphenols may be absorbed (11), and how the health-advancing effects of polyphenols arise when they are inadequately ingested and commonly identified at trace levels in the systemic circulation should be considered. A complex microbial ecosystem is present in the human digestive tract, including extensive metabolic versatility, using metabolic pathways that people have not created (12). As a result, it was calculated that the advanced well-being effects of phenolics, for example, polyphenols, may possibly be detected by regulation of the composition and act of the gut microbiota, or vice versa, by the generation of bioactive microbial metabolites. Like this, the colonic microbiota plays an essential role in the breakdown of polyphenolic structures into a collection of polyphenolic metabolites of low atomic weight that can be easily absorbed and deliberately be beneficial to health (8). The inter-individual difference in the gut microbiota can prompt contrasts in bioefficacy and bioavailability of polyphenols and their metabolites, in addition to the interindividual variety in the daily admission of polyphenols. Polyphenols are often retained in the gut for more extended periods due to low absorption, where they can have a beneficial effect, especially by influencing the ecology of the intestine (13). During the most recent period, the effect of dietary polyphenols (Figure 1) on the gut ecology and mechanism underlying the impacts on intestinal and extraintestinal diseases is studied (15). In various dietary polyphenols, various researchers have found behaviors such as antioxidant, antidiabetic, anticarcinogenic, neuroprotective, anti-inflammatory, cardioprotective, antimicrobial, antiadipogenic, etc. (16–23).


Table 1. Different types of natural polyphenols (7).
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Table 2. Chemical structure of some common dietary polyphenols.
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FIGURE 1. The impact of polyphenols on gut health and the possible modes of action (14).



Polyphenols and Their Biotransformation in Gut

For each gram of gut material, the human gut harbors an extraordinarily perplexing microbial ecosystem in groupings of 1,012 microorganisms. Every person's gut microbiota composition is unique and is influenced by a legacy acquired at the host's birth, physiological status and genotype, diet, and lifestyle (24, 25). A minor amount of dietary polyphenols (5–10% of total intake) can be easily absorbed using deconjugation reactions such as deglycosylation in the small intestine (26). These polyphenolics may be exposed to large Phase I (oxidation, reduction, hydrolysis, etc.) and Phase II (conjugation) biotransformations in enterocytes after absorption into the small intestine (Figure 2). Then a chain of water-soluble metabolites (methyl, glucuronide, derivatives of sulfate, etc.) rapidly release into the systemic circulation for advanced organ distribution.


[image: Figure 2]
FIGURE 2. Dietary polyphenols and its digestion.


Colonic microorganisms are identified to act enzymatically on excess unabsorbed polyphenols in the large intestine, successively creating metabolites of different physiological significance (27). The processing of lactones, phenolic acids, and aromatics with different side chain lengths and hydroxylation, depending on the precursor structures (phenylvaleric acids, phenylacetic acids, phenylvalerolactones, hippuric acids, phenylpropionic acids, benzoic acids, etc.) take place consecutively (28, 29). Besides, in the most recent decade, researchers also studied the transformation of non-flavonoid polymeric molecules called ellagitannins (or hydrolyzable tannins) (30, 31). Tannin structures are exposed to hydrolysis in the intestinal lumen, delivering free ellagic acid, after using ellagitannin-rich foods, such as strawberries and raspberries, pecans, pomegranates, and oaked wines. Once in the large intestine, human colonic microflora metabolizes ellagic acid to produce a series of derivatives known as urolithins, represented by a standard nucleus of 6H-dibenzo[b,d]pyran-6-one and a decreasing number of phenolic hydroxyl groups (urolithin D → C → A → B).

Colonic bioconversion of polyphenols is mostly portrayed for flavonoids. It is a profound factor due to three principal reasons: (a) Variability has been noted in bioconversion of explicit flavonoids (24, 25, 31), and this variability can be attributed to the individual colonic microbiota and has prompted the recognition of low to high flavonoid converters (32, 33); (b) Little contrasts in substitution pattern of flavonoids can initiate significant changes in colonic bioconversion (32, 34); (c) Dietary context of ingested polyphenols that can regulate polyphenol–microbiota (35) interaction.

The first part of our digestive system is the mouth. When we eat polyphenols, the gullet (esophagus) passes into the stomach, and then polyphenol is transferred into the small intestine, and the intestine—from the moment it is first ingested until it is consumed by the body or passed off as feces. Although certain foods and liquids are absorbed through the lining of the stomach, the rest are immersed in the small intestine, like polyphenols. Saliva helps to lubricate food and includes enzymes that begin to digest our food chemically, including food-containing polyphenols. In the colon, a large (~413) number of microorganisms are present, where our bodies consist of around the same number of cells (~313). Most animals are living harmlessly; that is, they are commensals. Some are useful because they synthesize vitamins and digest polysaccharides that we do not have enzymes for (providing an estimated 10% of the calories we acquire from our food). In the small intestine, where most nutrients present in the food are ingested, digestion begins. The lumen surface of the small intestinal folds called the villi, lined by simple columnar epithelial cells called enterocytes, where every enterocyte on the cellular apical surface, have shorter microvilli (cytoplasmic membrane extensions) that increase the surface area to allow more nutrient absorption to occur.

The small intestine climate is less harsh, and microbial communities like Lactobacilli, Diphtheroid, fungus Candida, etc., may be found in the small intestine. On the other hand, a diverse and abundant microbiota is found in the large intestine essential for normal function. These microbes include Bacteriodetes (the Bacteroides and Prevotella genera, in particular) and Firmicutes. These microbes support digestion and contribute to the processing of the feces, digestive tract waste, and flatus, the gas generated by the microbial fermentation of undigested food.



Effects of Dietary Polyphenols on Intonation of Gut Ecology and Cellular Environment

The colonic microbiota could shift polyphenols to bioactive mixes that can affect the intestinal ecology and impact on host health. In vitro animal model and human studies suggest that particular dosages of experimentally selected polyphenols can alter the microbial composition of the intestine, and while some bacterial groups may be limited, others can thrive in the biome niche accessible. Phenolic blends change the gut microbiota and consequently alter the balance of bacteroids (36–38). Tzounis et al. (39) studied an in vitro model and proposed that monomers of flavan-3-ol such as (+)catechin and (−)epicatechin might be able to influence the enormous intestinal bacterial populace even in the presence of various supplements, such as starches and proteins. Yamakoshi et al. have studied that an extract rich in proanthocyanidin from grape seeds given to an adult for about 14 days has been able to increase the number of bifidobacteria significantly (40). Recent research indicates that monomeric sources rich in flavan-3-ols and flavan-3-ol, such as chocolate, green tea, and blackcurrant or grape seed extracts, can modulate the intestinal microbiota (39, 41–43). A human intercession analysis found that the use of red wine polyphenols substantially increased the number of bacteria groups, including Enterococcus, Prevotella, Bifidobacterium, Bacteroides, Bacteroides uniformis, Eggerthella, etc. (44). After the use of a wild blueberry drink, Vendrame et al. observed a substantial increase in the amount of Bifidobacterium, recommending a significant role for intestinal microbiota in this case (45). The role of grape seed flavan-3-ols in the production of intestinal bacterial groups using in vitro experiments were analyzed by Cueva et al. (46). Although the exact mechanisms need to be clarified, preclinical and clinical evidence indicate that dietary polyphenols have prebiotic properties and antimicrobial activities against pathogenic gut microbiota, which may help with a variety of disorders. Dietary polyphenols, in particular, have been shown to modulate gut microbiota composition and function, interfering with bacterial quorum sensing, membrane permeability, and making bacteria more susceptible to xenobiotics.



Overview of the Human Gut Microbiota

Colonization and early stages of gut microbiota in the infant can be chaotic as the diversity grows over time. Interpersonal variability was found to be higher in newborn children relative to adults because of these complex shifts (47). Neonates establish a gut microbiota that takes into account the high concentration of bifidobacteria in which this dominance prevents pathogenic microorganisms from becoming colonized by competitive exclusion (48). The composition of the gut microbiota (Figure 3) in newborns changes to an adult-like form more than likely after 1 year due to the presentation of foods and other table nourishments, prompting a microbiota dominated by Bacteroidetes and Firmicutes. Finally, by 2.5–4 years old (47, 49), it turns out to be absolutely like the adult microbiota, and the microbiota retain its power until old age after arriving at a developed point. Besides, older individuals have been found to have a different microbial composition compared with young adults, especially Bacteroides sp and Clostridium sp (50, 51). The role of gut microbiota in people's health and diseases is essential. The sound gut microbiota (7) has been shown to exhibit a particular role in (a) digestion of supplements, (b) xenobiotic and drug metabolism, (c) antimicrobial activity, and (d) immunomodulation.


[image: Figure 3]
FIGURE 3. Brief overview of the gut microbiota in different phases of life.




Beneficial Effects of Dietary Polyphenols

Dietary polyphenols are a large group of bioactive phytochemicals typically found in a wide range of vegetables, fruits, nuts, spices, and drinks, as well as in dry legumes and cereals (52). These are often associated with plant pathogen defenses, and we have a great interest in them because of their medical benefits to humans (Figure 4). They are secondary metabolites and incorporate various molecules with polyphenol structures, with more than 8,000 fundamental variations. As shown by the number of phenolic rings and their side chains or rings, they are split into separate chemical groups (53). Flavonoids have a standard diphenyl propane carbon skeleton in which a linear three-carbon chain interconnects two benzene rings. They can be split into a few subclasses that depend on the state of oxidation of the central pyran ring: flavonols, flavones, anthocyanidins, flavanones, flavonols, and isoflavones. Phenolic acids are classified into benzoic acid derivatives such as protocatechuic acid, gallic acid, and cinnamic acid derivatives, including caffeic, ferulic, and coumaric acids, are critical classes of non-flavonoids. The lignans formed by oxidative dimerization of two phenylpropane units are another essential non-flavonoid group (54, 55). Flavanols are the best known form of flavonoids in foodstuff, with broccoli, apples, tea, blueberries, onions, and red wine being their most lavish sources (56).


[image: Figure 4]
FIGURE 4. Beneficial effects of dietary polyphenols.


Flavanone-rich common foods are mainly citrus fruits such as lemon, grapefruit, and orange fruit (57). Flavanols are present in tea, blackberries, apples, pistachios, and almonds (58). In red fruits and vegetables (e.g., strawberry, red onion, elderberry, pomegranate, cabbage, raspberry), anthocyanins are water-soluble flavonoids present (59, 60). Olive oil, acerola, apricot, apple, nectar, mango, and papaya are examples of sources of flavones (61, 62). Isoflavones are bioactive mixtures mainly found in the legume family, including dried dates, apricot, currants, mango, plums, new coconuts, and sesame seeds (63, 64), although it has been shown that stilbenes are available in grapes, red wine, and berries (65). For instance, red leafy foods, blackberries, strawberries, dark radish, onions, and tea are sources of phenolic acids (57).

The role of polyphenols in counteracting different diseases, such as diabetes, obesity, neurodegenerative diseases, and cardiovascular diseases has been highlighted in numerous studies (65–70). Polyphenols are antioxidant agents also crucial to balance oxidative stress and chronic inflammation (71). Because of this, several studies have concentrated on their beneficial anti-inflammatory (72, 73), pain-relieving (74) and antimicrobial (54, 75), vasodilatory (76), antiallergenic (77), anticarcinogenic (78) effects, etc.



Bioavailability of Dietary Polyphenols and Impact of Gut Microbiota

It is noteworthy that it is challenging to estimate dietary entry, and a solitary strategy cannot thoroughly evaluate dietary exposure (79), mainly when focusing on micronutrients and bioactive substances, including polyphenols. Polyphenol intake may be affected by a few different variables, for example, dietary propensities, characteristics of the population (e.g., age, gender, and social components), and geological zone (80). The consumption of polyphenols is closely related to bioavailability and bioaccessibility. In this manner, release of polyphenols from foodstuff during gastrointestinal food processing and bioaccessibility would have a major effect on bioavailability that is likely to be accessible for subsequent metabolic pathways through absorption of phenolic mixes.

The gut microbiota impacts the steadiness of dietary polyphenols through multi enzymatic responses, including sulfation, glucuronidation, deglycosylation, C ring cleavage of benzo-γ pyrone system, decarboxylation, dehydroxylation, and hydrogenation. Most of the O-glycosides transformed to aglycones that form the structures of O-glucuronide and O-sulfate. Catabolic transformations, for example, carbon–carbon division of aromatic rings, hydrogenation, decarboxylation, and dehydroxylation of alkene moieties, are completed by gut organisms at that point. For example, quercetin 3-O-glucoside is converted by the intestinal microscopic organisms to phloroglucinol, protocatechuic acid, and 2,4,6-trihydroxybenzoic acid (81–83). Curcumin is catabolized into the structural arrangements of hydrogenated, O-glucuronide, desmethyl, and O-sulfate (84). Polyphenol bioavailability involves dissolution and absorption, transmission to, and disposal of, target tissues, digestion, and excretion. It is influenced by various factors, such as food content variation, food processing, and also other factors such as genetic, microbial, dietary variables, etc. (85, 86). Enterocytes can be easily absorbed by aglycones, flavonols, anthocyanins, etc. Polyphenols are usually glucuronidated or possibly sulfated (stage II digestion) during intestinal absorption, while digestion at stage I (oxidation/reduction) tends to be minor (87). Besides, most native nutrient polyphenols are in the structure of glycosides (flavonols, flavones, flavonones, isoflavones, and anthocyanins), along with less frequent oligomers (proanthocyanidins), which are not absorbable in the intestinal mucosa (88).



Gut Dysbiosis and Dietary Polyphenols

Metchnikoff originally coined the word “dysbiosis” during the mid-twentieth century to represent the developments in intestinal microbes, proposing a correlation with immune homeostasis and improvement of intestinal disorders. Dysbiosis can be categorized as (89) reduction in the number of symbionts, (90) outlandish pathobiontic development, and (91) loss of diversity. Several components, including age, diet, stress, medications, and xenobiotics, are responsible for impaired gut ecology and/or dysbiosis (89, 92, 93). The growth and evolution of human gut microbes is a case of ecological succession (47, 94). After an underlying stage of massive new colonization, before a steady climax network is formed, they go through progressive composition and function changes. In this case, polyphenols play a significant role. The disintegration of health including impaired salivary function, assimilation, malnutrition (95), and the intake of polyphenol by the diet are further explanations for age-related alterations in the gut ecology.

Diet is a primary modulator of the gut environment, influencing functions and thereby helping to preserve health or facilitate disease conditions (96). Breast milk, for example, contains some oligosaccharides that allow Lactobacillus and Bifidobacterium to multiply, which are predominant in the gut of the newborn child and could contribute to the development of the immune system. There is growing evidence of a relationship between dysbiosis and diseases, including inherited bowel disease (IBD), colorectal carcinoma, obesity, diabetes, etc. (97–100). The pro-inflammatory and pro-oxidative profile produced in the intestinal lumen and nearby layers is a fundamental relationship between dysbiosis and IBD progression (101, 102). In addition, related uremic substances resulting from intestinal microbial digestion of proteins, amino acids, and various metabolites, including mainly protein-bound phenols and indoles, and the effects of digestion of phenylalanine, tyrosine, and degradation of tryptophan, are present (103).



Polyphenols, Microbiota, and Cancer

A few studies have related microbial metabolism of dietary polyphenols to the prevention of malignancy. In patients with and without malignant colorectal development, some studies have reported phylum-level contrasts between the gut microbiota. A few phyla are extended, while others are reduced, but it is not clear exactly how these developments impact the cancer process (104, 105). Studies conducted in vitro and gnotobiotic rodent models have shown that gut microbiota may turn plant lignin secoisolariciresinol diglucoside over to enterodiol and enterolactone (31, 106) and protect it in cancer production (Figure 5). Besides, colonization induced by polyphenol significantly decreased tumor number, size, and cell expansion, but increased apoptosis of tumor cells (107). Resveratrol's anti-inflammatory function involves proinflammatory intermediate restriction, eicosanoid union modification, and enzyme obstruction, including COX-2, NF-nB, AP-1, TNF-alpha, IL6, and VEGF (vascular endothelial growth factor) (108). Biological properties, including anticancer and antioxidant function, were accounted for by ellagic acid (109). Some metabolites of intestinal polyphenols such as 3,4-dihydroxyphenylacetic acid and 3-(3,4-dihydroxyphenyl)-propionic acid, quercetin metabolites, chlorogenic acid, caffeic acid, etc., can alter the enzymatic reaction involved in the detoxification of human adenoma cells from LT97. Miene et al. (110) suggested that GSTT2 upregulation and COX-2 downregulation could contribute to the chemopreventive potential of polyphenols in the intestine. Kang et al. reported that by restricting MEK1 and protein kinase such as TOPKK, caffeic acid and coffee directly repressed colon malignant growth metastasis and neoplastic cell transformation in mice (111). It has been found that flavonoids such as quercetin from apples and vegetables have anticancer effects, including cell expansion hindrance and apoptosis induction. One of these nourishments rich in polyphenols is curcumin. Polyphenol-rich foods and the preservation of high microbial diversity have been correlated with the chemopreventive effect of curcumin on the reduction of colonic tumor problems (112).
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FIGURE 5. Dietary polyphenol and carcinogenesis.




Modulation of Gut Ecology by Polyphenols and Impact on Human Gut Health and Immunity

Tzounis and his group revealed that flavonols may have been responsible for decreases in plasma C-receptive protein (CRP) levels, a blood marker of inflammation (41). As of late, Queipo-Ortuño et al. (44) have found that the regular consumption of red wine polyphenols have resulted in significant reductions in blood pressure plasma levels, triglycerides, and high-density lipoprotein cholesterol. Monagas et al. (113) studied phenolic acids such as 3,4-dihydroxyphenylpropionic acid, 3-hydroxyphenylpropionic acid, 3-4-dihydroxyphenylpropionic acid, etc. They have in vitro anti-inflammatory activity, reducing the secretion of TNF-α, IL-1β, and IL-6 in peripheral mononuclear blood cells activated by lipopolysaccharides. Larrosa et al. examined the action and anti-inflammatory ability of polyphenols and found that hydrocaffeic, dihydroxyphenylacetic, and hydroferulic acid decreased the development of prostaglandin E2 in IL-1β-mediated colon fibroblast cells (114).

Researchers have indicated that anti-inflammatory activity and intestinal inflammation could be exerted by foods containing essential hydrocaffeic acid precursors such as artichoke, chocolate, apples, and strawberries. Tucsek et al. (115) found that, for example, ferulaldehyde is used to decrease mitogen-enacted protein kinase (MAPK) activity in the final results of polyphenol degradation, thus, repressing NF-βB activity, mitochondrial depolarization, and generation of reactive oxygen species (ROS) (115). Beloborodova et al. (116) have discovered that phenolic acids can be a biomarker of sepsis and that p-hydroxyphenylacetic acid can suppress the production of ROS in neutrophils. Resveratrol and curcumin can change the behavior of B cells as shown by a significant hindrance of lymphokine secretion, antibody production, and expansion (117). Table 3 displays preclinical and human evidence documenting the impact of polyphenols on the gut and related mechanisms.


Table 3. Preclinical and human studies with dietary polyphenols on the gut and associated mechanisms (118).
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Resveratrol deacetylates the transcriptional factor STAT3 that cannot generate orphan receptor-gamma t (RORγt) related to retinoic acid, which is a transcriptional factor that is essential for lymphocyte differentiation cycle (154). Another anticipated feature of polyphenol in the gut's adaptive immune response may be its activity on Treg cells, demonstrating a fundamental role in recalling and suppressing autoimmunity for immune tolerance. The secretion of IFNγ, tumor necrosis factor alpha (TNFα), and IL-6 and colonic invasion of CD3+ T cells, F4/80+ macrophages, and CD177+ neutrophils are essentially suppressed by chlorogenic acid employing methods to block the active NF-B signaling pathway (155). The activity of polyphenols involves numerous signaling pathways such as MAPK, ERK1/2, p38, NF-kB, JNK, etc. (156, 157).



Strategies to Improve Efficiency of Dietary Polyphenols in Gut

Low bioavailability illustrates the biggest drawback of polyphenols, which undermines the medical advantages imaginable. Among various remedial methodologies, multiple procedures have recently been proposed to overcome this challenge. Several methods have been suggested to manipulate physiological changes in the gut, such as pH-delicate delivery system, protein linkers, osmotic-controlled, prodrugs, etc. (158). To boost their digestive stability and intestinal transport, Chung et al. (159) used two separate forms of hydroxyl propyl methylcellulose phthalate (HPMCP), namely, S and L, to cover green tea catechins. Bioavailability was investigated in combination with Caco-2 cells in an in vitro gastrointestinal model concerning green tea catechins alone; the intestinal transport rate of L-HPMCP demonstrated an expansion of 3.47 times. In the presence of PLGA in a 2:1 weight ratio, Eudragit S100 (ERS100) was also used to acquire curcumin drug delivery microparticles as anti-inflammatory agents in colitis tissues. Carrier showed the efficacy of curcumin on ulcerative colitis (160). Resveratrol fibroin nanoparticles showed high efficacy in reducing myeloperoxidase activity in repressing TNF, IL-1, IL-6, and IL-12 expression. This technique is, therefore, an attractive framework for the controlled arrival of resveratrol in intestinal inflammation by all accounts (161). Similarly, numerous polyphenols and anthocyanins were absorbed by the microcapsules, which protected them from difficult gastrointestinal conditions. Understanding of the polyphenol components may be studied by controlling microbial arrangement in the gut in collaboration with various probiotic strains. It would enable the enhancement of innovative ways to prevent and treat targeted microbiota diseases and epigenetics and metabolomics discoveries, contributing to tailored drug delivery and nutraceuticals.




CONCLUSION REMARKS AND FUTURE PERSPECTIVES

The consumption of polyphenols and their bioavailability decides their health effects. Concentration of plasma of these discrete polyphenolic molecules rarely reaches micromolar levels, considering the high abundance of polyphenols in our diet. Up till now, numerous studies have been performed to know the biotransformation by colonic microflora of polyphenols and to classify the microorganisms responsible. It is clear that dietary polyphenols and their metabolites, by promoting the growth of beneficial bacteria and inhibiting pathogenic bacteria, exerting prebiotic-like effects, contribute to preserving gut health through the regulation of the gut microbial balance. Alternatively, inflection of gut microbiota composition by phenolic compounds has also been assessed to make reciprocal interactions between gut microbiota and phenolic compounds.

In conclusion, it will be crucial to use the recent developments in high-throughput transcriptomic, metagenomic, and proteomic approaches to gain a deeper understanding of the interaction between the gut microbiota and dietary polyphenols to identify the genes and microorganisms involved in polyphenol metabolism and, thus, to elucidate the implications of the relationships between polyphenols. Several factors, including unhealthy dietary patterns, can contribute to the disturbance of the balance of microbiota (dysbiosis) associated with gastrointestinal diseases (including IBD) and extraintestinal metabolic disorders, such as obesity and diabetes. Polyphenols are found in a wide variety of healthy foods, including vegetables, fruits, etc. Proof from preclinical and clinical studies indicate prebiotic effects on polyphenols. The positive effects of polyphenol-rich plants, their extracts, and even individual compounds on gut health, which can be used as an alternative method for preventing or treating various diseases linked to oxidative stress and inflammation, are increasingly being seen and emphasized in the literature. Future studies should also consider their metabolites' behavior, which may influence the therapeutic outcome of health and disease, given that polyphenols may undergo significant changes during digestion and absorption and that the changed forms may have different biological properties and forces.
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Plant polyphenols are rich sources of natural anti-oxidants and prebiotics. After ingestion, most polyphenols are absorbed in the intestine and interact with the gut microbiota and modulated metabolites produced by bacterial fermentation, such as short-chain fatty acids (SCFAs). Dietary polyphenols immunomodulatory role by regulating intestinal microorganisms, inhibiting the etiology and pathogenesis of various diseases including colon cancer, colorectal cancer, inflammatory bowel disease (IBD) and colitis. Foodomics is a novel high-throughput analysis approach widely applied in food and nutrition studies, incorporating genomics, transcriptomics, proteomics, metabolomics, and integrating multi-omics technologies. In this review, we present an overview of foodomics technologies for identifying active polyphenol components from natural foods, as well as a summary of the gastrointestinal protective effects of polyphenols based on foodomics approaches. Furthermore, we critically assess the limitations in applying foodomics technologies to investigate the protective effect of polyphenols on the gastrointestinal (GI) system. Finally, we outline future directions of foodomics techniques to investigate GI protective effects of polyphenols. Foodomics based on the combination of several analytical platforms and data processing for genomics, transcriptomics, proteomics and metabolomics studies, provides abundant data and a more comprehensive understanding of the interactions between polyphenols and the GI tract at the molecular level. This contribution provides a basis for further exploring the protective mechanisms of polyphenols on the GI system.
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Introduction

Polyphenols are a subclass of phytochemicals, abundantly found in natural products. They are plant-based secondary metabolites that normally contain at least one or more hydroxyl group-linked benzene rings. The chemical structure of polyphenols varies from simple molecules to highly polymerized compounds, including flavonoids, phenolic acids, proanthocyanidins and resveratrol (1). Polyphenols have multiple health benefits owing to their anti-inflammatory (2), anti-oxidant (3), anti-cancer (4), anti-bacterial (5), and anti-diabetic properties (6), inhibition of obesity, and prevention of cardiovascular (7) and cerebrovascular diseases (8). Thus, current scientific research on polyphenols has aroused great interest and significantly attracted the attention of researchers.

The beneficial effects of dietary polyphenols on health depend on their absorption and bioavailability in the body (9). The gastrointestinal (GI) tract is an indispensable digestive organ whose function is crucial to the host’s health, as it regulates the absorption and utilization of nutrients by the body (10). Maintaining good health requires a fully functioning digestive system. A damaged GI system, obstructs GI function, which affects the absorption and utilization of nutrients and thereby threatens host health (11). Gut microbiota are a microbial community inhabiting the GI tract, constituting multiple species that are densely distributed, at approximately 1014 microbial cells (12). Gut microbiota are critical to gut health and fulfill multiple tasks in the host (13). They are affected by various internal and external factors, including diet, genetics, and external environmental factors (14).

Most polyphenols found in the natural food matrix are mostly bound and unbound, with the majority of them in the form of bound polyphenols (15), and these polyphenol compounds are considered xenobiotics because of their complex chemical structure, making them difficult to absorb after ingestion (16, 17). Consequently, portions of polyphenols are stored in the large intestine, where they are fermented by the gut microbiota, raising the concentration of short-chain fatty acids (SCFAs) to selectively modulate gut microbiota that can be used by the host (18). Metabolites produced by the catabolism of polyphenols in the intestine may be more bioavailable to gut microbiota and hosts (19). Numerous studies demonstrated that polyphenols maintain gut health by interacting with the gut microbiota (20).

Polyphenols and gut microbiota have interactive effects (21). On the one hand, polyphenols retained in the colon are absorbed and metabolized by gut microbiota and biotransformed into their metabolites, significantly improving bioavailability (22). On the other hand, polyphenols act as a metabolic prebiotics (23), and studies indicate that dietary polyphenols may affect gut microbiota through dual positive effects to benefit GI health, namely, the inhibition of pathogenic microbiota and enrichment of beneficial microbiota (17). When the number of beneficial microbiota in the gut is greater than the number of harmful microbiota, the GI tract’s role and health can be preserved. Therefore, polyphenols ingested at specific concentrations may help maintain GI health by modulating the gut microbiota composition (24). Numerous studies showed that plant polyphenols can alleviate inflammatory bowel disease (IBD) and achieve anti-inflammatory effects by interacting with gut microbiota (19). However, our understanding of the mechanisms by which dietary polyphenols modulate gut microbiota composition and the beneficial effects of polyphenols on the GI tract is severely limited.

The comprehensive discipline of foodomics was first defined in 2009 by Cifuentes (25) as the study and analysis of the fields of food and nutrition using advanced omics technologies (such as genomics, proteomics, metabolomics, and transcriptomics), to promote consumer trust and health. Integrating these techniques enable researchers to establish links between diet and health. Recent decades have witnessed rapid growth of various applications of foodomics technologies for investigating the beneficial activities of polyphenols on gut health (26). The aim of this review is to further elucidate the growing number of contributions that use the foodomics approach to assess relevant aspects related to the protective effects of polyphenols on GI health, such as: 1) identifying polyphenols and their metabolites after ingestion using GC-MS-and LC-MS/MS-based metabolomics approaches; 2) using genomic/transcriptomic approaches to determine gene expression/transcription and the interactions between genes and polyphenols; 3) exploring protein expression patterns in response to polyphenols in the GI; 4) combining several omics approaches to determine network changes that exist at the cell, tissue, or whole organism level. An overview of integrated foodomics approaches for better understanding the interactions between polyphenols, gut microbiota, and host health is presented in Figure 1.




Figure 1 | Foodomics helps us understand the interplay between polyphenols, gut microbiota, and host health. Foodomics applies multiple high-throughput omics technologies to provide novel insights into gene transcription, protein expression, and dietary polyphenols metabolism that interact with gut microbiota and host health.





Polyphenols in the Diet Are Beneficial to GI Health

Dietary polyphenols have been linked to a number of health benefits in the GI tract. Upon reaching the GI tract, part of the dietary polyphenols is absorbed by the intestinal barrier and extensively metabolized in tissues, however, the non-absorbed polyphenols from the small intestine are retained in the colon (27). Most dietary polyphenols are retained in the GI tract as xenobiotics and interact with the microbial community in the intestine during digestion. The variations in polyphenol intake available for absorption and metabolism in the GI tract are dependent on their structures. Polyphenols retained in the GI tract are usually catabolized by gut microbiota (28), and the composition of gut microbiota may also result in differences in the metabolism and bioavailability of polyphenols and their metabolites (29). Polyphenols are metabolized via glucosidase, esterase, dehydroxylation, decarboxylation and demethylation activities by gut microbiota to various derivatives (21), all of which further improve the bioavailability of polyphenols and enhance the benefits to GI health.

Polyphenols play an immunomodulatory role by regulating intestinal microorganisms. The gastrointestinal tract contains a large number of macrophages and neutrophils, which play an immunomodulatory role in the immune system through recognition, uptake, and destruction of intestinal microorganisms (30). The immune system interacts with intestinal microorganisms to maintain the health of the gastrointestinal tract, and polyphenols improve the cellular immune response by regulating these intestinal microorganisms and immune factors, which together maintain a healthy balance in the gastrointestinal tract (31). Indeed, multiple studies have addressed the protective effects of polyphenols on the GI tract (17), dietary polyphenols play a prominent role in altering the gut microbiota, improving barrier function, and inhibiting the etiology and pathogenesis of various diseases, including colon cancer, colorectal cancer (32), IBD, and colitis (33). Polyphenols regulate gut microbiota by anti-microbial activity with bacteriostatic or bactericidal actions and serve as are potential prebiotics enhancing the growth of beneficial microbiota. In vitro and in vivo studies indicate that cocoa polyphenols supplements stimulate the population of beneficial bacteria, including Lactobacillus (34), Bifidobacterium (35), Prevotella, Faecalibacterium prausnitzii (36), Blautia (37), Bacteroides uniformis (38), and Lactobacillus reuteri (39). In turn, cocoa polyphenols supplements inhibited the growth of Escherichia coli (E. coli) enterohemorrhagic O157: H7, Salmonella typhimurium, Listeria monocytogenes (34), Bacteroides, Clostridium, Staphylococcus (40), Lactobacillus-Enterococcus group (37), and Clostridium histolyticum (36). Polyphenols from diverse grapes (mostly phenolic acids, flavonols, favan-3-ols, anthocyanins and hydroxybenzoates) (41) attenuated Clostridium histolyticum (42), Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumoniae, E. coli, Staphylococcus epidermis, Enterococcus faecalis, Streptococcus pyogenes, Haemophilus influenzae, Enterococcus casilliflavus, and Pneumococcus (43), and increased the growth of Lactobacillus-Enterococcus (42), Lactobacillus acidophilus, Lactobacillus reuteri (44), Lactobacillus casei, Lactobacillus plantarum (45).

Colon cancer is one of the world’s most prevalent tumor (46). The inhibition of colon cancer and colorectal cancer may be achieved by polyphenols and their metabolites owing to the inhibition of cancer cell proliferation (47), promoting cancer cell death (48), and regulating intestinal microbes. For instance, the potential of the date palm extract (Phoenix dactylifera L.), date polyphenol-rich extract and their metabolites SCFAs in Caco-2 cells was investigated, and both significantly increased the growth of bifidobacteria in human fecal batch cultures to enhance colon health and inhibit colon cancer cell growth (49). Berries are rich in polyphenols, and their inhibitory effects on colorectal cancer progression have been assessed by multiple in vitro studies (50). Cranberries polyphenols inhibit colorectal cancer mainly by regulating relevant gene expression, altering cellular signaling pathways, scavenging free radicals in cells, inhibiting cancer cell proliferation and promoting apoptosis (51). Using extracted and purified polyphenols from P. koraiensis pinecone (PPP), anti-proliferative activities against colon cancer cells were studied (52). The authors tested different ethanol concentrations (20%, 40% and 60%) in the PPP extract and found the highest phenolic content (57.25 ± 1.83%) in PPP-40 extract that showed the greatest inhibitory effect against LOVO cells. Apoptosis in LOVO cells caused by PPP-40 was mainly mediated through the activation of intrinsic and extrinsic caspase and mitochondria dysfunction (52).

IBD is a global disease characterized by a group of chronic and recurring inflammatory conditions in the GI tract (53). Several in vivo or in vitro experiments reported that different pathogenesis pathways have been linked to dietary polyphenols which had beneficial effects on the suppression and reduction of IBD symptoms (54). The natural polyphenol resveratrol identified in various plant species, has shown curative effects on IBD via the inhibition of NF-κB activation, decreased PGE 2 and PGD 2 levels, inhibition of neutrophil infiltration, as well as reducing COX-2 expression (55). Green tea polyphenols (GTPs) are rich in (-) epicatechin gallate (ECG), (-) epigallocatechin gallate (EGCG), (-) epicatechin (EC) and (-) epigallocatechin (EGC), all of which have a beneficial impact on attenuating IBD. The mechanism of GTP action includes promoted growth of Bacteroidetes microbiota, with increased SCFA production and down-regulating the inflammation-relating pathways (56).



Application of Foodomics and Integration of Omics Tools in Food Sciences

Foodomics technologies have advanced rapidly in recent years, which is primarily reflected in existing technologies used in food science, making foodomics methodological research more flexible, as shown in Figure 2. Omics technologies mainly include genomics, transcriptomics, proteomics, and metabolomics (57), all of which apply multiple high-throughput omics technologies to investigate related issues in food science. Each omics technology have its own set of research goals, instruments, extraction & separation technologies and data analysis tools. Foodomics helps in the analysis of the biological activities of foods and their potent compounds in order to gain new insights into important molecular mechanisms as well as the exploration and development of novel biomarkers. Foodomics also promotes human health by providing optimal tools to identify information on how dietary nutrition interacts with gene transcription, protein expression, and the metabolism (58). Understanding of foodomics technology is important for researchers to better understand the interactions between polyphenols and gut microbiota.




Figure 2 | Foodomics-application in food sciences. Research priorities and findings in food science are described intuitively in the form of visual data and graphs using foodomics technology.




Genomics

Genomics refers to the sequencing, assembly and analysis of the structure and function of genomic genes within an organism. The primary goal of genomics is to comprehend the various components of biology and to obtain the maximum amount of genetic sequence knowledge as possible about biological components through experiments and calculations. Among the tools used in genomics, the most powerful and versatile ones are high-density arrays of oligonucleotides or complementary DNAs (cDNAs). DNA arrays are a collection of related DNA spots that represent single genes attached to a solid surface by covalent or electrostatic binding with suitable chemical matrices (59). Another powerful tool for studying the structure and function of the genome is the next-generation sequencing (NGS) technologies. Compared to DNA arrays, NGS technology is capable of processing millions of sequencing reactions simultaneously without requiring a sequence library (often referred to as massively parallel sequencing) (60). NGS enhances the speed of acquisition of DNA sequence information and reduces the sequencing costs (61). Single-molecule sequencing (also called third-generation sequencing systems) is likewise an attractive tool for studying genomics. Single-molecule sequencing, unlike NGS, encounters relatively simple orientation errors, and the sequencing samples are single DNA molecules that cannot be cloned or amplified during the preparation process (62). Single-molecule sequencing allows high-density single molecules expand asynchronously, thereby allowing highly flexible chemical kinetics (63).

Genomics provides opportunities for developing genetically modified crops and livestock with various advantages, including high growth performance, increased yield, disease/pest resistance, and improved nutrient levels in food materials. Genomics techniques enable the determination of the gene compositions of a single plant or farm animal. Based on the constructed “graphic genotype”, plant breeders can find inheritable chromosome sections and accelerate the selection of marker traits, which may reduce the field labor required. Genomic techniques identify beneficial alleles in the genes that govern food properties and select more nutritious and safer crops for better and healthier food (64). Moreover, efforts have been made in using genomics to assess the microorganisms in foods and manage food microbiological issues (65).



Transcriptomics

The transcriptome is the entire set of RNA transcripts produced by the genome, and it serves as a vital link between gene phenotype and DNA coding information (66). Transcriptomics is the study of all RNA information of a single cell or a group of cells, and it is a paramount tool for understanding the functional elements of the genome and revealing the molecular composition of cells (67). Transcription can be precisely measured through transcriptomics, allowing us to understand the extent and complexity of transcriptomes more comprehensively. Gene expression microarrays and large RNA sequencing (RNA-Seq) are the key methods for analyzing thousands of transcriptomics efficiently and quickly). Gene expression microarray technology was introduced in the 1990s and has since been widely used (68), allowing high-throughput research to advance. In recent years, gene expression microarray technology has been widely applied in the research of emerging diseases, production of new medicines, and the mechanism of food reaction.

The application of microarrays in gene expression are classified into two types according to their nature: microarrays on solid flat or microchip substrates and microarrays on cubic or particle substrates (69). Nevertheless, all samples are first tested to obtain the corresponding signal information, and the signals are subsequently processed with the processing method depending on the platform used. After processing, the relative expression level of each transcript from samples under different experimental conditions is calculated and analyzed to classify differentially expressing genes (70). However, there are several shortcomings in gene microarray analysis because it is based on known sequences, and it is thus impossible to characterize unknown RNA sequences. Consequently, a comprehensive and precise characterization of the transcriptome is impossible (66). RNA-seq however, can supplement this (71) allowing for qualitative and quantitative analysis of any kind of RNA, including microRNAs, messenger RNAs (mRNAs), small interfering RNAs (siRNAs), and long noncoding RNAs. RNA-seq technology can be used for genome-wide high-throughput transcriptomics since it sequences the entire transcriptome (72).

Currently, transcriptomics technologies are widely applied in food crop production. Transcriptomic-based fingerprinting can be used to detect hazardous food constituents or contaminants, including dioxins, xenoestrogens, organochlorine pesticides, mycotoxins phytoestrogens, Maillard reaction products, and estrogen-like chemicals, allowing more effective control of food quality and safety (73). It also assist in elucidating the molecular mechanisms of metabolic transformations and functionalities in food fermentations (66), and demonstrate the effects of dietary nutrients from foods. Moreover, transcriptomics is used to study the alterations of host gene expression due to various dietary interventions. DNA microarray analysis of rats with on an energy restriction diet of 5-30% revealed 72 genes that underwent restriction level-dependent changes (74).



Proteomics

Proteomics is a complement to genomics and transcriptomics that offers precise biological knowledge for foodomics. The later refers to the use of proteomic techniques to analyze proteins in specific biological food systems on a wide scale. In addition to studying chemical structure and functional proteins, proteomics also investigate proteins alteration effects, quantitative analysis of protein abundance, protein interactions, and their intracellular mechanism exploration (75). Proteomics is dedicated to the qualitative and quantitative analysis of proteins expressed in biological systems at specific times and conditions (76). The procedures of proteomics includes the extraction and separation of proteins, protein digestion into peptides, mass spectrometric (MS) analysis, and then qualitative and quantitative analysis of proteins (77). In generally, there are two methods for protein isolation and separation in proteomics, namely two-dimensional electrophoresis (2-DE); or multi-dimensional liquid chromatography. The 2-DE method of protein isolation and separation is based on the isoelectric point (pI) and molecular mass separation of proteins by 2-DE on polyacrylamide gels, followed by image analysis to classify all discernible spots in the image to provide a reference for subsequent research (78).

The 2-DE process for extracting and separating proteins, on the other hand, has a lot of weaknesses. For example, the performance of the extraction and separation of high-molecular or low-molecular-weight proteins is poor and time-consuming (79). Therefore, multi-dimensional liquid chromatography has been developed, where protein extraction and separation is performed by LC coupled to tandem MS (LC-MS/MS). Currently, the tools used for proteomic analysis to characterize protein samples are MS (80), mainly including matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) and electrospray ion trap (ESI-IT) MS. Both techniques first ionize proteins and then analyze them by MS (81). Proteomics research can be categorized as “bottom-up” or “top-down”. In the “bottom-up” approach, purified protein or complex protein mixtures are first enzymatically digested from the corresponding protein into peptides, and then analyzed using MS (82). The “top-down” approach retains most unstable proteins that were destroyed in the “bottom-up” approach, and performs MS analysis on intact proteins without cleavage (83). Therefore, the “top-down” approach is more stable and reliable than the “bottom-up” approach.

These powerful proteomics methodologies had a major impact on the field of food science. Proteomics was applied in the quality control of various food of biological or transgenic origin using different high-performance separation techniques, combined with high-resolution MS (84). Using 2-DE, the proteomic map of Alfalfa (Medicago sativa) was established for the first time, and the protein pattern changes in different processes were studied (85). Proteomics was applied in animal production and health to separate and identify all proteins present in a given tissue or fluid, offering more specific methods for assessing meat maturation, characterizing the proteome changes of post-catch fish muscle, and establishing various production animals proteome maps (86). It is also adopted to identify microbial food contaminants and their toxins (87).



Metabolomics

The emergence and application of metabolomics is another milestone for foodomics studies. Metabolomics technology focuses on the qualitative and quantitative research of small molecule metabolites (<1,000-1,500 Da), to compare the differences among samples (88). One of the main objectives of metabolomics research is to identify biomarkers, which are molecules that have a direct impact on an organism’s metabolism or metabolic pathways. In general, metabolomics workflows include the following steps: extraction of target metabolites based on research goals; analytical instrument selection and sample preparation; sample on-board testing; collecting data; and using analytical tools for analysis and detection (89). Bioinformatics and chemometrics are analytical tools mainly used for metabolomics data (90).

There are two basic approaches targeted metabolomics and non-targeted metabolomics. Non-targeted metabolomics includes metabolic profiles and metabolic fingerprints (91), while targeted metabolomics is mainly used to analyze key metabolites on specific metabolic pathways, which can be used to investigate the key metabolic alterations caused by specific gene or protein changes. The scope of non-targeted metabolomics is relatively wide, with metabolic fingerprinting focused on comparing changes in metabolite patterns due to changes in internal or external factors (92). Metabolic profiling is focused on studying the differences in related metabolite levels and the effects of corresponding metabolic pathways, which have been applied for the identification of biomarkers in food and for the development of functional food.

The most frequently used data acquisition platforms in metabolomics are nuclear magnetic resonance (NMR), liquid chromatography-MS (LC-MS), gas chromatography-MS (GC-MS), and capillary electrophoresis-MS (CE-MS) (93). Among them, the application of NMR technology was most common in early metabolomics studies. NMR is a powerful analytical technique, for quantifying metabolites and analyzing structural details. It needs small sample size and requires no complex sample preparation procedures such as sample separation or derivatization. However, NMR analysis technology has the limitation of relatively low sensitivity of metabolite detecting (94). MS-based metabolomics technologies have some advantages, and they are mainly used to identify unknown compounds and for quantitative analysis of metabolites (95). The significant advantages of MS analysis technology requiring a small sample volume, high sensitivity, and fast separation speed (96).

LC-MS is the most widely used among MS technologies. It can be applied in the majority of metabolic profiling studies and is a powerful technology that can quantify metabolites and accurately identify the structural information of metabolites. GC-MS technology focuses primarily on the analysis of volatile, non-polar and thermally stable compounds with high separation efficiency and excellent reproducibility, allowing it to analyze complex metabolic mixtures, and it is still extremely useful with the introduction of capillary gas chromatography (97). The appearance and application of CE-MS technology is a further supplement and improvement to LC-MS and GC-MS. CE-MS likewise requires minimal sample volume, and simple sample processing, high separation efficiency, while it exhibits excellent reproducibility and high sensitivity, and can be used to analyze highly polar or charged compounds (92). All these different omics techniques each have their own advantages, and combining several metabolomics analysis technologies will yield complementary analysis results.

Metabolomics technologies have been widely applied in food science. The usage of NMR-based metabolomics in functional food studies aided in the evaluation and characterization of active ingredients as well as the effects of various biomarkers in corresponding diseases (98). Metabolomic-based approaches combining non-targeted and targeted technologies can be applied in food quality testing, detecting chemical contaminants, evaluating food authenticity and assessing food quality (99). MS-based metabolomics were used for food traceability, which accurately determines the basic composition and origin of foods during various processes of manufacturing. Metabolomics may also be used to monitor changes in the metabolomic profiles and identify specific compounds as markers of food degradation (100). It is also used in nutritional epidemiology to identify biomarkers of dietary intake. The earliest biomarker identified using metabolomics after meat intake was trimethylamine N-oxide (TMAO); 1-methylhistidineas was later confirmed as a biomarker of meat consumption (101).



Integrating Approaches in Foodomics Studies

Foodomics can be used not only for data collection by omic techniques, but also to integrate multiple omic techniques for getting more comprehensive and systematic experimental data (102). Foodomics technologies include chemometrics, epigenomics, bioinformatics and integration approaches. Chemometrics employs mathematical, statistical, and other formal logic-based methods to plan or select optimal measurement procedures and experiments, as well as to analyze chemical data to provide the most important chemical details (103). Chemometrics technology is a subset of metabolomics that involves building a model to define and validate target samples. The methods of identification and classification used in chemometrics technology mainly include unsupervised principal component analysis (PCA), supervised discriminant analysis (DA), hierarchical cluster analysis (HCA), and soft independent modeling of class analog (SIMCA) (104).

The term “epigenetic” simply means “in addition to genetic sequence changes”. The term has evolved to refer to any mechanism that alters gene activity without altering the DNA sequence, resulting in changes that can be passed on to daughter cells (although experiments show that some epigenetic changes can be reversed (105). Epigenetics analysis is a fascinating research area of foodomics that involves analyzing changes in epigenetic status across the entire genome (106). Whole genome research is mainly used to investigate changes in chromosome structure, as chromosome structure can affect gene expression and thus the epigenetic status of the corresponding location (107). Bioinformatics is a technology for reprocessing and analyzing data obtained from various omics technologies. Bioinformatics utilizes a variety of tools to conduct in-depth exploration of data, and to ultimately identify biological significance through functional annotation, genetic and protein data cluster analysis. Biomarkers can be identified and molecular mechanisms can be explained based on bioinformatics, biostatistics and pathway analysis results (108). Integrating multi-omics approaches is necessary due to the unpredictability of the human body and its potential interactions with food. Using multi-omics platform enables researchers to obtain a comprehensive understanding on dietary food components and biological actions in the body.




Using Foodomics to Clarify GI Protective Mechanisms of Polyphenols

A reliable approach is to integrate foodomics to clarify the GI protective effects of polyphenols with high-throughput molecular technologies that drive it. For genomics, transcriptomics, proteomics and metabolomics studies, foodomics is based on a combination of several analytical platforms and data processing. These omics technologies allow the identification of bioactive compounds of polyphenols and determination of changes induced by polyphenols at the molecular level.


Identification of Plant Derived Bioactive Polyphenols Using Foodomics

Due to the high complexity of plant polyphenols, the analysis of polyphenols from plant extracts or biological samples has numerous known difficulties in various analytical procedures. Qualitative and quantitative analysis and data processing are two specific bottlenecks of polyphenolics analysis. Foodomics has introduced novel concepts and advanced technologies for identifying bioactive compounds (109). As a result, advanced foodomics technologies were used to improve the analytical methods of polyphenol compounds. We summarized typical examples of using foodomics approaches to analyze the plant derived polyphenols active compounds in fruits (Table 1-1), drinks (Table 1-2), grain and oil (Table 1-3) and other natural products (Table 1-4).


Table 1-1 | MS-based foodomics applied to the determination of polyphenolic active compounds in fruits.




Table 1-2 | MS-based foodomics applied to the determination of polyphenolic active compounds in grain and oil.




Table 1-3 | MS-based foodomics applied to the determination of polyphenolic active compounds in grain and oil.




Table 1-4 | MS-based foodomics applied to the determination of polyphenolic active compounds in other natural products.



For the application of foodomics technology in understanding the GI protective effects of polyphenols, we provides an overview of recent studies, on polyphenols or polyphenol-rich foods, the foodomics technology applied (genomics in Table 2-1, transcriptomics and protemics in Table 2-2, metabolomics and multi-omics in Table 2-3), experimental model and dosage, and major findings.


Table 2-1 | Genomics in understanding the GI protective effects by polyphenols and polyphenolic-rich foods.




Table 2-2 | Transcriptomics and Proteomics in understanding the GI protective effects by polyphenols and polyphenolic-rich foods.




Table 2-3 | Metabolomics and multi-omics in understanding the GI protective effects by polyphenols and polyphenolic-rich foods.





Gene-Based Genomics and Transcriptomics to Investigate GI Protective Mechanisms of Polyphenols

Foodomics technologies accurately analyze polyphenol compounds in both qualitative and quantitative aspects. Moreover, gene-based genomics and transcriptomics can be used to study the interaction between polyphenols and the GI tract. Owing to continuous optimization of gene-level research technology, gene expression microarray technology has developed as a crucial analytical technology in the transcriptomics field to investigate the interactions between genes following intake of bioactive constituents from food (159). Alberto et al. applied gene expression microarray technology to investigate the effect of polyphenols from enriched extract of rosemary on two colon adenocarcinoma cell lines. Differences in the G2/M arrest inhibition were found in the two colon adenocarcinoma cell lines after treatment with an enriched extract of rosemary. Rosemary polyphenols induced a low degree of apoptosis in colon adenocarcinoma cell lines and the results also indicated multiple other signaling mechanisms that may lead to apoptosis of colon cancer cells (160).

Dolara et al. (141) used transcriptomics to investigate 5,707 expressed genes to further determine the molecular effects of wine polyphenols on colonic mucosa in F344 rats. Wine polyphenols may protect the colonic mucosa by improving intestinal function and having anti-colonic cancer activities by reducing oxidative damage, modulating the colonic microbiota and down-regulating the expression of genes involved in metabolism, transport, signal transduction and intercellular signaling. Wang et al. (161) evaluated the interaction of green tea polyphenols (GTPs) and gut microbiota through transcriptomics. In that study, Female Sprague-Dawley (SD) rats were treated with GTP for 6 months. 16S ribosomal RNA (rRNA) amplicon sequencing (16S-seq) and Shotgun metagenomic community sequencing (SMC-seq) were then used to determine the effect of GTP on the intestine microbiota and the possible connection between improvements in and the beneficial effects of GTP. The SD rats that were treated with GTP over long time periods exhibited a dose-dependent modification of Bacteroides and genes related to energy metabolism, which proved to be beneficial for weight control and maintenance. Yang et al. (162) studied the inhibitory effect of combined polyphenols on colitis-related carcinogenesis (CRC) in mice by the 16S rRNA gene sequence. The data show that the gut microbiota plays a key role in the treatment of CRC, bound polyphenol of the inner shell treated altering the diversity and overall structure of the microbiota in tumor-bearing mice, and also exerts a regulatory effect on 17 signaling pathways involved in related genes.



Protein-Based Proteomics to Investigate GI Protective Mechanisms of Polyphenols

Proteomics is employed to further the understanding of the relationship between the GI tract and polyphenols at the protein level. It assesses the functional protein changes of probiotics in the gastrointestinal transit, metabolic processes using different protein identification approaches by studying the beneficial effects of probiotics on the gastrointestinal tract and the mechanism of action (163). Proteomics is mainly based on MS technology, and it focuses on obtaining functional information about the interaction of polyphenols with the GI tract and related pathway by assessing protein expression changes. Valdés et al. (164) used a proteomics strategy to explore the effect of polyphenol-rich rosemary extract at various concentrations on HT-29 human colon cancer cells for 2, 6 and 24 hours. Nano-liquid chromatography-tandem mass spectrometry (nano-LC-MS/MS) was combined with stable isotope dimethyl labeling (DML) technology to quantitatively examine relative changes in the protein. Rosemary extract, which is rich in polyphenols protected intestinal health with anti-proliferative effects by inducing proteomic changes in cells of HT-29 colon cancer, reducing aggregates formation and stimulating autophagy. Barnett et al. (165) used transcriptomics and proteomics to assess the effect of dietary intake of green tea extract rich in polyphenols (GrTP) on human colon IBD. They used 2-DE and LC-MS technologies to investigate gene expression in the colon and protein expression changes in the Mdr1a −/− mouse as an in vivo model of humans. GrTP reduced intestinal inflammation in the colon of the mouse model of IBD. Li et al. (166) investigated the inhibitory effect and anti-bacterial activity of catechin on Escherichia coli O157:H7 cell lines in vitro and in simulated human gastrointestinal environment by proteomics. The changes in protein expression were studied by 2-DE that showed changes in the expression of 34 proteins in the bacterial proteome, of which 2 were up-regulated, 12 were down-regulated and 20 were lost. It was shown that catechin had an inhibitory effect on EHEC O157:H7, and the specific mechanism of action must be studied in conjunction with in vivo studies.



Metabolomics Based on Microbial/Colonic Metabolic Metabolites to Investigate GI Protective Mechanisms of Polyphenols

Several researchers have highlighted metabolomics as an important future direction of foodomics, owing to its ability to characterize related biological functions and phenotypes (167). Metabolomics are likewise a suitable omics technology to target the metabolic pathway and understand molecular mechanisms of the metabolism. Metabolomics technology has been used in studies investigating the interaction of polyphenols with the GI tract through changes in the detection of small molecule metabolites. Fernández-Arroyo et al. (168) used nano LC-ESI-TOF-MS to study the anti-proliferative effects of phenolic compounds extracted from extra-virgin olive oil in treating SW480 and HT29 human colon cancer cell line. The analysis of cytosol and cytoplasmic metabolites revealed the presence of numerous phenolic compounds and their metabolites, mainly quercetin and oleuropein aglycones (and their derivatives), in SW480 and HT29 cell lines, which in turn affect cell signaling pathways and lead to apoptosis. Li et al. (169) used UPLC-Q-TOF/MS metabolomics to investigate in vitro GI defensive effects of polyphenol-rich bee pollen (BP) extracts on the dysfunction of the Caco-2 intestinal barrier induced by dextran sulfate sodium (DSS). Throughout the early stages of DSS-induced colitis, findings revealed that BP had significant therapeutic ability. The metabolomic results indicate that BP and DSS-treated Caco-2 cell metabolites are significantly different compared with the blank-treated group, and the metabolic pathways involved had the largest effect on the glycerophospholipid metabolic pathway, indicating that BP treatment suppressed the inflammatory response by regulating the cells’ own metabolites and metabolic pathways.

Di Nunzio et al. (170) combined proteomics and transcriptomics technologies to investigate the changes in the distal colon mucosa of F344 rats evoked by dietary quercetin. Dietary quercetin in the distal colon mucosa had an inhibitory effect on colorectal cancer by enhancing expression of tumor suppressor genes, cell cycle inhibitors, genes involved in xenobiotic metabolism and enhancing the inhibitory effect on the MAPK pathway. To investigate the anti-proliferative effects of dietary polyphenols on HT-29 human colon cancer cells, Ibánez et al. (171) developed a multiplatform analysis that combined CE, RP/UPLC, and HILIC/UPLC, both coupled to TOF-MS for metabolomics analysis. Their findings revealed that dietary polyphenol treatment altered 22 closely related metabolites in HT-29 cells, which has the potential to for inhibit colon cancer.



Multiple Omics Platforms for Understanding the Protective Effects of Polyphenols Against GI Disorders

With the technological development of foodomics, food science studies based on data generated from sequencing approaches and combining two or more technologies (“multi-omics”) are considered as more reliable, which also allows for integrating system-level approaches. The multi-omics approach has a more comprehensive and systematic analysis capability, which is more conducive for in-depth investigation of complex issues in food science. Dietary polyphenol interventions for GI disorders involve multiple molecular and biochemical mechanisms during the process of biotransformation and absorption. Integrated multi-omics analysis is necessary to obtain comprehensive omics-data to identify the genes, proteins and metabolites involved in metabolic regulation, and further construct metabolic pathways to comprehensively analyze the mechanism of polyphenols for gastrointestinal protection, and further elucidate the complex network of interactions between the dietary polyphenol, GI tract, and host (156). Mayta-Apaza et al. confirmed that polyphenol-rich tart cherries regulate intestinal health by increasing the quantity of beneficial microbiota in the human colon. To determine how gut microbiota were influenced by polyphenol metabolites from polyphenol-rich tart cherries in the human colon, they authors conducted bacterial fermentation assays on polyphenol-rich tart cherry concentrate juices and pure polyphenols (and apricots) in vitro and assessed the results based on 16S rRNA gene sequence and metabolomics. In vitro, gut microbiota metabolized polyphenols into 4-hydroxyphenylpropionic acids and tart cherries modulate the increase of Bacteroides. In vivo data showed decreased Bifidobacterium, Bacteroides, and increased levels of Collinsella, Lachnospiraceae, Ruminococcus in individuals with high Bacteroides. Low Bacteroides individuals had decreased Collinsella, Lachnospiraceae, Ruminococcus, while Bacteroides, Prevotella, Bifidobacterium levels increased (157).

Ibánez et al. applied transcriptomics, proteomics, and metabolomics on mutiple platforms (microarray analysis, MALDI-TOF/TOF-MS and CE/LC-MS) to examine the anti-proliferation effect of polyphenols extracted from rosemary on the total gene, protein and metabolite expression in human HT29 colon cancer cells. The results demonstrated that the dietary polyphenols from rosemary are effective in inhibiting HT29 colon cancer cell growth and proliferation (172). Zhou et al. investigated the effect of GTPs on the metabolic regulation of gut microbiota in SD rats, and analyzed the key metabolites in rat intestinal contents by GC-MS metabolomics and HPLC metabolic methods. They found that GTPs treatment reduced the level of caloric carbohydrates and regulated the metabolism of bile acids, fatty acids and amino acids metabolized by gut microbiota (173). To examine the metabolites present in the gut microbiota-dependent mitochondrial tricarboxylic acid (TCA) cycle and urea cycle of GTPs, 16S rRNA gene sequencing and hydrophilic interaction liquid chromatography (HILIC)-heated electrospray ionization (HESI)-tandem liquid chromatogram mass spectrometry (LC-MS) were used (174). They found that GTPs enhanced the energy conversion and maintained gut health by increasing the mitochondrial TCA cycle and intestinal microbiota urea cycle in rats.




Conclusions and Future Perspectives

Polyphenols are particularly complex and ubiquitous components of our daily foods sourced from plants, vegetables and fruits. It has shown potential for prevention and treatment of GI disorders, and the interactions between polyphenols and gut microbiota have gained significant attention due to their relevance to bioavailability and host health. Latest advancement of innovations in foodomics have significantly accelerated our understanding of food science and allowed a more comprehensive understanding at the molecular level of the interactions between polyphenols and the GI tract. However, while awareness of the polyphenol-GI tract relationship is growing, there is still a long way to go. There are evident shortcomings and limitations of the interactions between polyphenols and the GI tract. The majority of polyphenols in the natural food matrix are in the form of bound polyphenols that cannot be directly metabolized. As xenobiotics in the GI tract, polyphenols must be metabolized and transformed by the gut microbiota in the colon before they can function for the hosts. Numerous studies we reviewed which based on in vitro experiments, used polyphenol extracts from natural foods or single polyphenol compounds to directly affect intestinal cells using foodomics approaches, and the results obtained may be different from the actual state in vivo.

In fact, the digestion process of polyphenols in the colon is highly complex, and gut microbiota play a very important role in the metabolism of polyphenols. Most of the digestion and metabolism of polyphenols is done through gut microbiota. Meanwhile, polyphenols also play a beneficial role in regulating the composition of gut microbiota, even if the results of in vitro experiments to explain the protective effect of polyphenols on the GI tract or the metabolism of polyphenols in the GI tract are not sufficient. Animal experiments or simulated GI experiments will reduce the variability in experimental results for further understanding of the GI protective effects of polyphenols. Integrating foodomics to elucidate the GI protective effects of polyphenols also has several limitations. Notably, polyphenols are a generic term for a class of compounds, and the polyphenols in different natural foods vary significantly. Not all polyphenols in natural foods have common beneficial biological activities, and natural foods may exert their biological activities through one or more polyphenol compounds. Thus further research on the biological activities of polyphenol monomers in natural foods is required to explore and understand the bioactive compounds in natural foods. For instance, foodomics technologies result in massive amounts of data, which require extensive bioinformatics analysis. The comparison with other studies is challenging, due to the lack of information at the molecular level of all cellular processes, which indicates that there are gaps in showing effectiveness. Coincidentally with the applications and continuous development of high throughput technologies, there is a demand to develop more comprehensive tools to shorten the data processing time. Despite current studies using combined analysis methods, there is a lack of comprehensive data at the molecular level. In the future, studies at multiple molecular levels of genes, proteins, and metabolites are required to comprehensively understand the GI protective effects of polyphenols.
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Juglone (JUG), a natural product found in walnut trees and other plants, shows potent antioxidant, antimicrobial, and immunoregulatory activities. However, it remains unknown whether JUG can alleviate ulcerative colitis. This study aims to explore the effect of JUG on dextran sulfate sodium (DSS)-induced colitis in mice. The mice were randomly assigned into three groups: the vehicle group, the DSS group, and the JUG group. The experiments lasted for 17 days; during the experiment, all mice received dimethyl sulfoxide (DMSO, 0.03% v/v)-containing water, while the mice in the JUG group received DMSO-containing water supplemented with JUG (0.04 w/v). Colitis was induced by administering DSS (3% w/v) orally for 10 consecutive days. The results showed that the JUG treatment significantly ameliorated body weight loss and disease activity index and improved the survival probability, colon length, and tissue damage. JUG reversed the DSS-induced up-regulation of proinflammatory cytokines, including interleukin (IL)-6, 12, 21, and 23, and tumor necrosis factor-alpha, and anti-inflammatory cytokines, such as IL-10 and transforming growth factor-beta, in the serum of the colitis mice. Additionally, the activation of mitochondrial uncoupling protein 2 and phospho-Nuclear Factor-kappa B p65 and the inhibition of the kelch-like ECH-associated protein 1 and NF-E2-related factor 2 induced by DSS were also reversed under JUG administration. Although the JUG group possessed a similar microbial community structure as the DSS group, JUG enriched potential beneficial microbes such as Lachnospiraceae_NK4A136_group but not pathogens such as Escherichia Shigella, which was dominative in DSS group, at the genus level. In conclusion, our results demonstrated that JUG could be a promising agent for UC prevention to regulate inflammatory cytokines and oxidative stress.
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Introduction

Ulcerative colitis (UC), one of the subtypes of inflammatory bowel disease (IBD), is highly prevalent in North America (0.29% in the USA) and Europe (0.51% in Norway), and it has shown an increasing prevalence in Asia, Africa, and South America (1). UC is a relapsing chronic and rectal intestinal disorder with superficial mucosal inflammation that could damage the inner intestinal wall, further leading to ulcerations, bleeding, and abdominal cramps, and pain (2). Although UC pathogenesis remains poorly understood, various lines of evidence have demonstrated that intestinal disorders induce immune-mediated inflammation, pathogen invasions, and inflammatory cell infiltration (2), which could further result in continues oxidative stress, inflammation, gut barrier damage, as well as, gut microbiota dysbiosis (3, 4).

Numerous polyphenols that have been reported to inhibit colitis in rodents and humans rely on their antioxidant, cell signaling pathways regulation, anti-inflammation, and anti-pathogen properties (5). Juglone (JUG) is a natural product found in the fruit husk, roots, bark, and leaves of walnut trees and other plants. JUG shows strong antioxidant properties, such as quenching of ROS, enzyme inhibition, and translation metal ion chelation. And JUG is potent in treating oxidative stress-associated diseases such as Alzheimer’s disease, kidney fibrogenesis, and liver fibrogenesis (6). JUG also has anticancer, antimicrobial, and immunoregulatory activities, and it can regulate energy metabolism and cell signaling pathways, such as inhibiting the protein kinase B pathway in prostate cancer cells (6–9). JUG has demonstrated antibacterial activity against pathogens such as Staphylococcus aureus, Candida albicans, and Helicobacter pylori (10, 11). Wang et al. reported that JUG inhibited tumor growth and metastasis, myeloid-derived suppressor cell accumulation, and interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α production in colorectal cancer mouse models (12). Thus, we suspect JUG might alleviate colitis. However, little is known about the therapeutic effect and underlying mechanisms of JUG on UC.

This study aims to investigate the effects of JUG on dextran sulfate sodium salt (DSS)-induced colitis in mice. We hypothesize that JUG could inhibit inflammation and oxidative stress and regulate gut microbiota in colitis mice.



Materials and Methods


Animals and Experimental Design

The C57BL6/J mice (male, 6-8 week-old) were assigned into three groups using a randomized block design by body weight (n=8/group): the vehicle group (control group), the DSS group, and the JUG group. The experiment was continued for 17 days. All of the mice received drinking water containing 0.03% dimethyl sulfoxide (DMSO) (Aladdin, Shanghai, China) during the experiment. The mice of the JUG group received DMSO-containing water supplemented with 0.04 mg/ml of JUG (Aladdin, Shanghai, China) for 17 days. Colitis induction was performed by administering 3% (w/v) DSS (MP Biomedicals, MW 36.000–50.000) in tap water ad libitum for mice in the DSS and JUG groups from day 7 to day 17. The mice in the control group drank regular water (Figure 1A).




Figure 1 | Bodyweight loss, the DAI score, and the survival probability of mice. (A) Schematic showing the treatment of each group. Bodyweight loss percentage (B), DAI score (C), and survival probability (D) during the DSS administration. Two-way ANOVA was used to analyze the difference between the DSS group and the vehicle/JUG group. *P < 0.05, ***P < 0.001, ****P < 0.0001, #P < 0.05.



Bodyweight loss, stool consistency, bloody stool, and survival were recorded during the induction of colitis according to a standard scoring system (13), as shown in Supplementary Table 1. The sum of scores on weight loss, stool consistency, and bloody stool was calculated and recorded as disease activity index (DAI). Investigators were blinded to the group allocation while collecting data.

On the day 17, the mice were euthanized to collect the colon and colonic content following blood collection. About 0.5 cm length of colonic tissue was separated and fixed in 10% buffered formalin following colonic length measurement, and then the rest of colonic tissue was divided triplicately, snap-frozen in liquid nitrogen, and stored at -80°C before further processing. The blood was centrifuged at 3000 rpm for 10 minutes for serum separation.



Histological and Immunohistochemical Analysis

The colon was dehydrated and embedded in paraffin wax after being fixed in formalin overnight. After being implanted, several sections of 5 um thickness were sliced according to standard methods (14). The sections were used for hematoxylin and eosin staining (H&E) and mitochondrial uncoupling protein 2 (Ucp1), nuclear factor erythroid 2-related factor 2 (Nrf2), and kelch-like ECH-associated protein (Keap) 1 immunohistochemical analysis. The histopathological damage of colon tissue was examined on light microscopy (Olympus, Tokyo, Japan) (× 200) by Image J software (National Institutes of Health, Bethesda, MD, USA). Histopathological index (HI) was assessed based on a semi-quantitative score criterion (Supplementary Table 2), which is the sum of scores on lymph node numbers, ulcerative area, epithelial changes, and inflammatory cell infiltrate.

Tissue sections used for immunohistochemical analysis were deparaffinized and hydrated. Then, the sections were retrieved in the citric acid buffer (pH 6.0) in a microwave oven. Furthermore, the tissue slide was treated with 3% H2O2 for 25 min and incubated with primary antibodies against UCP1, Nrf2, Keap1 (1:100; Servicebio Technology Co. Ltd., Wuhan, China) at 4°C overnight. After washing out the excess primary antibody, the samples were treated with Alex Fluor 647 conjugated secondary antibody (Cell Signaling Technology, Boston, MA) and DAPI (Thermo Scientific, Rockford, IL) for 1 h in the dark. The fluorescence was detected by a laser confocal microscope (Carl Zeiss, Germany).



Antioxidant System Analysis in the Serum

The serum levels of Malondialdehyde (MDA), glutathione peroxidase (GSH-Px), and total anti-oxidative capacity (T-AOC) were analyzed, respectively, using assay kits following the manufacturer’s instructions (Beyotime Biotechnology, Shanghai, China).



Enzyme-Linked Immunosorbent Assay (ELISA) Assays

The content of IL-6, 12, 21, 23, TNF-α, IL-10, and TGF-β in the serum was quantified by commercial ELISA kits (Multi Sciences Biotech, Hangzhou, China) according to the instruction of the manufacturer. The BioTek MQX200 microplate reader (BioTek Instruments Inc., Winooski, VT, USA) was used to analyze the optical density of colorimetric reaction at 450 nm. The standard curve was processed according to the optical density and the concentration of the standers using the mELISA software (QINMS, Guilin, China).



Western Blot (WB) Assay

WB was performed following our previous protocol (15). The colon was homogenized in RIPA lysis buffer containing a complete protease and phosphatase inhibitor (Thermo Fisher Scientific, Shanghai, China) and centrifuged at 4°C for 20 min. The supernatant was collected to analyze the total protein concentration using a BCA protein assay kit (Beyotime Biotechnology, China). Equal amounts of proteins of each sample were separated on 10% SDS-PAGE and then transferred to PVDF membrane (Millipore; Billerica, MA, USA). The PVDF membrane was then incubated with specific primary antibodies (Ucp2,p65,p-p65, Nrf2, Keap1, and β-actin; Cell Signaling Technology, Danvers, MA, USA) at 4°C overnight following incubation with 5% skim milk for 2 h at room temperature. Subsequently, membranes were washed in TBST triply and incubated with HRP-conjugated secondary antibodies for 1 h at room temperature. An enhanced chemiluminescence kit (Tanon, Nanjing, China) was used to visualize the band. Carestream Molecular Imaging system (Carestream Health, Inc., USA) was used to analyze and quantify the intensity of protein bands, further to calculate the integrated optical density (IOD).



16S rRNA Gene Microbiome Analysis

According to our previous study (16), the Qiagen QIAamp DNA Stool Mini kit (Qiagen, Beijing, China) was used to extract the total genomic DNA of colonic contents. DNA was quantified by a Nanodrop spectrophotometer (Thermo Scientific, New York, USA), and its purity was tested on 1% agarose gel. Qualified samples were subsequently amplified the V3-V4 region of ribosomal DNA gene using the universal primers 338F (5’- ACTCCTACGGGAGGCAGCA-3’) and 806R (5’- GGACTACHVGGGTWTCTAA T-3’) and were then sequenced on an Illumina Miseq platform. Operational taxonomic units (OTUs) clustering was identified at 97% sequence identity. The Quantitative Insights into Microbial Ecology (QIIME) software was used to perform alpha-diversity, Venn analysis, unweighted UniFrac principal coordinate analysis (PCoA), weighted unifrac PCoA, the linear discriminant analysis (LDA) effect size (LEfSe) algorithm, and PICRUSt2 algorithm. All diagram was processed by using R software (V2.15.3).



Statistical Analysis

GraphPad Prism 9 (GraphPad Software, California, United States) was used to perform the statistical analysis. The two-way ANOVA or mixed model methods were used to analyze the difference of bodyweight loss and DAI data between the Vehicle or JUG group and the DSS group. The unpaired t-test or Wilcoxon signed-rank test was used for statistical analysis of other data. The results were presented as mean ± standard error of the mean (SEM), and P-value <0.05 was considered statistically significant.




Results


JUG Attenuated DSS-Induced Colitis

The DAI and pathological scores were monitored in colitis mice to assess the role of JUG in colitis. Water supplemented with JUG significantly reversed DSS-induced (P< 0.05) weight loss from day 5 (Figure 1B) and also the DAI score increase from day 7 (Figure 1C). However, the probability of survival was similar between the DSS group and the vehicle or JUG group (Figure 1D). JUG also ameliorated (P< 0.05) colon shortening (Figure 2A) and reduced (P< 0.05) the pathological score (P< 0.05) (Figures 2B, C) in colitis mice. These data indicated that JUG ameliorated DSS-induced colitis.




Figure 2 | Colon length and pathological scores of mice. (A) Colon length of each mouse in each group. (B) Representative H&E staining images of the colon (×100) and (C) pathological scores from the colonic sections in each group. ****P < 0.0001, ##P < 0.01.





JUG Inhibited DSS-Induced Inflammation

Serum proinflammatory cytokines were evaluated to test the effects of JUG on DSS-induced inflammation. JUG reversed (P< 0.05) the enrichment of IL-6, 12, 21, and 23, and TNF-α induced by DSS (Figures 3A–E), indicating that JUG reversed DSS-induced inflammation. However, the anti-inflammatory cytokines (IL-10 and TGF-β) were also increased in the DSS group, which was also reduced by JUG administration (Figures 3F, G). These results indicated that JUG reversed DSS-induced inflammation.




Figure 3 | ELISA analysis to test DSS-induced inflammation. ELISA was used to analyze serum cytokines, including IL-6 (A), 12 (B), 21 (C), 23 (D), TNF-α (E), IL-10 (F), and TGF-β (G). ****P < 0.0001, ###P < 0.001, ####P < 0.0001.





JUG Mitigated DSS-Induced Oxidative

The effects of JUG on intestinal oxidative stress were measured by detection of the colonic T-AOC, GSH-Px, and MD. The results showed that colonic T-AOC and MDA were increased and were not affected by JUG (Figure 4). GSH-Px was lower in the DSS group than that of the controls, and JUG also decreased the GSH-Px concentration (Figures 4B). We next evaluated the colonic expression of p-p65, p65, Keap1, Ucp2, and Nrf2 using WB (Figure 5A) and found that JUG reversed the effects of DSS on activating Ucp2 and p-p65 and inhibiting Keap1 and Nrf2 (Figures 5B–E). Immunofluorescence staining was also performed to measure the colonic expression of Ucp2, Keap1, and Nrf2 (Figure 5). The IOD of Ucp2 and Nrf2 were similar between the DSS group and the vehicle or JUG group (Figures 6A, C). The Keap 1 expression agreed with the result of WB (Figure 6B).




Figure 4 | Immunohistochemical examination for analysis of the DSS-induced oxidative damage. The colonic T-AOC (A), MDA (B), and GSH-Px (C) were analyzed by immunohistochemical examination. **P < 0.01, ##P < 0.01.






Figure 5 | WB for analysis of the DSS-induced oxidative damage. Colonic p-P65, P65, Keap1 Ucp2, and Nrf2 expression on the protein level were analyzed by WB. (A) Representative western blot images of the colonic p-P65, P65, Keap1, Ucp2, NRF2, and β-Actin proteins. (B–E) Relative densitometric of Ucp2, p-P65/P65, Keap1, and Nrf2 in the colon.  ****P < 0.0001, ##P < 0.01, ###P < 0.001, ####P < 0.0001.






Figure 6 | Immunofluorescence staining for analysis of the DSS-induced oxidative damage. Immunofluorescence staining was assigned to measure the colonic expression of Ucp2 (A), Keap1 (B), and Nrf2 (C). * meant P < 0.05, and # meant 0.1 < P < 0.05, vs. the DSS group.





JUG Had Limited Effects on the Gut Microbiota of Colitis Mice

1197 core OTUs of a total of 2813 OTUs were shared among the three groups, while the unique OUTs in the vehicle group, the DSS group, and the JUG group were 165, 410, and 390, respectively (Figure 7A). Lactobacilllus and Lachnospiraceae_NK4A136_group were dominant in the vehicle group, while Escherichia-shigella and Lachnospiraceae_NK4A136_group were dominant in the DSS and JUG groups, separately, at the genus level (Figure 7B). The alpha-diversity analysis and PcoA showed no difference between the vehicle or the JUG group and the DSS group (Table 1, Figure 7C). The weighted unifrac PCoA demonstrated that the vehicle group was separated from the DSS group (Figure 7D). The LEfSe analysis indicated that Lactobacillus and L. johnsonii were enriched in the vehicle group, while Escherichia Shigella, Escherichia coli, Bacteroides, B. thetaiotaomicron, Clostridium sensu_stricto_1, Parasutterella, and Helicobacter were  enriched in colitis mice, could be used as biomarkers of DSS-induced colitis (LDA score>4, Figure 7E). In addition, We found Paeniclostridium, P. sordelllii, and Clostridium sensu_stricto_1 were less enriched in colitis mice admistered by JUG (LDA score > 3.6, Figure 7F). JUG reduced the DSS-activated function of the mammal gut and animal parasites or symbionts (Figures 7G, H). These results demonstrated that JUG had limited effects on DSS-induced gut microbiota shifts.




Figure 7 | 16S rRNA sequencing for DSS-induced gut microbial detection. 16S rRNA sequencing was employed to measure the impact of JUG on the gut microbiota. (A) The Venn graph of the three groups; (B) the relative abundance of the microbial population at the genus level, the unweighted unifrac PCoA diagram. (C) The weighted unifrac PCoA diagram of each group. (E, F) The LDA score of the LEfSe analysis between the DSS and Vehicle or JUG group, and the different gut microbiota functions between the DSS and vehicle LDA score > 4 (G) or JUG group LDA score > 3.6 (H).




Table 1 | Alpha diversity indexes of each group.






Discussion

The pathogenesis of colitis, a globally prevalent disease that risks the health of millions of people, is still not clearly elucidated. New efficiency bioactivators for managing UC still need to be investigated (17). This study found that JUG potently alleviated DSS-induced colitis as indicated by suppressed proinflammatory cytokines and oxidative stress. Additionally, JUG significantly reversed the DSS-induced activation of Ucp2 and p-p65 and the inhibition of Nrf2 signaling. These data may provide new insights into the mechanisms of JUG for controlling symptoms of UC.

Cytokines and cytokines networks are critical regulators in intestinal cellular interactions to modify the gut epithelial barrier function, intestinal immunity and defense, and tissue repair to maintain gut health (18). Proinflammatory cytokines, such as IL-1β, TNF-α, and IL-6 driven by intestinal mononuclear phagocytes or epithelial cells, are the inflammatory effectors that initiate intestinal inflammation in UC (19); while IL-12 and IL-23 are regarded as drivers of the pathogenic response to further promote intestinal inflammation (19). Anti-inflammatory cytokines, such as 	IL-10 and TGF-β induced by microbial or metabolites, show vital regulatory roles in immunity tolerance in intestinal inflammation (18). This study found that JUG prevented the elevation of proinflammatory cytokines, including IL-1β, IL-6, IL-12, IL-23, and TNF-α, induced by DSS treatment. Consistent with our findings, JUG suppressed TNF-α, IL-1β, and IL-6 expression in high-fat diet rats (20). JUG was also reported to inhibit TNF‐α and Nuclear Factor-kappa B (NF-κB) production in colonic cancer cells (21). However, there is controversy because DSS enhanced serum IL-10 and TGF-β levels while JUG reduced serum levels. As a typical anti-inflammatory cytokine produced by various cells (i.e., B and T lymphocytes, macrophages, and dendritic cells) in IBD, IL-10 plays a central role in gut homeostasis and colitis prevention (22). Although the IL-10 or IL-10 receptor deficiency mice showed severe gut inflammation in IBD (23), previous studies regarding serum IL-10 in IBD showed inconsistent results; as stated, it decreased, increased, or a similar serum IL-10 was observed in IBD patients (22, 24). Additionally, IL-10 supplementation did not achieve the desired effect, and an efficient acceptable IL-10 target therapy is still lacking in humans (25). IL-10 treatment was only efficient in initial colitis but not in established IBD of the mouse model (25). Thus, the role of IL-10 in this study is not clear and requires further study. Moreover, TGF-β deficiency induces colitis in mice; however, it also shows proinflammatory properties locally of TGF-b in IBD (26, 27). Consistent with our results, Zhao et al. demonstrated that TGF-β1 contents increased in the serum and colon of DSS treated rats, while honey, honey polyphenol, and sulfasalazine administration decreased the TGF-β1 in both the plasma and colon (26). These results indicated that preserving the cytokines at normal levels may ascribe the effect of JUG for attenuating UC symptoms and further reconstructing the intestinal barrier.

Excess reactive oxygen production is usually observed in chronic intestinal inflammation, indicating that oxidative stress plays a vital role in IBD. Oxidative stress and inflammation facilitate each other, further impairing the structure and function of the intestine at the active stage of colitis (28, 29). In UC, NF-κB pathways were reported significantly activated, resulting in the expression of proinflammatory cytokines. Nrf2 could respond to oxidative stress by modulating cytoprotective gene expressions (30, 31). This study found that JUG inhibited Ucp2 and p-p65 while activated Nrf2 in colitis. Accumulating evidence has shown that JUG exerts beneficial effects under inflammatory situations via NF-κB pathway suppression (20). What’s more, 2-methoxy-7-acetonyljuglone, a juglone derivative, was also found to possibly increase the nuclear localization of Nrf2 and its target genes (32). Therefore, the beneficial effect of JUG against colitis may be attributed, at least partially, to the reconstitution of the Nrf2-mediated cellular anti-oxidative system and the suppression of NF-κB induced inflammation.

Dysbiosis of intestinal flora, commonly characterized by an overgrowth of pathogenic bacteria and a decrease in beneficial bacteria, leads to an improved mucosal immune response and, consequently, inflammation. The Lefse analysis indicated that DSS enriched pathogenic bacteria, such as Clostridium_sensu_stricto_1, and Escherichia Shigella, which were less enriched under JUG administration. Escherichia Shigella was the dominative member on the genus level in the DSS group, while Lachnospiraceae_NK4A136_group genus level was dominant in the JUG-treated colitis mice. The Lachnospiraceae_NK4A136_group has been found to be beneficial to gut health and is regarded as an anti-inflammatory factor due to its production of short-chain fatty acids (33). Similar to our results, Dou et al. reported that sodium butyrate treatment improved colitis and increased the Lachnospiraceae_NK4A136_group in DSS-induced colitis mice (34). Hence, improvements of the Lachnospiraceae_NK4A136_group and reductions in Escherichia-Shigella may partially benefit the restoration of gut microbiota and the reestablishment of intestinal epithelium after JUG treatment.



Conclusions

In summary, JUG alleviated DSS-induced colitis against colonic inflammation and oxidative stress in DSS-treated mice. The underlying mechanisms of JUG preventing colitis involved the activation of the Nrf2 and the inhibition of NF-κB signaling pathways. Moreover, the effects of JUG might also associated with the regulating effect on gut microbiota such as Lachnospiraceae_NK4A136_group and Escherichia Shigella. These findings enhance our understanding of the mechanisms of JUG on colitis.
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Supplementary Table 1 | DAI score protocol. DAI score was used to evaluate colitis’s clinical activity, and it was the total sum of body weight loss score, stool consistency score, and bloody stools score.

Supplementary Table 2 | Pathological score protocol. The pathological score was used to evaluate intestinal inflammation, and it was the total sum scores of lymph node numbers, ulcerative area (%), epithelial changes, and inflammatory cell infiltrate.
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Green tea and T cells

EGCG and CLL Band T cells

EGCG in vivo in MPTP induced Parkinson’s disease
model

EGCG and mouse T cells as well as Jurkat lymphoblasts

EGCG and arsenic induced inflammation and apoptosis
EGCG and T cels in aging in Swiss albino mice

EGCG and Graft-versus-Host Disease
Green tea metaboliites (EGC-M) and T cells activity

EGCG in autoimmune arthritis

EGCG in autoimmune arthritis

EGCG and vitiigo in human subjects

Green tea EGCG and human mast leukemic cell line
(HMC-1)

EGCG and autoimmune arthritis

EGCG and obesity and autoinflammatory arthritis
Green tea and chronic lymphocytic leukeria

EGCG and T cels differentiation in EAE model

EGCG and increased inflammation

EGCG and proliferation of T cells

EGCG and T cell receptor signaling
EGCG and TCR binding for HIV
Green tea EGCG and neuroprotection
Green tea and T cell apoptosis

Effect

Apoptosis
Ratio of CD3*CD4+/CD3*+CD8* increased and reduced serum IL-6
and TNF-e

Reduced SOCE expression in T cells
Decreased the CD4* T cell frequency

Increase frequency of CD3*CD8* and reduced IgA, IgE, and
19G1/igG2a and IL-6 and TNF-«

Increased regulatory CD4* T cells and reduced oxidative stress

Reduced T cel activity by EGCG and EGC
Enhanced T cell activity by EGCG-metabolites

Change in the balance in between Th17/Tregs and inhibition of
osteoclastogenesis by STAT3

Increase in Tregs.
Reducing the inflammatory cytokines from T cells by JAK2 pathway
Modulation of the NF-«B/ERK1/2/MAPK signaling pathway

Restraint STAT3 and HIF-1o with Th17/Treg ratio
Change in balance in CD4* T cells subsets
Change in Tregs and reduced IL-10 and TGF-§ in serum

Reduced IL-6 and IL-6R and increase soluble gb130 in plasma from
EAE mice

High dose of EGCG leads to increased IL-6, IL-1B, PGE2, and
deceased IL-4

Impaired IL-2/IL-2R signaling and IL-2 signaling, cell cycle and
prolferation

Inhibition of ZAP-70 kinase signaling
TCR CD4 binding with HIV-1 protein
NF«B inhibition in EAE model

Increased apoptosis in peripheral T lymphocytes in adult leukemia
patients
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Non-small-cel lung cancer (NSCLC) treated
with EGCG

EGCG and EGC in hypertensive model

EGCG on mouse CD4* T cells and human
Jurkat lymphoblasts

EGCG IL-1-stimulated human osteoarthritis
chondrocytes

EGCG and hepatic stellate cells (HepG2)

EGCG and Mouse lung adenocarcinoma
EGCG and melanoma cells
EGCG and osteosarcoma

EGCG and tobacco carcinogen-induced lung
tumor in A7J mice

EGCG and SH-SY5Y and SK-N-DZ
Human lung cancer and EGCG or green tea
Polyphenon-60 and MCF-7

EGCG and human hepatoceluiar carcinoma
HepG2

Dysregulated miRNAS
hsa-miR-485-5p

miR-126a-3p and
miR-150-5p
miR-15b-5p

miR-140-3p and
miR-199a-39

miR-221, miR-181a, and
miR-10b

miR-449¢-5p
miR-let-7b

miR-1

miR-210 and other miRNAS
miR-7-1

miR-7

miR-21 and miR-27

miR-16

Functions

Inhibits cell growth and cell apoptosis
RXRa gene

Hypertension
SP1/ATIR pathway

CGalcium functions-SOCE pathway

Anti-arthritic of EGCG by ADAMTSS and
downregulation of COX2 pathway
‘OPN mRNA degradation and protective in liver injury

Myb pathway regulation
Laminin receptor signaling
Cell growth

HIF-1a, cell growth AKT, NF-xB, MAP kinase, and
cell cycle

Induction of apoptosis

Apoptosis induction and inhibition of proliferation
Downregulation of the tumor suppressor
gene-tropomyosin-1

Induction of apoptosis (by downregulating the
apoptotic protein BCL2)
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Items

Flavonoids
(14-17)
Flavones
Flavonols

Flavanones
Flavanols

Isoflavonoids
Anthocyanidins
Proanthocyanicins

Non-flavonoids
(16, 18)
Phenolic acids

Stilbenoids

Dietary sources

Onion, apple, chery, broccoli, tomato

Fiits, vegetables, and beverages, beer, tea, cocoa, pulses,
spices

Tomatoes, pulses, aromatic plants, aromatic plants

Tea, red wine, chocolate, skins of grape, skins of apple,
biueberry

soy, leguminous plants
Flower petals, fruits, vegetables, varisties of grains, black rice
Berries, tea, wine, pommes, drupes, nuts, pulses

Wine, coffee, apple, cocoa, tea, vegetables, fruts spices,
aromatic plants

Cocoa, red wine, peanuts, grapes, almonds
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Polyphenols

Prerostilbene (30)

Prerostilbene (31)

Cocoa polyphenols
(©2,33)

Red wine polyphenols
@4

Resveratrol (35, 36)
Tea polyphenols (37)

Olive ol polyphenols
(@8
EGCG (39, 40)

Quercetin (41)

Model

Colon carcinogenesis
model in rats

HT-29
Caco-2

SNU-C4

HCT116
SW480, HT-29
Caco-2

HCT15, HT-29, CaCo-2

HT-29, HCT-116,
SW480

Anticancer mechanism

Aberrant crypt foci formation, TNF-a, IL-1B, and IL-4§
iNOS, COX-2, pGSK-38, Wnt/g-catenin, VEGF, cyciin D1, and MMPs|; Ras, PI3K, and EGFRt
p-catenin, cyclin D1, and ¢-MYC|,

Cyclooxygenase (COX)-11
NF-«B, INOS, TNF-x, and pINK

Bax, Caspase-3t

Bol-2)

Caspase-31, PONA, AKT1/2, pAKT1/2, PIBK/AKT, and Wnt/g-catenin}
JAG1, MAFA, HES1, MT2A, BAX, and p38}

P38, JNK1/2, NF-kB1, iINOS|

Caspase 9, caspase-31

ERK, pERK, EGF, MMP-7, and MMP-9}
Wit--catenin, Cde-2, and p211
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Item Saline Diquat SEM P-value

Control HPE Control HPE HPE Diquat Interaction
TFR1 1.00° 1.10° 1.68° 1.14% 017 0.135 0.021 0.013
HSPB1 1.00° 1.08° 0.99° 2.142 0.1 0.002 0014 <0.001
SLC7AT1 1.00° 0.88° 1.07° 1.48° 0.17 0616 0365 <0.001
GPX4 1.00° 0.95° 1,120 3.82° 031 0.035 0022 <0.001

N =8 (1 pig/pen).
SEM, standerd error of mean. #Labeled means in & row without a common letter differ, P < 0.05. TFR1, transferrin receptor protein 1; HSPB1, heat shock protein beta 1; SLCTAT1,
solute carrier family 7 member 11; GPX4, glutathione peroxidase 4.
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Gene

TFR1
HSPB1
SLC7ATT
GPX4
GAPDH

TFR1, transferin receptor protein 1; HSPBI, heat shock protein beta 1; SLCTA11, solute carrier family 7 member 11; GPX4, glutathione peroxidase 4; GAPDH, glyceraldehyde-:

Forward (5'-3))

CGAAGTGGCTGGTCATCT
CTCGGAGATCCAGCAGACT
GCCTTGTCCTATGCTGAGTTG
CTGTTCCGCCTGCTGAA
CGTCCCTGAGACACGATGGT

phosphate dehydrogenase.

Reverse (5/-3)

TGTCTCTTGTCTCTACATTCCT
TCGTGCTTGCCCGTGAT
GTTCCAGAATGTAGCGTCCAA
ACCTCCGTCTTGCCTCAT
GCCTTGACTGTGCCGTGGAAT

Annealing temperature (°C)

Product length (bp)

231
120
178
218
194

Accession numbers

NM_214001.1
NM_001007518
XM_021101687.1
NM_214407.1
AF_017079.1
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Item Saline

Control
AST (UL) 403
ALT U 60.4°
GGT (UL) 30.6°

N = 8(1 pig/pen).

HPE

37.8°
52.4°
30.5°

Diquat
Control
6470

7422
58.3*

HPE

4.7°
59.7°
31.1¢

SEM

6.6
6.0
4.8

HPE

0.162
0217
0.031

P-value
Diquat
0.172

0.121
0.205

Interaction

0.002
0.013
0.021

SEM, standard error of mean. @~Labeled means in a row without a common letter differ, P < 0.05. ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT,

glutamyl transpeptidase.
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Item

ATP

ADP
AMP
TAN

AEC
AMP/ATP

N=8 (1 pig/pen).

SEM, standard error of mean. #~Labeled means in a row without a common letter differ, P < 0.05.
TP + ADP + AMP: AEC = (ATP + 0.5 ADP/(ATP + ADP + AMP).

monophosphate; TAN

Saline

Control

5972
121
126
844

0.779°
0211°

HPE

592°
17
124
833
0.781°
0.209°

Diquat

Control

536
128
132
796

0.764°
0.246%

HPE

6128
114
112
838
0.798°
0.183°

SEM

22
10
14
29
0.008
0.015

HPE

0.146
0.245
0.422
0.239
0.035
0.005

P-value

Diquat

0.465
0.836
0.654
0.358
0.203
0.685

Interaction

0.002
0.643
0.879
0.125
0.003
0.001

ATR, adenosine triphosphate; ADF. adenosine diphosphate; AMP, adenosine
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Item Saline Diquat SEM P-value

Control HPE Control HPE HPE Diquat Interaction
TAOC 318 347° 254 316 026 0031 0.247 0006
GSH-PX (U/mgprot) 211 202 200 215 28 0774 0897 0.254
GSH (mgGSH/gprof) 4950 52.000 36.4° 58.6° 82 0040 0.287 0001
MDA (nmol/mgprot) 301 240 527 307 070 0015 0.007 0.152

N =8 (1 pig/pen).
SEM, standard error of mean. * Labeled means in a row without a common letter difer, P < 0.05. TAOC, total antioxidative capacity; GSH-PX, glutathione peroxidases; GSH, reduced
glutathione; MDA, malondialdehyde.
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Example of a tetrameric condensed tannin
(R = H: procyanidins; R = OH: prodelphinidins)
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Type of
polyphenols

Anthocyanins

Anthocyanins

Anthocyanins

Anthocyanins

Anthocyanins

Anthocyanins

Anthocyanins

Anthocyanins

Catechins

Catechins

Catechins

Catechins

Catechins

Catechins

Curcumin and

resveratrol

Resveratrol

Chlorogenic acid
Chlorogenic acid

Chiorogenic acid

Source of
polyphenols

Turkish Cinclidotus
fontinaloides
Seed coats of

selected soybean
varieties

Black rice

Purple sweet
potato

Black raspberry

Blackcurrant

Blueberries

Black raspberries.

Green tea

Green tea

Green tea

Parapiptadenia
rigida
Common herbs

Effects

Imparted resistance to
Salmonella

Imparted resistance to
Escherichia coli

Prebiotic-like actiity by the
modulation of the intestinal
microbiota

Induced the proiferation of
Bifidobacterium bificum,
prebiotic-like activity through
the modulation of the intestinal
microbiota

Lowered the levels of DNMT31
and DNMT3B, as well as of
p-STAT3

Increased the number of goblet
cells in the colon

Improves markers of insulin
sensitivity

Increased levels of
butyrate-producing bacteria,
e.g., Anaerostipes

Inhibited intestinal
OATP1A2-mediated uptake of
sulphobromophthalein

Altered gut microbiota and
gene expression and function
in colonic epithelial cells
Decreased the number of
precancerous lesions as well
as solid tumors

Reduced species richness and
abundance of gut bacteria in £.
obliqua larvae

Imparted resistance to
Escherichia coli

Imparted resistance to
Escherichia coli

Regulated gut microbiota of
weaned piglets, downregulated
the TLR4-signaling pathway
Restored the impaired
vilus-crypt structure, modified
the profiles of intestinal
microfloras, and altered the
mRNA expression of intestinal
tight junctions- and adherence
junctions-related genes in
brofers

Increased the diversity of gut
microbiota

Ameliorated HFD-induced gut
microbiota dysbiosis
Modified the gut microbial
community structure

Potential applications

In medicine, cosmetics, and pharmaceutical applications
as well as in food and agriculture

For redlucing levels of foodborne bacteria contaminating
poultry products

Modulation of the intestinal microbiota

Modulation of the intestinal microbiota

Modulation of the composition of gut commensal
microbiota

Alteration of the biomarkers of large intestinal health

Generation of compositional changes in the gut
microbiota associated with improverents in systemic
inflammation and insulin signaling

Reduction of plasma concentrations of nadolol

Induction of host weight loss

Inhibition of colon carcinogenesis

Promotion of larval fitness associated
with ECGG antimicrobial activity

Treatment of infectious diarrhea
Treatment of infectious diarrhea

Alleviation of intestinal inflammation, and ultimately
increased intestinal immune function

Amelioration of the adverse effects of heat stress on
intestinal barrier function in broilers

Regulation of the gut microbiota and increase of serum
free amino acid levels

Amelioration of HFD-induced obesity

Antidepressive effects

References

(63)

(64)

(65)

(66)

©7

(68)

(€9)

(70)

1)

2

29)

73)

74y

75)

(37,76

(35)

@7

(1)

(44)





OPS/images/fimmu-10-02981/fimmu-10-02981-t002.jpg
Type of
polyphenol(s)

Resveratrol
Resveratrol
Resveratrol
Resveratrol
Resveratrol

Procyanidine
Anthocyanins

Anthocyanins
Anthocyanins
Catechins
Catechins
Catechins
Catechins
Catechins

Catechins.
Chlorogenic Acid
rutin

Chiorogenic acid

Mechanism of action

Suppressed the NF-«B signaling pathway

Inhibited the NLRP3 inflammasome and IL-1p secretion
Suppressed the Ang I/AT1R axis and enhanced the
AT2R/Ang 1-7/MasR axis function

Reduced the lipopolysaccharide-induced inflammatory
response

Inhibited the endoplasmic reticulum stress-activated
NF-«B pathway

Enhanced GFR and markedly decreased proteinuria

Reversed diabetes-induced increases in renal apoptosis
and oxidative stress

Abated the effects of adenine-induced CKD

Disturbed the Angpt-Tie-2 ligand-receptor system linked
to renal VEGFR2-signaling pathway

Exhibited antioxidant, anti-inflammation, and
mitochondrial protection

Exhibited antioxidant and possible direct
nephroprotective actions

Scavenged ROS and maintained near-control levels of
antioxidant enzyme activities

Inhibited TLR4 upregulation and NOX activation and the
consequent downstream events, e.g., NF-«B activation

Prevented NF-«B activation and upregulated NADPH
oxidase 4 (NOX4) in the kidney cortex

Disabled KEAP1 and upregulated NRF2
Inhibited the TLR4/NF-cB signaling pathway

Reduced renal interstitial injury and suppressed
interstitial collagen deposits in UUO rats

Regulated the dysbiosis of the gut microbiota in mice

Effects

Attenuated
skeletal muscle atrophy in
CKD mice

Protected the kidney against tubulointerstitial injury
Exerted protective effects on aging kidneys

Ameliorated sepsis-induced acute kidney injury in a pediatric rat
model

Protected against early polymicrobial sepsis-induced acute kidney
injury

Improved kidney function

Ameliorated diabetic nephropathy function parameters in dbb/db
mice

Antagonized oxidative stress and inflammatory reactions.
associated with CKD

Antagonized glomerular angiogenesis due to chronic:
hyperglycemia and diabetes

Effectively protected the kidney against the toxic effect of cadmium
Prevent gentamicin-induced experimental nephrotoxicity

Prevented vanadium-induced lipid peroxidation and nephrotoxicity
in an experimental model

Prevented lipopolysaccharide (LPS)-induced renal inflammation
Diminished inflammatory responses

Prevented diabetic nephropathy

Attenuated LPS-induced acute kidney Injury

Ameliorated kidney intersiitial fiorosis in rats with obstructive
nephropathy

Relieved Pb?+-induced cognitive impairments and hepato-renal
damage
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Phylum

Bacteroidota

Firmicutes

Campilobacterota

Actinobacteriota
Verrucomicrobiota

Proteobacteria

Desulfobacterota
Firmicutes/Bacteroidetes ratio (F/B)

PF

69.34%

23.54%
2.07%
2.19%
1.49%
0.33%
0.70%
33.95%

AF

48.62%

39.78%
1.98%
4.18%
2.86%
1.30%
0.79%
81.82%

PC

64.31%

26.45%
3.01%
2.50%
2.45%
0.30%
0.75%

41.13%

LH

54.96%

31.49%
9.10%
0.29%
2.59%
0.57%
0.63%

57.30%

MH

48.71%

37.49%
8.10%
1.89%
0.77%
1.85%
0.73%

76.97%

HH

42.75%

44.85%
3.28%
3.47%
1.57%
3.31%
0.36%

104.91%

FG

48.55%

35.94%
8.60%
1.51%
3.31%
0.64%
1.12%

74.03%
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Pear No Compound Formula CAS RT(min) Theoretical (m/z negative)
1* Gallic acid C7HeOs 149-91-7 1.39 169.0129
2 3,4-Dihydroxybenzoic acid C7HeO4 99-50-3 2.29 153.0188
3* Salicylic acid C7HeOs 69-72-7 3.16 137.0245
4* Chlorogenic acid CiH180g 327-97-9 3.3 353.0873
5* Epicatechin CisH1406 35323-91-2 3.36 290.0752
6" Caffeic acid CgHgO4 331-39-5 3.66 179.0344
7* Rutin CarHaOr6 153-18-4 423 609.1456
8" Ellagic acid C14HeOg 476-66-4 4.33 300.9985
9* Genistein 7-O-glucoside C21H20010 529-59-9 4.46 432.1019
10 Isorhamnetin-3-O-glucoside CooH22042 5041-82-7 4.58 477.1034
11 p-Hydroxybenzoic acid C7HeOs 99-96-7 4.85 137.0239
12k Fisetin CisH100s 528-48-3 4.98 285.0399
18 Dihydrokaempferol CisH1206 480-20-6 5.03 287.0556
14* Methyl syringate CioH120s 884-35-5 5.24 212.0647
15* 3,4-Dimethoxycinnamic acid Cy1H1204 2316-26-9 5.3 207.0657
16* Absgcisic acid CisHa00s 14375-45-2 5.45 263.1291
1 Luteolin CisH1006 491-70-3 5.49 285.0399
18* Quercetin CisH1007 117-39-5 552 301.0348
19 Pinobanksin-5-methyl ether Ci6H140s 119309-36-3 5.74 285.0758
20" Naringenin C15H120s 480-41-1 5.98 271.0606
21* Apigenin CisH100s 520-36-5 5.99 269.0450
22" Kaempferol C15H100s 520-18-3 6.08 285.0399
23 Luteolin 5-methyl ether Ci6H1206 58115-29-0 6.12 299.0561
24 3-O-Acetylpinobanksin C17H1406 52117-69-8 6.29 314.0714
25" Phenethy! caffeate Ci7H1604 104594-70-9 7.7 283.0973
26" Biochanin A CieH120s 491-80-5 g 283.0606
27 Galangin-5-methyl ether Ci6H120s 104594-69-6 7.95 283.0613

*Confirmed using standards.
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Typeofplant  Dose & method of  Type of poultry

oxtract administation  (sample size)
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Type of plant Dose & method of

oxtract ‘administration

Grape seeds 10,20, 40 gk of food,
appled between 1 and 42
daysofage

Red grape 15,30, 04 60 g/ of

pomace oo, apped between 21

concentrate  and 42 cays of a0

Red grape 5% and 10%, addtional

pomace oups wit theso
concentratons
‘supplomented with
engymes

Grape extract 2.5 gig and 5 g of

foed, appied betwoen 1
and 21 days of age

Grape seed 125,250, 500, 1000, and

oxtract 2000 ppm i e fom 0
1042 days of age:

Grape seed 510,20, 40,00 80 mg/

oxtract Kin feed appid

betveen days 1and 15

Formented red 30 and 60 g/ n fosd

grape skin appted batwsen days 1
ana21

Unfermented red 30 and 60 g/ fost

arape skin ‘appied betvicen days 1
and21

Grape pomace 60 gk o fesd, appied

concentrate from days 1.21

Grape seed 7.2 g/ ofeed, appled

oxtract rom days 1-21

Muscadine grape  0.5%, 2% and 5% feec
pomace weight, appied from day
12-42

NDV. Nowcaste Dibssss Viue: ND. Not Geterrined.

Type of poultry
(sample size)

Gotio 500
orolers (300)

Gotio male
oroders (180)

Gotio male
oroders 300)
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orolers 245)

Srigaha bodecs
216
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N
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Type of plant

pomace.

Dose & method of
administration

1%aa2% i
foed, appied
betvieen 0and 30
days ofage

150 ppm and 300
ppmin feod,

appied between 0
30 days of ago

Oraly administeret
Kqud, 2,408
mg/mL appied
between 7and 11
days ofage

1% and 2% in
oo, appied
betvicen 8and 36
days ofage

40,80, 160 mokg
offeed, appied
between 0and 35
days ofage

Type of poultry.
(sample size)

Gobio 500 malo
oroders (2.800)

Gobo 500 male
broders 2.800)

R0ss 308 malo
roders (1.200)

Goto 500 brosers

Ross 308 broters
1200

Eftects on immunity

Lower fequency of ntestnal esions.
‘compared to baciracin-eated beds.

Sgniicanty upreguiated CCRG, CD14,

(CSF2, JAK2, TLRIS, HMES, L4 and
L5 in sleen

Sqiicanty upreguiated CSF2, 1L,
L5, TLRTS n spoan.

In io: hicken heteropnt
Phagocytoss ncreased. n vic: M
loves ncreased on day 35.

No sigfcantefcts on ntestnd or
‘gonoral heith wore ot

Effects on gut microbiota

Lowered C. pertingens and E. ool counts in
‘oeca, Nghes Lactobaciks abundance.

Lowersd C. pertingens and €. ool counts in
‘coca, Hgher Lactobacils abundance fo tho
150 ppm eatmont. Lowe E. 0o and
Lactobacitus whie higher C. perfingens fo the
300 ppm veatmort.
0300t ki . s i v, howevs tho
bacteria was more susoepte o phagocyloss
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‘Sow increase in Euryarchasola popuations
ove tima in treated bds vs contol. Lower
levels of Fusobacteria and i lvels of
Bidovacterim, Ruminocoscs, & Osclospia
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Entorocoocus abundance vas lowe n brds
recsiing 80 mg/kg ofeed cranbeny exrct.
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Type of plant extract

Blueberry (owbush)
pomace.
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60% othano extract

o T et

Dose & method of
administration

190 2%, infoud,
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(sample size)

Cotio 308 broers
500,

Gotio 500 male
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Effects on immunity
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Fruit

Cranborrios

Blucborrios

Grapes.
Wiisvinfera L)

Apples
WMalus domestica)
Pomegranates
(Punica granatum L)
Oranges

(Citrus sinensis L)

Major phenolic compounds present

Benzcic acd, Peoridin 3.0-galctoside, Quercetin 3-0-gaactoside, Peonidin 3-0-arabinoside, Ojanidin 3-0-galactoside,
‘Quercatn 3.0-thamnosido, Myrcatn 3.0-arabinoside, Quercatin 3-0-arabingside, Oyanidin 3.0-arabinoside, Poonidin 3.0-
ucosdo

5-Cafioyuinic acd, Mavidin 3.0-gucosde, Maidn 3-0-galacioside, Dephindn 3-0-galacoside, Dephircn 3.0-glucoside,
Maiin 3-0(5"-acaty-ghcosd), Potundn 3-0-glucosido, Petunidin 3:0-galactoside, Cyandin 3.0-galactosdo, Maidn 30-
arabinosice

Malicin 3-0-ghcosdo, Mahicn 3.0-6"-p-courmaroyh-gcosidd), Makit 3.0-("-acatyfucoside), Poonidn 3-0-ghcosdo,
{+)-Catechin (). Enicatechin, Petunidin 3.0-gucosido, Dalpinid 3-0-ghcoside, Quercetin 3-0-gucurondo, () Epiatochin 3.0-
gatate

Procyanidn dmor B2, 5-Cafloyiauiic aci, () Epicatechin, Priordz, Pioret 2-O-xyosyl-ghcoside, Quorcotin 3.0-
gaactoside, d-p-Coummaroyiainic aci, Quercet 3-0-arabinoside, Quercatin 3-0-1hamnoside, (+)-Catechin

(s)-Catechin, (+)-Galocatechin, - Epigalocatectin, Procyariin dmer B3, Procyanidin dmer 81, () Epicatechin

Hesperetin, Naringrin, Larcresina, Pioresind), Secoisolaionsind, Syingaresind, Kaemplerol, Matarosing, Mecioresnol

The conpounds esseniod 1 s Ial 510 30 100 for oSt Drevel COmEouS h 6ach tvoe of Dot accondi 1o (357 s o averece of severed Skocies on ach A,
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Gene Primer sequence

TNF-o. (mouse)-F TGAACTTCGGGGTGATCGGTC
TNF-o. (mouse)-R AGCCTTGTCCCTTGAAGAGAAC
IL-1B (mouse)-F CTTCAGGCAGGCAGTATCACTC
IL-1B (mouse)-R TGCAGTTGTCTAATGGGAACGT
IL-6 (mouse)-F ACAACCACGGCCTTCCCTAC
IL-6 (mouse)-R TCTCATTTCCACGATTTCCCAG
Actin (mouse)-F GTATGCCTCGGTCGTACCA

Actin (mouse)-R CTTCTGCATCCTGTCAGCAA
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Dietary polyphenols

Polyphenolic-
rich foods

Red wine and
grape juice

Black tea
extract and red
wine/grape
juice extract
Pomegranate

Apple

Tart cherries

Rosemary

Mulberry Leaf

Technique

"H-NMR

"H-NMR
GC-Ms
LC-MS

UPLC-ESI-
QTOF-MS/MS

16S rRNA gene
sequencing
Mass
spectrometry
Gas
chromatography
time-of-flight
mass
spectrometry
16S rRNA gene
sequencing LC/
MS

Microarray
analysis 2-DE
MALDI-TOF/
TOF-MS

CE-MS
UPLC-Q/TOF-
MS

UPLC Triple TOF
MS/MS

GC-Ms

CE-TOF MS
RP/UPLC-TOF
MS
HILIC/UPLC-
TOF MS

Experimental model and
dosage

31 men and 22 women;
mean SD age 57.6 + 1.3
years; mildly hypertensive;
non-smokers

Five-stage in vitro Gl model

Colorectal cancer (CRC)
patients

SD rats

In vitro incubations were
performed by mimicking
gastric, intestine and colon
conditions

Human HT29 colon
cancer cell

SD rats

Human HT29 colon
cancer cells

Major findings

The mixture of grape juice and wine extract induced a reduction
in isobutyrate, indicate that polyphenols are able to modulate the
microbial ecology of the gut

BTE and RWGE modulate microbial SCFA production

High punicalagin content hampered urolithins formation

127 proteins were differentially expressed and resulted in 123
fecal metabolites; there was a strong negative linear relationship
between the relative abundance Firmicutes and Bacteroidetes in
the high-fat group

Resulted in large increases in Bacteroides and Colinsella,
moderate increases of specific Firmicutes, Enterobacteriaceae
and Bilophila

Rosemary polyphenols against colon cancer cells

Gut Environment is Altered by Mulberry Leaf

Reduced glutathione/oxidized glutathione ratio and significant
alterations in polyamines content

References
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(155)
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(157)

(158)
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Quercetin

Plums and
cabbages

QOolong tea

Chokeberry
juice

Sugarcane

2D-DIGE

Microarrays
Two-
dimensional
gel
electrophoresis
LC-MS
Gene
expression
microarray
analyses
LC-MS/MS

MALDI-FT-MS
MALDI-TOF/
TOF-MS

Cellular models (Caco-2,
Caco-2/HT-29-MTX, and
THP-1) of the intestinal
epithelium

Multidrug resistance
targeted mutation
(Mdr1a-/-) mice

Human model of colon
cancer Caco-2 cells

LPS-stimulated SW480
colon cancer cells

Male inbred F344 rats

Different model result in different strengths of response, the Kale digesta
demonstrated a high impact on different important antioxidant enzymes

GrTP can ameliorate inflammation in the colon of the Mdr1a-/- mouse model
of IBD

Exposure of Caco-2 cells to pre-digested chokeberry juice resulted in inhibition
of both cell proliferation and viability

up regulation of the oxidative stress mediator SELH, suppress the
phosphorylation of NFkB and inhibit secretion of the pro-inflammatory cytokine
IL-8. and contributes to the regulation of important signaling proteins including
PKA, PKCB, c-Jun, EGFR and SIRT1

The changes evoked by quercetin can inhibit colorectal cancer

(148)

(110)

(149)

(150)

(151)
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Polyphenolic-rich foods

Oolong
tea

Green
“ and Dark
Tea

Cranberry

Coffee

Creen
propolis

(=)
*A
' Propolis

-)-Epigallocatechin 3-O-(3-O-
methyl) gallate

Technique

168
sequencing
Next
generation
sequencing
16S rRNA
sequencing

16S rRNA
sequences

16S rRNA
gene-based
real-time
16S rRNA
sequencing

16S rRNA
sequencing

16S rRNA
sequencing

Experimental
model and
dosage

Six-month-old
SD rats

Colitis mice
by a fecal
microbiota
transplantation
High fat/high
sucrose fed
C57BL/6J
mice
Diet-induced
obese CD rat

C57BL/6 mice

Male SD rats

Human HFD-
induced
obesity mouse

Major findings

The phylum Bacteroidetes was increased in response to GTP in a dose-dependent
manner, the consistent supply of GTP to the gut microbial ecosystem could

increasing the abundance of beneficial species and improve the microbial functions,

decrease the potential pathogenic species

GTE and DTE ameliorate chemical induced-colitis by modulating gut microbiota

Lower intestinal triglyceride content and to alleviate intestinal inflammation and
oxidative stress

Coffee consumption increase in Firmicutes-to-Bacteroidetes ratio and Clostridium
Cluster XI, resulted in augmented levels of Enterobacteria

High-fat diet promoted an increase in Firmicutes without a significant decrease in
Bacteroidetes

0.3% propolis supplementation had a significant increase in gut microbial diversity
including Proteobacteria and Acidobacteriaphyla

Enrichment of Bacteroidetes and genes

References
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(145)
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Polyphenol-rich Other Natural Counts of Predominant Polyphenols Identification Ms References

Products Polyphenols based
tools
Cuphea spp. 26 Chlorogenic acid; 3-Feruloylquinic acid; 6”-O-Galloylquercimeritrin; Miquelianin; Myricetin 3-  UHPLC (134)
Leaves O-glucuronide; Myricetin 3-(2”-galloylglucoside); Quercetin; Myricetin 3-glucoside; Myricetin  using
3'-xyloside; Quercetin 3-(2-galloylglucoside); Kaempferol; Quercetin 3,7-diglucoside; ESI-Q-
Isoquercetin; Myricitrin; Quercetin-3-sulfate; Kaempferol 3-glucoside; Quercetin-3- TOF

arabinoside; Rutin; Kaempferitrin; Kaempferol-galloyl-glucoside; Kaempferol 7-rhamnoside
Kaempferol-3-O-rutinoside; Kaempferol-3-xyloside; Kaempferol-3-glucuronide; Quercetin-
acetyl-glucuronide;

Stevia 55 Phenol diglycoside; Caffeoyl quinic acids; Caffeoyl shikimoyl hexose isomers; Caffeoyl UHPLC- (135).
rebaudiana shikimic acids; Feruloyl quinic acid; Dicaffeoy! quinic acid isomers; Kaempferol caffeoyl ESI-
leaves rutinoside Flavonols glycosides; Kaempferol-3-O-hexoside; Quercetin caffeoy! rutinoside; QqTOF-

Quercetin dimethylether-3-O-hexoside; Quercetin3-O-deoxyhexoside; Apigenin7-O- MS/MS

hexoside; Kaempferol-3-O-pentosyl deoxyhexoside; Dicaffeoyl quinic acid isomer;

Kaempferol 7-O-deoxyhexoside
Chinese " Gallic acid; Chlorogenic acid; Caffeic acid; (+)-Catechin; p-Coumaric acid; (-)-Epicatechin; LC-MS/ (136)
propolis Taxifolin; Myricetin; Luteolin; Quercetin; Ferulicacid MS

Thymus x 10 Eriodictyol-di-O-hexoside; 5'-Hydroxyjasmonic acid 5'-O-hexoside; Eriodictyol-O-hexoside; ~ HPLC- (137)
citriodorus Quercetagetin dimethyl ether O-hexoside; Eriodictyol-O-hexoside; Luteolin-5-B-O-glucoside;  ESI-MS/
Naringenin-O-hexoside; Eriodictyol-O-hexuronide; Luteolin-7-o.-O-glucuronide; Luteolin-7-O-  MS"
glucoside; Chrysoeriol-7-B-O-glucoside; Apigenin-7-B-O-glucuronide; Rosmarinic acid; 3-O- NMR
(8”-Z-Caffeoyl) rosmarinic acid

Folium 38 Hydroxybenzoic acids; Hydroxycinnamic acids; Flavonoids; Methoxylated flavones UHPLC- (138)
Artemisiae Q-
Argyi Orbitrap-
MS/MS

Dijulis 22 Vanillic acid; Quercetin-acetyl-rutinoside; Quinic acid; Hydroxyphenylacetic acid; Caffeoyl- HPLC- (139)
(Chenopodium putrescine; Hydroxyphenylacetic acid pentoside; Vanillic acid hexoside; Quercetin-acetyl- DAD-
formosanum rutinoside hexoside; Rutin; Rutin-O-pentoside;Quercetin-3-O-(coumaroyl)-rutinoside; ESI-MS/
Koidz.) Quercetin-3-O-(coumaroyl)-rutinoside pentoside; Quercetin-3-O-(coumaroyl)-rutinoside Ms

deoxyhexoside; Quercetin-acetyl-rutinoside hexoside Glucuronide; Caffeoyl-spermine-

conjugate; Querctin-acetyl-glycoside
Thymus 23 Eriodictyol; Luteolin-7-O-glucoside; (Epi) gallocatechin; Luteolin-7-O-glucoronide; Luteolin-4'-  HPLC- (140)
schimperi O-(rhamnosyl) glucoside; Luteolin-6-C-pentoside-8-C-hexoside; Luteolin-6-C-glucoside; ESI-MS/
Ronniger Chryseoriol-7-O-glucoside; Apigenin-7-O-(acetyl-apiosyl) glucoside; Luteolin-7-O-(2" MS

’-apiosyl-acetyl)glucoside; Luteolin-6-C-pentoside; Salvianolic acid A; Dihydroxytrimethoxy
flavone; Luteolin-7-O-(acetyl-apiosyl) xyloside; Luteolin-7-O-(dipentosyl) glucuronide;
Luteolin-7-O-glucuronide-3'-O-glucoside; Luteolin; Trihydroxy-dimethoxyflavone; Hydroxy-
tetramethoxyflavone; Hydroxy-trimethoxyflavone; Hydroxy-trimethoxyflavone isomer;
Trihydroxy-trimethoxyflavone; Hispidulin
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Polyphenol-rich Grain Counts of Predominant Polyphenols Identification MS  References
and Oil Polyphenols based
tools
Y Cameliia 24 Gallic acid; Protocatechuic acid; p-Hydroxybenzoic acid; Phthalic acid; p-Hydroxyphenylacetic acid; HPLC- (126)
% seed oils Vanillic acid; Epigallocatechin; Catechin; Caffeic acid; Chlorogenic acid; Epicatechin; p-Coumaric Q-
acid; Benzoic acid; Epigallocatechin gallate; Ferulic acid; Sinapic acid; Taxifolin; Myricetin; Cinnamic ~ TOF-
acid; Luteolin; Quercetin; Naringenin; Apigenin; Kaempferol MS
Table 16 Hydroxytyrosol tyrosol; Hydroxytyrosol acetate; Salidroside; Catechol; Vanillic acid; p-Coumaric acid; LC- (127)
olives Caffeic acid; Verbascoside; Luteolin; Luteolin-7-O-glucoside; Apigenin; Quercetin; Rutin; Oleuropein;  ESI-
(+)-Pinoresinol MS/
MS
5] Olive oil 18 Phenolic alcohols; Phenolic acids; Secoiridoids; Flavonoids; Phenolic aldehyde LC- (128)
DAD-
ESI-
Ms/
MS
Distiller's 8 (-)-Epicatechin; Ferulic acid; p-Hydroxybenzoic acid; Caffeic acid; Syringic acid; Quercetin; Vanilic UPLC- (129)
Grains acid; Gallic acid Ms/
MS
Sorghum 75 Free phenolic acids and derivatives; Flavonoids; Phenylpropane glycerides; Phenolamides LC- (130)
Grains ESI-
Ms"
Finger 37 Protocatechuic acid; Protocatechuic aldehyde; Catechin; Isomers of catechin-O-dihexoside; HPLC- (131)
millet Epicatechin; Procyanidin B dimers; Rutin; Quercetin; Apigenin-C-dihexoside; Apigenin-C-pentosyl- DAD-
C-hexoside; Isomers of apigenin-C-pentosyl-O,C-dihexoside; Quercetin-O-trinexoside; Quercetin-O- Q-
trihexoside and procyanidin dimer A; Isomers of quercetin-O-dihexoside; Protocatechuic acid; TOF-
Protocatechuic aldehyde; Caffeic acid; Sinapic acid; Ferulic acid; p-Coumaric acid; trans-Ferulic Ms?
truxilic acid; Ferulic acid dehydrodimers
Barley 17 p-Coumaric acid isomer; Isoscoparin-2"-O-glucoside; Catechin dihexoside; Catechin-5-O-glucoside; Q-TOF (132)
Prodelpinidin B3; Isoorientin-7-O-gentiobioside; Prodelpinidin B; Procyanadin B2; Apigenin 6-C- LC/MS
arabinoside 8-C-glucoside; Catechin; Ferulic acid; Gallic acid; Caffeic acid; p-Coumaric; O-
Coumaric; Ellagic
Barley 22 Gallic acid; Protocatechuic acid; Catechin-(+); Syringic acid; p-Coumaric acid; Hyperoside LC-MS (133)
husks (quercetin-3-O-galactoside); Naringin; Salviolinic acid; Rutin; 4,5-Di-O-caffeoyquinic acid; Naringenin;

Cirsiliol; Apegenin; Acacetin; Beta carotene; Sitosterol; Epicatechin; Caffeic acid; trans-Ferulic acid;
Silymarin; Stigmasterol; Sitosterol
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Polyphenol-rich Drinks

B

e
S
L 4

Red wine

Beer

Green tea

Coffee

Malaysian
cocoa
powder

Counts of
Polyphenols

43

47

86

"

Predominant Polyphenols Identification

Procyanidin trimer type B isomer; Gallic acid; Protocatechuic acid-O-hexoside; Gentisic acid;
Protocatechuic acid; Caftaric acid; Catechin; Caffeic acid-C-hexoside; Coumaric-O-hexoside; p-
hydroxybenzoic acid; Caffeic acid; Peonidin-3-O-glucoside; Malvidin-3-O-glucoside; Resveratrol;
Cyanidin-O-dihexoside; Quercetin-O-rhamanoside; Epicatechin; Eriodictyol-O-hexoside;
Petunidin; Delphinidin-O-dihexoside; Coumaric acid; Myricetin-O-hexoside; Cyanidin;
Kaempferol-3-O-rutinoside; Ferulic acid; Piceid acid isomer; Epicatechin-O-gallate; Naringenin;
Kaempferol-3-O-glucoside; Quercetin; Quercetin-O-hexoside; Delphinidin; Delphinidin-O-
hexoside; Cyanidin-O-hexoside; Petunidin-O-hexoside; Delphinidin acetyl hexoside

Phenolic acids; Hydroxycinnamoylquinics; Flavanols; Flavonols; Alkylmethoxyphenols; Alpha-and
Iso-alpha-acids; Flavones; Hydroxyphenylacetic acids; Prenylflavanoids; Feruloylquinic acid;
Caffeic acid-O-hexoside; Coumaric acid-O-hexoside; Sinapic acid-O-hexoside; catechin-O-
dihexoside; kaempferol-O-hexoside; apigenin-C-hexoside-pentoside

Phenolic acids; PAs; Flavan-3-ols and their derivatives; Monomeric hydrolyzable tannins; Flavonol
and flavonol glycosides; Flavone glycosides

Gallic acid; DHB; Caffeine; Chlorogenic acid; p-Coumaric acid; trans-Ferulic acid; Rutin; Naringin;
Resveratrol; Quercetin; Kaempferol

Catechin; Epicatechin; Gallic acid; Protocatechehuic acid; Chlorogenic acid

MS  References
based
tools

HPLC- (121)
ESI-

LTQ-

Orbitrap-

MS

LC-ESI- (122)
LTQ-

Orbitrap-

MS

LC-MS (123)

cLC- (124)
DAD

and LC-

MS/MS

HPLC- (125)
UV-ESI-

MS/MS
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Polyphenol-rich fruits

White (Morus
alba L.) and
black (Morus
nigra L.)
mulberry
Mulberry
cultivars

Solanum
scabrum and
Solanum
burbankii
berries

Cherry
(Prunus
avium L.)

Chinese
peach and
nectarine

Grape
pomace

Grape

Apple

Pomegranate
Husk

Kiwi fruit

Avocado
seeds

Counts of
Polyphenols

64

58

26

27

50

Predominant Polyphenols Identification

Flavonols; Flavanones; Flavan-3-ols; Flavone; Flavanonol; Dihydrochalcone;
Anthocyanins; Hydroxycinnamic derivatives; Phenolics; Hydroxybenzoic
acids; Lignans; Organic acids

Cyanidin-3-O-glucoside; 3,5-Dicaffeoylquinic acid; Rutin; Quercetin;
Quercetin-3-O-glucoside; Cyanidin-3-O-rutinoside; (+)-Catechin; Quercetin-3-
O-hexoside; Dihydroxycoumarin; 3-O-Caffeoylquinic acid; Quercetin
hexosylhexoside; Quinic acid; Quercetin-O-o-rhamnosyl-triglucoside;
Aesculin; Kaempferol hexoside; Kaempferol-3-O-rutinoside; Taxifolin-O-
rutinoside; Taxifolin-O-glucoside; Quercetin-3-O-rutinoside-glucoside
Delphinidin-3-O-rutinoside-5-0-glucoside; 5-Caffeoylquinic acid;Quercetin-3-
O-rutinoside; Quercetin-3-O-glucoside; Petunidin-3-O-rutinoside-5-O-
glucoside; 3-Caffeoylquinic acid;Malvidin-3-O-rutinoside-5-O-glucoside; 4-
Caffeoylquinic acid; Acetylo-p-coumaroylquinic acid; Malonyl-caffeoylquinic
acid; Delphinidin-3-O-p-coumaroyl-rutinoside-5-O-glucoside; Delphinidin-3-
O-feruoyl-rutinoside-5-O-glucoside; Sinapoyl malic acid; Petunidin-3-O-p-
coumaroyl-hexoside-5-O-hexose; Petunidin-3-O-feruoyl-hexoside-5-O-
hexose; Malvidin-3-O-p-coumaroyl-hexoside-5-O-hexose; Malvidin-3-O-
feruoyl-hexoside-5-O-hexose

Hydroxycinnamic acids; Anthocyanins; Flavonoids

Neochlorogenic acid; Catechin; Chlorogenic acid; Protocatechuic acid;
Quercitrin; Quercetin; Kaempferol; Hyperoside; Rutin

Gallic acid; Syringic acid; Caftaric acid; Cafeic acid; p-coumaric acid; Ferulic

acid; Polydatin; Piceatannol; trans-Resveratrol; (+)-Catechin; (-)-Gallocatechin;

(-)-Epigallocatechin; (-)-Epigallocatechin gallate; Quercetin-3-glucoside;
Kaempferol-3-glucoside; Quercetin; OH-tyrosol; Tyrosol

Anthocyanins; Hydroxycinnamic acids; Hydroxybenzoic acids;
Dihydrochalcones; Flavanones; Flavonols; Isoflavonoids; Stilbenes

Flavan-3-ols; Flavonols; Dihydrochalcones; Hydroxycinnamic acids

Hydrolysable tannins; Luteolin-3'-O-glucoside; Flavonoids;
Hexahydroxydiphenoyl-valoneoyl-glucoside; Galloyl-O-punicalin;
Quercimeritrin; Kaempferol-7-O-rhahmano-glucoside; Luteolin-3'-O-
arabinoside; Luteolin-4'-O-glucoside

Gallic acid; Chlorogenic acid; Catechinic acid; 4-hydroxybenzoic acid;
Epicatechin; Rutin; Ferulic acid; Quercetin; Quercitrin

Luteolin/kaempferol; Catechin/epi-catechin; Quercetin; Caffeoylquinic acid;
Luteolin sulfate/kaempferol sulfate; Quercetin sulfate; Kaempferol rhamnoside
or isomer; Kempferol hexoside, Luteolin hexoside, Quercetin rhamnoside or
isomers; Catechin/epicatechin+ Ph-C3; Kaempferol hexuronic acid or isomer;
Quercetin hexoside or isomer; Quercetin hexuronic acid or isomer; Catechin/
epicatechin dimers (condensed tannin); Kaempferol disaccharide (hexose-
pentose) or isomer; Quercetin disaccharide (hexose-pentose) or isomer;
Catechin/epicatechin trimers (condensed tannin)

Ms
based
tools

UHPLC-
ESI-MS"

HPLC
and LC-
MS

UPLC-
PDA-Q/
TOF-MS

LC-ESK-
Q-TOF-
MS

UPLC-
ESI-Q-
TOF-MS

HPLC-
MWD
and
UPLC-
ESI-MS
UHPLC-
Orbitrap-
MS
HPLC-
DAD-
Ms"
HPLC-
QTOF-
MS

HPLC

(-)-ESI-
FT-ICR
MS
HPLC-
DAD

References

(110)

[111)

(112

(113)

(114)

(115)

(116)

{117

(118)

(119)

(120)
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Group Diversity

ices

Shannon Simpson Chao 1 Observed OUTs
Control 5524034 09420.18 5635.01 £ 51.20 408.50 + 46.59
AOM/DSS 5904025 096%0.12 461.80 % 11.65" 406.00 £ 13.96
AOM/DSS + BBR 5344027 095+0.12 393.05 4 52.45"" 302.25 + 25.79*"

The data are expressed as the mean + SD (n = 4). AOM/DSS+BBR (vs. Control: *P < 0.05, P < 0.01; vs. AOM/DSS: *P < 0.05).
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Experimental
model/study

Bacteria culture

Cell culture model

Animal model

Human study

Polyphenol

Epicatechin gallate

Green tea and red wine
polyphenols
Crude polyphenols

Ellagic acid, genistein, EGCG,
resveratrol

Green tea, cocoa, and red wine
polyphenols
Grape seed, cocoa, sugar cane,

oak, mangosteen, and
pomegranate polyphenolic
extract

Grifola frondosa water extract

Sardinian wine extracts

Quercetin and pinoresinol

Resveratrol

Quercetin
Chiorogenic acid

Ellagic acid

Coffee and caffeic acid

Curcumin

Proanthocyanidin-rich red wine
extract

Green tea polyphenol
Polyphenols algae

Gallic acid

Red wine polyphenol
Chinese propolis, Braziian
propolis

Piceatannol

Polyphenals (from fung))
Cocoa containing a total
polyphenol

Prunella vulgaris honey
Pomegranate polyphenols
Aronia polyphenol, haskap
polyphenol, bilberry polyphenol

Polyphenals (from spices)
Dihydroxylated phenolic acid

Red wine

Green tea, futs, vinegar wine
Cocoa-derived flavanols

(+]Catechin and
(-)Epicatechin

Proanthocyanidin-rich grape
extract

Specific
condition/concentration

Incubation in pH 2.0 at 37°C for
Up 10 3.5 h with different
concentrations ranging from 2.4
to8mg/g

Concentration

~50-100 mg/culture plate
Different concentrations up to

5 mg/ml

Concentration 0.5-1 g/day

Concentration 0.5 mg/mi

Concentration 0.5-4 mg/mi

Concentration <100 pg/ml

Concentration 50-100 pg/mi

Concentration 100-125 pM
working solution

Up to 20 mg/kg body weight

100 mg/kg

Different concentrations up to
6 mg/ml

Different concentrations up to
06 mg/g

Different concentrations up to
100 mg/kg

120-200 pg/ml

~250 mg kg~' bw
Administered to the rats by orally
0.15% for & weeks

~0.7 g (dry weight)

Different concentrations up to
200 mgkg

100-200 mg/kg/twice daily for
12 weeks.

~20 pg/ml working concentration

~70 mg/ml working
concentration

150 ml/ day women
300 ml/day men

700-900 mi/day green tea
But not excessive

Wide range of concentrations
depending upon health status

3 g/day

100-300 mg/day

Mechanism/effect

Methicillin-resistant S. aureus sensitizes to p-lactam

antibiotics

Inhibits the VacA toxin of Helicobacter pylori

Control of food-borne pathogenic bacteria without inhibitory

effect on lactic acid bacteria growth

Decrease IL-1B-induced IL-8 secretion
EGCG reduce the secretion of IL-6 and IL-8
Genistein lowers significantly the levels of IL-6 and MCP-1

Reduce basolateral IL-6 secretion from Caco-2 monolayers
grown on Transwells and challenged with LPS

Reduce IL-1B-induced IL-8 secretion

Inhibits TNF-e and induces MCP-1 and IL-8 in mRNA and

protein levels

Reduce oxysterol-induced IL-6 and IL-8 protein levels
Decrease IL-1-induced IL-6 and IL-8 levels

Stimulated fecal cell counts of Lactobacillus and

Bifidobacterium sp

Reduces activties of fecal and host colonic mucosal
enzymes, such as a-glucoronidase, nitroreductase,
p-galactosidase, mucinase, and a-glucosidase

Increases TNF-a and IL-1b level
Reduction in IL-10 in colon tissues

Increases mucus production in goblet cells in colon mucosa

of rat model

Decreases IFN-c, TNF-a, IL-6, and IL-1b in serum of mice

with acute colitis

Reduction of bodly weight
Antidiabetic effect

Reduce concentrations of TNF-c and IFN-c in jejunum and

colon of weaned rats.

Increases mucus production in goblet cells in colon mucosa

of rat model of Crohn’s disease

Reduced the expression of TNF-a and IL-6 in rat colon tissues
Inhibit colon cancer metastasis and cell transformation in

mice by inhibiting

TOPK (-LAK cell-originated protein kinase)
Elevates fecal IgA in rats fed high-fat diet
Downregulation of colonic IFN-c and TNF-a levels

Lower levels of Clostridium sp. and higher levels of
Bacteroides, Lactobacillus, and Bifidobacterium sp

Reduction in the spontaneous release of IFN-c and TNF-o
from colon and lamina propria lymphocytes

Decreased counts of Turcibacter and Akkermansia and

increase in Alistipes.

Attenuate mRNA expression levels of TNF-a, IL-1p, IFN-c,

IL-6, and IL-17 in colon

Decrease the expression of zinc deficiency
Induce TNF-a, cytokine-induced neutrophil

Chemoattractant

Modulation of gut microflora composition

Reduction of Bacteroides sp.

Increases in IL-1B, IL-6, and TNF-o in colon
Modulation of gut microflora composition
Reduces IgA and IL-6 in Peyer's patches and mesenteric

lymph nodes

Modulation of gut microflora composition, with increased

Bacteroidetes/Firmicutes ratio

Restoration of Lactobacillus sp. populations
Reduce TNF-« and IL-1 mRNA, and TNF-g, IL-18, and IL-6

protein levels in intestinal mucosa

Elevate the amount of fecal IgA in rats

Glucose uptake and control of appeite
Shows potent anti-inflammatory properties

Reduce the secretion of TNF-a, IL-1B, and IL-6

Regular consumption results in a blood pressure reduction,
increased lipid profile, and a decrease of uric acid

Increase the proliferation of Bacteroices sp.

Impact of weight rediuction along with alteration in microfiora

of the gut

Increase growth and prolfferation of Bifidobacterium sp. and

Lactobacillss sp.

Inhibition of Clostridiium histolyticum growth
Growth of Lactobacillus sp. and Bifidobacterium sp.

remained unchanged

Important rise in bifidobacterial numbers

References
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(130)
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Dietary polyphenol groups

Phenolic acids

Flavonoid groups and its derivatives

Polyphenolic Amides

Other major polyphenols

Name

Protocatechuic acid, R = H
Vanillic acid, R = OCH3

Gallic acid, R = H
Syringic acid, R = OCH3

p-Coumnaric acid

Caffeic acid, R = H

Chlorogenic acid, R = 5-quinoyl Cryptochlorogenic acid, R =
4-quinoyl

Neochlorogenic acid, R = 3-quinoyl

Ferulic acid

Sinapic acid

Rosmarinic acid

Daidzein: R1 = H; R2 = H; R3 = H Formononetin: R1 = H; R2 =
H; R3 = OCH3

Glycitein: R1 = H; R2 = OCH3 Genistein: R1 = OH; R2 = H, R3
=H

Biochanin A: R1 = OH; R2 = H; R3 = OCH3

Dalbergin
Phioretin
Xanthohumol
Apigenin R = H
Luteolin R = OH

Tangeretin R = H
Nobiletin R = OCH3

Naringenin R1 = H, R2 = OH Hesperetin R1 = OH, R2 = OCH3

Kaempferol R1 = H, R2 = H Quercetin R1 = H, R2 = OH
Myricetin R1 = OH, R2 = OH Isorhamnetin R1 = OCH3, R2 = H

Taxifolin

(+)-Catechin: R1 =R2=H
(+)-Catechin gallate: R1 = gallyl, R2 = H
(+)-Gallocatechin: R1 = H, R2 = OH
(+)-Gallocatechin gallate: R1 = gallyl, R2 = OH

()-Epicatechin: R1 = R2 = H
(-)-Epicatechin gallate: R1 = galyl, R2 = H
(-)-Epigallocatechin: R1 = H, R2 = OH

(-)-Epiallocatechin gallate: R1 = gallyl, R2 = OH;

Procyanidins: n > 0
Oligomeric procyanidins: n = 0-7

Theaflavin

Anthocyanidins
Cyanidin Rt = -OH; R
Delphinidin R1 = ~OH; R2 = ~OH Pelargonidin R1 =

HR2 =

Malvidin R1 = -OCH3 R2 = ~OCH3 Peonidin R1 = -OCH3 R2 =

-H
Petunidin R1 =

Avenanthramide A: R
Avenanthramide B: R = OCH3
Avenanthramide C: R = OH

Capsaicin

Dihydrocapsaicin

Resveratrol

Curcumin

Gingerol

Ellagic acid

Matairesinol

Valoneic acid dilactone

Secoisolariciresinol
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Types

Flavonoids

Non-flavonoids

Isoflavonoids
Flavonols
Flavones
Flavanones

Flavanols

Flavononols

Anthocyanidins

Phenolic acids

Lignans
Stibenes
Tannins

Coumarins

Example

Daidzein, ginlycitein
Genistein

Kaempfer, quercetin
Isorhamnetin

Luteol, ainpigenin

Rutin

Flavanones, naringen, ninaringin
Hesperidin

(-)-Epicatechin

(+)-Gallocatechin

(+)-Catechin

Genist, ainstilbin

Engeletin

Delphinid, pinelargonidin

Cyanidin

Hydroxybenzoic Gallic acid

acid derivatives Vanilic acid
Syringic acid
Ellagic acid

Hydroxycinnarnic Caffeic acid

acid derivatives Ferulic acid
Chiorogenic acid
p-Coumaric acid

Pinoresinol

Resveratrol

Hydrolyzable tannins  Ellagitannins
Gallotannins

Condensed tannins
Moro-, di-,
trimers.
4-6 mers, 7-10

mers, polymers
6-Methoxymelleiné-hycroxymellein
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R (min)
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0313
724
212
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References Polyphenols Model Health-related properties The mechanisms.

©2) Dendfrobium db/db Mice Anti-diabetic, anti-inflammatory,  Prevented weight gain; decreased the level of glucose and
polyphenols antioxidant lipoprotein cholesterol; enhanced insulin level; ameliorated the
progress of fatty liver and DN; decreased the concentration of
MDA; improved the level of MDA, SOD, GAT, and GSH;
reduced IL-6 and TNF-a; and enhanced the proportion of
Bacteroidetes to Firmicutes

©3) Gitrus-extract RAW264.7 cells Anti-inflammatory Reduced the level of TNF-a, NO, IL-6, and TNF-o; lowered
polyphenols the NFicB in protein expression level; and increased
adiponectin concentration
@4 Resveratrol Sprague-Dawley CDrats  Prevents mammary cancer Reduced the proliferation of cells in the structure of the

terminal duct of the breast to reduce carcinogenic damage
and increased the number of apoptotic cells in the terminal
bud epithelial cals of the mammary gland compared with the
control group

@5) Seaweed-polyphenols  PC-CSCs Prevents pancreatic cancer Reduced stem-cell transcriptional machinery regulated
completely SOX2, OCT3/4, Nanog, LIF, CD44, PIK3R1,
N-Cadherin, and E-Cadherin reduced by FIR

@6) Green tea polyphenols  F344 Rats Inhibits colorectal tumorigenesis  Reduced tumor diversity and tumor size; suppressed the level
of leukotriene B4, proinfiammatory eicosanoids and
prostaglandin E2 in plasma; decreased the nuclear
expression of B-catenin; induced cell apoptosis; and
increased the expression level of RXRa, B, and y in

adenocarcinoma
@7 Polyphenol from foxtall  HCT8/Fu cells Provents CRC Suppressed cell prolferation to increase the sensitivity of
millet bran chemotherapy drugs; faciltated cell apoptosis and promoted

the accumulation of Rh-123 in HCT-8/Fu cells; and reduced
protein expression, such as MRP1, BORP, and P-gp

©8) Resveratrol and DLD-1 and Caco-2 Prevents CRC The regulating effect of the combination of resveratrol and
curoumin curcumin on apoptosis genes, such as PMAIP1, bid, zmat3,
CASP3, CASP?, and FAS in more than a single use
0] Plant-derived HT-20 CRC cells Prevents CRC Inhibited the growth of HT-29 CRC cells; reduced the
polyphenols expression of bel-2 by suppressing the activation of NFB
©9) Tea polyphenols SW4gO cells and HT-20  Prevents CRG Suppressed the gene expression of JAGT, MAFA, HEST,

MT2A, BAX, and p38 genes relative to the control

DN, diabetic nephropathy; MDA, malondialcehyde; SOD, superoxide dismutase; CAT, catelase; GSH, glutathione; PC-CSCs, pancreatic cancer—cancer stem cells; Rh-123,
rhodamine-123; MRP1, mult-crug resistance protein 1; P-gp, P-glycoprotein; BCAP, breast cancer resistance protein; MAFA, transcription factor; HES1, heiry and enhancer of spit 1;
JAGT, jagged].
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Gene 5'-3 Primer sequence

TNFa F: ATGAGAAGTTCCCAAATGGC
R: CTCCACTTGGTGGTTTGCTA
L1p F: TGCCACC ‘GACAGTGATG
R: AAGGTCCACGGGAAAGACAC
L6 F: CCTCTCTGCAAGAGACTTCCAT
R: AGTCTCCTCTCCGGACTTGT
L8 F: CTAGGCATCTTCGTCCGTCC
R: CAGAAGCTTCATTGCCGGTG
p-actin F: TGTCCACCTTCCAGCAGATGT

R: AGCTCAGTAACAGTCCGCCTAGA
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Vehicle Dss

JUG SEM
Shannon 51379 5.2039 5.63 0.4857
Simpson 09134 0.84 0.9252 0.0617
Chao1 616.808 765.3958 751.7953 68.0811
ACE 632.8906 7859117 770.2408 69.8313

The community richness estimator, including the Chao1 estimator and the ACE estimator, and the community diversity indexes, including the Shannon index and the Simpson index, were
evaluated. An unpaired t-test was used for the analysis between the vehicle/JUG group and the DSS group.
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Form

GA

GA

GA

GA
GA + octyl gallate

Laccase-catalyzed chitosan-GA
derivative

GC-AgNps
LF-GA-LIP

GA-g-chitin-glucan complex
GAGO

Functionalized ZnO
nanopartioles with GA

GA and its derivatives (octyl

gallate, propyl galate)

GA esters

MIC/MBC

MIC in biofim: 2 mg/mL_;
Miniml biofiim eradication concentration: 8 mg/mL

MIC: 2 mg/mL; MBC: 8 mg/mL

MIC in suspension and in biofims was 2 and 4
mg/mL

MIC: 2.5 mg/mL; MBC: 10 mg/mL

MIC for dermatophyte strains: 43.75 ~ 83.33 mu
g/mL
MIC for Gandida strains: 12.5~100.0 mu g/mL

The 50% effective inhibition concentration (EC50):
26 mug/mL;

The 50% cytotoxic concentrations (CC50): 22.1 mu
g/mL

7.01 mug/mg

MIC for GA: 3,150 mu g/mL; MIC for octyl gallate:
30 mu g/ml.

MIC for S, aureus: 0.2 mg/mL; MIC for E. coli: 0.4
mg/mL

MIC: 1 mu g/mL

50-500 mu g/mL_

l

MIC: 0.015 mg/mL

Change of strain

Inhibited £ coli biofim formation by regulating
PgaABCD genes expression

Inhibited Shigella flexneri biofiim formation by
regulating the expression of the mdoH gene and the
OpgH protein

Inhibited S. aureus biofiim formation by regulating
the expression of the ica operon

Reduced the activity of Pseudomonas spp.,
Enterobacteriaceae, and Eumycetes

Antifungal actiity for dermatophyte strains

(T: rubrum, Trichophyton mentagrophytes,
Trichophyton violaceurn, Microsporum cans,
Trichophyton verrucosum, Trichophyton
schoenteini) and Candida strains (Candica giabrata,
C. albicans, Candida tropicals)

Inhibited influenza A (H1N1) virus infection

anti-HBY
Enhanced the inhibition of Enterococcus faecalis
compared with the efficacy of individual compounds
Inhibited the growth of E. coli and S. aureus

Exhibited good antibacterial activity against £. coli
Exerted higher antibacterial properties against

E. coliand S. aureus than GA-LIP

Showed better antibacterial activity in comparison
to unmodified chitin-glucan complex

Had potential anti-bacterial against S. aureus
Displayed good antibacterial activity against
methicilin-resistant S. aureus and E. coli compared
to non-functionalized ZnO nanoparticles

The octyl gallate and propyl gallate had significant
inhibition against Carnobacterium divergens ATCC
35677 and Leuconostoc carnosum ATCC 49367
originating from meat in comparison to GA

The 3-chloropropyl 3, 4, 5-trihydroxybenzoate
against resistant gram-negative strains such as

P aeruginosa, E. coli and E. aerogenes

References
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(116)
117)

(17

(118)

MIC, minimum inhibitory concentration; MBC, minimal bactericidal concentration; GA, galic acid; GC-AgNps, GA-chitosan-modified silver nanoparticles; LF-GA-LIP. GA liposomes

decorated with lactoferrin; GA-g-chitin-

in-glucan complex; GAGO, GA-loaded graphene oxide-based nanoformulation.





